
PROCEEDINGS

Facoltà di ingegneria

civile e industriale

september 9-12, 2019
rome, italy

www.aidaa2019.com



editor
Prof. Mario Marchetti

address
A.I.D.A.A. – Associazione Italiana di Aeronautica e Astronautica

Sezione di Roma
Via Salaria 851, Roma

339 2349057

organizing secretariat
Sig. Daniela Vinazza, A.I.D.A.A. – Associazione Italiana di Aeronautica e Astronautica

info@aidaa.it

organizing committee
Prof. Mario Marchetti AIDAA, Congress Chairman – Mrs. Daniela Vinazza AIDAA – Prof. Fabio Celani Scuola di In-
gegneria Aerospaziale – Prof. Paolo Gasbarri Facoltà di Ingegneria Civile ed Industriale (DIMA) – Prof. Paolo Gaudenzi 
Facoltà di Ingegneria Civile ed Industriale (DIMA) –  – Prof. Francesco Nasuti Facoltà di Ingegneria Civile ed Industriale 
(DIMA) – Prof. Giovanni Palmerini Scuola di Ingegneria Aerospaziale – Prof. Fabio Santoni  Facoltà di Ingegneria Civile ed 
Industriale (DIAEE) – Prof. Fulvio Stella Facoltà di Ingegneria Civile ed Industriale (DIMA) – Ing. Marta Albano Agenzia 
Spaziale Italiana – Ing. Andrea Delfini  Facoltà di Ingegneria Civile ed Industriale (DIAEE) – Dott. Roberto Pastore  Facoltà 
di Ingegneria Civile ed Industriale (DIMA) – Ing. Antonio Vricella  Facoltà di Ingegneria Civile ed Industriale (DIAEE) 

scientific committee
Chairs: Prof. Erasmo Carrera, Prof. Mario Marchetti

Co-Chair: Prof.sa Amalia Ercoli Finzi
Prof. Leonardo Lecce Past President of AIDAA – Prof. Sergio De Rosa President of AIDAA Napoli – Dott. Gaetano Bergami 
President of AIDAA Emiliano-Romagnola – Prof. Pierangelo Masarati President of AIDAA Milano – Prof. Giuseppe Davi 
President of AIDAA Palermo-Enna – Prof. Attilio Salvetti President of AIDAA Pisa – Prof. Mario Marchetti President of 
AIDAA Roma – Prof. Erasmo Carrera President of AIDAA Torino – Prof. Stefano Debei President of AIDAA Veneta – Prof. 
Aldo Frediani Editor in Chief of Aerotecnica Missili e Spazio – Ing. Alessandro Gabrielli Agenzia Spaziale Italiana – Prof. 
Luciano Galfetti Politecnico di Milano – Prof. Paolo Tortora Università di Bologna – Prof. Antonio Viviani Università della 
Campania “Luigi Vanvitelli” – Prof. Gennaro Cardone Università di Napoli Federico II – Prof. Ugo Galvanetto Università di 
Padova – Prof. Maria Vittoria Salvetti Università di Pisa – Prof. Guido De Matteis Università di Roma La Sapienza – Prof. 
Paolo Gaudenzi Università di Roma La Sapienza – Prof. Alberto Milazzo Università di Palermo – Prof. Marcello Onofri 
Università di Roma La Sapienza – Prof. Marco Di Sciuva Politecnico di Torino – Prof. Mauro Valorani Università di Roma 
La Sapienza – Ten. Col. Walter Villadei Aeronautica Militare Italiana – Prof. Raffaele Savino Università di Napoli Federico 
II – Prof. Francesco Marulo Università di Napoli Federico II – Prof. Andrea Alaimo Università di Enna Kore – Prof. Dario 
Pastrone Politecnico di Torino – Prof. Paolo Teofilatto Univ. Roma La Sapienza – Prof. Roberto Verzicco Università Roma 
“Tor Vergata” – Prof. Maurizio Quadrio Politecnico di Milano – Prof. Gaetano Iuso Politecnico di Torino – Prof. Antonio 
Moccia Univ. Napoli Federico II – Prof. Franco Bernelli Zazzera Politecnico di Milano – Prof. Massimo Gennaretti Univ. 
Roma Tre, Roma – Prof. Sergio Marchisio Università La Sapienza – Prof. Giuseppe Familiari Università la Sapienza

The Scientific Committee will select also the best papers to be considered 
for publication in the AIDAA journal www.aerotecnica.eu.

pre-press and press
Plan.ed srl

www.plan-ed.it

Printed in September 2019

ISBN 978-88-943960-1-0



proceedings



4

AIDAA 2019 
PRODUCTION OF AEROSPACE – GRADE TITANIUM-6ALUMINUM-

4VANADIUM BARS BY SKULL MELTING + VAREMELTING 
M. Costanzi 

Dir. of Technologies and R&D, TiFast SrL, Z.na Ind.le San Liberato di Narni (TR), ITALY 
mcostanzi@tifast.com 

 
 

ABSTRACT 
In the present paper the production of Aerospace – grade bars from Titanium alloys by TiFast 
is presented with particular focus on the Skull Melting + VARemelting production cycle. The 
SM technology, initially developed in the USSR, was applied by Tifast to a West-standardized 
fabrication route. The SM technology is a form of cold-hearth remelting, suitable for the 
recovery of scrap of virtually any composition, shape and size. Sponge and master alloys can 
be added as well. The ingot produced by a SM furnace can be remelted, i.e. used as a 
consumable electrode, via another type of furnace; TiFast chose the classic Vacuum Arc 
Remelting furnace (VAR) for its production. Via the SM+VAR (or SM+VAR+VAR) process, 
TiFast produced sound Titanium ingots from alloys like: CP Titanium, Modified Titanium, Ti-
6Al-4V, Ti-6Al-4V ELI, Ti-6Al-7Nb, Ti-3Al-2.5V. These ingots were sold as such or 
transformed by TiFast into bars and billets. The bars and other products produced via the 
SM+VAR process have characteristics that make them undistinguishable from those obtained 
via other processes. Therefore the SM+VAR process presents itself as a technically and 
economically viable production route to high – standard Titanium items, to be used in 
chemical, medical, automotive and aerospace industry. 
Keywords: Titanium; Skull Melting; VAR; bar 

1. INTRODUCTION 

The remelting of scrap has always been a thorny problem in Titanium industry [1]. Titanium 
virgin material (Titanium sponge), has always been expensive, sometimes in short supply and 
difficult to purchase, but Titanium scrap was not sensibly used till the ‘70s or so. Titanium, at 
high temperature, violently reacts with everything but inert (noble) gases in their 
commercially purest form, hence it can be melted only under vacuum or hyper-pure inert gas. 
Any element which is willingly or unwillingly added to the melt, except Hydrogen, is 
immediately absorbed by Titanium and cannot be extracted anymore, including elements 
frequently found in scrap: Oxygen, Carbon, Nitrogen, Hydrogen, all potential embrittlement 
agents. In addition scrap is prone to be mixed with foreign elements, metallic and non-
metallic, including foreign alloys, fragments of Tungsten and other refractory metals, 
carbides, oxides, nitrides and other un-meltable compounds. 
The first and, even today, front machine for Titanium ingot making is the Vacuum Arc 
Remelting (VAR) furnace: this is a form of electric arc remelting machine, working under 
vacuum and using a consumable Titanium electrode. The latter is usually made (mainly) from 
Titanium sponge, compressed to form a cylindrical or quasi-cylindrical feedstock. Only small 
amounts of scrap can be remelted via VAR. In addition, it was experimentally proved that 
VAR alone cannot dissolve hard high-melting-point particles if their size is just over a little 
fraction of a millimeter, even in case of multiple VARemelting [2]. 
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Different approaches were chosen to the problem of Titanium scrap recycling: in America the 
EBCHR (Electron Beam with Cold Hearth Refining crucible furnace) and the PACHR 
(Plasma Arc with Cold Hearth Refining crucible furnace) were devised and developed. 

2. THE SKULL MELTING TECHNOLOGY 

In the USSR, thanks to the genius of M.I.Mussatov et alt. [3], [4], [5], the chosen solution to 
the problem of Titanium scrap remelting was the development of the Skull Melting (SM) 
furnace for ingot making. The SM furnace is an electric arc machine, working under vacuum 
and using a consumable Titanium electrode. At each operational cycle, the SM furnace for 
ingot making produces an ingot and the consumable electrode for the next cycle. This is 
accomplished by means of a shaped oblong crucible, made from water-cooled copper panels 
bolted together. At the beginning of each cycle, scrap of any type and size is deployed in this 
crucible, if necessary, with additions of Titanium sponge, metallic and non-metallic additives 
and master alloys. Over the crucible, a Titanium consumable electrode is vertically hung from 
a ram which can be moved up and down. The crucible has a spout on one of its short sides 
and an empty steel mold is placed directly below it. Then the furnace is closed and evacuated 
and a DC electric arc is discharged between the lower tip of the electrode and the scrap in the 
crucible, causing melting of both. Liquid Titanium from the remelted electrode and scrap 
accumulates inside the crucible, until the electrode is (almost) completely consumed. At this 
point the arc is switched off, what remains of the electrode is quickly moved up by the ram, 
and the crucible can be tilted and the melt poured into the mold. After a reasonable cooling 
time, under vacuum or inert gas, the furnace is unloaded, a new ingot is stripped from the 
mold, and a thick crust of solid Titanium, the skull, is stripped from the crucible. This skull is 
the consumable electrode for the next cycle. The greatest user of this technique is VSMPO-
AVISMA, Verkhnyaya Salda, Russia, that possesses at least 4 large Skull Melting furnaces 
and declared that others are planned [6][7]. The largest Skull Melting furnace at VSMPO 
should have a casting capacity of 7 tons of Titanium about. In the former – USSR countries, 
this cycle is approved for any application [8]. 
Our company, TiFast, Italy, installed two SM units in 2007, one with a pouring capacity of 
about 1500 kg of Titanium (SM1.5, Figure 1) and one with a capacity of about 2500 kg of 
Titanium (SM2.5). At present (February 2019) the tally of produced ingots is about 2000 
heats produced by each furnace (see Figure 2). In most cases these ingots were used to 
fabricate billets, bars and blooms by TiFast itself, or remelted to produce Skull Melted and 
VARemelted ingots (read further). 

  

3. PROS AND CONS OF THE SKULL MELTING CYCLE 

The advantages of the SM technique are many and important; the most evident are: 
• virtually any type of scrap can be used (see Figure 3, [9]). TiFast remelted pieces of 

plates, sheets, bars, billets, tubes, forgings, castings, chips and turnings, flashes from 
stamping, scrapped items of any type and more. Titanium sponge and master alloys were 
mixed to the scrap in percentages ranging from 0% to 40%; 

• scrap is obviously made from material at least once already remelted, hence, evaporation 
of volatile elements, residual from the (Kroll) winning process, was already done before; 
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• virtually any alloy can be produced: TiFast produced Commercially Pure Titanium, 
Modified Titanium ASTM Gr 12 (small additions of Nickel and Molibdenum), Ti-6Al-
4V alloy, Ti-6Al-4V Extra Low Interstitial (ELI) alloy, Ti-3Al-2.5V alloy (ASTM Gr 9), 
Ti-6Al-7Nb. VSMPO [8] declared that their Skull Melting furnaces produced more than 
15000 tons of alloys like VT3-1, VT9, VT8, VT25u, VT18u, SP700, VST 5553, 10-2-3, 
Ti-6246 between 2001 and 2009; 

• because all the melt is collected in the crucible just before casting the ingot, the 
convective, turbulent and magneto-dynamic forces in the liquid metal guarantee an 
effective stirring of the pool. Casting of the melt in a highly turbulent flow provides 
further remixing. Over-heating of the melt is almost zero, hence the solidification of the 
ingot is very fast, therefore minimizing micro- and macro-liquation phenomena [10]; 

• the long residence of the melt in the crucible (more than 1 hour in TiFast furnaces) leads 
to remelting and dissolution of the particles present with a high melting point [6], [11]; 

• the tilting of the crucible has a maximum reachable angle, therefore a small part of the 
melt remains in the crucible: this last molten / mushy layer works as a trap for all 
surviving brittle and un-meltable inclusions. The latter remain trapped in the skull and are 
dissolved during the following cycle; 

• the ingot mold can have virtually any shape: TiFast produces round-section ingots at the 
moment, but rectangular-section ingots were produced, too; 

• the Skull Melting system is self – regulating (self – stabilizing) regarding the chemical 
composition of the ingots. In fact, see Appendix, it can be mathematically proved that if 
the charge material has always the same chemical composition, the chemical composition 
will always tend to the composition of the bottom charge in a few cycles. 

The disadvantages of the SM technique are a few: 
• loading of the crucible is hand labor – intensive; 
• The start of the cycle requires a skull, i.e. immobilized capital that must be mortgaged on 

all the children heats from that skull (negligible if the children ingots are many); 
• SMelted ingots are nothing else than big castings, therefore they have a porous surface 

and shrinkage cavities. For direct use these parts must be cut or machined off; 
• SMelted ingots are single-melt ingots that are not qualified under some production 

standard (typically aerospace industry standards). 
 
4. VAR  REMELTING  

Both the last two drawbacks listed at the previous Chapter can be overrun by remelting the 
SM ingot in a VAR furnace (in case multiple times, see Figure 4). 
The ingots produced by the SM furnace can be used as consumable electrodes in a VAR 
furnace with a modicum of prior – melt preparation, basically the milling of their top and 
bottom parts to get flat surfaces. Products made from SM+VARemelted ingots have chemical 
and physical properties similar or identical to those made from ingots produced via other 
furnaces. TiFast customers used ingots, billets and bars from SMelted + VARemelted ingots 
to produce a variety of items like small and big forgings and articles produced via turning, 
machining, drilling and so on. 
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. ME ANI AL   R ERTIE       T E   AR    R E    VIA   LL  
MELTING     VAR  REMELTING  

Generally speaking, the mechanical properties of an item from a given Titanium-based alloy 
depend on three (main) parameters, which are not independent one from another: 

• the chemical composition (all elements, not only the nominal ones for that alloy); 
• the type of microstructure and the size of the grains (of one or more phases); 
• the heat treatment (or the heat treatments). 

From [12], the dependency of the mechanical properties from chemical composition is 
assessed by means of the Equivalent Aluminum [Al]eq and the Equivalent Molibdenum 
[Mo]eq content. Here Aluminum is intended as the archetypal alpha – stabilizing element, 
while Molibdenum is intended as the archetypal beta – stabilizing element (similar formulae 
for equivalent Al and Mo can be found in [13] and [14]). 
[Al]eq and [Mo]eq are actually the result of the linear combination of the (weight) percentage 
content of the relevant alloying elements. For α+β and β Titanium alloys: 

 [Al]eq = %Al + (1/3) · %Sn + (1/6) · %Zr + 10·[%O +%C + 2·  (%N)] [wt%] (1) 

 [Mo]eq = %Mo + (1/4) · %Ta + (1/3.3) · %Nb + (1/2) · %W + (1/1,4) · %V + (1/0.6) · %Cr + 

 + (1/0.6) · %Mn + (1/0.4) · %Fe + (1/0.8) · %Ni [wt%] (2) 

At TiFast, till the present date, almost 300 lots of Ti-6Al-4V round section bars were 
produced with aerospace qualification, from SM+VAR ingots. All these lots were tested by 
Nadcap – certified laboratories: Dickson Testing in the USA, RTM Breda in Italy, and TiFast 
laboratory. All these bar lots were annealed at 705°C for 1 hour. They were certified 
according to AMS 4928 and AMS 6931 (Table 1, Table 2). The nominal diameter of these 
bars was from 7 to 60 mm. In addition, about one half of these lots were also certified, 
according to AMS 4967, a standard that requires a heat treatment response test, i.e. a test 
made on a specimen submitted to a given Solubilization and Ageing treatment (STA, defined 
in the quoted standard). 

We suppose here that it is possible, for the heat treatment(s) described above, to find an 
empirical linear correlation between: 
Ø the mechanical properties of the bars and the chemical composition schematized via 

[Al]eq + [Mo]eq; 
Ø the mechanical properties of the bars and the (nominal) diameter of the bar, taken as 

indicative of the microstructure of the bar. The smaller the diameter, the finer the 
microstructure, supposed as α+β with fully and finely globularized α – phase and finely 
scattered β – phase. 

We assume here that such a correlation is of the type: 

 Mech. properties = α ×{[Al]eq + [Mo]eq} + β × d + γ [adequate units] (3) 

In (3), “d” is the (nominal) diameter of the bar expressed in mm and α, β, γ are three 
empirical parameters. 
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Table 1 - Bar lots used for the present study. Lots tested according AMS 4928. Total number of lots: 
277. With gray background the cases where at least 15 lots were available for analysis. 

  

Table 2 - Bar lots used for the present study. Lots tested according AMS 4967. Total number of lots: 
124. With gray background the cases where at least 10 lots were available for analysis. 

  

From the bilinear regression of the data available to TiFast, equation (3) becomes, for 
annealed material (YS0.2% is the Yield Strength at 0.2% plastic deformation, TS is the Tensile 
Strength): 

 YS0.2% = 48.467×{[Al]eq + [Mo]eq}-1.753 × d + 455.892 [MPa] (R =0.674) (4) 

 TS = 42.470×{[Al]eq + [Mo]eq}-1.975 × d + 610.252 [MPa] (R =0.650) (5) 

An attempt to get a similar formula for Fracture Elongation FE4D and Reduction of Area RA 
failed because of the high scattering of data. The cases of bars with a numerosity of the 
sample of at least fifteen cases for a given diameter are provided in Figure 5 and Figure 6. 
For the material in STA conditions we got: 

 YS0.2% = 34.284×{[Al]eq + [Mo]eq}-3.562 × d + 737.186 [MPa] (R =0.617) (6) 

 TS = 32.549×{[Al]eq + [Mo]eq}-4.179 × d + 861.012 [MPa] (R =0.693) (7) 

Nominal	  
diameter	  
[mm]

Number	  
of	  lots	  

analyzed

Nominal	  
diameter	  
[mm]

Number	  
of	  lots	  

analyzed

Nominal	  
diameter	  
[mm]

Number	  
of	  lots	  

analyzed
7 1 20 21 40 35
8 9 22 2 45 19
10 10 22.5 3 50 19
12 5 25 18 50.8 10
12.7 3 25.4 5 55 14
14 5 30 21 57.15 5
16 18 31.75 2 60 24
18 2 32 7
19.3 6 35 13

TEST	  AS	  PER	  AMS	  4928	  /	  AMS	  6931

Nominal	  
diameter	  
[mm]

Number	  
of	  lots	  

analyzed

Nominal	  
diameter	  
[mm]

Number	  
of	  lots	  

analyzed

Nominal	  
diameter	  
[mm]

Number	  
of	  lots	  

analyzed
7 1 18 1 30 10
8 9 19.3 6 32 6
10 9 20 14 35 6
12 4 22 1 40 21
12.7 1 22.5 3
14 5 25 12
16 14 25.4 1

TEST	  AS	  PER	  AMS	  4967
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Note that the data used for this study are from industrial production materials, not from 
experiments, and that the numerosity of the sample is not very high (note the low value of R  
for material in STA conditions, due most likely to the low number of cases included). Also for 
STA material, an attempt to get a formula for FE4D and RA failed for the same reasons said 
before. The cases of bars with a numerosity of the sample of at least ten cases for a given 
diameter are provided in Figure 7 and Figure 8. 
Note that all the bars considered had a very good microstructure: in fact it was found that all 
bars, but two isolated cases, had a microstructure rating of A1 to A4 as per ETTC Pub. 2 Ed. 
2, i.e. a fully globularized α+β structure with small α globules and finely dispersed β phase in 
intergranular position. 

6. CONCLUSIONS 

The SM technique is its simple, rugged and reliable (hence safe): all components of the 
furnace are based upon well-established technologies. 
SM furnace can remelt practically any conceivable form of scrap, with a modicum of or no 
prior melting preparation. The presence of a cold hearth crucible eliminates any problem due 
to the un-homogeneity of the furnace charge and the consumable electrode, and the possibility 
of survival of hard inclusions. At the same time the chemical composition of the charge can 
be adjusted by an easy blending with sponge, master alloys, pure metals etc. 
Remelting via VAR allows the production of bigger ingots, and allows the usage of the parts 
of the Skull Melted ingots affected by shrinkage cavities and surface porosity. SM+VAR or 
SM+VAR+VAR ingots are applicable to orders where standards (aerospace standards) require 
multiple melted ingots. TiFast used and uses the ingots remelted via SM+VAR (or 
SM+VAR+VAR) for its production of bars and other products. As certified by Nadcap – 
accredited laboratories, these bars have a chemical composition, a microstructure and 
mechanical properties absolutely comparable with those of bars produced with ingots 
obtained with a different remelting route. These bars are used in a variety of applications, 
including chemical, medical, automotive and aerospace industry. 
  

7. APPENDIX – CALCULATION OF CONCENTRATION TRENDS IN SKULL 
MELTING 

Suppose that the bottom charge for the k-th heat of a Skull Melting furnace is composed by n  
components, each one with a concentration %

ki
 of a given element and a fraction 

ki
α  in the 

total weight of the bottom charge. The concentration of that element in the bottom charge is: 
 %𝒄𝒄𝒉𝒉𝒌𝒌 = 𝜶𝜶𝒊𝒊𝒌𝒌 ⋅%𝒊𝒊𝒌𝒌

𝒏𝒏
𝒊𝒊!𝟏𝟏  with 𝜶𝜶𝒊𝒊𝒌𝒌𝒏𝒏

𝒊𝒊!𝟏𝟏 = 𝟏𝟏 𝒌𝒌 = 𝟏𝟏,𝟐𝟐,𝟑𝟑, . . . .. (8) 
We can reasonably suppose that only and all the k-th bottom charge and only and all the k-th 
consumable electrode, i.e. the skull of the previous heat, with a concentration in that given 
element %

ksk
, contribute to the concentration of the same element in the k-th heat. The 

concentration of that element in the k-th heat, which is partly poured into the mould to form 
the ingot and partly remains as skull in the crucible is: 
 %𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜷𝜷𝒄𝒄𝒉𝒉𝒌𝒌 ⋅%𝒄𝒄𝒉𝒉𝒌𝒌 + 𝜷𝜷𝒔𝒔𝒌𝒌𝒌𝒌 ⋅%𝒔𝒔𝒌𝒌𝒌𝒌 (9) 
where 𝛽𝛽!�!  and 𝛽𝛽!!!  are the weight fractions of the k-th bottom charge and the k-th 
consumable electrode (the skull) in the k-th heat. By definition we have: 
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 𝜷𝜷𝒄𝒄𝒉𝒉𝒌𝒌 + 𝜷𝜷𝒔𝒔𝒌𝒌𝒌𝒌 = 𝟏𝟏 (10) 
hence we can write (9) as follows: 
 %𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜷𝜷𝒄𝒄𝒉𝒉𝒌𝒌 ⋅%𝒄𝒄𝒉𝒉𝒌𝒌 + 𝟏𝟏− 𝜷𝜷𝒄𝒄𝒉𝒉𝒌𝒌 ⋅%𝒔𝒔𝒌𝒌𝒌𝒌 (11) 
We assume that the concentration of that given element in the k-th skull is identical to the 
concentration of the same element in the (k-1)-th heat, hence we obtain the following 
recursive formula: 
 %𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜷𝜷𝒄𝒄𝒉𝒉𝒌𝒌 ⋅%𝒄𝒄𝒉𝒉𝒌𝒌 + 𝟏𝟏− 𝜷𝜷𝒄𝒄𝒉𝒉𝒌𝒌 ⋅%𝒉𝒉𝒆𝒆𝒌𝒌!𝟏𝟏 (12) 
which allows the calculation of the concentration of that element in the k-th heat if all the 
elements on the right side of equation (12) are known. 
Suppose, for the sake of simplicity, that 𝛽𝛽!�! and 𝛽𝛽!!!, the weight fractions of the k-th bottom 
charge and the k-th consumable electrode (the skull) in the k-th heat, are the same in all heats. 
In this case equation (12) becomes: 
 %𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅%𝒄𝒄𝒉𝒉𝒌𝒌 + 𝟏𝟏− 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅%𝒉𝒉𝒆𝒆𝒌𝒌!𝟏𝟏 (13) 
Suppose, for the sake of simplicity, that the bottom charge has always the same composition 
%!�! = %!�,∀𝑘𝑘. In this case equation (12) becomes: 
 %𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅%𝒄𝒄𝒄𝒄 + 𝟏𝟏− 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅%𝒉𝒉𝒆𝒆𝒌𝒌!𝟏𝟏 (14) 

For example let us assume: 
%!!! = %!! = 1032 concentration of Oxygen in ppm 

𝛽𝛽!! = 0.42 ⇒ 𝛽𝛽!" = 0.58 
Using the recursive formula (14), we can calculate the concentration of Oxygen in the k-th 
heat assuming the initial value for the electrode, i.e. %!!!. We see that whatever is the value 
of %!!!, after a relatively small number of iterations, i.e. of heats, the value of %�!! tends 
asymptotically to %!�, i.e. with the above-mentioned assumptions: 
 𝒍𝒍𝒍𝒍𝒍𝒍

𝒌𝒌→!
%𝒉𝒉𝒉𝒉 = %𝒄𝒄𝒄𝒄 (15) 

This is not a surprise because, for an increment in the index 𝑘𝑘: 
 𝚫𝚫𝒌𝒌 = 𝟏𝟏 (16) 
we have a corresponding increment (or decrement) in the value of %�!! given by: 
 𝚫𝚫%𝒉𝒉𝒆𝒆𝒌𝒌 = %𝒉𝒉𝒆𝒆𝒌𝒌 −%𝒉𝒉𝒆𝒆𝒌𝒌!𝟏𝟏 (17) 
Substituting (17) in (14) we get: 
 𝚫𝚫%𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅%𝒄𝒄𝒄𝒄 − 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅%𝒉𝒉𝒆𝒆𝒌𝒌!𝟏𝟏 (18) 
Substituting the value of 

1
%

khe −
 with the average value between the latter and %�!! we get: 

 𝚫𝚫%𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅%𝒄𝒄𝒄𝒄 − 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅%𝒉𝒉𝒆𝒆𝒌𝒌 + 𝜷𝜷𝒄𝒄𝒄𝒄 ⋅
𝚫𝚫%𝒉𝒉𝒆𝒆𝒌𝒌
𝟐𝟐  (19) 

or [remember (16)]: 

 
𝚫𝚫%𝒉𝒉𝒆𝒆𝒌𝒌
𝚫𝚫𝒌𝒌 = 𝜷𝜷𝒄𝒄𝒄𝒄

𝟏𝟏!𝟎𝟎.𝟓𝟓⋅𝜷𝜷𝒄𝒄𝒄𝒄
⋅ %𝒄𝒄𝒄𝒄 −%𝒉𝒉𝒆𝒆𝒌𝒌 = 𝜸𝜸𝒄𝒄𝒄𝒄 ⋅ %𝒄𝒄𝒄𝒄 −%𝒉𝒉𝒆𝒆𝒌𝒌  (20) 

where: 
 𝜸𝜸𝒄𝒄𝒄𝒄 = 𝜷𝜷𝒄𝒄𝒄𝒄

𝟏𝟏!𝟎𝟎.𝟓𝟓⋅𝜷𝜷𝒄𝒄𝒄𝒄
 (21) 

Substituting the discontinuous quantities 𝑘𝑘,%�!!with the continuous function %�! 𝑘𝑘  of the 
continuous variable 𝑘𝑘 we can rewrite (20) as follows: 
 𝒅𝒅%𝒉𝒉𝒉𝒉

𝒅𝒅𝒅𝒅 = 𝜸𝜸𝒄𝒄𝒄𝒄 ⋅ %𝒄𝒄𝒄𝒄 −%𝒉𝒉𝒉𝒉  (22) 
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Differential equation (22) can be integrated immediately by separation of variables 
(integration variables are hyphenated to avoid confusion with the integration limits): 

 𝒅𝒅%𝒉𝒉𝒉𝒉
!

%𝒄𝒄𝒄𝒄!%𝒉𝒉𝒉𝒉
!

%𝒉𝒉𝒉𝒉
%𝒉𝒉𝒆𝒆𝟏𝟏

= 𝜸𝜸𝒄𝒄𝒄𝒄 ⋅ 𝒅𝒅𝒌𝒌!𝒌𝒌
𝟏𝟏  (23) 

The solution of integral (23) is: 
 %𝒉𝒉𝒉𝒉 = %𝒄𝒄𝒄𝒄 − %𝒄𝒄𝒄𝒄 −%𝒉𝒉𝒆𝒆𝟏𝟏 ⋅ 𝒆𝒆!𝜸𝜸𝒄𝒄𝒄𝒄⋅ 𝒌𝒌!𝟏𝟏  (24) 
Note that function %�! is monotonic and that (𝛽𝛽!� < 1 ⇒ 𝛾𝛾!� > 0); in the initial heat: 
 %𝒉𝒉𝒉𝒉 𝒌𝒌!𝟏𝟏 = %𝒉𝒉𝒆𝒆𝟏𝟏 (25) 
After an infinite number of heats: 
 %𝒉𝒉𝒉𝒉 𝒌𝒌→! = %𝒄𝒄𝒄𝒄 (26) 
which proves (15). Note that, the larger 𝛽𝛽!� is, the faster %�! tends to %!�. 
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Figure 1 - The 1.5 ton (Titanium casting capacity) unit of the SM furnace at TiFast. The furnace is 
shown here closed and ready for melting (on the left), and open after extracting the ingot and the skull 

(on the right). 

 

 

Figure 2 - Titanium Skull Melted ingots just stripped from the mould. In the foreground is a nominal 
1.5 ton Grade 5 (Ti-6Al-4V) ingot, heat number B20079. The charge material for this ingot in 

particular was composed of: 20.6 wt% ingot crops, 4.1 wt% billet crops, 12.2 wt% scrap from plates, 
6.4 wt% plate trimmings, 5.8 wt% shortcuts from plates, 8.7 wt% forging flashes, 15.3 wt% bar crops, 
0.9 wt% lightweight scrap, 1.7 wt% chips, 21.8 wt% sponge, 0.9 wt% pure Aluminum and 1.7 wt% Al 
– V master alloy. In the background is a nominal 2.5 ton Grade 2 (CP Titanium) ingot, heat number 

A10006. 
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Figure 3 – Some examples of the extreme variability of the scrap remeltable via the SM furnace. 
Clockwise from the top left corner: solids from the production of ingots, billets, plates, slabs; small 
solids from the production of castings and small forgings; scrapped bars; scrapped big aero-engine 

turbine discs. All this scrap was remelted as pictured. 

 

 

Figure 4 – Top left: SM ingots ready to be VARemelted as consumable electrodes. Top right: TiFast 
VAR furnace. Bottom left to right: the first SM+VAR CP Titanium ingot at TiFast, weight about 1.5 
ton; the first SM+VAR Ti-6Al-4V ingot at TiFast, weight about 1.5 ton; the first SM+VAR Ti-6Al-4V 

ingot at TiFast, weight about 2.5 ton.  
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Figure 5 - Results of room temperature tensile testing as per ASTM E8/E8M on Ti-6Al-4V annealed 

bars (diameter 16, 20, 25, 30, 40, 45, 50, 60 mm) produced by TiFast with ingots fabricated via 
SM+VAR: Yield Strength at 0.2% plastic deformation. All tests by Nadcap - accredited laboratories. 
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Figure 6 - Results of room temperature tensile testing as per ASTM E8/E8M on Ti-6Al-4V annealed 

bars (diameter 16, 20, 25, 30, 40, 45, 50, 60 mm) produced by TiFast with ingots fabricated via 
SM+VAR: Tensile Strength. All tests by Nadcap - accredited laboratories. Continues at the next page. 

  

850

900

950

1000

1050

1100

1150

1200

1250

11,00 11,20 11,40 11,60 11,80 12,00 12,20 12,40 12,60 12,80 13,00

Te
ns

ile
 S

tre
ng

th
 T

S 
[M

Pa
]

Aleq + Moeq [wt%]

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

Experimental dia 16 mm

Theoretical dia 16 mm

Minimum for AMS 4928

Content of 12 wt% Aleq + Moeq

850

900

950

1000

1050

1100

1150

1200

1250

11,00 11,20 11,40 11,60 11,80 12,00 12,20 12,40 12,60 12,80 13,00

Te
ns

ile
 S

tre
ng

th
 T

S 
[M

Pa
]

Aleq + Moeq [wt%]

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

Experimental dia 20 mm

Theoretical dia 20 mm

Minimum for AMS 4928

Content of 12 wt% Aleq + Moeq

850

900

950

1000

1050

1100

1150

1200

1250

11,00 11,20 11,40 11,60 11,80 12,00 12,20 12,40 12,60 12,80 13,00

Te
ns

ile
 S

tre
ng

th
 T

S 
[M

Pa
]

Aleq + Moeq [wt%]

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

Experimental dia 25 mm

Theoretical dia 25 mm

Minimum for AMS 4928

Content of 12 wt% Aleq + Moeq

850

900

950

1000

1050

1100

1150

1200

1250

11,00 11,20 11,40 11,60 11,80 12,00 12,20 12,40 12,60 12,80 13,00

Te
ns

ile
 S

tre
ng

th
 T

S 
[M

Pa
]

Aleq + Moeq [wt%]

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

Experimental dia 30 mm

Theoretical dia 30 mm

Minimum for AMS 4928

Content of 12 wt% Aleq + Moeq

850

900

950

1000

1050

1100

1150

1200

1250

11,00 11,20 11,40 11,60 11,80 12,00 12,20 12,40 12,60 12,80 13,00

Te
ns

ile
 S

tre
ng

th
 T

S 
[M

Pa
]

Aleq + Moeq [wt%]

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

Experimental dia 40 mm

Theoretical dia 40 mm

Minimum for AMS 4928

Content of 12 wt% Aleq + Moeq

850

900

950

1000

1050

1100

1150

1200

1250

11,00 11,20 11,40 11,60 11,80 12,00 12,20 12,40 12,60 12,80 13,00

Te
ns

ile
 S

tre
ng

th
 T

S 
[M

Pa
]

Aleq + Moeq [wt%]

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

Experimental dia 45 mm

Theoretical dia 45 mm

Minimum for AMS 4928

Content of 12 wt% Aleq + Moeq

850

900

950

1000

1050

1100

1150

1200

1250

11,00 11,20 11,40 11,60 11,80 12,00 12,20 12,40 12,60 12,80 13,00

Te
ns

ile
 S

tre
ng

th
 T

S 
[M

Pa
]

Aleq + Moeq [wt%]

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

Experimental dia 50 mm

Theoretical dia 50 mm

Minimum for AMS 4928

Content of 12 wt% Aleq + Moeq

850

900

950

1000

1050

1100

1150

1200

1250

11,00 11,20 11,40 11,60 11,80 12,00 12,20 12,40 12,60 12,80 13,00

Te
ns

ile
 S

tre
ng

th
 T

S 
[M

Pa
]

Aleq + Moeq [wt%]

Tensile test by Nadcap - accredited laboratories - test as per AMS 4928

Experimental dia 60 mm

Theoretical dia 60 mm

Minimum for AMS 4928

Content of 12 wt% Aleq + Moeq



16

 

1 	  
	  

 

 

  

  

 

Figure 7 - Results of room temperature tensile testing as per ASTM E8/E8M on Ti-6Al-4V solution 
treated and aged bars (diameter 16, 20, 25, 30, 40 mm) produced by TiFast with ingots fabricated via 
SM+VAR: Yield Strength at 0.2% plastic deformation. All tests by Nadcap - accredited laboratories. 
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Figure 8 - Results of room temperature tensile testing as per ASTM E8/E8M on Ti-6Al-4V solution 
treated and aged bars (diameter 16, 20, 25, 30, 40 mm) produced by TiFast with ingots fabricated via 

SM+VAR: Tensile Strength. All tests by Nadcap - accredited laboratories. 
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ABSTRACT 

Traditional methods of measuring Sound Transmission Loss (STL) of acoustic materials and 
treatments are time-consuming and expensive. To overcome this limitation, normal incidence 
Transmission Loss measurement technique using an impedance tube has been developed. This 
paper presents an effort made to design and build a cost-effective impedance tube as per the 
ASTM E2611 - 09. Standardized measurement uses a plane wave tube instrumented with four 
microphones and a termination consisting of an adaptable acoustic load. The mathematical 
formulation is based on the Transfer Matrix representation (TM method). In order to validate 
the proposed model design, a numerical, experimental and theoretical correlation is 
presented. The numerical model is obtained using the Finite Element Method (FEM). 
Therefore, the test facility operation has proved reliable. 

Keywords: Sound Transmission Loss, 4-microphones impedance tube, Transfer Matrix method, finite element 
method. 

1 INTRODUCTION 

The development of sustainable materials with improved acoustic performances has 
progressively gained interest in recent years. This claims both for accurate and fast 
measurement methods of material characterization. In a laboratory, STL measurement is 
usually performed using two reverberation rooms with the pressure method or one 
reverberation room and anechoic chamber employing the sound intensity method. In this 
article, a measurement procedure for evaluating the normal incidence Transmission Loss (TL) 
of noise control materials, in a less expensive and less time-consuming approach than latter 
methods, has been considered. There are even several commercially available devices to 
measure STL of acoustic materials. However, they are expensive. To overcome these 
limitations, normal incidence TL measurement technique has been considered and a cost-
effective impedance tube has been designed and built. The impedance tube method is a 
standard test method (ASTM E2611 – 09). There are many experimental ways to obtain the 
sound transmission loss (STL). This paper focuses on applying the two–load method, based 
on the Transfer Matrix (TM) representation. The TL tube tests are conducted with two 
different tube termination (or loading) conditions: open and rigid terminations. In order to 
validate the proposed model design, the results have been compared with theoretical results. 
In addition, a numerical study to obtain the STL has been studied. The numerical analyses 
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were performed using Finite Element Method (FEM). The aim of this wor  is to provide the 
test facility operation reliable. Good agreement between numerical, theoretical and 
experimental evaluations of STL has led to the proposed ob ective. The paper is organized in 
the following way: in Section 2, the STL basic concepts of the theory underlying the two-load 
method and the transfer matrix approach are described. In Section , the impedance tube 
design is described. In Section 4, the experimental results and the theoretical correlation are 
shown, followed by a description of the experimental implementation of the procedure. FEM 
model, numerical and experimental correlation are presented in Section 5. Matlab scripts for 
semi-automatic generation of tube FEM model are developed. Finally, the paper conclusions 
are summarized. 

 
Figure 1: Schematic view of four-microphone impedance tube. 

 

2 THEORY OF THE TRANSFER MATRIX METHOD 

The impedance tube is a set of two tubes that can be connected to either end of a test sample 
holder, see Figure 1. Impedance tubes are used below their lowest cut-off frequency to 
produce plane waves. In this case, it is assumed that the sound field in the up and downstream 
segments of the standing wave tube can be well approximated by superposition of positive 
and negative directed plane waves. Thus, complex sound pressures at the four microphone 
locations in the tube can be expressed as  

 
here k represents the wave number in the ambient fluid, A to D are, respectively, the 

amplitudes of the plane waves travelling forward and bac ward. The TM method is used to 
determine the TL of samples. Equations (1) yield four equations for the coefficients A to D in 
terms of the four measured sound pressures: 
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here 𝑃𝑃  denotes the acoustic pressure at coordinate 𝑥𝑥 . The complex coefficients A to D can 
be used to calculate the sound pressures and particle velocities on the two faces of a sample 
extending from 𝑥𝑥 =   to 𝑥𝑥 = . The latter quantities can then be related to each other by a 
two-by-two transfer matrix, namely 

P is the exterior sound pressure and  is exterior, normal acoustic particle velocity. The 
pressures and particle velocities at the two surfaces of the sample layer may easily be 
expressed in terms of the positive and negative going plane wave component amplitudes . 
It is then of interest to determine the elements of the transfer matrix 11, 12, 21 and 22. 
However, there are two equations in four un nowns. Thus, two additional equations are 
required in order to be able to solve for the TM elements. The tube must be configured with 
two different terminations: anechoic or otherwise minimally reflecting termination  a bloc ed 
or open termination, reflecting a portion of incident wave. This approach is the basis of the 
so-called two-load method. Four linear equations are obtained in order to solve for the four 
un nown matrix elements. The normal transmission coefficient, , can be expressed in terms 
of the coefficients of the transfer matrix as, 
 

=
2𝑒𝑒𝑗𝑗𝑗𝑗

11 + 12 + 21 + 22

 
 

( ) 

 
here  is the characteristic impedance of the air in the tube. The TL factor is written as 

 = 2   
(8) 

3 TUBE DESIGN

This paper deals with design of the TL tube according to ASTM E2611 – 09. The tube is 
designed for a frequency range 200 Hz – 1600 Hz.  
 

 
Figure 2: iew of the designed four-microphone impedance tube. 

The TL tube is composed of three sections, each being of the different length (See Figure 3). 
The left section is called upstream and at its beginning a loudspea er driver is placed. The 
right section, named downstream, is longer and it has a removable cap to apply the two 
termination conditions. The middle section, named holder, serves as a cartridge for the testing 
sample and it has the smallest length. Dimensions of the TL tube can be calculated based on 
several parameters that are correlated with the desired frequency range of the measurements. 
The wor ing frequency range depends on the diameter of the tube, the microphone spacing 
and the speed of sound 5 5 . It is recommended that the microphone spacing, s, exceeds 5  
of the wavelength corresponding to the lower frequency of interest and it could not exceed 
45  of the wavelength corresponding to the upper frequency 
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4 

where c is the sound speed. The upper frequency limit and the corresponding wavelength 
depends also on the diameter of the tube and upon the speed of sound, it is calculated as 

where  is a constant and d is diameter of the tube in meters. The distance between the 
microphones of 5 cm is chosen. 
 

 
Figure : CAD Model of the tube (upstream, downstream and holder sections). 

The tube should be sufficiently long as plane waves are fully developed before reaching the 
microphones and test specimen. A minimum of three tube diameters must be allowed between 
sound source and the nearest microphone. For these measurements an anechoic and a 
reflecting tube ending are used. To ensure anechoic termination, downstream tube is set to be 
longer, so enough of absorption material can be stuffed inside (15 cm of acoustic glass wool). 
The tube construction must be sufficiently massive and for this purpose the tube material is 10 
cm Aluminium, and it is mounted on a heavy frame to minimize vibration transmission. The 
inner diameter is 10 cm. In order to have an eased microphone mounting solution, special 
microphone casings are made. The elements are inserted into these casings to ensure perfect 
fit. Four 1 4   free-field microphones are used to measure the pressure. For data 
acquisition and signal processing a four-channel  type 560-C signal analyser platform 
and a personal computer are used. Custom-made routines have been developed in Matlab 
(implementing the two measurement methods outlined in Section 2) and it has been used to 
carry out post-processing of the signals. Actual photographs of the complete tube and various 
sections can be seen in Figure Figure 1. 

4 EXPERIMENTAL SETUP VALIDATION 

The determination of the TM requires a measurement of the complex sound pressure 
(amplitude and relative phase) at four locations, two on either side of the specimen. This is 
accomplished in practice by measuring the transfer function  between a reference and the 
four locations. The transfer function could be calculated directly from the complex ratio of the 
Fourier transform of the acoustic pressures and also by ta ing the ratio of the cross power 

 = 
𝑘𝑘 

  
(10) 
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5 

spectrum to the reference autospectrum. The microphone nearest the sound source (first 
microphone) is used as the reference. A loudspea er at one end of the tube was used to 
generate a broadband random signal over the frequency range 0 to 1600 Hz, and the 
frequency response functions between the input signal to the loudspea er and the complex 
sound pressures at each of the four measurement positions were measured simultaneously. 
The coefficients A, , C and D from the previous equations in Section 2 can be expressed in 
the frequency domain. This is done using the following equations 

 
where  is the frequency response function between the complex sound pressures, 𝑃𝑃 , and 
the complex reference signal, r, provided for the loudspea er  and  is the autospectrum of 
reference signal. Any mismatch in the amplitude or phase responses of the four microphone 
systems will affect the accuracy of the transfer function measurement. A correction procedure 
for the measured transfer data in both measurement channels is needed 5 5 . The following 
two transfer functions have to be measured using the same computational algorithms for both 
microphone pair. The microphones have to be placed in the standard configuration and 
measured as follows 

Then the microphone locations have to be interchanged to assume the  switched 
configuration and measured as follows 

The calibration factor , representing the amplitude and phase mismatches  and , has 
to be computed using the following equation (valid for the case where the digital frequency 
analysis system always uses channel one as the reference channel) 

For subsequent tests, the microphones have to be placed in the standard configuration. Each 
measured transfer function has to be corrected by dividing it by appropriate correction transfer 
function. For each microphone (position),  measurements are performed, and results are 
averaged. Therefore, the effects of differences in measurement channels including 
microphone sensitivities are eliminated. To determine the test facility yields reliable results it 
is tested with a simple Aluminium 2024 - T3 sheet of 1 mm thic ness. The TL of this 
aluminium sheet is calculated for the case of a simply supported disc 1  and Equation (18) 
shows the TL assuming the system to act as a simple damped harmonic oscillator 2 . 
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with = 2  22 2 , M mass of disc per unit surface area, h thic ness of disc,  
longitudinal sound velocity of material and  is the loss factor ( 0.065). In mass-controlled 
region, the response is dictated by the mass of the panel and the curve follows a 6d octave 
slope . In this region, the normal incidence TL can be approximated by 

Figure 4 shows the measured TL of the investigated Aluminium disc including the theoretical 
TL and mass law theory. As can be seen the curves coincide nicely which proves the setup to 
be sufficiently reliable. 
 

 
Figure 4: Measurement of TL of an aluminium sheet compared to the Theoretical TL curve and mass-law. 

5 NUMERICAL CORRELATION 

The second step for validating the measurements in the impedance tube consists of a FEM 
model. The aim of this section is to present a numerical method based on FE analysis to 
obtain the prediction of TL tube results. It is possible to solve acoustic problems using 
structural code which already exists in FEM. The technique is based on a structural-acoustic 
analogy which relates structural displacement to acoustic pressure 4 . A complete description 
of the FSI problem, in terms of FE models of the structure and the enclosed acoustic volume, 
is given by the following coupled equation of motion 

 
where the matrix, A , ensures the proper coupling between structural and acoustic models. In 
order to establish the interaction between fluid and structure, two conditions are required at 
the boundaries. This conditions are fixed by the coupling terms  =  𝐴𝐴   and =
− 𝐴𝐴    is a function of the fluid pressure and  is a function of the structural 
displacement. All other vectors on the right-hand side of the structural and acoustic equations 
are true load vectors.  is the structural displacement vector and p  is the vector of 
pressure values at the grid points. M ,  and D  are mass matrix, stiffness matrix and 
damping matrix, respectively. 

 
= − + 2
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5.1 Numerical Model 

Matlab scripts for semi-automatic generation of structural and the acoustic meshes and 
production of Nastran cards are developed. In the present study the test model is the 
impedance tube with a test sample. The test sample is a disc and it is modelled through 
quadrilateral plate element with a thic ness of 1.0 mm. Aluminium 2024-T  is considered for 
simulation and the geometry with simply supported  constraints at the edge are input, too. A 
Matlab program also generates the FE model of the fluid body. This program generates the 
Nastran cards for an acoustic cylinder volume. Firstly, a 2D unstructured triangular mesh is 
generated based on a piecewise-linear geometry input 6 6 . Accordingly, the basic 
assumption is the correspondence one to one  between acoustic and structural meshes. The 
fluid volume is modelled by a five-sided solid element with six grid point. For fluid elements 
are used the material properties of air. In order to chec  the quality of FE model the 
wavelength of waves in acoustic volume is calculated by applying Nyquist–Shannon 
sampling theorem. The maximum frequency of this study is 𝑥𝑥 =  . Sampling 
frequency is therefore  = 2   and the shortest wavelength is =  . At least 4 
elements are required per wavelength, which means the minimum length for each acoustic 
element edge should be about 2  mm. The size elements in this study is less than or equal to 
10 mm, the quality of the acoustic mesh is therefore acceptable. Thus to chec  the quality of 
structural FE model, the wavelength of bending waves in plate is calculated and compared it 
with the element size. Applying Nyquist–Shannon theorem, the wavelength is 55 mm. At 
least 4 elements are required per wavelength, which means the maximal length for each edge 
should be about 14 mm and all elements in this model satisfy this requirement. In Figure 5 is 
shown a FE model of the designed tube. The tube must be configured with two different 
terminations that are anechoic termination and bloc ed termination. First termination is 
simulated using the absorbing boundary conditions to eliminate the reflections 6 . Second 
termination is simulated as a rigid boundary. 

 
Figure 5: FEM ibroacoustic Model of the impedance tube, pre-processor Patran software. 

5.2 Numerical Results 

In this section a direct frequency response analysis is performed to compute dynamic response 
to steady-state oscillatory excitation, which is explicitly defined in the frequency domain. 
Excitation is in the form of a unit load at the tube s beginning to simulate the loudspea er and 
the broadband random signal over the frequency range 0 to 1600 Hz. After the calculation is 
done, Nastran Software will output the results to a .pch file, from which it can be read directly 
by Matlab. The results, obtained with the two-load method, are presented. The measuring 
points are at the microphone locations. There is a problem for pic ing these points because 
the fluid model is not specially meshed for the microphone positions, it is impossible to locate 
the desired place precisely. To solve this problem, a short Matlab program is applied to search 
for the nearest node from the FE model. The main ob ective is to correlate the numerical 
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sampling theorem. The maximum frequency of this study is 𝑥𝑥 =  . Sampling 
frequency is therefore  = 2   and the shortest wavelength is =  . At least 4 
elements are required per wavelength, which means the minimum length for each acoustic 
element edge should be about 2  mm. The size elements in this study is less than or equal to 
10 mm, the quality of the acoustic mesh is therefore acceptable. Thus to chec  the quality of 
structural FE model, the wavelength of bending waves in plate is calculated and compared it 
with the element size. Applying Nyquist–Shannon theorem, the wavelength is 55 mm. At 
least 4 elements are required per wavelength, which means the maximal length for each edge 
should be about 14 mm and all elements in this model satisfy this requirement. In Figure 5 is 
shown a FE model of the designed tube. The tube must be configured with two different 
terminations that are anechoic termination and bloc ed termination. First termination is 
simulated using the absorbing boundary conditions to eliminate the reflections 6 . Second 
termination is simulated as a rigid boundary. 

 
Figure 5: FEM ibroacoustic Model of the impedance tube, pre-processor Patran software. 

5.2 Numerical Results 

In this section a direct frequency response analysis is performed to compute dynamic response 
to steady-state oscillatory excitation, which is explicitly defined in the frequency domain. 
Excitation is in the form of a unit load at the tube s beginning to simulate the loudspea er and 
the broadband random signal over the frequency range 0 to 1600 Hz. After the calculation is 
done, Nastran Software will output the results to a .pch file, from which it can be read directly 
by Matlab. The results, obtained with the two-load method, are presented. The measuring 
points are at the microphone locations. There is a problem for pic ing these points because 
the fluid model is not specially meshed for the microphone positions, it is impossible to locate 
the desired place precisely. To solve this problem, a short Matlab program is applied to search 
for the nearest node from the FE model. The main ob ective is to correlate the numerical 
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model to the experimental test model, so to chec  the designed test facility. Figure 6 shows 
that the numerical TL is in good agreement with experimental TL. 
 

 
Figure 6: Measurement of TL of an aluminium sheet compared to the Numerical TL curve and mass-law. 

6 CONCLUSIONS 

This paper presents an effort made to design and build a cost-effective impedance tube as per 
the ASTM E2611 - 09. ased on two-load method and transfer matrix representation the TL 
is determined. Two-load method is used to eliminate the requirement of a perfect anechoic 
termination. Measurements are conducted for a simple Aluminium plate. Firstly, experimental 
results are compared with predictions using theoretical analysis and the correlation is 
reasonably good. Secondly, the results are obtained with a FE model. The principal theoretical 
steps are presented and comparisons between the numerical predictions and experimental 
results have shown the test facility s reliability. It is worth noting that the presented Matlab 
program can be applied for a generic test sample and it, generating the Nastran cards, ma es 
vibroacoustic modelling easier. 
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ABSTRACT 

In the context of Space Medicine, the aim of SERiSM  (Role of the Endocannabinoid System 
in Reprogramming human pluripotent Stem cells under Microgravity) pro ect, selected by the 
Italian Space Agency, was to study the involvement of the Endocannabinoid System (ECS) in 
the osteogenic differentiation under real microgravity. An innovative and easily accessible stem 
cell model derived from human blood (human lood-derived Stem Cells, h DSCs) was used 
to this purpose. This model is autologous and possesses a remar able proliferative and 
differentiative capacity under ground gravity conditions, with high therapeutic potential for 
bone degenerative diseases. ECS is a fine networ  of proteins that interact to regulate the 
endogenous levels of lipid mediators, collectively termed endocannabinoids (eC s), which in 
turn are involved in cell communication and in the mechanisms governing the switch between 
cell life and death. In the frame of the ITA mission, led by European Space Agency (ESA) 
astronaut Paolo Nespoli, we analyzed the differentiation process also under microgravity 
condition, and evaluated the expression of ECS proteins through immunoassay methods. ur 
results demonstrate that some elements of the ECS are modulated during the differentiation 
process and in microgravity, supporting the idea that increased levels of anandamide are indeed 
need to stimulate type-1 cannabinoid receptor. In conclusion, microgravity could drive 
endocannabinoid signalling in the former stages of h DSCs differentiation. 
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ABSTRACT 

Traditional methods of measuring Sound Transmission Loss (STL) of acoustic materials and 
treatments are time-consuming and expensive. To overcome this limitation, normal incidence 
Transmission Loss measurement technique using an impedance tube has been developed. This 
paper presents an effort made to design and build a cost-effective impedance tube as per the 
ASTM E2611 - 09. Standardized measurement uses a plane wave tube instrumented with four 
microphones and a termination consisting of an adaptable acoustic load. The mathematical 
formulation is based on the Transfer Matrix representation (TM method). In order to validate 
the proposed model design, a numerical, experimental and theoretical correlation is 
presented. The numerical model is obtained using the Finite Element Method (FEM). 
Therefore, the test facility operation has proved reliable. 

Keywords: Sound Transmission Loss, 4-microphones impedance tube, Transfer Matrix method, finite element 
method. 

1 INTRODUCTION 

The development of sustainable materials with improved acoustic performances has 
progressively gained interest in recent years. This claims both for accurate and fast 
measurement methods of material characterization. In a laboratory, STL measurement is 
usually performed using two reverberation rooms with the pressure method or one 
reverberation room and anechoic chamber employing the sound intensity method. In this 
article, a measurement procedure for evaluating the normal incidence Transmission Loss (TL) 
of noise control materials, in a less expensive and less time-consuming approach than latter 
methods, has been considered. There are even several commercially available devices to 
measure STL of acoustic materials. However, they are expensive. To overcome these 
limitations, normal incidence TL measurement technique has been considered and a cost-
effective impedance tube has been designed and built. The impedance tube method is a 
standard test method (ASTM E2611 – 09). There are many experimental ways to obtain the 
sound transmission loss (STL). This paper focuses on applying the two–load method, based 
on the Transfer Matrix (TM) representation. The TL tube tests are conducted with two 
different tube termination (or loading) conditions: open and rigid terminations. In order to 
validate the proposed model design, the results have been compared with theoretical results. 
In addition, a numerical study to obtain the STL has been studied. The numerical analyses 

 
 

1 THE SERiSM CONCEPT 
Spaceflight is nown to induce loss of bone mass, alteration in bone physiology and possibly 
osteoporosis, thus representing one of the ma or health ris s for astronauts. Endocannabinoids 
(eC s) are bioactive lipids that mediate several aspects of human pathophysiology and, because 
of their ubiquitous activities, they have emerged as promising targets for the development of 
selective drugs able to modulate their signaling in distinct organs 1 . Among these, eC s 
signaling seems to be involved also in the proliferation and differentiation of bone cells, as well 
as in bone remodeling 2, . Indeed, eC s metabolic enzymes and their binding targets (i.e., 
cannabinoid and vanilloid receptors) are expressed in bone cells. In particular, type-2 
cannabinoid receptors (C 2) signaling stimulates proliferation of osteoblast progenitors and 
favors the bone mineralization process, whereas stimulation of type-1 cannabinoid receptors 
(C 1) and of transient receptor potential cation channel subfamily  member (TRP 1) exerts 
osteoclastogenic effects, restraining bone growth 4 . Accordingly, it has been reported that the 
lac  of C 2 stimulates bone remodeling but with a net loss of bone mass, and that cb2-/- mice, 
with a normal phenotype at birth, display over time a phenotype similar to human osteoporosis 
5 . n the other hand, genetic inactivation of C 1 receptor results in higher bone mass in young 

mice 6  and C 1 ligand may be used to enhance bone mass and prevent age-related 
osteoporosis. Altogether, these findings suggest that the combined inhibition of C 1 and C 2 
may be beneficial in preventing age-related bone loss , highlighting the therapeutic potential 
of cannabinoid receptors to re-establish bone homeostasis. 

ur previous study, performed in the frame of PromISSe mission organized by the European 
Space Agency (ESA) in 2011, disclosed an unprecedented engagement of endocannabinoid 
signaling in lymphocyte apoptosis and immunodepression under real microgravity conditions 
8 . ased on these findings and additional literature data 9, 10 , we proposed the SERiSM 

(Role of the Endocannabinoid System in Reprogramming human pluripotent Stem cells under 
Microgravity) pro ect aimed at investigating whether endocannabinoid signaling might regulate 
bone loss during space travel  to this aim, we used a human stem cell model derived from 
peripheral blood (h DSCs). These cells are autologous and pluripotent, differentiate into an 
osteogenic lineage by using rapamycin in the presence of suitable scaffolds 11 , and could 
have a remar able therapeutic potential for the treatment of bone-related disorders. 
SERiSM pro ect was part of the ITA mission organized by the Italian Space Agency (ASI) in 
201 . It was launched on August 14th, 201 , from historic Pad 9A at NASA s ennedy Space 
Center ( SC) in Cape Canaveral, Florida (USA) on board the Falcon 9 roc et  it remained 
onboard the International Space Station (ISS) until September 16th, when it returned bac  to 
Earth onboard the Space  Dragon capsule. Here, we present the mission pro le of SERiSM 
(Figure 1) and the experimental data showing the effects of microgravity on cannabinoid 
receptors expression in the osteogenic process aboard the ISS. 
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Figure 1. The timetable of SERiSM pro ect: from ground-based experiments to ISS. 

 

2 SERiSM SYSTEM CONFIGURATION

The SERiSM hardware was developed on purpose by ayser Italia S.r.l and the flight set 
included 4 Experiment Containers (EC). Each EC contained 2 Experiment Units (EU) that, in 
turn, was composed of three main components: Cell odies (consisting of two identical units), 
Release System and Electronic oard. Each EU is a bric  of biologically compatible plastic 
(PEE ) and accommodates four identical CC, and each CC is connected with two reservoirs: 
one for the activator (rapamycin, Sigma-Aldrich, St. Louis, M , USA) and the other one for 
the fixative (RNAlater, Sigma-Aldrich, St. Louis, M , USA). 
 The movement of the chemicals and biological samples among the fluid chambers was 
allowed by eight cylinders machined automatically by the internal microcontroller (Figure 2). 

 

Figure 2. Pre-flight standby configuration of SERiSM Experiment Unit. 
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2.1 Pre-flight activities

Pre-flight activities started on August 9th and were carried out in the laboratories of Space 
Station Processing Facilities of ennedy Space Center. 
 lood was drawn from the antecubital vein of one healthy donor, who gave informed 
consent to the study  human DSCs were isolated by ammonium chloride incubation (dilution 
1:  in NH4Cl 1 M), centrifuged at 102 g for 20 minutes and washed several times with 
phosphate-buffered saline (P S), pH .2 ( xoid, Hampshire, England), to remove the ma ority 
of erythrocytes. Cells were then resuspended in 5 ml P S and incubated for 2 h at C in the 
presence of 50nM macrophage colony-stimulating factor (Sigma-Aldrich, St. Louis, M , 
USA), and 5 M gentamicin sulphate ( io est, Nuaill , France). n august 12th, DSCs were 
resuspended in DMEM F12 medium (Invitrogen, Carlsbad, CA, USA) containing L-glutamine 
( 00 g ml), 1  penicillin-streptomycin and 10  fetal bovine serum, all purchased from 
Sigma-Aldrich (St. Louis, M , USA), and io- ss scaffold (Geistlich, Switzerland).Then, they 
were loaded into the CC, for a total of 16 chambers divided into 4 EUs.  The SERiSM EU 
assembled with control electronics was integrated inside the IC-SL containers ( ayser Italia 
Containers- Single Level), and then placed inside the io it, a passive temperature controlled 
experiment container, for the upload onboard launcher. 

2.2 In-flight activities

n August 16th, samples were transferred from the Dragon capsule to ISS and were loaded into 
the ubi  facility, already set up at C, in a static position. Human DSCs were activated 
for different times (0, 48, and 2 hrs) by automatic in ection of 10 nM solution rapamycin in 
each CC. At the end of each incubation time, cell suspensions were fixed with RNAlater (900 

l culture chamber), and were immediately moved by the astronaut into the minus 80 C 
laboratory freezer for ISS (MELFI) facility.  
 Then, samples were removed from MELFI and wrapped into the double cold bags for 
return to Earth. n September 16th, Space s CRS-12 Dragon unberthed from the ISS ahead 
of a return to a Pacific cean splashdown. 

2.3 Post-Flight activities

After recovery, samples were shipped still frozen to Livorno and then delivered from ayser 
Italia team to the University of Rome for post-flight analysis. The scientific team was 
responsible for the samples collection from EUs. A flow-chart representing the main activities 
of mission, as well as the facilities on ISS, is shown in Figure . 
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Figure . Experimental procedure of SERiSM pro ect during pre-flight, on orbit and post-flight 

operations. 

 

 Each sample was centrifuged at 14000g for 5 min for fixative removal and was frozen 
for the planned biochemical analysis. Protein expression of cannabinoid receptors was analyzed 
through immunoblotting by using the rabbit polyclonal antibodies specific for C 1 (1:200 
dilution) or C 2 (1:200 dilution) receptors (both from Cayman Chemicals, Ann Arbor, MI, 
USA). 
 ur results showed that, after 2hrs on the ISS, C 1 and C 2 proteins were expressed 
with an opposite trend: C 1 increased, whereas C 2 decreased (Figure 4). 
 
 

 
 

Figure 4. Relative expression of C Rs after 2hrs on ISS vs t0 p 0.05. 
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CONCLUSIONS

In conclusion, the SERiSM pro ect has highlighted the modulation of cannabinoid receptors in 
a model of osteogenic differentiation of DSCs induced by rapamycin, as schematically 
depicted in Figure 5. 

 

 
Figure 5. Graphical abstract of the SERiSM mission profile. 

 

In this context, we have recently published the proteomic changes and epigenetic modifications 
occurring during stem cell differentiation in the microgravity environment 12 . Further studies 
are needed to better understand the relationship between these two events in order to ascertain 
the potential of endocannabinoid signaling in bone remodeling. 
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ABSTRACT 

Recognizing that the General Aviation will play a growing role in the development of 
transportation of people in the coming decades, the GRADE project aims at demonstrating 
that the exploitation of the GNSS technology could allow GA aircraft to perform advanced 
precision approach procedures thus facilitating their integration with commercial aviation 
and improving current airport operations. In particular, based on SBAS and GBAS 
technologies, affordable avionics equipment are tested in the GRADE project to support the 
execution of approach paths to runways that use radius-to-fix and continuous descent 
procedures. The project plans to achieve its aim by carrying out real-time simulations with 
human (pilots and air traffic controllers) and hardware in the loop, and by carrying out flight 
trials using a suitable equipped experimental aircraft. The paper will discuss the results 
achieved in the already performed real-time simulations, together with details about the 
performed procedures, the technological solutions and the real-time test facility used for the 
tests carried out so far. The preliminarily analysis confirms that the proposed solutions for 
GA will positively impact airport capacity and environmental friendliness of air transport in 
Europe, without negatively affecting safety and human performance. 
 
Keywords: general aviation, GNSS-based Navigation, TMA operations, Human-in-the-Loop 
simulation

1 INTRODUCTION 

General Aviation (GA) aircraft will play a growing role for the coming decades in the 
transportation of people and goods across Europe (private and business travels, commercial 
on demand transport) and in other wide range of uses (leisure, sport, training, law 
enforcement, fire-fighting, medical services, agriculture, parcel service, aerial wor  and 
others). The integration of these aircraft into airspace used by Commercial Aviation is a tough 
challenge and is one of the topics recognized in the SESAR research initiatives 1 , especially 
for what concerns the operations close to the airports in the terminal phase of the flight. In 
fact, GA aircraft usually have a basic on board equipment and often fly according to visual 
flight rules, performing non-precision approaches (NPA) that ta e long runway occupancy 
times and require large spacing between arriving aircraft affecting significantly the operations 
of the other airspace users. The exploitation during the approach phase of navigation solutions 
based on the Global Navigation Satellite System (GNSS) technology could allow GA aircraft 
to overcome the above listed limitations and, consequently, it could facilitate the integration 
of such aircraft in an efficient and non-discriminatory manner with the faster and better-
equipped commercial aircraft into the terminal manoeuvring area (TMA). Indeed, GNSS 
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based navigation enables GA aircraft to perform Localizer Performance with ertical 
guidance (LP ), Radius to Fix (RF) curved legs and continuous descent approach procedures. 
These procedures are characterized by: 

x geometrical vertical guidance, more accurate positioning of the aircraft and increased 
predictability of its behaviour, thus improving safety and reducing arrival aircraft spacing   

x reduced approach minima with respect to conventional NPA procedures, that improve 
airport accessibility and enable successful approaches also in bad weather conditions that 
may otherwise cause a disruption event, such as delay, diversion or cancellation  

x flexibility in procedure design, allowing shorter approach paths that result in fuel savings, 
and may be also used for avoiding environmentally sensitive areas (e.g. populated areas 
with noise restrictions). 

The above considerations led to the definition of SESAR Solutions 51 2 , 55  (which 
exploit S AS GNSS technologies for the initial and intermediate approach segments and the 
final approach segment, respectively) and Solution 10  4  (which enables precision 
approach Category II III procedures relying on G AS GNSS signals). These SESAR 
Solutions were developed and validated on commercial aircraft. Their validation for GA 
aircraft, equipped with affordable instrumentations, are yet to be performed as well as proving 
the deriving benefits. As a matter of fact, the GRADE pro ect 5 , a SESAR 2020 ery Large 
Scale Demonstration pro ect, aims at addressing this topic and this paper will present some of 
its preliminary results. 
Specifically, this paper will present the results of test campaigns aimed at demonstrating the 
applicability of S AS G AS GNSS technologies for the initial and intermediate approach 
segments and final approach segment to General Aviation aircraft, performed through real-
time simulations (RTS) with human (professional pilots and air traffic controllers) and 
hardware in the loop. The results presented in the paper include the evaluation of several ey 
performance indicators extracted from the real-time simulation data for capacity, punctuality 
and pilot and controller acceptability of tested procedures and HMIs. The performed 
procedures, the technological solutions and the real-time test facility used for the tests carried 
out are also described in detail in the paper, in order to provide proof of soundness of the 
results achieved. This preliminarily analysis confirms that the implementation of GNSS based 
solutions to GA will contribute to positively impact airport capacity and environmental 
friendliness of air transport in Europe, without negatively affecting safety and human 
performance, thus contributing to the achievement of the European Flightpath2050 goals.  

2 OPERATIONAL SCENARIOS AND PERFORMANCE METRICS  

To fully analyse the feasibility of the proposed solutions, specific perational Scenarios have 
been defined for the tests. These scenarios reflect as much as possible the general 
characteristics of operations, as discussed and depicted in Section 1. In our study, a total of  
different scenarios have been built and simulated, as resulting from the various combination 
of a number of relevant factors and parameters characterizing the scenarios themselves. The 
airport considered for the RTS and for the in-flight tests to come, is the Capua airport, (ICA  
code LIAU) with four possible RNA  approach procedures (R 08N R 08S and 
R 26N R 26S). These approach procedures have been used for the simulated IFR 
traffic. n the contrary four specific GNSS curved and continuous descent procedures 
(GNSS08Nb, GNSS08Nc, GNSS26Na, GNSS26Nb) have been defined for the GA aircraft 
equipped for precise approach operations. In Figure 1, one of such procedures is reported, as 
an example, identified as GNSS08Nc procedure. 
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Figure 1: Horizontal and ertical profile of GNSS R 08Nc approach procedure for LIAU. 

Furthermore, a number of conditions, which significantly affect the procedures execution, 
have been changed to differentiate operational scenarios. 
Table 1 reports all the parameters considered and the values they could assume in defining the 
diverse simulation settings. 
 

GA Pilot Mode a) automatic (with throttle manually controlled)  
b) manual with Flight Director  
c) manual with Tunnel in the S y 
 

IFR Traffic Density in TMA a) medium 
b) medium-high 
 

Wind a) absent,  
b) wind speed 10 ts, wind direction 0 deg 
 

Visibility a) visibility extent to   
b) visibility extent to 200 ft 
 

GNSS Failure Mode a) nominal condition  
b) Satellite Fail mode  
c) Iono Fail mode  
d) Navigation lost mode 
 

Table 1: Possible Mission Settings for the real-time simulations. 
 
Feasibility of the proposed solutions within these operational scenarios are then measured in 
terms of technical, operational and human performance. Real-time simulation exercises (and 
future flight trials) allow the analysis and evaluation of a number of performance indicators 
that can be mapped to several ey Performance Areas of the SESAR2020 Performance 
Framewor  6 . Specifically, it was estimated that the impacted PAs for these inds of 
operations are those reported in Table 2. uantification of the expected performance progress 
in all of these PAs is carried out through the introduction of quantitative metrics that ma e 
use of data collected (or inferred) from the observation of the real-time simulation exercises. 
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Safety Impact on this PA is assessed by demonstrating that LP  in terminal 
operations and G AS-based precision approach allow improving the navigation 
accuracy of GA. The performance metric used to quantify the impact on this 
area is the measurement of the Total System Error (TSE). 
 

Capacity This PA is assessed through the evaluation of airport arrival throughput. 
 

Cost-
efficiency

Impact on this area can be assessed considering the number of aircraft managed 
by the ATC  in a considered time period. Since in the RTS only one controller 
managed the arriving aircraft for each exercise session, the arrival throughput is 
considered as an indirect performance metric for cost-efficiency. 
 

Environment Impact on this PA is assessed by evaluating noise reduction and average fuel 
consumption for both the RNA  approach and the GNSS approach. 
 

Equity This PA can be seen as the capability of giving equal treatment to all airspace 
users. This is evaluated by verifying that the proposed solution gives access to 
GA without penalizing the nominal access of the commercial traffic. 
 

Human 
Performance

This PA is evaluated through the assessment of the acceptability of the tested 
procedures and HMIs from the point of view of both pilots and controllers. 
 

Table 2: Impacted PAs and related performance metrics. 

3 REAL-TIME SIMULATION  

The operational scenarios discussed in the previous section were accurately modelled and 
implemented in a detailed and realistic simulated environment that allowed the execution of 
the tests and the collection of quantitative data. 

3.1 Simulation Facility 

Real-time simulations have been carried out ta ing advantage of the Integrated Simulation 
Facility (ISF), an experimental simulation infrastructure developed at the Italian Aerospace 
Research Centre (CIRA) 8 . The ISF interconnects several simulation modules and allows to 
carry out research activities in a variety of realistic  operational scenarios. The simulation 
facility allows the development and validation of prototypical hardware and or software in 
support of the full integration of RPAS and General Aviation in the future ATM system.  
All of the simulation modules are connected through the ISF networ  protocol, a flexible data 
exchange protocol that was developed by CIRA that allows all simulation agents to 
communicate in real time during all of the simulation phases (configuration, initialization and 
runtime phases). As a matter of fact the ISF facility is scalable, reconfigurable and 
customizable, allowing adding and or removing simulation emulation agents. If necessary, the 
facility also allows the connection to simulators physically located in places other than the 
CIRA laboratory.  
For the purposes of the proposed test, the ISF architecture is made of 4 main modules: 
 
x General Aviation oc pit Simulator: a simulator of a coc pit of a twin-engine GA aircraft 

(inclusive of out of window virtual view) used by the test pilot co-pilot to fly the approach 
procedures under test. It includes a GNSS receiver emulator covering S AS, GAST-C 
and GAST-D types of service in both nominal and off-nominal conditions 9 10 . This 
aircraft also integrates a Navigator System connected to the AP that is able of steering 
automatically the aircraft along the selected approach procedure, leaving in any case to the 
pilot the full authority on the throttle command. The overall system supports the pilot in 
flying the selected approach procedures in either fully Manual or Automatic mode. 
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x Scenario Simulator: this is a H S  environment for the management of the ISF facility 
scenario data, which includes an air traffic simulator, GPS constellation simulator, 
weather conditions simulator inclusive of atmospheric hazards, no-fly zone simulator, 
ground navigation system s (TIS- ) simulator.  

x Air Traffic seudo- ilot I: a wor station that implements a complete set of functions 
to command the air traffic generated by the Scenario Simulator. It is used by the pseudo-
pilot(s) to steer the traffic according to the controllers  indications. 

x ontroller or ing osition ( ): this is an emulator of an air traffic controller 
wor ing position, which includes a customized HMI prototype. It is used by the 
controllers to monitor and manage the incoming traffic in the terminal area. 

Additionally, some utility modules are also connected to the facility for the collection of data 
useful to analyse the overall behaviour and performance of the system under test (i.e. 
engineering data logging, voice  communication system, audio-video recording). 
Figure 2 presents the functional architecture of the ISF facility. Figure  shows some of the 
simulation modules. 
 

 

Figure 2: Functional architecture of the ISF. 

3.2 Simulation Approach 

Two RTS sessions, each lasting one wee , have been carried out, for a total 5 GNSS 
precision approach procedures completed. Several professionals have been involved for a 
sound significance of the tests, namely:  
x 2 experimental pilots, alternating in flying the virtual GA simulator   
x 4 Air Traffic Controllers, alternating at the C P during the simulation sessions  
x 1 ATC Supervisor   
x 2 human factors experts, observing the pilot and the controllers behaviour and interaction 

with the HMIs  
x 2 pseudo-pilots, managing the virtual IFR traffic in the scenario according to the 

controllers  commands  
x 6 engineers. 

Not 
required 
for this 

test 

Not required 
for this test 
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Figure : (a) GA Coc pit Simulator  (b) Controller or ing Position  (c) Pseudo-Pilot HMI. 

4 PERFORMANCE ANALYSIS AND TEST CAMPIAGN RESULTS 

4.1 Collected Data 

The outputs of each real time simulation test are of four inds and are briefly discussed below. 
Engineering data: The state information for all the aircraft involved in the simulation are 
recorded on different ISF components. Table  specifies the data logged for each entity. 
 

Name Description
TIME Simulation time 

UTC Time UTC time in which have been registered the data 
T A ADS-  message time of applicability 

ENTIT  Symbolic name of the simulated aircraft 
LAT GPS latitude of the aircraft 
L N GPS longitude of the aircraft 

AR ALT Measured barometric altitude of the aircraft 
GE ALT Measured Geometric altitude of the aircraft 
TRAC  Measured trac  angle of the aircraft 

GR UNDSPEED Measured ground speed of the aircraft 
ERTICALSPEED Measured vertical speed of the aircraft 

Table : Engineering data collected from all the aircraft involved in the RTS. 
 
Audio- ideo Recording: both voice communication and C P and GA coc pit HMIs are 
stored using a dedicated video acquisition system. 
Briefing Debriefing Notes: efore and after each simulation run, a briefing session involving 
pilots, controllers and engineers too  place to asses test conditions and ob ectives. riefing 
notes were then written by the Facility Test Manager reporting the main events and comments 
made by the actors that too  part to the simulation. Debriefing sessions focussed on 
comprehensive discussion and explanation of feedbac  provided by ATC s and Pilot, in 
order to gather inputs on requirements for procedures and technical systems. 

uestionnaires: The involved pilots and controllers filled post-mission questionnaires after 
each simulation test and post-session questionnaires at the end of each RTS session. 
These questionnaires together with the observations of the human factor experts allowed the 
collection of several human factors related measures aimed at assessing: 
x pilot and controller wor load during the execution of tested procedures  
x acceptability of such procedures by pilot and controller 
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Figure : (a) GA Coc pit Simulator  (b) Controller or ing Position  (c) Pseudo-Pilot HMI. 
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collection of several human factors related measures aimed at assessing: 
x pilot and controller wor load during the execution of tested procedures  
x acceptability of such procedures by pilot and controller 
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x situational awareness and shared situational awareness for ATC s and Pilot 
x usability of the pilot HMI to support the execution of the approach procedures with a 

sufficient level of confidence and precision.   

4.2 Data Analysis and Results 

As reported in Section 2, performance metrics have been defined for the 6 impacted PAs. 
Some preliminary results obtained using these performance metrics are discussed below. 
 

x Safety: The overall TSE in all of the executed approaches, was always lower than 0.  NM 
guaranteeing sufficient navigation performance for procedure adherence and safe 
execution. 

x apacity: Preliminary results, still not statistically significant but nonetheless relevant to 
identify qualitative trends, highlighted that the presence of the GA approaching the airport 
immersed in a commercial traffic, does not change the airport throughput significantly, 
especially when executing GNSS approach procedures. This is evident in both medium 
and medium-high density scenarios (see Table 4 and Table 5). 

 

Medium Density Traffic
Time between two consecutive landings

Mean [minutes] Standard Deviation [minutes]

Only traffic 2.   1.4 
Traffic + GA using RNAV procedure 2.9  1.0 
Traffic + GA using GNSS procedure 2.   0.6 

Table 4: Mean time between two consecutive landings for medium density traffic. 
 

Medium-High Density Traffic
Time between two consecutive landings

Mean [minutes] Standard Deviation [minutes]

Only traffic 1.9 0.4 
Traffic + GA using RNAV procedure 2.5 1.5 
Traffic + GA using GNSS procedure 2.  1.1 

Table 5: Mean time between two consecutive landings for medium-high density traffic. 
 

x ost-Efficiency: As stated in Table 2, the PI used to assess capacity is also an indirect 
measurement of the number of aircraft managed by the ATC  in the considered period. 
Therefore, the same considerations discussed above also apply to the cost efficiency PA. 

x Environment: RTS data analysis has shown that the GNSS procedures allow a reduction 
of the fuel consumption than s to continuous descent (even if there is no significant range 
reduction with respect to the RNA  procedure). In addition, the GNSS procedure is also 
beneficial for noise reduction. As a matter of fact the feasibility of the GNSS curved 
procedure offers more flexibility to the design of approach procedures, thus allowing the 
avoidance of noise-sensitive areas in a more efficient way. 

x Equity: During the RTS, ATC s observed that the inclusion of the GA following a GNSS 
approach procedure did not penalize the remaining commercial traffic.  

x uman erformance: Exercise results demonstrate that the tested procedures do not have 
negative impacts on ATC s and Pilots in normal and abnormal operating conditions and, 
due to simulation technical constraints, more significant benefits can be expected in the 
reality. or load and situational awareness levels were considered satisfactory and also 
overall cooperation between pilot and ATC  was good with no negative impact on overall 
traffic management even in case of simulated technical failures. Pilot experience with the 
tested HMI provided valuable design suggestions to improve the suitability of HMI in a 
wider range of use cases and potential users, especially for what concerns alarms display 
and cartography. 
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5 CONCLUSIONS 

This paper presents some preliminary results of the GRADE Pro ect, as emerging from the 
real-time simulation campaign, addressing the feasibility of applying to General Aviation 
aircraft, equipped with affordable instrumentations, some of the GNSS based approach 
procedures, already developed in the SESAR program for large commercial aircraft. The real-
time simulations too  advantage of the Integrated Simulation Facility (developed by CIRA) 
which includes several simulation modules (including a GA virtual coc pit, an air traffic 
C P, and a traffic scenario simulator) that allow to recreate a variety of realistic operational 
scenarios to test and analyse the potential benefits of the proposed solutions.  
Although the results collected so far are mainly qualitative, nevertheless it is possible to draw 
some significant conclusions. The performance analysis on the six impacted ey Performance 
Areas has shown that in real-time simulations the execution of the GNSS procedures by a GA 
aircraft is feasible and acceptable by both pilots and controllers. Curved and continuous 
descent approach reduces the overall environmental impact on noise and emissions. The 
integration of the GA in a medium to medium-high density commercial traffic does not 
degrade the arrival throughput. These results will finally be confirmed in the next phase of the 
pro ect, which will include an actual flight test campaign. 
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ABSTRACT  
 
New Space activities are stressing the current system of international space law to the limit, 
questioning its suitability to produce effective regulation. Accordingly, States are considering 
to unilaterally regulate New Space activities within their own domestic laws. This paper 
assesses the consequences of this approach and, in light of the outcome, attempts to propose a 
different way forward.  
 
Accordingly, the paper finds that while the use of domestic law certainly presents some 
advantages, unilateral regulation may also seriously threaten the future of outer space as a 
peaceful and shared domain. Thus, the paper presents an alternative multi-sta eholder model, 
whereby all actors are part of a dynamic approach based on adaptive governance.  
 
Inter alia, the paper shows how this model could be structured to achieve effective regulation 
of New Space activities via horizontal (between public and private actors) and vertical (between 
national and international levels) integration tools, while also remaining consistent with 
international space law. 
 
From the above, the paper concludes that it is possible to effectively regulate New Space 
applications through a reasoned interaction between public and private actors as well as among 
different governance levels, while still preserving the foundational value of the space treaties. 
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Few contests that the space industry is a special one. Developing and completing space 
programs requires enormous resources, while also entailing a high ris  of potentially 
catastrophic damages. Accordingly, the leading role in the field was soon ta en by States, as it 
was impossible to set up a business case for private actors.  
 
Further, due to space s ability to immediately capture people s imaginary, space programmes 
were soon integrated into the political machine, leaving no room for purely commercial 
applications. It is in this context that the rules of international space law have been written 
during the late Sixties, through the fruitful diplomatic negotiations between the estern and the 
Soviet bloc s in the United Nations Committee for the Peaceful Uses of uter Space 
(UNC PU S).1 
 
In this respect, it is important to remember that despite ending up in competing with each other, 
the United States (US) and the Soviet Union (USSR) drafted the main rules of the so called 

orpus Iuris Spatialis having peace and cooperation in mind.2 This means that the negotiations 
were focused on preventing predator behaviours that could have easily escalated tensions 
between the two countries, with potentially apocalyptical scenarios.   
 

ac  then, the simple idea of private entities operating in outer space on their own was 
considered unrealistic. Nevertheless, the US insisted on eeping the door opened to commercial 
actors, ust to be sure that they could also benefit from the freedom to explore and use outer 
space.4 n the other hand, the USSR was rather sceptical about it, mostly because companies 
do not offer the same guarantee of States in term of responsibility and liability.5  
 
As is well- nown, a compromise has been found in allowing private entities to explore and use 
outer space under authorization and continuous supervision from the appropriate State, which 
shall also bear international responsibility for such activities.6 Accordingly, Article I of the 

uter Space Treaty ( ST)  came into existence and that was the first step in the path of the 
commercialization of outer space. Still, for the following three decades, space applications 
remained deeply connected with political programs or, at the most, scientific missions.   
 
However, the status quo has changed. Globalization, together with an astonishingly fast 
technological development, has had a tremendous impact over the dynamics of the space 
industry. All of a sudden, space was no longer needed for political purposes, while new business 
application started to come up. Ultimately, the most powerful spacefaring nation in the world 
officially terminated its human spaceflight programme, the Space Shuttle, in 2011.8 Meanwhile, 
venture capitalists all around the world started to literally pour money over new actors emerging 
in the field, irreversibly changing the industry and shaping a new mar et.9 
 
This phenomenon too  the name of New Space , a term that encompasses a globally emerging, 
private spaceflight industry based on a purely commercial mind-set and aiming to develop 
faster, better and cheaper access to space.10 Notably, the new  in New Space  entails first an 
innovative approach, when compared to the traditional way of doing business in space, i.e. the 

ld Space  carried out by governments and their prime contractors. Further to that, new  
also stands for recently established, in the sense that most of the New Space operators entered 
the mar et at the beginning of the 21st century. 
 
Two examples might help better clarifying the nature of New Space. ne is represented by 
Mega-Constellations, composed by thousands of satellites that are 2 or  orders of magnitude 
smaller and cheaper than before. A second example is embodied by Space , the roc et 
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company founded by Elon Mus , which has radically changed the business introducing the 
concept of reusable roc ets. Space  wor s incredibly fast (moving from zero to reusable 
roc ets in ust 15 years) and aims to establish permanent human settlements on Mars by the 
year 20 0.11 
 

ecause of its special features, the New Space phenomenon does not exactly get along with the 
current system of international space law. n the contrary, the emerging of New Space 
applications is testing the orpus Iuris Spatialis to the limit, showing its wea nesses and 
lacuna. Accordingly, the industry is increasingly pushing for reconsidering the main rules of 
international space law, such as the non-appropriation principle.12  
 
In this respect, it is important to note that we managed to eep space as a peaceful and 
cooperative environment because of the rules laid down in the space treaties and most notably 
in the ST. Thus, questioning their relevance for regulating New Space applications may 
seriously threaten the future of outer space as a shared and peaceful domain to be used for the 
benefit of human ind.1  Accordingly, while ac nowledging the need for a refreshment, we 
should also bear in mind the importance of preserving the foundations of international space 
law. 
 
Unfortunately, time is not on our side anymore. All ma or analysts predict that New Space 
business will continuously increase its relevance within the overall space business until it will 
represent the ma ority of it.14 In August 2018, NASA launched a new commercial spaceflight 
programme that has been in truth the start of a new era, with US astronauts that will reach the 
International Space Station (ISS) on commercial spacecraft.15  
 
Nearly one year later, in une 2019 NASA also opened its segments of the ISS to the use of 
private entities, in what could be a game changer for the future of space tourism.16 As both 
business and technology are moving way faster than the law, we must accelerate our efforts, 
before something irreparable happens.  
 
Accordingly, the purpose of this paper is to propose a way forward that can both deliver 
effective regulation without having to dismantle the fundaments of international space law. To 
this end, Chapter ne will show that there is an increasing tendency to adopt a unilateral 
approach for the regulation of New Space activities, briefly addressing its consequences. 
 
Then, to avoid the negative impacts coming from purely domestic regulation, the paper will 
suggest a possible alternative. In this repsect, Chapter Two will argue that New Space activities 
should be regulated through a multi-sta eholder model, whereby all actors are part of a dynamic 
approach based on adaptive governance.  
 
Inter alia, the chapter will show how this model could be structured to achieve effective 
regulation of New Space activities via horizontal (between public and private actors) and 
vertical (between national and international levels) integration tools, while also remaining 
consistent with international space law.  
 
From the above, the paper will conclude that a multi-sta eholder approach based on adaptive 
governance could help solving the current regulatory impasse on New Space activities, 
producing effective regulation while also ensuring compliance with existing international space 
law. 
Chapter One: Domestic Solutions to Global Problems? 



44

  

Space activities are carried out in a three dimensional, transparent and continuous medium. 
Thus, they are by their very nature international, global and extra-terrestrial activities,1  
meaning that no actor can perform them in isolation, regardless of how powerful or 
technologically advanced it may be. The international community grasped this reality from the 
very beginning, which is why Article I ST declares that the exploration and use of outer 
space ...  shall the province of Man ind .18 
 
Notably, already in 1959, almost ten years before this solemn declaration, States agreed also on 
the fact that the regulation of space activities should have always been concerted at the 
international level and thus established UNC PU S as the appropriate mean to such end.19 
Since then, diplomacy has shaped the main rules for the exploration and use of outer space, 
producing five international agreements and many other UNGA resolutions.20 
 
This status quo has been maintained until the year 2015, when the US passed a piece of 
legislation unilaterally declaring that their citizens could lawfully extract and sell space 
resources.21 Remar ably, this was the first time in the history of space law that one country has 
attempted to unilaterally establish a rule related to the exploration and use of outer space.22  
 
It is not easy to explain why the US decided to not discuss their position with the rest of the 
international community in UNC PU S. ne possible reason may be that UNC PU S has 
now grown to 92 members,2  but its decision-ma ing rule still remains consensus. Accordingly, 
States have started to question its ability to ta e effective decisions in a given time, thus moving 
the international discussion on space regulation to other international forums.24 However, the 
fact remains that the US did not bring the matter for discussion to any international forum. 
 

hatever the reason may be, the US approach made proselytes and indeed two years later 
Luxembourg enacted its own law on the exploration and use of space resources.25 Currently, 
there are at least other four countries ( apan, the United Arab Emirates, the U  and now also 
Germany) considering to follow the same path,26 and this number is of course li ely to increase.  
 
It is important to note that the real novelty of the 2015 US Space Act lies in its approach, rather 
than in its content. Content-wise, the 2015 US Space Act is ust one of the possible 
interpretations of the freedom to explore and use outer space granted by Article I ST,2  as 
many scholars have already argued in the past.28 Further, it even pays due respect to the 
international obligations of the United States, in order to reduce the potential conflict with 
international space law.29  
 
Accordingly, the issue here comes from the fact that the US bypassed the role of the 
international community and unilaterally addressed space resources activities in its domestic 
law. 0 
 

n this point, one may argue that this is not the first time that lacunas in international space 
law are addressed by domestic law. Let s ta e the example of the delimitation of outer space. 
As is well- nown, such issue has been debated by UNC PU S for more than 40 years now, 
without any sign of consensus on the matter. 1 At the same time, some States, li e Australia or 
Denmar , have defined outer space as the area above an altitude of 100 m in their domestic 
laws. 2 Nevertheless, despite the apparent similarities, there are two important differences that 
one should bear in mind when comparing these laws to the 2015 US Space Act. 
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The first one comes from the fact that there has been a debate in UNC PU S for decades 
before such States too  initiative. Second, the rationale for adopting such definition has been 
to simply limit the scope of their national space legislation in respect to aviation law. Thus, the 
fact that some States have delimited outer space did not have any impact on the formation of 
international space law, because the effects of such definitions are confined within the domestic 
realm. 
 

n the contrary, before the 2015 US Space Act there has been no international debate among 
States on the legality of space resources activities, not in UNC PU S nor anywhere else. 
Further, despite addressing only US citizens and companies, the 2015 US Space Act has 
dramatically impacted the system of international space law, because for the first time it 
confronted other States with the ris  of their inaction.   
 

efore the 2015 US Space Act, the rule was that if consensus had not been reached than action 
would have not been ta en. n the contrary, in this case the US will ta e action unless 
consensus is reached against this fact. It is a change of perspective that is li ely to undermine 
the legitimacy of the whole system. 
 
As showed, the case of space resources activities has mar ed a change of approach in the history 
of space law and it does not seem that it will remain isolated. 4 Rather, it is very li ely that other 
States may wish to settle further uncertainties currently affecting international space law in the 
same way. Indeed, what prevents any of them to further declare that small pieces of asteroids 
do not fall within the definition of celestial bodies and thus can be lawfully appropriated, or 
that active debris removal (ADR) is illegal because it violates Article I  and III ST  
 
If we fully embrace the idea that States can unilaterally approach the issues brought by New 
Space applications, ust because it is faster or easier than addressing them internationally, then 
we may be ma ing a big mista e. 5 In truth, space has remained a peaceful and flourishing 
domain mostly because no actor has ever challenged the foundational value of its international 
regulation. Should this basic premise change, then the whole system may collapse with it. 6 
 
This is not to say that domestic regulation of space is dangerous in itself. n the contrary, it is 
mandated by Article I ST, which requires States to ensure authorization and continuous 
supervision of private activities in outer space.  However, there is a fine line between 
implementing Article I ST and using it to circumvent the need for international agreement.  
 
Accordingly, we need to carefully frame the terms under which States can rely on their domestic 
laws to address issues that are still global in nature. 8 In the lac  of coordinating mechanisms, 
serious tensions are ust behind the corner. 9 For example, what will happen when a company 
is hired to perform on-orbit servicing on the space ob ect of another nationality  r if two 
companies of different nationalities apply to their relevant State to perform space resources 
activities on the very same piece of celestial body 40  
 
Thus, while domestic regulation of New Space activities is needed to provide answers to an 
incredibly fast industry, it cannot suffice on its own without the ris  to undermine the peaceful 
and sustainable uses of outer space.  
 
Accordingly, the next chapter will propose a new model whereby domestic regulation is 
incorporated as part of a broader approach connecting different actors and governance levels. 
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Chapter Two: A Way Forward 
e have seen in Chapter ne that because of the global nature of space activities, States have 

always settled their regulation in international forums li e UNC PU S. However, we have 
also seen that this approach has recently been challenged and that serious consequences may 
follow from this paradigmatic shift. 
 
The truth is that we are facing an impasse. n the one hand, it is undeniable that the current 
system of international space law has been stressed to its very limit. n the other hand, the 
proposals advanced so far to replace it are li ely to bring more problems than solutions. 
Accordingly, this chapter attempts to suggest a possible way forward, which is based on two 
main assumptions and built around two related pillars. 
 
The first assumption is that not only space, but the whole world has changed. Globalization has 
shaped a new order whereby traditional governance mechanisms no longer suffice to properly 
tac le the problems of the globalized society.41 Nowadays, different actors have to interact at 
different levels, thus transcending the territorial and hierarchical dimensions that used to govern 
decision-ma ing processes.42 In other words, the nation-State is not anymore the gravity centre 
around which all other actors orbit.4   
 
Let s face it: countries are not suited to solve the ma or problems of our world.44 Climate 
change, food scarcity, migration movements, they all escape the grasp of governments, even 
when coordinating together at the international level. Rather, they can only be solved with the 
contributions of all involved actors, including private entities.45  
 
Li ewise, States cannot deal on their own with the enormous challenges brought by the 
evolution of space applications, which is why traditional international forums are becoming 
outdated. In UNC PU S, only States have the right to vote and be actively engaged in the 
discussion  everyone else is ust an observer. Unfortunately, this model does not ma e any 
sense for regulating New Space applications simply because many States do not even now 
how to define New Space. 
 
Accordingly, international discussions on how to govern New Space activities li e space 
mining or active debris removal have to be done together with private actors. In political 
science, this phenomenon ta es the name of multi-sta eholderism, a term encompassing a new 
governance model based on the open dialogue among all ma or sta eholders to reach effective 
but also equitable solutions.46 
 
Thus, the first pillar of the proposed model is its multi-sta eholder nature. 
 
The second assumption is that global problems, including New Space problems, have a high 
degree of complexity and most importantly a rather unforeseeable evolution.4  Thus, traditional 
all-encompassing regulation is not fit to solve them because there will always be something 
that we did not thin  of. Further, this type of regulation requires a lot of time and political 
investment, exactly because it aims to address most possible issues beforehand.   
 
Rather, global problems could be more easily addressed with a step-by-step approach that 
prioritizes issues in terms of foreseeability and essentiality.48 Consequently, regulation will 
only deal with those problems that must be solved in order to ma e ust one step forward. It is 
only after having made this step forward that the discussion on what is needed for the next one 
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will start, and so on. This regulatory model is called adaptive governance and is successfully 
spreading around the world as an optimal tool to address global problems.49 
 
Thus, the second pillar of the proposed model is its adaptive governance approach. 
 
Combining the two pillars together, this chapter attempts to present a multi-sta eholder model 
based on adaptive governance, that can achieve effective regulation of New Space activities 
while also remaining consistent with international space law. 
 
Drawing from the experience of multi-sta eholderism,50 the regulation of New Space 
applications should valorize the role of the space industry in the decision-ma ing process.51 
Since New Space activities are mostly uncharted territory, traditional space regulators (i.e. 
ministries or space agencies) have little understanding of what should and what should not be 
regulated to ensure their flourishing development. 
 

n the contrary, most companies have a clear perception of what it needs to be ensured from 
the regulatory side. ftentimes, it is the very basics: recognizing the legality of the activity, 
providing a fast procedure with clear conditions for obtaining a license and ensuring protection 
from unlawful interferences. n these points, there is enough shared ground for the industry to 
develop common standards to whom the involved companies are happy to abide.52  
 
In particular, these standards could be developed through an open dialogue among industries 
associations and administrative regulators, together with further actors representing other 
interests from the civil society (such as consumer and environmental protection), to be held 
within a global forum5 , li e (for instance) the International Chamber of Commerce.  
 
Then, once an agreement has been reached on the essential elements, the outcome should be 
incorporated by relevant administrative regulators within their licensing conditions.54 Notably, 
this procedure will ensure four main benefits: a remar able degree of flexibility, an optimal 
level of enforcement, a potential high level of uniformity and compatibility with existing 
international space law.  
 
As to the first benefit, implementation within licensing conditions ensures the flexibility that 
the enactment of a law would inevitably compromise.55 As is well- nown, changing a law is a 
very complex and time-consuming procedure, while usually regulatory authorities can update 
their licensing requirements through a simple administrative decree. Accordingly, this ensures 
that adaptive governance can be followed to its greatest extent. 
 
As to the second benefit, the involvement of regulatory authorities will also bring their 
enforcement powers, which will avoid the ris  coming from voluntarily compliance that is 
associated with many multi-sta eholder models.  
 
For what concerns the third benefit, i.e. uniformity, it should naturally follow from the fact that 
the implemented standards are the result of an international and extended dialogue, which 
represents a strong incentive in support of their reception. 
 
Lastly, this process would not undermine the existing framewor  of international space law, 
which will continue to be the foundation on which everyone will continue to wor . Treaties li e 
the ST do not provide comprehensive answers exactly because they are meant to provide a 
foundational starting point for rules to be further specified in more dynamic and lighter legal 
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instruments.56 For instance, the obligation to authorize and supervise national space activities 
does not require the mandatory enactment of a law, because it leaves the choice as to the more 
appropriate legal instrument to the relevant State.5  
 
Nevertheless, one may still ob ect that this model is basically eopardizing the role of 
UNC PU S as the leading institution for the regulation of space activities. However, the truth 
is that the role of UNC PU S is already being challenged now, and may be eventually 
eopardized regardless the adoption of this model.58 Rather, UNC PU S is more at ris  in a 

context whereby each State goes with its national regulation,59 rather than in a model whereby 
its intervention is simply postponed to a further point in time.  
 
Following the adaptive governance principle, UNC PU S should be involved only when the 
need for internationally binding agreement or harmonization will arise, which can only happen 
if some form of regulation has already been tested at a lower level. Further, UNC PU S may 
be the perfect place for States to share their best practices and coordinate their experiences in 
regulating New Space activities. 
 
Another ob ection may come from the consideration that peace and sustainability of space 
activities are not guaranteed by the mere fact of developing the regulation through a multi-
sta eholder platform. In this respect, it is true that some form of international coordination 
among States is needed to avoid the ris  of tensions. 
 
A possible tool to reduce this ris  is mutual recognition. As is well- nown, mutual recognition 
is a powerful instrument to ensure uniformity and compatibility among different systems 
without the need for a political structure.60 ecause it is based on reciprocal trust, mutual 
recognition may even foster international cooperation in outer space, insofar it removes any 
political discrimination and ensures the same treatment to everyone. 
 
Further, when combined with the multi-sta eholder decision-ma ing process, mutual 
recognition becomes even more effective.61 This is because in the proposed model the rules to 
be mutually recognized will be the result of an open and international dialogue among all the 
ma or sta eholders, thus reducing the ris  of a race to the bottom.62  
 

hat is more, because mutual recognition is based on reciprocity and equivalence,6  rules that 
are openly in contrast with the result of such international dialogue will not have to be 
recognized, thus enhancing participation in the multi-sta eholder platform.  
 
Following, once a set of rules has consolidated, mutual recognition can be further stabilized by 
means of international harmonization or even by establishing an international system to directly 
govern the matter. Thus, also the adoption of mutual recognition leaves untouched the role of 
UNC PU S, i.e. providing international regulation at the State level. 
 
To recap, the model proposed in this paper aims to offer an alternative answer to the need to 
update the way in which international space law is developed. In particular, it is meant to 
discourage purely domestic approaches that can undermine the peaceful and sustainable uses 
of outer space. 
 
Ta ing into account the new shape of the global society, the proposed model foresees a multi-
sta eholder approach based on adaptive governance. In particular, it suggests that the regulation 
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of New Space activities should come from an open dialogue among the industry, the regulators 
and the civil society, aimed to map the most urgent problems and develop pragmatic solutions. 
 
Following, the result of such dialogue should be implemented within the licensing conditions 
of New Space activities, in order to ensure both legal protection and effective enforcement. 
Further, States should accept to mutually recognize foreign licenses that have also been based 
on the results of the previously described multi-sta eholder dialogue. 
 
Lastly, this model is without pre udice to the applicability of existing international space law, 
that will continue to represent the foundations on which all actors wor . Notably, it foresees a 
role also for UNC PU S, that will continue to be relevant first as a platform whereby States 
can share their best practices and coordinate their regulation of New Space activities, and 
second as the only legitimate forum to eventually develop international harmonization or 
agreements, if and when such need will materialize.  
 

Conclusion. Future perspectives 
New Space applications hold a great promise for the future of human ind.64 The benefits 
coming from space resources activities, active debris removal and on-orbit servicing ( ust to 
mention the most relevant cases) have the potential to ma e Earth a better place,65 provided that 
we do not fight because of their regulation. Accordingly, we need to stand for shared solutions. 
 
Unfortunately, the type of mechanisms that have brought us here are no longer suitable to such 
end. The world has changed and we need to proactively change with it. Still, change can come 
in many forms. So far, some States are spreading the idea that in the absence of international 
agreement each country should address these issues on its own, instead of waiting for shared 
solutions to emerge. 
 
This approach has good merits, but also serious drawbac s. hile it can provide the industry 
with fast and cheap answers, it also ris s to foster tensions and conflicts at the global level. 
Ultimately, it may contradict the entire foundational playground on which international space 
law has been built. 
 
From the above, this paper attempted to propose a different way forward that has its main 
premise in the need to broaden the international dialogue. In particular, we need to accept that 
global problems cannot be effectively resolved without accepting inputs from all the involved 
actors, and especially those that are investing their resources on the front-line. 
 
Accordingly, this paper has proposed to regulate New Space activities through a multi-
sta eholder model based on adaptive governance. Inter alia, this entails an open dialogue 
among the industry, the regulators and the rest of the civil society within an international forum 
with the mandate to tac le the more urgent issues and come up with effective but also equitable 
standards and practices to deal with them.  
 
Such standards and practices should then be implemented by administrative authorities within 
their licensing conditions, thus offering legal protection and effective enforcement. To avoid 
the ris  of ex post discriminations that could undermine the wor  done in the multi-sta eholder 
forum, States should also provide for the mutual recognition of foreign licenses that have been 
developed from the abovementioned standards and practices. 
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Lastly, this model stands without pre udice to the applicability of existing international space 
law and also foresees a role for UNC PU S, first as a platform to share best practices and 
second as a forum to harmonize them, eventually in view of their future transposition in 
international agreements. 
 
Needless to say, this model represents a simple proposal that can serve as a starting point for 
further discussions on the matter. In this respect, it mostly aims to draw the attention of the 
international community on the need to find new ways to continue on the path of international 
regulation, rather than simply declaring the existing ones outdated. 
 
New Space activities have the potential to bring the dimension of space activities to an 
unprecedented level, for the benefit and in the interest of all countries and human ind. At the 
same time, they also have the potential to divide the world in an equally unprecedented way.  
It is (also) our responsibility to ensure that only one of these possibilities will become a reality.   
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ABSTRACT  
The massive Ariane 5 return of experience and the recent technology evolutions offered the 
possibility of new design and layouts and lean production process application for space 
launchers. Focalizing on the main differences between Ariane 5 and Ariane 6 solid stages, the 
paper presents the major evolutions in terms of design and manufacturing.
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Acronyms: 
AIT Assembly, Integration and Tests  
BACO BAse COver  
BIP Bâtiment d’Integration Propulseur  
CEX Commutateur d’EXecution (Execution Switch) 
COCO ESR COmposite COne  
DDA Design Definition Authority  
DHCS Data Handling and Communication System 
DOP Detonator Opto-Pyro  
DR_SR Distancing Rockets in the ESR  
EAP Etage Accélérateur à Poudre  
ECPU Electronic Control and Power Unit  
EFF ESR Final Facilities 
EFWS ESR Forward Skirt  
EMA Electro-Mechanical Actuator  
ERES ESR Rear Skirt  
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ESR E uipped Solid Rocket  
FA  Final Assembly ine  
FOC Full Operational Capability  
FTP Flexible Thermal Protection  
HPS High Power Supply 
EDD PM Electric Disconnection Device  
PM ower i uid Propulsion Module  

OWA ESR ower Attachment  
PS ightning Protection System 

MAPS Mechanical Anti-Pitching System  
OCA ESR Ose CAp  

OSB Optical Safety Barrier  
PFU Pyro-Firing Unit 

  
P RO 
RCW 

Pyrotechnical (Functional Unit) 
RaCeWay  

SRM Solid Rocket Motor  
T AS Thrust ector Actuation System  
T C Thrust ector Control  
UP ESR Upper Part 
UPPA ESR UPPer Attachment  

uAB ulcain Aft Bay  

1 INTRODUCTION 
Ariane 6 design development is based on four main principles, which are respected by all 
ArianeGroup partners: 
1. Design for exploitation: an end-to-end optimization with a right-first-time production and 

an optimized lead time. 
2. Standardization at launcher level for design, manufacturing methods and tools. 
3. Industrial policy excellence clusters: a maximized use of industrial assets and a stabilized 

configuration. 
4. Extended enterprise: joint convergence of system specifications, products design and 

manufacturing process. 

Figure 1: ArianeGroup ESR partners 

According to the mission configuration, two or four (A62 or A64 configuration) Equipped 
Solid Rockets (ESR) are used. Each ESR will be initiated on ground and jettisoned after its 
functioning. The solid rocket thrust transmission is mainly done through the UPPA which is 
located between the ESR Upper Part and the LLPM Inter Tank Structure (ITS). Each ESR is 
also linked to the LLPM via the LOWA which is located between the ESR Rear Part and the 
LLPM Vulcain Aft Bay (VUAB). In term of metrics, one A6 ESR is about 20m high, 159T 
heavy and delivers about 350T thrust at lift-off corresponding to a scale factor of 60% of 
Ariane 5 booster in term of thrust. 
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The main differences between the A5 
MPS and the A6 P120C consist of a 
composite case and a monolithic block 
of propellant (largest monolithic solid 
rocket motor ever produced and in 
commonality with VEGA launcher). 
The absence of segmentation of the 
propellant block and of intersegment 
thermal protection and, at the same 
time, the presence of a mixte 
composite/metallic ESR upper part, 
allow the launcher system to respect the 
payload comfort against thrust 
oscillations, coming from the motor, 
without any decoupling system as on 
Ariane 5. Figure 2: ESR general view 

The design layout of the A6 ESR is based on the four main principles enounced at the 
beginning of the paragraph; this means that a design compatible of the manufacturing process 
and the maximization of the industrial assets has been retained. Following this logic, the paper 
presents first the industrialization aspects and then the design and layout chosen for the 
different components.  

2 AIT (ASSEMBLY INTEGRATION AND TESTS) 
The integration of the full solid propulsion stage of Ariane 6 requires activities both in Europe 
and in French Guyana. Some components as the raceways and the ERES are equipped in 
France at Issac facility in the Bordeaux region and then shipped to French Guyana; some 
others, like the Distancing Rockets, are shipped to French Guyana from the AGS partners, or 
produced in French Guyana, as for the SRM motor. A cadence of 32 ESR per year (35 SRM) 
is to be assured, and the manufacturing and integration time is crucial to maintain it. 
Most of the integration process is performed in horizontal position, with a very new concept 
of the ground means, in order to avoid time consuming in tilting operations of motor/stage. 
They have been designed in such a way to limit all the possible impacts on the structural 
integrity and performance of the component-parts. At the same time the design of each ESR 
flight part takes into account the impact of the horizontal integration (for instance: possible 
ovalization, possible loss of screw torquing, etc). 
To perform the horizontal integration a new 
mean called SKIDDER is being developed. It 
is a support stand with arms, like a cradle. A 
new transport mean, called AIT400, is also 
necessary to displace and tilt both the stage. 

(a)                  (b) 

                                                  Figure 3: (a) SKIDDER; (b) SKIDDER+AIT400

The equipped ERES and the equipped raceways are integrated in France, the BACO is also 
partially integrated in France, at Issac. The Upper Part, is pre-integrated in ASE facility and 
then shipped to Kourou, as the Distancing Rockets which are produced in Norway and 
shipped to Kourou. The SRM is finalised in Kourou, being casted in place. The TVAS is 
integrated and tested at Issac facility, avoiding performing the tests in Kourou, as it is done 
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today for Ariane 5. This is possible due to the fact that the retained TVC acceptance tests are 
in unanchored configuration at equipped rear skirt level.     

Figure 4: ESR manufacturing process 

2.1  Products whose AIT starts at Issac 

2.1.1 Raceways 
The main AIT activities at Issac, concern the raceways, the ERES and TVAS piloting tests 
and the partial integration of the BACO, LOWA and UPPA. 
Regarding the raceways, the manufacturing flow hereafter, shows that: 

• The covers and the harness, produced by the different partners are shipped to Issac; 
• ArianeGroup protects the covers with a dedicated thermal protection and once pre-

assembled the raceway covers and routed inside the electrical harness, ships them to 
Kourou. 

The raceways integration continues in Kourou, with the end RCW covers. In Kourou, in a 
first step the RCW will be horizontally integrated on SRM in the CIH at Europropulsion 
facility (BIP), then they will be finalized, with the end RCW covers in vertical position at 
EFF.   

2.1.2 ERES 
Once received at Issac, the rear skirt bare structure from MT-Aerospace and the TVAS from 
Sabca and all the neutralisation chain components, the AIT activities start and are all carried 
out in anti-flight position: bracket mounting, mechanical equipment integration, harness 
installation, TVC tests and final inspection and shipment to Kourou.  
In Kourou the ERES is lifted from its container 
and positioned on the MGSE. The MGSE can 
rotate and handle it in order to position the 
ERES at the SRM interface. Once well 
positioned at the interface it guides the correct 
pin integration. All the process is partially 
automatic and performed in the CIH at BIP.  

               (a) (b) 
Figure 5: (a) ERES handling on MGSE; (b) ERES mounted on SRM trough MGSE 
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2.1.3 Base Cover 
Once the thermally protected rigid parts and the flexible thermal protection are available at 
Issac the pre-assembly of the BACO starts in the pre-FAL. 
In Kourou, after the actuators have been anchored to the SRM nozzle, the BACO is integrated 
on the ESR and the last sectors are finalized. 

2.1.4 LOWA and UPPA 
For the LOWA and the UPPA the integration of the pyro equipment is done at Issac before 
shipping to Kourou, while the very final integration is performed in ZL. 

2.2 Products whose AIT activities are only in French Guyana 

2.2.1 Finalization of Upper part and integration of Distancing Rockets 
Once the Upper Part, is available in Kourou and 
ready to be integrated, it is lifted from its 
container and positioned on the MGSE. In 
Kourou, the Distancing Rockets are integrated 
inside the UP during the preparation phase at BIP, 
as well as the finalization of harness. 
The Upper Part MGSE allows handling, transport 
and assembly it on the SRM in the CIH at 
Europropulsion facility. As for the rear skirt the 
process is partly 
automatic. 

Figure 6: Upper Part MGSE 

3 UPPER PART 
The ESR Upper Part is the upper link between the SRM and the LLPM. The ESR thrust is 
mainly transmitted to the launcher by this structure. Therefore, the expected functions of this 
component are:  
1. To transmit the thrust loads, from the P120C SRM to the main core;  
2. To protect the SRM igniter and the avionic equipment from the external environment.  
3. To contribute to support on ground the central core on the launch pad.  
Its particular shape is due to the launcher global aeroshape and it has been realized through a 
co-engineering process with MT-Aerospace, APCO, Airbus Defence and Space (ASE) and 
ArianeGroup. It consists of three main components; all of them are cone inclined of a 
particular angle such as only one generatrix is vertical and integral with the P120C SRM: 
1. A metallic forward skirt (EFSW): designed and manufactured by MT-A. The lower 

interface is mounted on the SRM, while the upper realizes the junction with the COCO. 
2. A composite cone (COCO): Designed and manufactured by ASE, the Composite Cone is a 

monolithic non-symmetrical filament-winding structure with two flanges at each edge of 
the composite which are the interfaces for the Forward Skirt and Nose Cap. 

3. A metallic nose cap (NOCA): Designed by ArianeGroup and manufactured by APCO, it 
allows the supporting of the ESR LEDD and the Upper Attachment (UPPA), where the 
SRM thrust is mainly transmitted to the LLPM. The interface with the LLPM is ensured by 
a bracket, while the NOCA is mounted on the COCO through a flange. 
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(a)                                                           (b)

Figure 7: (a) UP layout; (b) UP MGSE at ASE 

The maturity of the final generic design (main junctions, layout, supports, brackets and 
fixations), the qualification logic and test, as well as the justification of its robustness and the 
justification of its compliance with the specifications is under ArianeGroup responsibility.  
The consistency of the process with the products to integrate, in end-to-end industrial 
perspective, through the overall AIT and the maturity of the process verification plan and the 
justification of the final qualification of the process and the production means, is under Airbus 
Defence and Space Spain (ASE) responsibility. The upper part component integration is done 
in horizontal position at Airbus Defence and Space facility in Spain. Two distancing rockets 
(DR_SR) are mounted in the EFSW in Kourou, in similarity with Ariane 5. The difference 
between A5 and A6, is not only in the numbers of distancing rockets (4 for A5 and 2 for A6), 
but in the inclination wrt. the launcher longitudinal axis. The inclination of the DR_SR thrust 
axis is designed in order to decrease the ESR acceleration once separated while distancing 
from the rest of the launcher. 

4 LOWA 
The ESR Lower Attachment is constituted of two rods and a MAPS system, which replaces 
the function of the third shorter rod, present on Ariane 5. 
It is the lower link between ESR and LLPM. The main functions are: 
1. To transmit the mechanical loads between ERES (ESR) and VUAB (LLPM); 
2. To accommodate the equipment, harnesses and supports necessary to its functioning; 
3. To separate and distance from LLPM the ESR at the end of its ; 
The main last function is obtained, upon reception of the separation order from DOP Opto-
pyro initiator, by cutting the ESR rear attachment rods. To be underlined that the ejection 
system selected is directly integrated inside the rods.  

4.1 Equipped rods 
The ESR equipped rods are based on a complete new concept wrt. Ariane 5 one: in fact no 
pyro-lines run all long them. The ESR rods are mainly constituted of: 
1. A pyrotechnical ring (very similar to Ariane 5 one); 
2. A distancing equipment acting as a piston;  
3. The safety harness and the DOP. 

                                    (a)                                 (b) 

Figure 8: (a) Equipped ERES; (b) LOWA Equipped rod 
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4.2 MAPS 
The main purpose of the MAPS is to provide an ortho-radial adjustment between ESR and 
VUAB at coupling phase, a mechanical loads transmission with a relative displacement 
between ERES and VUAB during ground and flight phases, and a passive separation in flight.  
The MAPS is composed of the following elements:  
1. ESR Sub Assembly (ESRSA);  
2. VUAB Sub Assembly (VUABSA).  

(a)                 (b)                          (c)                     

Figure 9: LOWA MAPS. (a): MAPS Global view ; (b) MAPS on ESR side ; (c) Displacement of rods 
and MAPS  

The MAPS concept is made up of sliding pads (connected to the VUAB), moving along two 
vertical tracks belonging to the MAPS bracket (connected to the ERES), as shown on the 
picture above. 

5 BASE COVER 
The BACO is made of 3 main parts  : 
• The BACO upper cover: a monolithic protected metallic 

structure fixed to the rear skirt. It is integrated to the FTP in 
Pre-FAL, to constitute a part of the “equipped FTP”. 

• The BACO lower panels: a sandwich panel (aluminium 
honeycomb + aluminium skins) covered with thermal 
protection and fixed to the activation ring of the P120C. 
Various “L square” parts are fixed to the  panel to constitute a 
ring located at one of its edges. 

• The BACO FTP: a textile component fixed at one end to the 
upper cover and at the other end to the lower panels. 

Figure 10: BACO on P120C 
nozzle and ERES  

For the FTP design and manufacturing a new patent has been registered. As many other 
product of the same type it is composed of different panels of Nextel on the hot face, Kevlar 
on the cold face, with some felt in the middle, but because of the specific panel preparation, 
seaming and assembly procedures it’s a complete new product. 

6 TVAS 
The Thrust Vector Actuation Sub-system (TVAS) is a 
subsystem included within the launcher avionics 
enabling the operation of the Thrust Vector Control 
(TVC) function, as depicted in the figure 11. The 
transfer between the actuator linear achieved 
elongation and its set-point is ensured by the TVAS, 
whilst the transformation between the achieved thrust 
deflection and the commanded one is performed by 
the TVC function. 

               Figure 11: TVC function 
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The ESR TVAS is an electromechanical-based TVAS with the hardware architecture baseline 
depicted in Figure 12. It is developed by SABCA. It is composed of: 

1. Two direct-drive Electro-Mechanical Actuators (EMA) 
developed by SABCA, 

2. One Electronic Control and Power Unit (ECPU) developed by 
TAS-B, 

3. One set of High Power Supply (HPS), composed of 2 
modules developed by ASB, 

4. One set of harness (data, power and high power) developed 
by SABCA 

All the equipment items of the TVAS are accommodated in the 
ESR rear skirt (ERES). 

Figure 12: TVAS  

The main improvement of the electrical actuators wrt. the hydraulic actuators used on A5, is 
in the reduced time of launcher chronology.  

7 PYROTHECNICS 
Two types of pyrotechnical technology are used on A6 launcher, called OPTO and ELEC:  
1. OPTO refers to pyro-commands using opto-pyrotechnic technology where the igniter is a 

Laser-Induced Device (LID) or a “Détonateur Opto-Pyro” (DOP) and the activating pulse 
is an optical pulse delivered by a laser diode included in the PFU. 

2. ELEC refers to pyro-commands using electro-pyrotechnics: the igniter is based on electro-
pyro technology and the activating pulse is an electrical current delivered by the PFU. 

On ESR, the OPTO technology is used for the neutralisation chain and the P120C and DR_SR 
ignition, as well as for the pyro-rings of UPPA and LOWA which assure the separation and 
distancing of ESR from LLPM at the end of its mission. The pyro-rings of the ESR upper and 
lower attachment are made of REACH compliant components, produced with the same 
manufacturing process, in order to optimise the manufacturing and the costs. The benefits of 
opto-pyro technologies rely on a shorter integration campaign at mobile gantry, being all the 
whole chains integrated and tested before transfer to it. Many safeguard operations have been 
declassified in safety level allowing multiple operation in parallel.    

Figure 13: Optical line

8 CONCLUSIONS 
The architecture of the ESR associated to the new horizontal integration concept, allow 
reducing the lead time target of a factor 3 for SRM+ESR, with respect to Ariane 5 MPS+EAP.  
This solution satisfies to the 4 mains principle of Ariane 6 rules. 
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ABSTRACT

The dynamic behaviour of structures can be investigated by using the concepts of complete 
(exact) and incomplete (distorted) similitudes. The incompleteness is much more of interest 
since the complete similitudes are difficult to be achieved and the experiments are often 
executed by using distorted models as test articles. 
In this wor , beams in similitude have been investigated by using achine earning ( ) to 
establish degrees of correlation between similar systems, without invo ing governing equations 
and or solution schemes.  is based on algorithms that derive models from sample inputs 
providing data-driven prediction. The absence of an explicit algorithm, being the process 
totally data-driven, confers to the approach a high versatility which allows its application even 
in the vibroacoustic research fields and problems. 
In view to validate the  predictions, numerical investigations of beams in similitude have 
been performed. The good predictions obtained with  highlights the potentialities of these 
algorithms and open the way to analyses with more complex structures. 
 
Keywords: similitude, machine learning, artificial neural networ s

1 INTRODUCTION

A fundamental step in the design of a product is experimental testing. The predictions of 
analytical and numerical tests must be validated by extensive sets of experiments before 
producing the first prototypes, in order to achieve the desired reliability, performance and 
safety. 

Experimental tests may be expensive, in both financial and temporal terms  the impact 
on these aspects may be increased by damaged test article, the repetition of an experiment and 
a specimen with too much large or tiny dimensions. For these reasons, it is useful to test a scaled 
(up or down) version, called model, of the full-scale structure, called prototype, so that many 
of the above-mentioned problems can be faced. In fact, a model would allow an easier setup of 
the experimental test. However, even if perfectly scaled, it is a system having a response 
different from the prototype  therefore, a tool that allows to reconstruct the prototype response 
from the model is needed. 

Such a tool is provided by similitude theory. The methods based on this theory derive 
sets of conditions that, if satisfied, allows to find a collection of univocal scaling laws lin ing 
the system response to the input parameters (geometrical, material, excitation, etc.). hen this 
happens, a replica is obtained and the prototype response is perfectly predicted. If, at least, one 
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of the conditions is no more satisfied, then an avatar is obtained and the response is not anymore 
perfectly reconstruct since avatars lac  univocal scaling. 

Many similitude methods can be found in literature. The first and most used method is 
dimensional analysis 1  and it is based on the derivation of dimensionless groups by means of 

uc ingham s  Theorem. Simitses and Rezaeepazhand 2  use STAGE (Similitude Theory 
Applied to Governing Equations), a method which introduces the scale factors directly into the 
governing equations of the system, to analyse laminated plates under different loading 
conditions. De Rosa and Franco  investigate the possibility to reduce the computational costs 
by means of similitude with ASMA (Asymptotical Scaled Modal Analysis), that reduces the 
extension of the parameters not involved into energy transfer. Successively, they propose a new 
method, SAMSARA (Similitude and Asymptotic Models for Structural-Acoustic Research 
Applications), based on the generalization of modal approach, which allows to involve the 
modal parameters into the scaling process 4 . ther relevant methods are: the energetic method 
based on the conservation of energy due to asivitamnuay and Singhatanadgid 5 , ESM 
(Empirical Similarity Method) proposed by Cho and ood for rapid prototyping 6 , sensitivity 
analysis by Adams et al. , that allows to derive sensitivity-based laws, to be used instead of 
similitude-based laws. A comprehensive review is available in Casaburo et al. 8 . 

This wor  is the first step towards the application of machine learning in predicting the 
response and scaling characteristics of systems in similitude. Machine learning methods allow 
to find pattern and regularities in order to perform predictions in an automatic way. These 
methods are based on algorithms that derive models from sample inputs providing data-driven 
predictions and decisions. Data is provided through a training set  each element of this set, 
called training example, represents an observation of the event under exam and is characterized 
by several features and corresponding outputs. 

The main purpose of machine learning is to find an approximation of the function, 
underlying the data, able to generalize, i.e. to return a correct output when an input that does 
not belong to the training set is provided. hen this does not happen, the method is said to 
overfit. Therefore, the process is totally data-driven and an explicit algorithm that directly 
solves the problem is not needed: this characteristic confers to the approach a high versatility 
which ma es machine learning application feasible in several research fields and inds of 
problems. 

As a proof of such a versatility, the literature on machine learning utilization is quite 
wide. Structural Health Monitoring (SHM) is one of the fields with the higher number of 
employments. For example, Alves et al. 9  assess the structural modifications due to damage 
or any foreign event (such as reinforcement procedures, different types of traffic loads etc.) of 
a simply supported beam and a box girder bridge. Machinery maintenance is the focus of the 
wor  due to rishna umar et al. 10 . Meruane and Mahu 11  aim to damage assessment by 
employing an Artificial Neural Networ  (ANN), trained with the changes in antiresonance 
frequencies. 

Human response to and reduction of noise is another field with many applications. Sharp 
et al. 12  aim to classify un nown vibration signals in order to derive exposure-human response 
relationships  ang et al. 1  combine Finite Element Method (FEM) and ANNs to predict 
the behaviour of human auditory system  uznar et al. 14  aim to reduce the noise in cars for 
passengers comfort. 

The article is organized as follows: Section 2 provides the fundamentals of SAMSARA 
and ANNs, the similitude and machine learning method, respectively, that are used in this wor . 
In Section  the ANN predictions of natural frequencies and length scale factor of a 1D 
structure, that is, a simply supported aluminium beam, are shown. Section 4 draws the 
conclusions and suggests possible future wor s on the topic. 
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2 METHODOLOGIES

In this Section the methods adopted are briefly introduced. In the first subsection, SAMSARA 
is applied to a simply supported beam in order to derive the scaling laws. The second subsection, 
first, presents ANNs, then lists and motivates the training characteristics chosen for the problem 
under exam. 
 

2.1 Similitude method 

SAMSARA is applied to determine the similitude conditions and scaling laws of a 
simply supported beam. The prototype, i.e., the full-scale structure, has length    m and a 
square cross-section with side a  0.025 m. The material is aluminium with oung s modulus 
E  x  Pa, mass density    g m  and Poisson s ratio   . . 

Denoting with subscript p the prototype, the natural frequencies of a simply supported 
beam are given by 15 : 
 
 

𝑓𝑓𝑛𝑛𝑝𝑝 =  
𝑛𝑛2𝜋𝜋
2𝐿𝐿𝑝𝑝
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𝑚𝑚𝑝𝑝
,   𝑛𝑛 = 1, 2, 3, … 

 
(1) 

 
where n is the number of half waves, m is the mass per unit area (being A the cross-sectional 
area, then m  A) and I is the inertia moment that, for a squared section, is I  a . 

Eq. (1) can be analogously written for any model as 
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(2) 

 
A generic model parameter, gm, is related with that of the prototype, gp, by means of the 

scale factor 
 
 𝑟𝑟𝑔𝑔 =  
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  ( ) 

 
thus, expliciting the scale factors, Eq. (2) becomes 
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(4) 

 
and the natural frequencies of the prototype can be recovered from those of the model as 
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where 
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(6) 

 
that is, the natural frequencies scale factor. 
 The form of the equation of natural frequencies allows to derive ust one scaling law, 
lin ing the scale factor of a response parameter (the natural frequencies, in this case) to those 
of geometrical and material parameters. Therefore, there are no similitude conditions to fulfil 
in order to assure a complete similitude: a simply supported beam has not partial similitudes 
(equivalently, a simply supported beam has not avatars) and, ust by nowing the right material 
and geometrical scale factors, it is always possible to reconstruct the natural frequencies of the 
prototype. 
 Material and cross-sectional dimensions are assumed not to change, thus rE  rI  rm  
 and the natural frequencies scale factor simplifies to 

 
 𝑟𝑟 =  

1
𝑟𝑟𝐿𝐿

2 ( ) 

 
asically, Eq. ( ) is the general law, underlying the training set provided to the machine 

learning method, that must be induced by the learning algorithm. 
 

2.2 Machine learning method

In this wor , the prediction capabilities of ANNs are investigated. Artificial Neural Networ s 
are machine learning methods, loosely inspired to the human brain. ANNs perform pattern 
recognition tas s on functions with strong nonlinearity by modulating a set of ad ustable 
parameters, w, called weights, during the learning phase by means of a training algorithm. 
 ANNs are constituted by several layers, each one with several computational units, 
called nodes or neurons. Three types of layers can be identified: input layers, output layers and 
hidden layers. Input layers gather the inputs from the training set and passes them to the 
successive layer, that is, typically, a hidden layer  in case of more than one hidden layer, the 
output of the layer i is passed as input to the layer i , otherwise it is passed to the output layer. 
A representation of a three-layers networ  is given in Fig. 1.  

 
Figure 1 – Three-layers networ  16 . 
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are machine learning methods, loosely inspired to the human brain. ANNs perform pattern 
recognition tas s on functions with strong nonlinearity by modulating a set of ad ustable 
parameters, w, called weights, during the learning phase by means of a training algorithm. 
 ANNs are constituted by several layers, each one with several computational units, 
called nodes or neurons. Three types of layers can be identified: input layers, output layers and 
hidden layers. Input layers gather the inputs from the training set and passes them to the 
successive layer, that is, typically, a hidden layer  in case of more than one hidden layer, the 
output of the layer i is passed as input to the layer i , otherwise it is passed to the output layer. 
A representation of a three-layers networ  is given in Fig. 1.  

 
Figure 1 – Three-layers networ  16 . 
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The number of neurons of both input and output layers are automatically defined by their 
numbers in the training set. The number of neurons into a hidden layer and the number of hidden 
layers themselves (that constitute the architecture of the neural networ ) are strongly problem-
dependent and there is no rule that helps to evaluate them a priori, even roughly. 

Each input, p, may it be provided by the input layer or the hidden layer, is transformed 
in an output, a, as 
 
 = 𝑓𝑓 =  𝑓𝑓  (8) 

 
where n is called net input, W is the design matrix containing all the weights, and the bias b is 
another set of ad ustable parameters. The function f( ) is a transfer function that assigns the 
nonlinear characteristics in the hidden layers. 
 The transfer function chosen for the case under exam is the hyperbolic tangent sigmoid 
 
 =  

𝑛𝑛  𝑛𝑛

𝑛𝑛  𝑛𝑛 
(9) 

 
preferred to the logistic sigmoid because it speeds up the learning process. MSE (Mean Squared 
Error) is used as index to measure the performance of the networ . In particular, the training 
MSE is used as reference to ad ust weights and bias, while the test MSE is used to chec  the 
generalization. The Levenberg-Marquardt algorithm is chosen to train the networ . It is a 
bac propagation algorithm, which means that, after a forward pass of the networ  that evaluates 
the outputs a starting from the inputs p, there is a second step consisting in a bac wards cross 
of the networ , in which the error derivatives with respect to the ad ustable parameters are 
evaluated. Parameters updating is given by 1  
 
 =     (10) 

 
where J is the Hessian matrix,  regulates the step amplitude and v is the error between the real 
output (provided by the training set) and the output estimated by the networ . The algorithm is 
then coupled with ayesian regularization in order to improve the generalization capabilities 
and avoid overfitting. 
 

3 RESULTS

The first step for wor ing with ANNs is to create a training set. For the case under analysis, the 
data set has been created analytically. The prototype described in Section 2 is identified by a 
length scale factor r    a data set made of 1 models has been generated, characterized in 
terms of length scale factor ranging from 0.50 to 2.00 at steps with amplitude of 0.05. For each 
model, the first ten natural frequencies have been evaluated, then ust the frequencies have been 
polluted with a Gaussian distribution of random noise with zero mean and 5  of standard 
deviation, in order to replicate the experimental error and demonstrate the robustness of ANNs 
in presence of noise. 
 To determine the neural networ  architecture, different combinations of hidden layers, 
neurons and training examples have been analysed, performing a sensitivity analysis. The best 
configurations are summarized in Table 1, for two applications. In the first one (Case 1), the 
aim is to investigate the ANNs prediction capabilities when the input is the scale factor and the 
outputs are the first ten natural frequencies. In the second application (Case 2), the natural 
frequencies are the inputs and the length scale factor must be predicted. 
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Case 1 exhibits high values of training and test MSE and an architecture more complex 
than that used for Case 2. These outcomes were expected, because there are ten outputs (the 
natural frequencies) to predict and the training examples are polluted by noise (that increases 
the mean error between the real output and the estimated one). Fig. 2 shows the results of the 
ANN predictions for four different models, not contained in the training set, having length scale 
factor equal to . , . , . , . . n both axes, the natural frequencies are reported. The 
blue line is the reference (natural frequencies evaluated analytically) and it is the bisector 
indicating the locus of points having the same values of frequency on both axes. The red dots 
represent the predictions of the neural networ  the figures show the red dots very close to the 
reference, which means that the predictions of the neural networ  are very good. 
 

 
           (a)  

 
          (b)  

 
            (c)  

 
             (d)  

Figure 2 – Natural frequencies predictions for four models with length scale factor equal to a) r   
.  (b) r   . , (c) r   . , and (d) r   . . 

 
Case 2 exhibits a less complex architecture and smaller training and test MSE. Fig.  

shows the predictions for five models  it can be read in the same way of Fig. 2, considering that, 
this time, the scale factor is predicted. Although, in this case, the input is polluted with noise, 
the predictions are very good, returning errors smaller than 0.05, that is the sampling step used 
to create the training set. 

For both Case 1 and Case 2, the training set is made of 20 examples, which means that 
20 observation (out of 1) have been randomly sampled and used for training.  



67

rediction of the dynamic behavior of beams                                                      asaburo et ali 
in similitude using machine learning methods   

6 

Case 1 exhibits high values of training and test MSE and an architecture more complex 
than that used for Case 2. These outcomes were expected, because there are ten outputs (the 
natural frequencies) to predict and the training examples are polluted by noise (that increases 
the mean error between the real output and the estimated one). Fig. 2 shows the results of the 
ANN predictions for four different models, not contained in the training set, having length scale 
factor equal to . , . , . , . . n both axes, the natural frequencies are reported. The 
blue line is the reference (natural frequencies evaluated analytically) and it is the bisector 
indicating the locus of points having the same values of frequency on both axes. The red dots 
represent the predictions of the neural networ  the figures show the red dots very close to the 
reference, which means that the predictions of the neural networ  are very good. 
 

 
           (a)  

 
          (b)  

 
            (c)  

 
             (d)  

Figure 2 – Natural frequencies predictions for four models with length scale factor equal to a) r   
.  (b) r   . , (c) r   . , and (d) r   . . 

 
Case 2 exhibits a less complex architecture and smaller training and test MSE. Fig.  

shows the predictions for five models  it can be read in the same way of Fig. 2, considering that, 
this time, the scale factor is predicted. Although, in this case, the input is polluted with noise, 
the predictions are very good, returning errors smaller than 0.05, that is the sampling step used 
to create the training set. 

For both Case 1 and Case 2, the training set is made of 20 examples, which means that 
20 observation (out of 1) have been randomly sampled and used for training.  

rediction of the dynamic behavior of beams                                                      asaburo et ali 
in similitude using machine learning methods   

 

  
Architecture No. of 

examples 
Epochs MSEtraining MSEtest 

Case 1 5 – 10 20 1000 90 8. 4x104 
Case 2 2 -  20 156 4.4 x10-15 4.4 x10-4 

Table 1: Training characteristics for Case 1 (from length scale factor to natural frequencies) and Case 
2 (from natural frequencies to length scale factor). 

 
Figure  – Prediction of length scale factor for five models. 

 

4 CONCLUSIONS AND FURTHER RESEARCH

This wor  presents the prediction capabilities of artificial neural networ s for systems in 
similitude. The results are very good, showing that ANNs return predictions with high accuracy 
even if the training set is polluted by numerical noise. 

The robustness to noise may be helpful when experimental data are used as training 
examples. Thus, a possible future step would be to use directly the results of experiments, 
although the creation of a satisfactory experimental training set may result unfeasible from a 
financial, temporal and human-wor  point of view. For this reason, experimental data may 
result useful not for training but to validate the results of learning on a suitably generated data 
dataset. 

The possibility to classify complete and partial similitudes should be deepened  for this 
tas , other features may be used, such as the FRFs (Frequency Response Functions) or the 
succession of the mode shapes, and other machine learning methods may help to reduce the 
amount of data to manage. 
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ABSTRACT  

The crew time is one of the most important ISS’ resource. Time for maintenance, 
housekeeping and ordinary activities, including stowage tasks, has to be optimized so to have 
more time for science and experimentation. 
 
The Agencies and industries, involved in ISS operations, continuously study and apply new 
methodologies, processes and technologies in order to improve and effectively and efficiently 
perform these activities, minimizing the possibility of crew error, increasing their autonomy 
and reducing the execution times. 
 
In business contexts, the technology of Augmented Reality is spreading with increasing speed 
and flexibility, which allows to "enhance" human sensory perception by adding layers of 
information. 
 
The aim of ARAMIS, developed as an iOS application for the ISS iPad Air 2, is to 
demonstrate that AR technology can be adopted to reduce the crew time while improving 
efficiency, and in parallel that having all the information available on a single portable 
device can improve the overall operations efficiency. 
 
Currently, crew is using procedures, messages, logs, in paper copy or via laptops to support 
operations, continuously changing their point of view between the working area and the 
information sources, with a loss of focus and waste of time, and with limitation in the amount 
of information available in the same time. 
 
The paper describes the ARAMIS experience starting from the concept, the development and 
the operational phase splitted into two different scenarios (maintenance in Node 2 and 
stowage into PMM) that were performed by the Italian Astronaut Paolo Nespoli during his 
VITA missions. 
 
ASI (Agenzia Spaziale Italiana) has granted access to the ISS utilization resources thanks to 
the Memorandum of Understanding (MoU) with NASA.  
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For the VITA Mission, ASI availed itself of the industrial support services for the payload 
integration process, operations and logistics provided by Kayser Italia. 
 
Keywords: Augmented Reality, ISS, Maintenance, Stowage 

1 INTRODUCTION 

The International Space Station (ISS) is a very ambitious sustained environment. Sustaining 
of ISS is one of the major task of the entire ISS community, both from agencies’ and 
industrial’s side, beyond the science itself. 
This is all done in order to allow the “life” on ISS and to pursue the main goal to be a 
challenging and very fruitful scientific laboratory.  
A lot of activities are executed daily by ground personnel in order to keep the ISS functional 
but, above all, a lot is done by the crew living and working on-orbit. 
Two main activities can be defined as the tasks that the crew is called to perform in order to 
“sustain” their temporary house: maintenance, important to preserve the entire ISS system 
from failures and obsolescence, and stowage and inventory, important to operate in an 
organized environment, in order to optimize space and to respond to eventual issues in a very 
fast way. 
Quick reactions and quality are the two main parameters that describe the life on ISS in the 
frame of logistics activities; this can be traduced in one single word: efficiency. The unit of 
measurement of efficiency is the crew time, one of the most important resources in human 
space mission. 
Based on the USOS estimation of crew time allocation, maintenance activities (both 
preventive and corrective) could consume about the 20% of the available time for USOS crew 
time. The stowage activities could consume about the 10% considering vehicle stowage/cargo 
operations and routine stowage operations; this is an high time-consuming respect to the 
percentage of utilization that is about the 40% of the available crew time. 
Logistics community is, so, focused in improving systems design, operations and processes in 
order to reduce the crew time. ARAMIS is designed to provide an option to respond to this 
need in two possible scenarios; it is, infact, a technology demonstrator that provides to the 
crew all the necessary information to perform a given task in a smart way, being also 
connected to existing data bases and visualizing such information without losing the focus on 
the working area, with the goal to increase crew’s autonomy and efficiency. 

2 AUGMENTED REALITY (AR) 

ARAMIS is fundamentally an iPad application based on the concept of Augmented Reality. 
The definition of AR on the Merriam-Webster Dictionary is: an enhanced version of reality 
created by the use of technology to overlay digital information on an image of something 
being viewed through a device (such as a smartphone camera).  
One of the older example of such technology is the head up display introduced in airplane 
cockpit and later on adopted in automotive. Recently, amusement application for mobile 
devices are able to provide geographical information. 
Whatever the implementation is in term of device and/or software used, the concept behind is 
always the capability to provide the user with a set of information that are added to his/her 
reality, becomes part of his/her reality. 
The usage of the Augmented Reality (AR) technology is expected to provide some increase of 
accuracy and efficiency in the execution of tasks hence a reduction of crew time required for 
such tasks. 
The Augmented Reality technology needs a specific target for triggering the programmed 
response; these specific targets, generally called markers, can have different shapes and 
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colours. This is an important aspect in ARAMIS protocol that is described forwarder in this 
paper. 

3 ARAMIS SCENARIOS 

The Augmented Reality Application for Maintenance, Inventory and Stowage (ARAMIS) 
protocol has been designed and developed to demonstrate the Augmented Reality (AR) 
technology can be used on board ISS, providing multiple positive effects in tasks execution 
and crew time reduction. 
The chosen device was the ISS deployed iPad Air 2, that became of standard use by the 
crewmembers, typically as document reader and/or for personal application. 
The technology demonstration consisted in two runs of the application one related to 
maintenance task in Node 2 module and one for stowage related activity (stowage 
management and/or hardware search) in the Permanent Multipurpose Module (PMM). 
 

             

                          Figure 1: ISS Node 2 cabin                                Figure 2: ISS PMM cabin 

The on-orbit experimentation was conducted by Italian astronaut Paolo Nespoli, that, after 
each session, filled a questionnaire in order to provide his impression on the technology and 
how this its activities have been improved by using ARAMIS . 
The allocated time for each session was 100 minutes, resulting in 20 minutes of net time for 
running the application. 
Two real activities were selected in order to ease the comparison with the current method of 
task execution for final evaluation of the experimentation. 
 
4.3.1 Maintenance Demonstration Scenario 
 
The inspection and cleaning of the filters and smoke detectors in Node 2 was the selected 
activity for building ARAMIS maintenance demonstration scenario. The duration of this task 
well fits ARAMIS demonstration constraints in term of overall execution time, the unique 
layout in this area can offer the opportunity to provide a wide variety of information 
demonstrating certain capabilities of the AR technology. 
Moreover, the task does not have any safety related issues requiring hazard controls. 
 
In order to trigger the AR application in this scenario three “fiducial markers” markers were 
used, created ad hoc for ARAMIS and installed on the astronaut’s working area in precise 
position selected by the ARAMIS development team. 
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Figure 3: ARAMIS fiducial markers 

4.3.2 Stowage Demonstration Scenario 
 
The second planned demonstration’s goal for the ARAMIS application software was to 
validate the AR technology during stowage management activities in PMM. 
 

     

                  Figure 4: Example of identification                Figure 5: PMM rack labels  

The scenarios, described below, are representative of the routines stowage operations usually 
performed on the Station, namely: 

1. Stowage Consolidation, to verify the actual stowage configuration, w.r.t. Inventory 
Management System (IMS) status. 

2. Identification of items, to identify lost items and its planned stowage location by 
providing graphical representation of the object plus IMS data. 

3. Search and Found, to ease the collection of items needed for a given task. 
4. Stowage Volume Optimization, in support of the Cargo Transfer Bags (CTBs) 

choreography reconfiguration. 
The selected scenario for ARAMIS demonstration resulted in being a mix of all the above 
mentioned activities. 
For the stowage demonstration scenario the utilization of existing labels as markers to trigger 
the AR application software response was possible; as it will be described later, several 
technologies were used to create this demonstration scenario. 

3.1.1 ARAMIS Application  

The previous scenarios were traduced into AR environment. In the case of maintenance 
scenario the existing procedure was used in AR language with a considerable usage of 
pictures and CAD models throughout the entire scenario. The AR was triggered by fiducial 
marker while the stowage scenario was built by creating an activity flow that grouped 
together an Inventory Audit and Items Search and Relocation type of activities with the use of 
standard stowage notes managed by AR technology. Both the scenarios are performed using 
all the standard operational products (e.g. stowage notes, on orbit procedures (ODF), labels) 
traduced into ARAMIS. 
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Figure 6: Technologies used in ARAMIS Application 

ARAMIS Augmented Reality application software operated on an iPad Air 2 (Model #A1566 
- this is one of the crewmembers’ personal devices) and it has been uploaded by the NASA 
Group that manages the ISS data server. The application exchanged information via the ISS 
wireless LAN, by accessing the Open IMS using Open IMS API. 

4 TEST CAMPAIGN 

ARAMIS experimentation foresaw the execution in Node 2 and PMM; being these two 
modules on orbit since 2007 and 2010 respectively, ARAMIS team had to properly define the 
test environment to verify and validate the whole application. 
Two main environment were selected: 

1. A Virtual Environment for the maintenance scenario in Node 2 
2. The Sustaining Engineering Model (SEM - a 1:1 scale model) for PMM 

4.1 Node 2 in Virtual Reality 

Tests for the verification and validation of the ARAMIS Maintenance scenario has been 
conducted in the Virtual Reality Laboratory of the Collaborative System Engineering Centre 
in Thales Alenia Space in Italy, Torino. 
 

 

Figure 7: Node 2 cabin in VR LAB 

The VR-Lab is a multiwall stereoscopic system provided with a pool of VR software 
applications developed in TAS. All the applications are based on the Virtual Environment 
Virtual Environment Research in TAS (VERITAS) and allow VR immersive visualization 
and interaction. 
The test conductor, by holding in his hands the iPad Air 2 with the ARAMIS application 
software, version under testing) was able to run through the scenario. 
When requested by the application he was able to point the fiducial markers for triggering AR 
response. 
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A VR Lab operator was changing the scenario environment by adjusting/adding/removing 
specific CAD models to reproduce the correct situation in Node 2 virtual cabin. 
During the development phase a first DEMO of the ARAMIS software has been tested in 
NASA at Johnson Space Center (JSC) in Houston, by making use of the Node 2 high fidelity 
mock up used for crewmembers training and for anomaly resolution. 
In this way not only the development team could test the application within a “physical 
environment” but could validate the testing one by comparing the results 
 

 

Figure 8: ARAMIS DEMO test in NASA Node 2 Mock up 

4.1.1 PMM Sustaining Engineering Model 

As far as the validation and verification of the stowage demonstration scenario is concerned, 
ARAMIS team used the PMM Sustaining Engineering Model located in ALTEC S.p.A., 
Torino. 
It is a 1:1 scale model of the PMM, with simplified mechanical and avionics features respect 
to the flight model module. Its main goal is to verify on-ground the functional anomalies that 
could happen on-orbit in a realistic environment. It is a very representative module for 
dimensions and stowage volumes, hence the proper environment to test ARAMIS 
functionality and the stowage scenario. 
In order to recreate the same environment of ARAMIS operations some activities have been 
completed before the date of the test: labelling of module, set up of Connection to IMS server 
at JSC and set up of Wi-Fi Connection to simulate the ISS JSL Wi-Fi connection. 
 

 

                     Figure 9: PMM SEM interior         Figure 10: ARAMIS Test Environment set up 
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4.1.2 Wi-Fi/OpenIMS connection 

An important capability of the ARAMIS application software is the connection to the ISS on 
board Local Area Network (LAN). 
This capability was exploited mainly to access the on board Inventory Management System 
(IMS) database to retrieve items data and stowage relevant information, for further 
processing. 
During the development phase as well as the test campaign it became important to set up the 
proper environment to finalize the software coding and later on perform a test. 
For the first time the Open IMS API was going to be utilized in a context where an iPad try to 
access the IMS database through an AR application software; the test environment became a 
fundamental asset to complete the software coding by implementing the necessary “read only 
request API calls” to the database. 
 
On a network level ARAMIS team exploited the ASINET Network connection, an 
infrastructure already available in ALTEC S.p.A. and at NASA Johnson Space Center (JSC), 
see Figure 10; in addition to this, a reduced replica of the ISS Inventory Management System 
(IMS) database was created and linked. 
Once ARAMIS application software development and test have been completed, it has been 
transferred to NASA for final testing. 
Testing was successful and ARAMIS application software was accepted for uploading on 
board ISS. 

5 ON ORBIT ACTIVITIES 

The Augmented Reality Application for Maintenance, Inventory and Stowage (ARAMIS) 
experimentation protocol has been executed on board ISS on November 13th and 14th, by 
running the maintenance and the stowage demonstration scenario respectively, as part of the 
Italian Space Agency (ASI) VITA mission. 
 

 

           Figure 11: Paolo and ARAMIS in Node 2            Figure 12:Paolo and ARAMIS in PMM 

ARAMIS Team personnel supporting the on orbit experimentation was located in Torino, at 
the Mission Support Center (MSC) in ALTEC S.p.A, connected to NASA POIC and ASI 
USOC) located in Livorno at Kaiser Italia S.r.l., responsible for the overall operational 
coordination of the ARAMIS activities with NASA POIC controllers. 
ARAMIS Team personnel was granted the possibility to answer directly any question coming 
from Paolo Nespoli during his experimentation runs. 
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Figure 13: Control Centers set up 

6 RESULTS 

Paolo Nespoli was able to complete both ARAMIS protocol experimentation runs; in both the 
activities some deviations from the planned flow of execution occurs. 
It has to be mentioned that crewmembers in general are very familiar with the activity 
selected to be the maintenance demonstration scenario, being this activity part of the regular 
housekeeping activities they normally execute on board. 
It is also true though that they don’t run this activity as it was originally foreseen, they takes 
shortcuts in a couple of cases. 
During the stowage demonstration scenario ARAMIS application software was used without 
any issues on Wi-Fi connection, providing evidence that there is 100% coverage along the 
entire PMM module length, despite the fact a LAN router is not installed in the module. 
All ARAMIS functionalities and technologies embedded in the software were tested, Paolo 
Nespoli provided positive feedbacks on AR application on ISS and important feedbacks 
useful to improve ARAMIS concept. 
We can consider the ARAMIS experimentation goals met. 
 

7 CONCLUSION 

ARAMIS has been the first Italian technology demonstrator flown on ISS in order to 
demonstrate that Augmented Reality is good way to improve maintenance and logistics 
activities of the crew. 
Important improvement can be done in the exploitation of this technology from the usable 
device point of view but for sure, ARAMIS proved how new technologies can be 
accommodated in an environment designed with a very different concept. 
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ABSTRACT

The dual bell nozzle represents an option of great interest to improve launcher first stage per-
formance. The internal flow of this nozzle adapts to the external pressure by separating at the 
wall inflection at sea level and at low altitude (first operating mode) and by full flowing at high 
altitude (second operating mode). The dual bell nozzle operates therefore with a separated flow 
in the initial portion of the flight trajectory. This characteristic is of important concern since 
the launcher base flow is neither steady nor axisymmetric. The coupling of this base flow with 
the internal flow separation can cause lateral forces, which are extremely dangerous for the 
engine structures. This wor  presents the results of a time accurate numerical analysis of the 
effect of an unsteady external-pressure forcing on the shoc  system inside sub-scale dual bell 
nozzles, considering different second bell geometries and flow conditions (cold and hot gases). 
As a main results it has been found that the geometry of the second bell has the major impact 
on the amplification of the response of the shoc  system to the external forcing. 
 
Keywords: Advanced nozzles, flow separation, shoc  waves

1. INTRODUCTION

The dual bell nozzle concept first appeared in a study of Foster and Cowles in 1949 1  and it 
represents one of the possible solutions to improve performance of large liquid roc et engines 
for launcher first stages, li e the main engine of parallel staged launchers (e.g. the European 
Ariane 5). In fact, in such stage, the nozzle has to operate over a wide range of altitudes, from 
sea-level up to almost vacuum conditions. In order to avoid the ris  of flow separation under 
the high ambient pressure at sea-level, when the nozzle is overexpanded, the area ratio of con-
ventional nozzles is limited. Therefore also the thrust coefficient is limited, since there is a 
single adaptation (optimum) point along the tra ectory. Flow separation is undesirable since it 
is characterized by a high degree of unsteadiness which generates off-axis forces. These side 
loads are so severe that can endanger the operation of the engine. The basic idea of the dual bell 
concept is to have a nozzle capable of operating at adapted conditions at two different altitudes, 
without any moving part that could increase the costs and reduce the reliability. This adaptation 
capability is obtained by means of a geometric discontinuity (inflection point) in the nozzle 
profile. At sea level and at low altitude, the flow is separated at this inflection and the engine 
wor s with the first bell, as shown in Figure 1 (upper part). This picture shows the numerical 
Mach number flowfield and the separation shoc  anchored at the inflection point is well visible. 
At a selected high altitude, the flow reattaches completely and the engine wor s with a larger 
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area ratio, so increasing the performance (figure 1, lower part). The wall inflection should force 
a symmetric separation during the first operating mode, thus avoiding the dangerous onset of 
the side loads. 

 
Figura 1: Comparison of the Mach number fields for the two operating modes. 

All the various investigations that can be found in literature seem to agree on the main critical 
issues that must be faced in order to prove the dual bell feasibility: the transition between the 
two operating mode, the unsteadiness of the flow separation in the first operating mode and hot 
flow tests. 
The most critical aspect of the dual bell nozzle is the transition between the two operating 
modes. A non-symmetric flow reattachment indeed could be catastrophic, since very high side 
loads could be generated. Horn and Fisher 2  verified experimentally that this transition can 
be very rapid, approximately 0 ms. Since this wor , several investigators dedicated their 
efforts to this aspect. First transient numerical simulations of the dual-bell operation mode 
transition in the case of cold-gas sub-scale flow were conducted by ong et al.  and Nasuti 
et al. 4 .  Furthermore, it has been shown by Nasuti et al. 4   that the extension nozzle can be 
divided into two  regions:  the inflection region,  characterized by a negative wall pressure 
gradient (originated by the viscosity, which smooths the inflection point) and the remaining 
part of the extension, characterized by a constant or increasing wall pressure. It was argued that 
the transition of the separation point through the inflection region could generate side loads as 
in conventional bell nozzles and this was demonstrated numerically by Martelli et al. 5  using 
the criterion developed by Schmuc er 6 . From the experimental side, the wor s conducted at 
the German Aerospace Research Center (DLR) , 8  investigated the effect of the different 
geometrical parameters on the transition characteristics, while the side loads occurring in this 
phase were evaluated by Genin et al. 9 .  
The external flow around the launcher is characterized by unsteadiness: previous wor s 10, 
11  have shown that the base region of a typical launcher is sub ect to pressure oscillations of 
about 10  around the mean value, in the initial phase of the flight tra ectory.  In this flow 
condition, the movement of the separation shoc  is under the influence of the ambient pressure 
variation. An amplification of the pressure fluctuation in the region downstream of the 
separation shoc  with respect to the pressure fluctuation in the ambient has been reported 
experimentally 12 , numerically 10  and theoretically 1  in conventional nozzles. The 
excursion of the separation shoc  movement, which depends on this amplification factor, has a 
great influence on the onset of side loads, with the possible occurrence of structural fatigue 
10 . The interest in the behavior of the dual bell nozzle in the presence of external pressure 

fluctuations is reported in few papers in literature 10, 11, 14 .  It has been experimentally 
demonstrated that, when the separation line resides in the inflection region, the dual bell can 
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suffer the same level of unsteadiness and lateral forces li e conventional nozzles with an 
internal flow separation 14 . 
As far as hot flows is concerned, one of the first experimental study is the one by Genin et al. 
15  using inert hot air flow. They focused on thermal loads due to the contour inflection during 

the transition. In particular, they found that in sea level mode and during the first part of the 
transition, the flow separation causes an enhancement of the wall thermal loads. Ta ahashi et 
al. 16  investigated  sub-scale hot-flow dual bell nozzles operated with L CH4 propellant 
combination. They found that a sensible effect of the mixture ratio on the transition nozzle 
pressure ratio is present when the inflection angle is not high.  
The main ob ect of this research wor  is the analysis of the flow separation response to an 
external periodic forcing in dual bell nozzles in the first operating mode, considering both cold 
and hot flow conditions and different geometries for the second bell. The principal aim is to 
verify if the movement of the separation point is amplified or dumped in the dynamic case with 
respect to the stationary case. 

2. NUMERICAL AND MODELING ASPECTS

The numerical tool adopted to carry out the numerical simulations discussed hereafter is an in-
house (developed at Sapienza University of Rome) finite volume (Godunov approach) solver 
of the compressible perfect gas RANS equations. It is second order accurate in space and third 
order accurate in time. The adopted turbulence model is the one-equation model of Spalart-
Allmaras 1  which has been widely proven to be able to capture nozzle flow characteristic 
features with reasonable accuracy 18 . 

3. EXPERIMENTAL TEST CASE AND VALIDATION RESULTS

The cold-gas sub-scale dual bell nozzle D 1 9  has been selected. The second bell is charac-
terized by a constant wall pressure profile (C P). The main geometric characteristics are re-
ported in Table 1.  

 

 
Table 1: Geometric and operating conditions of the dual bell nozzle. 

Available experimental data comprise the wall pressure profile at different nozzle pressure 
ratios (NPR). It is possible therefore to individuate the range of nozzle pressure ratios during 
which the separation line is in the inflection region and the transition NPR. 
The computational domain and the boundary conditions are shown in Figure 2 (left panel). The 
nozzle is characterized by a subsonic inflow boundary condition (a total temperature of 00  
and a total pressure of 4.8 MPa are enforced together with the flow direction), an axis of 
symmetry and an adiabatic wall. The external domain is characterized by a subsonic inflow 
boundary condition (a static temperature of 29   and a static pressure of 0.1 MPa are enforced 
together with the flow direction) on the left side, an assigned constant bac  pressure is imposed 
on the top boundary (whose radius is equal to 55 nozzle throat radii), and a non reflecting 
boundary condition is imposed on the right side (whose distance from the nozzle throat is equal 
to more than 100 nozzle throat radii). The nozzle is discretized using 8400 volumes, while the 
external ambient consists of 18400 volumes. The independence of the separation point position 
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with respect to the grid density and to the dimension of the external domain has already been 
verified 19  in a very similar geometry. The experimental wall pressure data of Genin et al. 9  
are ta en at nozzle pressure ratios equal to 0, 48 and 51. The validation results are reported in 
Figure 2 (right panel). At NPR  0, the separation point is located at the end of the first bell. 
At NPR  48, the separation point is in the middle of the inflection region, while at NPR  51 
the transition occurs. The numerical results at NPR  0 and 48 well reproduces the positions 
of the separation point, the wall pressure level in the separated region and the shape of the 
inflection region. The numerical transition nozzle pressure ratio is slightly higher, since we 
have the full flowing condition at NPR  56. Nevertheless, the focus point of this investigation 
regards the behavior of the separation point in the inflection region, therefore the numerical 
tool can be considered validated. 

 
Figure 2: Left) Numerical domain and boundary conditions enforced  right) wall pressure profiles at 
different NPR s: experimental data 9  and numerical results. 

4. RESULTS OF THE PERIODIC FORCING

4.1. Cold-gas test case

In the time dependent simulations of the sinusoidal forcing, the total pressure of the external 
subsonic inflow is varied sinusoidally with frequencies of 200, 400, 600 and 800 Hz and a 
perturbation amplitude of 5 . The tra ectories of the separation point, which has been trac ed 
by evaluating the zero-value of the wall shear stress, are reported in Figure  (left panel). The 
dashed blac  lines represent the extreme positions of the separation points during the steady 
perturbations xsep,ss, while the red dashed lines represent the beginning and the end of the 
inflection region. It can be seen that for the perturbation at 200 Hz, the tra ectory of the separa-
tion point shows a reduction in the excursion with respect to the steady-state case. Then there 
is an important increase in the excursion length at 400 Hz and 600 Hz. Finally, at 800 Hz there 
is again a decrease in the oscillation amplitude. It can also be seen that in all the cases the 
separation remains located inside the inflection region. In order to quantify the increase of the 
response to the dynamic perturbation with respect to the steady perturbation, we evaluate an 
amplification factor defined as the ratio xsep xsep,ss, where xsep is the excursion of the sepa-
ration point in the dynamic case. Figure  (right) shows that the maximum value is equal to .  
and it is reached at 400 Hz. At 200 Hz it is less than 1, indicating a sort of damping phenomenon. 
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Figure : Left) comparison of the tra ectories of the separation point  right) amplification factor 

xsep xsep,ss of the response to periodic forcing. 

 
Table 2: Geometric and operating conditions of the hot-gas sub-scale dual bell nozzle. 

4.2. Hot-gas, adiabatic

The geometry and the operating conditions for the hot-flow test cases are inspired from the 
wor  of Ta ahashi et al. 16 . The dual bell main geometric characteristics are reported in Table 
2. The second bell is characterized by a linearly increasing wall pressure profile (LIP). The 
computational domain is equal to the cold-gas test case. The nozzle is characterized by a 
subsonic inflow boundary condition (a total temperature of 484.5  and a total pressure of 2.5 
MPa are enforced together with the flow direction), an axis of symmetry and an adiabatic wall. 
The values of the total conditions of the combustion chamber have been evaluated considering 
a chemical equilibrium assumption. Then the flow is considered frozen for all the nozzle 
domain. 
In the time dependent simulations of the sinusoidal forcing, the total pressure of the external 
subsonic inflow is varied sinusoidally with frequencies of 200, 400, 600 and 800 Hz and a 
perturbation amplitude of 2 . Figure 4 (left) shows all together the tra ectories at the different 
frequencies. Also in this picture the dashed blac  lines represent the extreme positions of the 
separation points during the steady perturbations xsep,ss, while the red dashed lines represent 
the beginning and the end of the inflection region. Contrary  to the cold-gas C P geometry, we 
do not see any important amplification factor and the tra ectories of the separation point remains 
almost inside the boundaries of the steady-state variation. It can be seen that only for the 
perturbation at 200 Hz the tra ectory of the separation point shows an important reduction in 
the excursion with respect to the steady-state case, as in the cold-gas test case. Figure  (right) 
shows that the maximum value of the amplification factor is equal to 1.0  and it is reached at 
600 Hz. 
The important difference in the amplification factor between the cold-C P case and the hot-
LIP case should be attributed to the different ind of second bell, rather than to the different 
flow condition. Figure 5 shows the wall pressure and the wall pressure gradient behavior for 
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the C P and LIP test cases. First of all, it can be seen that the C P is characterized by an 
inflection region which is approximately two times larger. In addition, for (x - xinfl) rt  0.4 
(with xinfl abscissa of the inflection point), the magnitude of the wall pressure gradient in the 
C P profile is lower than the one in the LIP profile. As a consequence, in the C P case there 
is a larger and less stiff zone which allows the separation point to oscillate with a greater 
amplitude. The global results of all these differences can be summarized in Figure 5 (right), 
which shows the maximum amplification factor for the two test cases simulated in wor  and 
for a previous wor  20 , where a cold-gas LIP dual bell has been perturbed in a similar manner. 
It is evident that the LIP geometry shows a small amplification factor for both cold and hot 
gases with respect to the amplification factor of the C P geometry. 

 
Figure 4: Left) comparison of the tra ectories of the separation point  right) amplification factor 

xsep xsep,ss of the response to periodic forcing. 

 
Figure 5: Left) wall pressure and wall pressure gradient for the cold and hot test cases   Right) 
amplification factors for different geometries and operating conditions. 

5. DISCUSSION AND CONCLUSION

The numerical simulations seem to indicate that the dynamical system shoc flow-separation 
behaves li e a band-pass filter, when perturbed with a periodic forcing at several frequencies. 
A comparison could be made with the experimental findings of erma et al. 14  on the stability 
of the separation shoc  in a sub-scale cold-gas C P dual bell nozzle, with geometrical 
parameters and operative conditions similar to the present case. In their wor , the shoc  system 
is not forced, but the intrinsic instability of the turbulent flow induces a self- sustained 
oscillation. The nozzle wall pressure spectra are reported during the transition of the separation 
point in the inflection region. hen the separation point is very close to the inflection point, 
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the wall pressure spectra near the separation point is characterized by a pea  at 800 Hz. Then, 
when the separation point moves in the inflection region, there is a pea  around 600 Hz. Finally, 
ust before transition occurs, the pressure pea  decreases to 200 Hz. Therefore, in the 

experimental test, according to the NPR and the consequent position of the separation point 
inside the inflection region, the dynamical system is characterized by a determined frequency. 
In our numerical forced test cases, we  have  found that the dynamical system is characterized 
by an amplification of the response at 400 Hz (cold-C P) and 600 Hz (hot-LIP), values well in 
the range of the experimental ones. ne of the critical factors in the onset of dangerous side 
loads is the extension of the region where the separation flow can oscillate and the local value 
of the wall pressure gradient 4 . In this wor  we have two inds of second bell: the C P (cold-
gas) and the LIP (hot-gas) profiles. These two geometries are characterized by different 
behavior of the wall pressure gradient, in particular the C P profile displays a very long 
inflection region, compared to the other case. As a consequence of its inflection region 
characteristics, the C P geometry is the one with the greatest amplification factor. Instead, the 
LIP geometry is characterized by a small amplification factor (less than 10  of the steady-state 
value) both in the cold-gas and hot-gas conditions. Therefore, the choice of the second bell 
should consider both the propulsive performance and the dynamic behavior of the shoc  
system. 
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ABSTRACT  

 
The planned exploration of Mars will require, among others, sustainable methods for local food 
production to sustain the crew needs. The International Space Station (ISS) and some of its 
facilities can be used as bench work laboratory to start addressing the basic scientific and 
technological questions to pave the way for reliable food production. In this context, we aim at 
performing experimentations on-board ISS by exploiting the ESA KUBIK incubator and by 
developing dedicated bioreactors to address the needs of food production in space, in particular 
vegetables of nutritional value that can be grown inside cultivation modules, food of 
nutraceutical values such as yoghurt or other fermented product, and also synthetic meat 
production. The basic idea utilizes our expertize on the development of life science 
experimentation hardware of food production, especially food that relies on the activity of 
microorganisms (i.e. the product of biotechnological reactions), vegetable productions in small 
greenhouses, or muscle cells and reagents to even produce cultured meat for future application 
in the food production area in view of manned Mars missions and colonization.    
 
 
Keywords: food, plants, bioreactor, KUBIK incubator 
 

1 INTRODUCTION 

 
The proposed plans for the human Space exploration of the Moon and Mars pose the necessity 
of assuring to the crew quality food to sustain their activities for years-long periods far away 
from Earth. The quality of the food in terms of microorganisms contamination, microorganisms 
valuable for human health, nutritional values, and taste could be hampered if prepared food is 
eaten many years after preparation. Moreover bringing from the Earth enough food to sustain 
the crew will impose a great effort in terms of transport capacity and amount of space spent for 
the storage of the prepared food. Ongoing solutions to some of these problems could be 
addressed by performing the production of fresh foods directly during space missions. As of 
today, several investigations related to food production can be perform by using the 
International Space Station (ISS) as bench work laboratory to start addressing the basic 
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scientific and technological questions to pave the way for reliable food production. Therefore, 
the development of tailored experimental hardware allowing the study of the effects of the space 
environment on biological systems involved in food production (either vegetables, 
microrganisms or cell cultures) is therefore of paramount importance, since research in 
microgravity relies on state of the art experiment hardware proven to be successful in space 
operations and scientific results. 
Since many years Kayser Italia (www.kayser.it) develops space hardware systems and provides 
mission support for investigations on biological systems in space. In particular, several types 
of bioreactors, containers and facilities have been developed in order to support life science 
investigations. The space bioreactors reduce a laboratory into a hand-sized device dedicated to 
life science research experiments on space platforms, such ISS. They allow the autonomous or 
semi-autonomous execution of a scientific protocol, being designed to contain the cell culture 
and all the chemicals (culture medium, wash buffers, etc.) required by the experiment. To 
maintain a desired temperature during the experiment execution a facility, such as the KUBIK 
incubator (ESA) [1], is employed. To date, model organism in the scientific investigations 
supported by Kayser Italia ranged from small plants and seeds, microorganisms such as 
bacteria, yeasts and algae, rodents and human cell lines and small organisms such as rotifers, 
tardigrades, nematodes, and bigger organisms such as amphibians larvae and scorpions.  
In this paper we propose the use of the KUBIK incubator and dedicated bioreactors basically 
to address the needs of food production in space, in particular vegetables of nutritional value 
that can be grown inside cultivation modules, food of nutraceutical values such as yoghurt or 
other fermented product, and also synthetic meat production. The basic idea utilizes our 
expertize on the development of life science experimentation hardware of food production, 
especially food that relies on the activity of microorganisms (i.e. the product of biotechnological 
reactions), vegetable productions in small greenhouses, or muscle cell lines and reagents to 
even produce cultured meat. Preparatory experiments for future Mars missions can therefore be 
planned and executed inside ISS.    
 

2 RESULTS AND DISCUSSION 

 
The proposed experiment hardware is meant to be installed in the KUBIK incubator of ESA, 
permanently present on-board ISS in the Columbus Module. These experiments and experiment 
hardware shall be consider as test and preparatory experiments for the future Mars missions in 
the area of food production. In this context, the ISS is the bench work laboratory to start 
addressing the basic scientific and technological questions to pave the way for reliable food 
production. 
  
The KUBIK incubator, a cube of about 40 cm, has been operating aboard the International 
Space Station since more than 10 years. It has a thermal chamber capacity of 9,36 litres and a 
settable increment of temperature of 0,1°C in the range of +6°C to +38°C. In general, self-
contained automatic experiments (inserts or bioreactors) can be performed using the power 
provided by the facility. Alternatively, it is possible to use manually operated experiment 
hardware, which the crew removes from the incubator for operations. Depending on the 
scientific requirements for the experiments, the proposed KUBIK inserts can be modified (i.e. 
in order to fit inside the KUBIK centrifuge to perform experiments in Lunar or Mars-like 
gravity). 
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2.1 Plant KUBIK 

 
Plant KUBIK is an insert allowing to perform experimentation on a variety of vegetable models, 
of nutraceutical interest. Small vegetables or micro-plants can be grown inside the Plant 
KUBIK. This experiment hardware can also be used to study several aspects of plant biology 
such as seeds germinations, seeds selection, plants and roots growth, and so forth.  
The experiment hardware, shown in  
 
Figure 1 (upper panel), allows to conduct up to four independent experiments. It consists of: 1) 
the insert for KUBIK with up to four slots, each one dedicated to a specific experiment; 2) four 
experiment units; 3) mechanical supports and holders for the experiment units; 4) electronics 
for power and data transmission; 5) a CPU for control and data storage; and 6) a divider shield 
in order to separate the light conditions for each experiment (if necessary). This set up can be 
modified given the scientific requirements for the experiment(s). The experiment unit ( 
 
Figure 1 lower panel) consists in a transparent container with a transpiring window for gas 
exchange. The transpiring window consists of a semipermeable membrane allowing for gas 
exchange but impeding liquids’ leakage. The transparency of the container allows for time-laps 
monitoring of the plant growth. The root growth can be also time-lapsed if a transparent growth 
substrate, such as agarose, is used. Several micro sensors can be installed, such as temperature, 
humidity, CO2 and light sensors. LEDs with different wavelength can be adopted on different 
experiment units to study the influence of light colour on the plant growth and development. Its 
internal volume available for plant growth is about 80 mm height and has a diameter of about 
72 mm. All the data acquired during the experiments running are stored locally, and then 
transferred to Earth. The device can also be used as a test bench to model soil preparations and 
amendments by using Mars soil analogues as soil for the growth and selection of different 
model plant genotypes more prone to grow under Martian environment and soil. 
 

 
  

 

 
Figure 1: Plant Grow Insert: (upper) Experiment Hardware complete of the Insert for the KUBIK; 

(lower) single Experiment Unit of the Experiment Hardware 
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2.2 Food Production & Storage Insert 

 
The KUBIK incubator can be exploited also for the production of foods derived from 
biotechnological applications such as yogurt, kefir, or other fermented goods. 
An example of experimental hardware for food production and storage in space by exploiting the 
KUBIK platform is reported in  
Figure 2. This hardware consists of the insert for KUBIK, a holder for the YOGURTH cartridges 
and up to nine YOGURTH cartridges. YOGURTH cartridges will be prepared on ground, before 
launch, whereas the insert for KUBIK and the holder for the YOGURTH cartridges will make part 
of the KUBIK platform and thus will be stored on the ISS. In this way, mass and volume of the 
payload to be launched for each experiment is reduced to a minimum. 
The YOGURTH cartridges are independent one from each other and allow for the control of yogurt 
maturation. The system will assure the oxygenation necessary for the yoghurt maturation, and 
allow the mixing of the ingredients. The temperature profile necessary for the yogurt maturation 
is provided by the KUBIK platform.  
  

 

 
 

 
Figure 2: YOGURTH Insert with Cartridges. 

 

2.3 Cultured meat 

 
Another possibility of exploitation for the KUBIK incubator is for the production of cultured 
(artificial or in-vitro) meat. Cultured meat is a lab-grown meat produced using various tissue 
engineering techniques in a culture medium. Beyond the current terrestrial argumentations on 
the pursuing in producing cultured meat (reducing animal sacrifices, reducing in land, water 
and energy usage, reducing environmental pollution due to the farm processes necessary for the 
production of meat), [2] the technology and processes developed to produce culture meat on 
Earth could be translated in the Space setting.  
The cultured meat insert for KUBIK shall be capable of growing a batch of satellite muscle 
stem cells on a scaffold, in order to produce an artificial culture of muscular cell resembling 
muscular tissue. The insert shall deliver nutrients and allow oxygen and carbon dioxide 
exchange from the culture. Test run experiments in microgravity can be therefore proposed to 
investigate the quality, amounts, and the nutritional characteristics of the cultured meat 
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produced in space, under microgravity or under Martian gravity conditions. A schematic of the 
cultured meat bioreactor is depicted in Figure 3. 
 

 
Figure 3: Schematic of the cultured cells bioreactor. 

 

3 CONCLUDING REMARKS 

 
Sustainable food production in Space and for future Mars missions, together with 
Bioregenerative Life Support Systems technologies is certainly an important topic for further 
technological and scientific developments. By exploiting the potential of the ISS and its related 
facilities, together with the development of dedicated experimental hardware, the scientific 
community has an opportunity to perform dedicated experiments in order to test and develop 
experiments in the various fields of food production in view of Mars missions. 
 
The new commercial service Bioreactor Express (www.bioreactorexpress.space) offered by 
Kayser Italia allows a direct access to all the resources needed to design, develop and perform 
an experiment on ISS exploiting the KUBIK incubator. This service comes up beside the 
institutional access to experiments in space offered by the space agencies, avoiding the scientist 
to pass the usual selection process of public calls and shortening the overall experiment 
implementation timeframe. 
 

4 REFERENCES 

 
[1] http://wsn.spaceflight.esa.int/docs/Factsheets/25%20Kubik%20HR_WEB.pdf 

[2] M.K. Gaydhane. U. Mahanta, et al. Cultured meat: state of the art and future. 
Biomanufacturing Reviews,  3:1, (2008). 

 
 
 



90

 Italian Association of Aeronautics and Astronautics 

XXV International Congress 

9-12 September 2019| Rome, Italy

 

 

DAMPING PROPERTIES OF NITI AND NITICU SMA 
SAMPLES: CORRELATION WITH MICROSTRUCTURE AND 

PERSPECTIVES IN AEROSPACE AND AERONAUTIC 
APPLICATIONS  

 
E. illa1 , F. illa1, A. Nespoli1, F. Passaretti1 

1CNR ICMATE, Unit of Lecco, ia G. Previati 1 E, Lecco (Italy)  
elena.villa@cnr.it 

 
ABSTRACT  

In the last years, the damping properties of the SMA alloys have attracted increasing interest 
in the development of particular devices principally in civil applications. Moreover, the 
aerospace expressed new challenges to solve damping problems. In this work, we studied in 
deep the possibility to modulate the damping performance of shape memory NiTi and NiTiCu 
alloys. Particularly we investigated the influence of different microstructures on damping 
frequencies and internal friction coefficient values. Beside the microstructural investigation 
using thermal analysis, we used dynamic thermal analysis in tensile and flexion test 
configuration, and the dynamic tests have been carried out in low frequencies range until to 
50 Hz.  
Design parameters for the development of non-traditional semi-finished products were 
obtained and used to propose some proof of concept for application in damping of diffuse 
vibrations or micro-vibrations and control of device structure... 

Keywords: Shape Memory Alloys, Damping, Internal Friction measurements, NiTi-based 
alloys 

1 INTRODUCTION 

In aeronautic and aerospace field, there are several situations where it is necessary to deal 
with different ind of vibration problems. Particularly interesting issues related to this field 
are the reduction of noise for precise measuring devices or optics supports 1 , the control of 
diffused vibrations in the floor and shoc  absorption in ta e-off or landing phases 2, . 
Moreover, for some applications, it would be interesting to develop novel particular semi-
finished products, with different ind of size and geometry 4,5 . 
Among the different solutions presented in the literature, metallic devices are the most 
suitable ones for this field of application, and in particular Shape Memory Alloys provide 
interesting and useful damping properties. This ind of properties has been investigated only 
in some respects: only pseudo-elastic damping is widely studied and flexion configuration 
measurements are primarily carried out. Furthermore, only a limited amount of alloys 
microstructures are currently investigated (solubilised or straight annealed NiTi). 

e are interested in giving support for the development of new devices and prototypes, with 
the principal aim of giving innovative suggestions to the industrial field. For these reasons, we 
focus our interest on commercial NiTi and NiTi-based alloys, in order to dispose of a 
complete industrial production of these materials available in a wide variety of shapes and 
sizes. ur role is to increase and improve the damping competences about these alloys in 
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order to provide the inspiration for new applications in the aerospace field. e focus our 
investigation on the study of the Internal Friction (IF) coefficient obtained by dynamic 
thermo-mechanical measurements. Starting from the typical spectrum of IF versus 
temperature shown by NiTi (Figure 1) 6, , we are interested both in intrinsic damping 
properties of the martensitic phase and in the contribution related to the transition pea , 
specifically associated to small strain and low frequencies.  

 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 

Figure 1: Example of IF curve for NiTi solubilised (thermal treatment at 800 C for 0 ), and 
indications of the origin of the different IF contributions visible in the spectrum 

 
Moreover, for NiTi and NiTi-based alloys, we investigated also the possibility of exploiting 
the relaxation pea  for damping purposes. 
In our opinion, starting from these basic properties, it is possible to extend the investigation to 
large strain conditions for other inds of purposes, i.e. shoc  absorption applications. 
Therefore, a deep understanding of the material properties and their modulation, starting with 
the tuning of the microstructure, are presented in our wor . 

2 EXPERIMENTAL  

Superelastic NiTi (NiTi S) and High Temperature NiTi (NiTi HT) wires with diameters of 1 
and 0.2 mm were used in the present study. The two alloys are characterized respectively by 
Af -20 C and Af 80 C.  The samples were thermally treated at 4 temperatures (400 C, 500 
C, 600 C and 800 C) for 0  followed by water quench. e chose NiTiCu alloys as former 

promising NiTi-based alloys for our purposes and, in particular, we considered NiTiCu10 
(at ) and NiTiCu  (at ), thermally treated at 450 C, 5 5 C, 850 C for 0  followed by 
water quench. The microstructures obtained after heat treatments were examined by means of 
calorimetric analysis by Thermal Analysis DSC 100 in the -150 C 150 C  range with 
cooling and heating rate equal to 10 C min. The dynamic thermal analysis were carried out 
by a Thermal Analysis DMA 800 in flexion and tensile configuration with respect to 
temperature variation in -120 C 150 C  range, at four frequencies of solicitation (0.5, 1, 10 
and 50 Hz) and  fixed strain in the 0.02 0.05  range. 
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3 RESULTS AND DISCUSSION

3.1 DSC analysis 

As reported in Figure 2, the registered thermograms are related to the different 
microstructures: for NiTi S it is possible to observe the intermediate rhombohedral phase 
obtained after thermal treatment at medium low temperature  (400 C and 500 C). For the 
sample thermally treated at 600 C, it is possible to notice the broad single pea  due to 
precipitation phenomenon of the Ni-rich NiTi alloys during this intermediate annealing. 
Finally, the thermogram registered for the sample thermally treated at the highest temperature 
(800 C) shows only one pea  related to the homogeneity of the alloy and the absence of 
defects and precipitates. 

 

 
Figure 2: DSC analysis of NiTi S, NiTi HT and NiTiCu. 

For the NiTi HT samples, the thermograms refer to similar microstructure, with residual cold 
wor  and presence of precipitates in samples obtained after 400 and 500 C treatment, and the 
regular microstructure for the sample annealed at 800 C. The sample obtained at 600 C 
doesn t show a broad pea  li e the NiTi S sample, due to the lower content of Ni in NiTi HT 
alloy. In this case, we obtain a microstructure in a preliminary condition of solubilisation, 
characterized by homogeneity and by an almost complete absence of defects: indeed, the 
transition pea  is found at slightly lower temperatures with  respect to the pea  of the sample 
treated at the highest temperature, for which the solubilisation of the microstructure is almost 
completed. 
Considering the NiTiCu samples, the results obtained are similar for NiTiCu10 and NiTiCu . 
For the samples thermally treated at 850 C it is visible the intermediate orthorhombic phase 
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transition between cubic and monoclinic phase. To tell the truth the transition is well visible 
only in the NiTiCu10 sample, but in the following Figure , we report the DMA comparison 
between NiTiCu  and NiTiCu10 where the double transition is more clear 8 . 
 

 
 

Figure : DMA curves registered for NiTiCu  and NITiCu10 TT at 850 C 0  

n the other hand, for samples thermally treated at lower temperatures (450 C and 5 5 C), 
the pea  related to the monoclinic transformation is less pronounced, hence it is less visible 
for both alloys maybe due to the fact that the transformation is only partial due to the low 
extent of solubilisation and presence of defects.  
  

3.2 Dynamic thermal analysis 

oth tensile and flexion configurations were adopted for dynamic thermal tests (DMA) and a 
good correspondence was found between the results obtained. An example is shown in Figure 
4, where tensile and flexion tandelta signals are in good accordance both in cooling and 
heating stage although tensile test signal is less stable and linear due to the higher instability 
of the tensile configuration which involves a higher extent of deformation of the sample and it 
may have some resonance effect with the sample holder system.  

 
Figure 4: Comparison between tensile and flexion dynamic test configuration. 

The most significant range of temperature for the aforementioned application was considered 
between 0 and 50 C, and Figure 5 reports the behaviour of the internal friction (tandelta) vs 
temperature for the samples which showed the highest values. It is possible to exploit both the 
phase transition contribution to the internal friction, in correspondence to the pea s of the 
curves, and the contribution intrinsic to the martensitic phase which, in some cases (i.e. 
NiTiCu  TT850 C sample), is stable in the considered temperature range.  
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Figure 5 :Internal Friction curves for thermally treated NiTi and NiTiCu alloys in the T range 0-50 C. 

Among NiTi alloys, the highest pea s of internal friction are given by NiTi S and HT 
TT600 C and TT800 C and it is possible to notice a double pea  in NiTiHT TT500 C curve 
due to the presence of the intermediate rhombohedral phase. Tandelta values obtained for 
NiTiCu alloys are comparable to the NiTi ones, around 0.05 and 0.06, with the exception of 
NiTiCu10 TT850 C which reaches higher tandelta values: the solubilisation treatment of that 
sample allows the manifestation of both the intermediate martensitic transformation from 
cubic parent structure to orthorhombic martensite ( 2Æ 19) and the monoclinic 
transformation ( 19Æ 19 ). Notice that for the NiTiCu samples with the lowest content of 
Cu the orthorhombic and monoclinic transition are quite overlapped. Therefore it is possible 
to exploit the tandelta intrinsic contribution due to the martensite phase that is stable in the 
considered range of temperature: in this case the sample shows a constant stable IF value 
(0.45). 
It is a nown fact that the phase transtion IF pea  is generally the most important pea  in the 
IF curve which can be widely modulated in temperature, but this pea  has the most important 
contribution due to transient term, therefore in isothermal condition or at increased frequency 
reduces sensively. Therefore the second part of our investigation is devoted to test the 
possibility to maintain at high value this transient contribution in phase transition damping 
pea . 
Cyclic DMA analysis were conducted on all the samples in order to monitor the behaviour of 
different alloys under a cyclic T solicitation between Mf and Af temperature, hence a cyclic 
structural transformation between austenite and martensite phase. In this way, the transient 
term of internal friction is investigated. Figure 6 shows the typical oscillation of tandelta 
signal in this test configuration.  
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signal in this test configuration.  

DAMPING PROPERTIES OF NITI AND NITICU SMA SAMPLES: CORRELATION WITH 
MICROSTRUCTURE AND PERSPECTIVES IN AEROSPACE AND AERONAUTIC 
APPLICATIONS Villa 

6 

 
Figure 6: tandelta and temperature trend during cyclic DMA test for sample NiTiCu  TT850 C 

 
Figure  shows all the results of the cyclic DMA tests of NiTiCu samples and it is important 
to notice the general stability of the response of the internal friction during time. The other 
samples present a very similar behaviour. 
 

 
 

Figure 6: trend of tandelta vs time during cyclic DMA tests for NiTiCu samples 

 
Figure 8 resumes a complete comparison among the average value of tandelta provided by 
cyclic transformations and the values of tandelta pea s of the DMA cooling heating curves at 
highest data corrensponding to the 1Hz frequency of sollicitation. It is possible to observe that 
in some cases (indicated by gray circles), tandelta values obtained with this ind of cyclic 
tests are comparable to the ones related to the transformation. Starting from the assumption 
that this cycling effect can be reached by current in ection in the material, which is a 
technological procedure well developed and defined for SMA, it is possible to control the 
damping properties of the material in the time. n this basis, these results could allow further 
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investigation for the design of novel modulated in time damping devices activated by means 
of a tunable current input. 

 

 

 
Figure  :Comparison between tandelta values obtained from cyclic DMA and heating cooling DMA 

for NiTi S, NiTi HT and NiTiCu 

 

4 CONCLUDING REMARKS 

In our wor  we investigated the effect of modulation of microstructure by suitable thermal 
treatments on internal friction properties of NiTi and NiTiCu alloys. e considered different 
ind of test configurations in order to have useful information for the design and pro ect of 

damping devices in non traditional products li e meshes, entangled wires or nets. The results 
obtained give precise indication of some microstructure as more interesting and suitable for 
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the temprature range around room temperature, with a medium IF coefficient of about 
0.05 0.08. 
Morevoer, a preliminary investigation aimed at obtaining a precise tuning in time of the 
damping properties has been shown and demonstrated. 
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ABSTRACT 

The shimmy vibration of the aircraft nose landing gear (N G) is among the causes of 
increasing fatigue stress that can lead to wearing and damages of N G components. 
The present wor  investigates an active shimmy suppression system that is based on the 

odified Simple Adaptive ontrol ( SA ) technique. 
The only condition to be fulfilled for the application of the simple adaptive controller is the 
almost strictly passivity (AS ) of the plant. Since this condition is usually not met by real 
systems, a parallel feedforward compensator ( ) is synthesized and added in parallel to 
the actual plant in such a way that the augmented system meets the AS  condition.  
The nonlinear governing equations that model the shimmy vibration behaviour of an aircraft 
N G are presented and linearized in order to synthesize the adaptive controller. The open-
loop system response is first studied, then the simple adaptive shimmy suppression system is 
designed.  
 
Keywords: Nose Landing Gear, Shimmy ibration, Simple Adaptive Control

1 INTRODUCTION

The shimmy vibration is a self-sustained and nonlinear oscillatory motion of the for -wheel 
assembly about the steering axis. It gets energy from the aircraft during taxiing and it is 
caused by the friction tire-road interaction 1 . The necessity of damping the shimmy 
vibration is crucial since the amplitude of the for -wheel rotation can increase quic ly and 
causes wearing phenomena to the mechanical components of the landing gear that can last 
result in lowering the fatigue life of such components. 
Passive shimmy dampers are usually installed to sin  the shimmy vibration energy out of the 
system and thus to reduce both the amplitude and duration of the for -wheel oscillations. 
However, both semi-active and active shimmy suppression systems are currently investigated 
by researchers in order to provide better damping performance 2 . In fact, the shimmy 
suppression capability of passive dampers is optimized for the design case but, because of 
parameters variation, such the tire-road interaction condition, it can decrease a lot. This is the 
reason that has moved researchers to investigate other solutions. Among others, Chen et al. 

 have studied the characteristics of magneto rheological damper to suppress landing gear 
shimmy obtaining superior performance with respect to hydraulic shimmy damper during 
taxiing. Chongxuan et al. 4  have realized a deep neural networ  to control a semiactive 
shimmy damper and have tested it experimentally. Among active solutions, the tensor product 
model transformation has been used in con unction with sliding mode control for damping 
shimmy vibration ta ing into account taxiing speed variation in 5 . Pouly et al. 6  have 
developed and compared direct and indirect fuzzy adaptive controller and have studied the 
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controller sensitivity to the variation of some selected parameters. A filtered PID controller 
with anti-windup scheme has been tuned by using swarm intelligence in 2  and the stochastic 
robustness of the active shimmy damper has been verified ta ing into account nonlinearities 
and parameter uncertainties. urbano et al.  have proposed minimal control synthesis and 
zero average dynamics state feedbac  adaptive and quasi sliding control schemes to damp the 
shimmy oscillation.  
Among the adaptive control strategies 8 , the simple adaptive control SAC has received 
increasingly interest in the last decades 9 . The SAC is a simplification of Model Reference 
Adaptive Control but it doesn t as  for full state feedbac  and it doesn t need online 
parameters identifications. The plant is led by the controller in such a way to trac  a reference 
signal that is the output of a fictitious reference model chosen by the controller design. Such 
reference model can be of higher or lower order with respect to the plant since it is only used 
to generate the reference signal. Thus, the SAC only demands for an output feedbac  control 
signal added to a feedforward control signal realized by using the reference model input and 
state 11 .  
Recently the SAC has been further simplified by ta ing into account that only the output 
feedbac  is strictly requested to be implemented since the asymptotic convergence of the 
trac ing output error implies the asymptotic convergence of the state error 10, 11 . Such 
novel scheme is referred to as Modified Simple Adaptive Controller MSAC and it has the 
further advantages that the number of invariant weight coefficients to be set a priori is reduced 
12, 1 .   

In order to implement a stable adaptive control, the condition to be met is that the plant should 
be Almost Strictly Passive ASP but most part of the actual systems are not ASP. Such 
problem is overcome by augmenting the system with a proper Parallel Feedforward 
Compensator PFC. The MSAC is then applied to augmented system 11 . Different 
approaches have been proposed in the literature to synthesize the PFC. Among others, 

ar ana 10  and eiss et al. 14  have designed the PFC as the inverse of a stabilizing 
controller. Iwai et al. 15  proposed a method to construct the PFC transfer function using an 
approximation of plant model and the nowledge of a desired Almost Strictly Positive Real 
ASPR transfer function. The method of Ladder networ  is also used to realize the PFC 
transfer function to be added in parallel to the system 16, 1 . A Population Decline Swarm 

ptimizer is used in 18  with the aim of finding the optimal PFC realization that renders the 
augmented plant ASP by reducing at most its influence on the controlled output variable. 
In this wor , an adaptive shimmy suppression system based on the MSAC is proposed. The 
nose landing gear equations that govern the shimmy phenomenon are first recalled. Then the 
modified simple adaptive controller is introduced along with the approaches followed to 
design the PFC and to tune the MSAC invariant coefficients. Results are last presented and 
commented comparing them with available literature solutions.  

2 NLG GOVERNING EQUATIONS

The simplified mechanical model of a NLG is depicted in Figure 1 where constituting 
components are also indicated. Two inematical variables are used to write the model 
governing equations. These are the shimmy rotation variable \�i.e. the angle between the axis 
of symmetry  of the for -wheel assembly and the aircraft vertical plane of symmetry (where 
the advance direction given by the forward velocity  is assumed to lay), and the sideslip 
angle D that allows to describe the tire-road interaction through the stretched string theory 
19 , a simplification is represented in Figure 1 by the red line where a is the tire half contact 

length while V is called relaxation length. 
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Figure 1: Nose landing gear shimmy model 

 
The NLG system is sub ected to the damping and elastic torques 𝑀𝑀𝐷𝐷 = −𝐾𝐾𝐷𝐷�̇�𝜓 and 𝑀𝑀𝑆𝑆 =
−𝐾𝐾𝐸𝐸𝜓𝜓, respectively, that are introduced by the torque lin  and the sliding tube rotation. 
Moreover, the plant undergoes a vertical force z, it is disturbed by an external torque d and 
is controlled by the moment c. In addition, the tire introduces the self-aligning moment , 
the lateral force , defined as in 2 , and the tire damping action 𝑀𝑀𝑇𝑇𝐷𝐷 = 𝜅𝜅

𝑉𝑉
 because of the 

interaction with the ground. 
The equilibrium about the vertical axis and the stretched string model are the problem 
governing equations that are written using the state space representation as 
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being e the caster length, c  and c  the self-aligning moment and lateral force coefficients. 
In Eqs. (1-2), 𝐝𝐝𝐱𝐱(𝐱𝐱, 𝑡𝑡) accounts for the nonlinear actions introduced by the tire-road 
interaction and it is treated as a disturbance. It is to be underlined that, in order to apply the 
MSAC approach, the nowledge of the disturbance inputs is not required, provided that they 
are bounded, while the output and input vectors must have the same dimension 4 . Thus, the 
problem can be considered as a SIS  linear system governed by transfer function that lin s 
the controlling moment to the for -wheel rotation angle \ as 
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where bi and cj are properly defined by means of the model parameters 

3 MSAC SCHEME

The simple adaptive controller scheme is similar to the Model Reference Adaptive Control – 
MRAC since it requests for the definition of a reference model , , 𝑇𝑇  to be followed 
by the plant. However, it does not request for full state error feedbac  but only for an output 
trac ing error e(t)  y(t) - ym(t) feedbac  term that allows to build the input control signal in 
con unction with the model reference input and the model reference state vector 11 . Another 
difference with respect to MRAC is that the order of the reference model can differ from that 
of the plant provided that it generates the desired tra ectory. Moreover, it has been proved that 
only the output trac ing error feedbac  is strictly needed to ensure the stability of the closed 
loop system and the asymptotic convergence of the state error 11 . This has led to the 
definition of the modified simple adaptive control MSAC that is characterized by a control 
input signal defined as 
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where  and I are the adaptive control gains, *  and *I are invariant parameters of the 
control scheme to be set a-priori as well as the coefficient K that is introduced to ensure the 
stability of the controlled system in presence of bounded disturbance. 
The condition that should be met in order to avoid instability introduced by the adaptive 
control gains variation is the so called almost strictly passivity that, for a SIS  linear system, 
specifies in the Almost Strictly Positive Realness ASPR of the system transfer function. The 
ASPR condition is met when i) the relative degree of G(s) is 1  ii) the numerator highest 
degree coefficient is positive  iii) all zeros of G(s) are in the LHP 1 . However, since almost 
all real systems do not satisfy the ASPR requirements, the problem is solved by adding a 
feed-forward compensator in parallel to the plant. The PFC should be designed in such a way 
that the augmented system meets the ASPR conditions. In particular, following 10, 14 , the 
PFC is designed as the inverse of a controller (s) that stabilizes the closed loop system 
( ) = ( ) ( ( ) ( )) and the augmented ASPR plant model reads as ( ) =
( ) ( ) . The conditions to be met are: i) (s) has high gain  (s) relative degree is 0 

or -1  all zeros of (s) are negative. 
A bloc  diagram of the plant augmented by the PFC and controlled by the MSAC is given in 
Figure 2. 
 

 
Figure 2: loc  diagram representation of the controlled plant 
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4 OPEN LOOP RESULTS

The parameter given in Table 1 are considered to study the NLG system open loop response.  
 
Moment of Inertia    1 g m2 Stiffness Constant            E  100 Nm rad 
Damping Constant   D 10 Nsm rad Caster length                    e    0.1 m 
Half contact length  a  0.1 m Constant of tire moment  N    -2 0 Nm rad 
Cornering Stiffness  c 20 rad-1 Self-aligning Stiffness     c    -2 rad-1 
F  Limiting angle    D 5   deg M  Limiting angle           D    10   deg 

Table 1: NLG parameters. 

The NLG undergoes a vertical force z 9000 N. An external torque, representatives of a tyre 
damage (TD study case), disturbs the system at t 0.2 s. The disturbance amplitude is 

d 1000 Nm and it ends at t 0.  s. Different values of taxiing velocities are considered to 
study its influence on the system poles. In particular it is found that for advancing speed 
greater than S 20 m s the real part of some poles becomes positive, thus the system starts to 
show instabilities and the for -wheel rotation angle increases. In detail, the shimmy 
oscillation of the linearized system tends to increase indefinitely while the nonlinear model 
shows limit cycle oscillations. Figure  shows the system response to the torque disturbance 
when the taxiing speed is lower (a) and higher (b) than the shimmy velocity. 
 

 
          (a)                                                                                          (b) 

Figure : pen loop response. (a) 10 m s  (b) 0 m s. 
 
The external disturbing torque causes a maximum rotation of about 1 deg of the for -wheel 
assembly. Then the system autonomously dumps out shimmy energy and the wheel rotation 
about the steering axis reduces fast. A perfect match of the linear and nonlinear systems 
results can be observed when the taxiing velocity is below the shimmy one. Thus the 
nonlinear term is not influencing the system behaviour in this case. n the other hand, as the 
taxiing velocity becomes greater than 20 m s the for -wheel rotation angle increases fast after 
the disturbing action and the effects of nonlinearities are not negligible anymore. bserving 
the nonlinear model time history in Figure  (b) it can be seen that the system rapidly reaches 
a limit cycle oscillation having an amplitude of about 20 deg. However, it is worth noting that 
the linear and nonlinear systems responses match well inside the time interval 0.2 s t .  s, 
see the zoom window in Figure  (b). f course, the discrepancy between the linear and 
nonlinear models becomes greater with the taxiing velocity. For instance, when the NLG is 
moving at 80 m s the difference between the linear response, in term of for  wheel 
rotation, is greater of about  deg at t 0.4 s with respect to the nonlinear one. This means that 
the use of the linear system to design the controller is conservative since the control of the 
linearized plant is more demanding of the actual one. Moreover, the time interval chosen to 
investigate shimmy vibration amplitude is close to the disturbing moment and one can assume 
that the controller should be designed in such a way to damp out the shimmy oscillation 
before t  0.4 s when the taxiing velocity is 80 m s. 
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5 CONTROLLER DESIGN RESULTS

5.1 Parallel Feed-forward Compensator Design

The PFC is designed by ta ing into account the requirements described at the end of Section 
. The controller that stabilizes the plant is searched in the form of an ideal proportional-

derivative regulator of the form ( ) = 𝐾𝐾 ( ). The proportional gain  should be 
selected in such a way that all poles of the closed loop system ( ) = ( ) ( ( ) ( )) 
are real and negative.  

 
Figure 4: G (s) poles variation analysis for the design of (s). 

 
Figure 4 shows the real part of the poles of Gc(s). To meet the high gain condition the 
proportional gain is set to 160. The obtained augmented transfer function has all zeros in 
the LHP, = − ,− ,− , and now meets ASPR conditions, see Eq. 5 
 

� � �
2

2 1 0
4 2

2 1 0

1
10a

s b s b s bG s
s c s c s c s c

� � �
 

� � � �
 (5) 

 
being ib  and jc  properly defined by means of the parameters given in Table 1. 

5.2 Modified Simple Adaptive Control Design

In order to select the invariant parameters of the MASC scheme, some design requirements 
are to be ta en into account: the for -wheel rotation should not exceed the limiting angle of 
1.5 deg  the shimmy oscillation should vanishes in a time interval that is less than 0.2 s  the 
response overshoot should be reduced at most  the control torque should be lower than the 
maximum limit value of 2 Nm 6 . The TD study case is considered for design purposes. The 
advancing velocity is set to 80 m s, while the output error to be zeroed is e(t)  ya(t). The 
MSAC proportional law gain varies among = , with i  5, 6, , while  increases 
from 104 to 108. Results are reported in Figure 5 in terms of maximum yaw rotation \max, 
settling time Ts, percentage overshoot P  and maximum control torque Mc,max. 
 

 
Figure 5: Effects of MSAC invariant gains on design parameters. 
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bserving the results plotted in Figure 5, it can be observed that the maximum rotation angle 

never exceeds the limiting value of 1.5 deg and the minimum for -wheel rotation is obtained 
for *p 10 . bserving the settling time results, it is seen that per *I 2 10  Ts is almost 
constant and worth about 0.055 s. The best result in terms of P  is obtained for *p 106, 
however, from the trends of the maximum control torque it appears that the minimum value is 
attained per *p 10  and *I 108. These values are selected as the MSAC invariant gains and 
the system transient response is computed in terms of for -wheel rotation angle and applied 
control torque ta ing also into account the nonlinear disturbance dx, see Eq. 1-2. Results are 
shown in Figure 6 in comparison with literature data. It is obtained that, for the analysed tire 
damage study case, the present shimmy suppression system based on the modified simple 
adaptive control performs better than the filtered PID approach proposed in 2  and better than 
the direct (DFAC) and indirect (IFAC) fuzzy adaptive controllers proposed in 6 . In fact, it is 
found that the designed MSAC reduces at most the bias yawing angle during the torque 
disturbance application avoiding any overrun. Moreover, the system response does not present 
oscillations. Last, it is noted that the maximum value of the applied control torque is 
comparable with literature results but, using the proposed approach, the control moment 
reduces faster. 
 

 
Figure 6: Transient response. 

6 CONCLUDING REMARKS

An adaptive shimmy suppression system capable of damping out the nose landing gear 
shimmy vibration has been presented in this wor . The control scheme is based on the 
Modified Simple Adaptive Control which allows to adaptively control the NLG shimmy 
dynamics by using only an output feedbac .  A Parallel Feedforward Compensator has been 
designed as the inverse of an ideal proportional-derivative regulator in order to allow the 
augmented system to meet the almost strictly passivity conditions. ith the aim of selecting 
the MSAC invariant gains, the system is sub ected to a disturbance square pulse torque and 
the system response is investigated loo ing for those invariant parameters that allow to reduce 
the maximum shimmy rotation angle as well as the settling time, the percentage overshoot 
and the control moment needed to damp out the shimmy oscillation. Comparison with 
literature results has shown the soundness of the proposed simple adaptive vibration system. 
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ABSTRACT  

A reliable suborbital spaceflight initiative enables access to space to a broader range of users, 
since it provides opportunities to carry out space tourism, microgravity scientific and 
technological experimentation, training of astronauts and pilots. The long standing 
experience of Italy in aerospace, the increased interest of the Country in the exploitation of 
the new space economy, as well as the strong encouragement from the Italian Space Agency 
triggered to commence activities aimed at evaluating to establish a suborbital spaceflight 
capability in the Italian Country with the Virgin Galactic Space Ship Two and White Knight 
Two. This paper describes the different aspects that have to be taken in consideration for 
such purpose, as well as the associated major challenges. Special emphasys is given to the 
Spaceport and its pivotal role as a catalyst to the economy, to the proper assets and 
infrastructures needed to properly support the ground and flight operations of the suborbital 
system. Future evolutions are also outlined, stemming from the initial steps associated with 
the suborbital initiative early stage and evolving to future generation antipodal 
transportation and high altitude platforms, small satellites air launch, test bed for 
technologies development. 
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1 INTRODUCTION 

In the recent years the commercial exploitation of space is significantly emerging through a 
multiple initiatives aimed at considering the space as significant proving ground for a variety 
of applications 1  li e testing new technologies, carrying out microgravity experimentation, 
providing flight opportunities to space tourists, thus offering flexible access to space through 
different platforms. In the New Space Economy scenario, the interest in Space activities and in 
the exploitation of space has significantly grown resulting in increased international strategic 
importance of the Space activities  enabling access to space to always more users, unveils the 
possibility of opening new frontiers and opportunities, in particular in research, technology 
development, innovation, safety and business. The global space sector is gaining increasing 
importance than s to increased awareness and to the possibility of exploiting the space for 
purposes that are closely related to life on Earth and in Space, such as climate changes, 
telecommunications, security. Space is considered instrumental to underta ing new challenges 
and to providing necessary services to react to different needs emerging both at the Institutional 
and Commercial levels. asing upon the wide experience gathered by ALTEC in wide 
Institutional Programs such as the International Space Station, I  and the current Company 
involvement as a ey player in Exomars and Space Rider, more than 20 years long experience 
in supporting customers  payloads experiments accessing to space, ALTEC strongly believes 
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and is a ey player in the implementation of the Italian New Space Economy initiative to get 
the most out of the opportunities offered by these new mar ets. The basic strategic vision of the 
Company is to implement a turn- ey service concept to offer Customers access to a wide range 
of platforms and to end-to-end services for their P L  experiments (Spacegate). Suborbital 
spaceflight is highly regarded as very promising initiative in the New Space Economy scenario. 

2 THE NEW SPACE ECONOMY 

In the post Space Shuttle era, the privatization of space transportation expecially in the United 
States unveiled new unexpected opportunities to consider access to space not a privilege of a 
few but rather opened to a wider range of users. The awareness of the International Space 
Station as a test bench for various inds of experiments, the emerging commercial companies 
who started to mar et commercial services are stirring more and more interest in the space 
economy even beyond the already nown traditional areas of telecommunication or Earth 
observation. Two main sectors can be identified among the space activities 2 : 

x The upstream sector, which is strictly related to the aerospace research and 
development, li e roc ets, rovers, satellites. 

x The downstrem sector, which is strictly related on services deriving from space 
infrastructures.  

The space industry therefore plays a significant role in all the different applications than s also 
to the very active involvement of universities and research centres and a large supply chain of 
specialized small and medium-sized enterprises. Important examples are related to the design, 
development and construction of Space Launch and Transportation Systems, ISS and Inhabited 
Space Infrastructures (Pressurized Modules) in general, Apparatus, Antennas, Components and 
Equipment, electronic and mechanical both on board and on land, Satellites for applications in 
Telecommunications domains, the bservation of the Earth and Navigation, Study of biological 
and technological sciences in orbit: for example, investigation of the effects of gravity on the 
astronauts  muscles and eyes, and the growth of roots for a plant in microgravity. In addition, 
solutions for life in space are being considered, such as devices  (water ac et) to protect the 
human body from cosmic radiations and conceived for the future long term missions to Mars 
and the Moon. Therefore, it is evident that Space is not only a specialized sector, with a 
prevailing technical-scientific focus, but is aimed at supplying a variety of applications and 
services of different nature. In fact, space programs, using available satellite data and scientific 
and technological techniques, ta e on greater significance in regards to the growing possibilities 
of developing applications and providing useful services to individuals, businesses and Public 
Administrations, in response to a constantly growing public and private demand. It is significant 
to understand the transition from ld to New Space Economy our society has witnessed since 
the last 20 years. hile ld Space Economy was the product of large public investments, few 
and big companies, limited competition and limited growth, the New Space Economy is a mix 
between institutional and commercial budgets, several competing companies and a potentially 
fast growth. This is what happened in the USA, where tens of billions of dollars of public 
investment were the driving force to grow new space entrepreneurs in the shadow of NASA. 
These people typically have already been successful in other sectors such as eff ezos 
(Amazon), Elon Mus  (PayPal) or Richard ranson ( irgin). Today these entrepreneurs are the 
example that it is possible to have a return on investment with space startups. For the time 
being, the debate on the New Space Economy is mainly supported by public bodies that 
currently still deal with space. Currently, main actors of the New Space Economy are 
Institutional entities involved in Space activities, while the new initiatives of the New Space 
Economy remain limited and nested within a restricted number of space entrepreneurs. 
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However, it is expected that more private parties will reach the mar et with innovative 
initiatives. To have an idea of how companies and institutions can cooperate we report the case 
of NASA s Commercial Space Transportation Service Program (C TS) which enabled 
successful partnership with Space  and rbital. Morgan Stanley  estimates that the global 
space industry could generate revenue of 1.1 trillion or more in 2040, up from 50 billion, 
currently. 

3 THE SUBORBITAL SPACEFLIGHT SYSTEM 

3.1 General 

A suborbital spaceflight system allows quic  access to space by reaching an altitude around 
100 m ( arman Line) and returning bac  to Earth after a few minutes of microgravity 
depending on the specific system and tra ectory, hence with ta eoff and landing occurring at 
the same site 4 . There are many initiatives worldwide based both on horizontal and vertical 
ta eoff approach, but the most mature technologies have been developed by irgin Galactic 
and lue rigin.  

3.2 The Virgin Galactic Spaceflight System 

The irgin Galactic Spaceflight system is based on horizontal ta eoff and landing air launch. 
Air launch offers different advantages with respect to conventional launch, such as improved 
flexibility, non dependancy on heavy infrastructures on ground and on meteo conditions. The 

irgin Galactic spaceflight system is based on the SpaceShipTwo reusable spaceplane, which 
is air launched by the hite nightTwo carrier aircraft  ta eoff and landing occurr at the same 
Spaceport. A compendium of specific air launched systems is described in 5 . The following 
operational main phased can be identified : 

 Mated Horizontal Ta e ff from Spaceport and 60-90 minutes mated flight until 
SpaceShipTwo release 

 SpaceShipTwo release at 15.000 m and hybrid roc et motor ignition, at  m 
downrange from Spaceport 

 60 seconds of motor boost coast up to apogee (100 m)  
 -4 minutes of high quality microgravity 
 Total independent flight time:  

 Approximately 0 minutes. 
 Reentry ( 0 seconds) and glide to Spaceport (15 minutes) 

 
Figure 1 shows a pictorial view of the irgin Galactic suborbital flight tra ectory. 
  

 
Figure 1: irgin Galactic flight tra ectory 
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irgin Galactic is conducting their flight tests from the Spaceport of Mo ave, and is currently 

migrating part of their wor  force to the Spaceport America which is going to be their 
operational base in the USA. Commercial operations with passengers are expected to start end 
of 2019, even though they have already flown NASA payloads under the NASA flight 
opportunity program.An overview and strategic plan of Spaceport America is described in 6 .  

3.3 The Blue Origin Spaceflight System 

The main competitor of irgin Galactic in suborbital flight is as of today the lue rigin 
system, with its capability of reaching the maximum altitude slightly above the arman Line.  

lue rigin, LLC is an American-owned, privately funded aerospace development and 
manufacturing company. The company is currently developing technologies to enable 
commercial spaceflight with lower costs and increased reliability. lue rigin s est Texas 
high-altitude roc et flight facility is located near the town of an Horn, Texas. The New 
Shepard roc et ta es off vertically from the lue rigin launch facility in est Texas, lifting 
the crew capsule in the s y. nce the roc et reaches the designated maximum altitude, the 
capsule saparates from the roc et. hile the roc et begins its descent toward the Earth, the 
capsule continues to hover  until maximum altitude is reached and then falls bac  to the ground 
and lands supported by parachute system. Currently in Italy vertical ta eoff is not planned and 
all on going activities are aimed at horizontal ta eoff and landing. The roc et ignites its engine 
again to vertically land at the launch pad. Figure 2 shows the typical lue rigin mission 
profile. 
  

 
Figure 2: Typical lue rigin Mission Profile

 

3.4 Comparison between Virgin Galactic and Blue Origin Spaceflight Systems 

oth irgin Galactic and lue rigin can be considered pioneers and leading operators in the 
suborbital flight mar et. hile they both target space tourism and microgravity research as 
main mar ets, they have some differences that it is wothwhile to analyse: irgin Galactic has 
capability of flying six passengers plus two crew, is an air launched system with a throttable 
roc et motor and starts its climb to space when released by the carrier vehicle at about 15 m 
altitude from sea level  the overal flight duration including the captive part is about 2.5 hours, 
the microgravity phase lasts about 4 minutes, ta e off and landing occur horizontally. lue 

rigin has 4 passenger capability with two crew, ta es off and lands vertically with an overal 
flight duration of 11 minutes,  minutes in microgravity.  There are some differences in terms 
of customer experience, such as the training phase that has a longer duration with irgin 
Galactic (three days vs 1 day with lue rigin). 
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4 THE ITALIAN SPACEPORT 

A suborbital spaceflight iniziative has to be based on a Spaceport as operational base, which 
features the proper infrastructures and capabilities to adequately support the operations of the 
involved vehicles. The operational phases of a suborbital flight can be summarized as in Figure 
. 

 
Figure : Suborbital flight operation phases 

 
Some of the operations phases are performed while the vehicles are sitting on ground and are 
relevant to execution of maintenance and in general of the system turnaround to the next flight  
some other phases are performed when the spaceflight system is on flight. However, each and 
every phase require specific infrastructures and capabilities that pivot around the concept of 
Spaceport. In particular, a Spaceport is considered the operational base not only for commercial 
suborbital flights but even open to different evolutions and development and should:  
 

 Include the needed infrastructures and facilities to support the operations and their 
evolution over time  properly and efficiently support the evolving sector and 
accommodate for a sustainable, future developments. 

 Provide all the requested functionalities to properly support the flight and ground 
activities. 

 Provide an integrated environment for the development, research and experimentation 
of aerospace technologies.  

 Provide opportunities for research and industrial development in the design and 
manufacturing of new spaceflight vehicles and concepts. 

 
In uly 2018 a Memorandum of Cooperation was signed between ALTEC S.p.A., irgin 
Galactic LLC, Sitael S.p.A., to execute a irgin Galactic Spaceflight peration at the Taranto 
Grottaglie Airport. ALTEC participates in the ENAC–led wor ing group to establish a 
suborbital regulatory framewor  in Italy and was involved in the Spaceport identification 
process. The approach to the development of a regulatory framewor  for the suborbital 
operations in Italy is described in . The initiative of establishing a support spaceflight 
capability in Italy is stronlgy been encouraged by the Italian Space Agency (ASI) who gave 
ALTEC the mandate to coordinate the activities to define and constitute a oint venture 
Company to conduct spaceflight operations in the Country. Also, ALTEC will leverage on its 
experience of previous ma or pro ects to manage the fleet ground segment and operations 
support and specific Spaceport services once the initiative is in place.  
Italy has a very favourable position, pretty much at the centre of the Mediterranean rim with in 
general acceptable weather condition throughout the Country. Also, the touristic vocation of 
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the Country may play a significant role in attracting potential tourists and to foster the suborbital 
flight mar et. The establishment of a suborbital flight capability in the Italian territory may also 
be a tremendous asset that provide easy access to mar ets relevant to space tourism,  
microgravity experimentation, astronauts and pilots training 8 , and other experimental 
aerospace activities, li e launch of satellites, thus in general enabling the Country as a Gateway 
to provide access to Space. Many of the Italian candidate sites are located on the coast, which 
is a big advantage in reducing the environmental ris  and improving safety. The approach used 
for the selection of a Spaceport in Italy was to evaluate existing sites and not building new 
Spaceports from scratch. Considering the irgin Galactic operational requirements, several 
civil and military airport sites were screened on the basis of the following main requirements 
categories: 
 

x Airport area and surroundings (territory and population density) 
x Airport Configuration (runway length and altitude) 
x Climate and weather conditions (clouds, wind, rain) 
x Socio demographics: these are qualitative variables in nature but can be significant 

to achieve final determinations. For instance the presence of aerospace districts, the 
subsidiary activities, networ  of suppliers, transport and communication, 
international airports vicinity accessibility and tourist attraction availability.  

 
The spaceport reference evaluation scenario was relevant to the operations of an air launched 
suborbital spaceflight system li e irgin Galactic. The progressive exclusion funnel 
methodology (Figure 4) was in particular applied to this case even though alternative methods 
were proposed to ran  different airport sites 9 .  

 
                                   Figure 4: Progressive funnel exclusion methodology 

 
ne of the oldest in Italy, Taranto-Grottaglie Airport is located 4 m from the Grottaglie village 

and 16 m from Taranto: In May 2018 the Airport of Grottaglie was officially designated by 
the Italian Ministry of Infrastructures and Transportation as national spaceport for the 
commercial suborbital flights  the airport of Grottaglie is also considered National strategic 
infrastructure. Among the main Spaceport infrastructure it is worth mentioning the  Ground 
Station and the Mission Control Center (Figure 5). 
The Ground station consists of an antenna dish, a set of R F sources, an  positioner and 
equipment necessary for receiving, transmitting and recording data (including a GPS receiver 
for location and time synchronization of the station). The equipment will be integrated into 
rac s and is completely controllable via station-supervising wor stations. The Ground Station 
also features an peration Center to properly perform the relevant activities. The peration 
Center includes all the equipment needed to perform the required mission operations, in 
particular acquire and monitore the system and payload telemetry for the suborbital spacefligh 
mission, and trac ing the tra ectory for integration with the Air Traffic Control systems.  
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Figure 5: Ground Station and Trac ing antenna-Mission Control Center 

 

5 FUTURE APPLICATIONS 

A spaceport shall be regarded as an asset open to future technology evolutions  in particular, 
future generation transportation system 9  able to transport cargo and passengers between 
different points on Earth at a much reduced transfer time is attracting more interest and is 
triggering several studies. The evolution of the suborbital flight to a point to point requires 
accurate studies focused of different aspects li e aerothermodynamics, thermal protection and 
propulsion systems. Moreover in the future a single Spaceport may evolve into a networ  of 
Spaceports that act li e airports. According to U S extimations, the point to point mar et 
prediction is around  20 ln by 202 0 competing with long distance airline flight. For sure 
ey success factor for the development of point to point suborbital transportation is the 

availability of a networ  of properly featured Spaceports to allow the operations preparation 
and execution, a proper harmonized regulatory framewor  and of course cost competitiveness.  

ther future application regards the satellites air launch, which consists of a carrier aircraft that 
transports and releases at about 15.000 meters of altitude a totally expandeable multi stage small 
launcher featuring the satellite to be placed on orbit. Depending of the specific system, the 
launch can occurr in the spped range Mach 0.8-1.2. Italy is interested in developing a national 
capability of satellite air launch and the Italian Air Force has commenced activities to lead a 
pool of Italian Industries in performing a preliminary feasibility study which will be followed 
by a proper implementation pro ect. The mar et forecast loo s promising, expecially in the field 
of cubesats, but proper dedicated analyses will need to be carried of to build a suitable business 
case. Even though the Spaceport requirements for suborbital flight still fit the satellite air launch 
operations scenario, specific facilities have to be considered such as launcher and payload 
assembly and integration and propellant loading provisions. The concept of a multi functional 
spaceport has to include such functionalities.     

 

6 CONCLUDING REMARKS 

A suborbital Spaceflight Initiative in the Italian Territory is an unparalleled opportunity for the 
Country to enter in the New Space Economy by ta ing advantage of the long standing 
experience in aerospace and collaboration with Public and Private parties in advanced pro ects. 
A suborbital Spaceflight initiative is centered around the concept of Spaceport as an aggregate 
of infrastructures and services, flexible enough to support not only routine commercial 
operations, but offering opportunities to develop new experimental initiatives for exploitation 
of space. ALTEC wants to play a significant role acting as coordinator of suborbital spaceflight 
operations with irgin Galactic, with support from its shareholders and in particular from the 
Italian Space Agency. However, outfitting a suborbital spaceflight initiative requires facing 
important challenges ranging from the setting up of a viable business case, to the identification 
of the proper set of sta eholders and appropriate funding sources.    
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ABSTRACT

The Mars Terrain Simulator (MTS) is an indoor analogue facility designed to reproduce the
Mars terrain characteristics at the ExoMars landing site and to support the daily ground 
operations through rehearsal and troubleshooting on representative hardware and 
instrumentation. 

The MTS is part of a wider ground control facility known as the Rover Operations 
Control Center (ROCC), where the operations of the ExoMars Rover will be monitored, 
commanded and controlled.

The principal area is the Arena, a 20x16 meters zone covered with two soils that provide 
different Rover wheels slippage conditions. The terrain can be adapted to create Mars soil 
features, such as dunes, crevasses, ramps or hills. Slopes can be created using the Tilting 
Platform, an 8x8 meters ramp tiltable up to 30 deg, while crevasses are generated using ad-
hoc devices. 

The drilling operations are executed on a defined zone, the Drilling Facility. The Rover 
cameras optical tests are executed inside the Illumination Facility, a 4x4 meters area located 
under the Drilling Facility. 

The Rover operations are monitored using two sets of cameras mounted around the 
Arena: 12 OptiTrack infrared cameras track the Rover motions, while 40 digital cameras 
generate the MTS Digital Elevation Map (DEM).
 
Keywords: Exploration, Mars, Simulation, Rover. 
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1 INTRODUCTION
 

ExoMars 2020 mission is a oint pro ect of the European Space Agency (ESA) and the Russian 
Space Agency Roscosmos. This mission aims to deliver a European Rover and a Russian 
surface platform to Mars, mar ing the beginning of an ambitious scientific exploration mission. 
The Rover will arrive at the selected landing site and will start its surface mission after safe 
landing and egress from the landing platform. 

The Rover mission ob ectives are both technological demonstrations and scientific 
investigations  reference 1 , from . ago et al., recalls them in details, highlighting also the 
scientific instrumentation available on board the Rover, the mission profile and the 
characteristics of the proposed landing sites. To sum up, technological ob ectives span from 
surface mobility demonstration up to samples acquisitions from sub-surface and their 
preparation for scientific analyses. n the other hand, scientific ob ectives are mainly 
addressing the search for signs of life, the so-called biosignatures , and the investigation of 
the geochemical environment as a function of depth in the shallow subsurface. 
 

1.1 Mission Summary Timeline
 

The ExoMars Rover will be accommodated in the Russian Lander. oth elements will be 
integrated in a Spacecraft Composite (SCC) launched on a Proton roc et.  

The one month launch window opens on the 25th uly 2020, with a direct in ection to a 
Mars transfer tra ectory. The Spacecraft Composite landing on Mars is scheduled on the 19th 
March 2021 early afternoon local time. n surface, the Rover will undergo some 
commissioning activities and will egress from the Russian platform. After egress, Rover 
operations are independent from the Lander ones. Surface operations will last 218 sols, with a 
nominal end of Mission foreseen for the end of ctober 2021, before the beginning of the 
Global Dust Storm Season. 
 

1.2 ROCC role and functionalities
 

The Rover perations Control Centre (R CC), located in Turin at ALTEC premises, will be 
the place where the Mars surface operations of the ExoMars Rover will be planned, commanded 
and controlled. R CC operations will be designed and sized allowing a day-to-day 
commanding of the Rover Module, in order to increase the scientific return of the mission and 
to maximize the usage of the robotic platform during its nominal mission lifetime. Details about 
the R CC tools, operations and their validation and simulation processes can be found in . 
 

2 MARS TERRAIN SIMULATOR OVERVIEW
 

The Mars Terrain Simulator (MTS) is an indoor analogue facility located inside the R CC. It 
is designed to represent, from a morphological and mineralogical point of view, some possible 
terrain on Mars at the landing site and to support the daily ground operations through rehearsal 
and troubleshooting on representative hardware and instrumentation. 

The MTS facility is specially tailored to perform ExoMars Rover Ground Test Model 
(GTM) functional testing and to give the adequate support to the Rover surface mission in case 
of contingency.  

The MTS has been properly implemented and equipped to simulate the following 
Ground Segment, Engineering and AIT AI  activities: 
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Rover wheels deployment on the Landing Platform  
Rover nominal and off-nominal egress from the Landing Platform  
Rover positioning tests, path reconstruction and grid pattern  
Remote mobility confidence End to End test  
Drilling verification, sample collection and distribution to GTM payload(s)  
Rover off-line nominal and non-nominal surface operations  
Motion of the Rover and of its robotics parts  
Rover climbing tests  
Rover critical  maneuvers simulation and validation. 

 

    
(a)                         (b) 

 

Figure 1: (a) Mars Terrain Simulator – MTS, ExoTeR rover – ESA property  (b) MTS layout 
 

The MTS facility is composed of three areas, mar ed out in Figure 1 (b): 
Arena: is the zone where the GTM functional tests will be performed  
Equipment Area: is the zone dedicated to the support equipment disposition  
MTS EGSE Area and Control Room. 

 

3 MTS AREAS
 

The MTS Arena simulates the Mars surface physical characteristics and is the principal area 
used to execute the Rover GTM functional tests. This large area is divided into two parts: 

Main Arena, composed by the Sandy, Mobility 1, Mobility 2 and Landing Areas  
Drilling one, hosting the Drilling Facility and the Illumination Facility 

 

3.1 Main Arena
 

The Main Arena is a 20x16 meters zone covered with two types of soils in order to provide 
different Rover wheels slippage conditions. The Main Arena is composed of a Sandy Area with 
the Rheinquartz Phyllosilicates, a very fine sand, and a Landing Mobility zone filled with the 
Pozzolana olcanic Tuff, a cloddy silty sand with gravel and roc s with size up to 0.5 meters. 

The Sandy Area is a confined zone of about 5x6 meters, see Figure 2 (a). This area 
represents the Martian unstable terrain where the slippage functional tests can be performed. 
 



117

Mars Terrain Simulator Deffacis, Bramante, Picco, Bussi, Barrera, Franceschetti

 
(a)                                                (b)                                                  (c) 

 

Figure 2: (a) Sandy Area  (b) Landing Mobility zone  (c) Mobility 1 and 2 Areas, ExoTeR rover – 
ESA property 

 
The Landing Mobility zone comprises two Mobility Areas and a Landing Area with an 

overall surface extendable up to 285 m2, shown in Figure 2 (b). In the Landing Area, it is 
possible to simulate the Rover egress from the Lander moc -up. The Mobility 1 and Mobility 
2 Areas have been designed to test the locomotion of the GTM. The sizes of these two zones 
allow the Rover to travel up to a maximum distance of 25 meters in straight line. 

The terrain in the Landing Mobility zone can be physically adapted as necessary to 
properly simulate some Mars soil features so that it is possible to replicate the scenario that the 
Rover will face on Mars.  

The terrain is reconfigurable in terms of crevasses, sand, roc  distribution, dunes, hills, 
and ramps. The facility provides a set of instruments used by the MTS operators to accomplish 
these tas s. 

The MTS Facility is provided with a ridge Crane able to lift up to 10 tons and high 9.  
meters from the floor. This device can support heavy activities inside the Arena and the 
Equipment Area, such as lift the Rover GTM over the Drilling Facility and all around the Arena, 
support all the activities related to the terrain reconfiguration and transfer all the equipment. 
 

3.2 Drilling Zone
 

The Rover GTM drilling operations are simulated outside the MTS Main Arena on a defined 
area, the Drilling one, whose sizes are 5.4x5.4 meters.  

The Illumination Facility located under the Drilling Facility offers the possibility to 
perform Rover cameras optical tests varying the illumination intensity and direction. 
 

 
(a)                                                 (b)                                                  (c) 

 

Figure : (a) Drilling zone  (b) Slope of 10 deg in the Drilling Facility Sand ox  (c) Drilling ell and 
tilt mechanism  

 
The Drilling Facility is composed by a platform called Sand ox , located .5 meters 

higher the Main Arena, and a cylinder, called Drilling ell, which is 2.1 meters long. The 
Drilling ell is filled with different types of materials (e.g. Geyserite, Claystone, Gypsum, etc.) 
disposed in layers in order to simulate Mars terrain stratigraphy. The Drilling ell can be 
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maintained perpendicular to the soil surface by means of a removable tilt mechanism and a 
graduated plate. 

Scope of the MTS Illumination Facility (IF) is to simulate the illumination on Mars and 
its effects on the GTM Rover optical elements. The sun light coming from different directions 
on Mars surface is simulated with 28 dimmable LED lamps mounted on the ceiling and on each 
corner column of the IF. The LED lamp provides a color temperature in the range 4000-
4500 , a light intensity up to 8000 lx with full power (100 ) and a spectral daylight 
distribution. 

Two light intensity sensors are installed inside the IF. They can be moved to cover all 
the IF internal volume: this allows to monitor the light intensity and color temperature 
parameters in all the IF points. 

The MTS is also provided with a moveable light system for the creation of shadowing 
effects inside the Arena. This light system allows reproducing the sunrise and sunset conditions. 
 

 
   (a)                                                  (b)                                                     (c) 

 

Figure 4: (a) Illumination Facility  (b) Shadowing effects with the moveable light system  (c) Sunset in 
the MTS Arena, ExoTeR rover – ESA property 

 
The Equipment Area is a specific zone where all the MTS mechanical and electrical 

support equipment are stored. The support equipment are used to create crevasses or slopes 
inside the Main Arena. 

ne of the most important element available in the Equipment Area is the Tilting 
Platform, an 8x8 meters platform designed to create quic ly large slope. The structure is tiltable 
up to an inclination of 0 deg and it is covered with 20 cm of Pozzolana. This specific 
equipment is used for the execution of the Rover GTM climbing test and egress procedure in 
different inclination scenarios. 
 

   
   (a)                                                  (b)                                                     (c) 

 

Figure 5: (a) Tilting Platform inclined at 0 deg  (b) Crevasse of 15 cm depth created with the 
crevasses generator  (c) Slope of 10 deg created with the slope generator 

 
The MTS facility is provided with an EGSE Area and a Control Room located close to 

the Main Arena. 
The EGSE area, size about 10 m2, hosts the GTM EGSE elements powered by the 

available power supply. The EGSE will provide the commands to the GTM during all the test 
activities through umbilical cables.  
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The MTS Facility is able to receive (or retrieve) from the other R CC Control Rooms 
all the data required for the setup of the MTS facility in support of the planned activity (e.g. 
images, environmental conditions, terrain behaviour, etc.): this is possible than s to the 
availability of the wor stations located inside the MTS Control Room. In these specific 
machines are installed S  and tools that allow controlling all the 56 cameras mounted around 
the facility. These optical systems are called the MTS Arena Systems. 
 

4 MTS ARENA SYSTEMS
 

The MTS Arena Systems are composed by: 
Measurement Cameras System, to trac  the motion of D ob ects inside the Arena  
Modelling Cameras System, to generate the Digital Elevation Map (DEM) of the 
Arena  
Ambient Cameras System, to record and monitor the tests inside the Main Arena. 

All these systems are characterized by a set of different hardware components and software 
(C TS or developed from scratch) whose usage will be clearly presented in the next sections. 

The Arena Systems devices are installed over the gantry, a four meters high metallic 
modular structure composed by aluminium beams mounted all around the Main Arena. 
 

4.1 Measurement Cameras System
 

The Measurement System is used to trac  the motion of specific items located inside the MTS 
Arena. This trac ing is done in real-time with an accuracy of 4 mm in position and 1 deg in 
orientation. A set of 12 ptiTrac  infrared cameras have been installed on the gantry around 
the Arena in order to trac  the ob ects motion in all the Main Arena areas. 

The ptiTrac  cameras wor s in the infrared band of the electromagnetic spectrum, 
then this system is able to detect reflective mar ers. It is possible to group individual mar ers 
into rigid bodies defined prior to trac ing, e.g. the Rover GTM: ob ects are usually made of 
four to six mar ers and the system can improve the accuracy against noise by combining the 
position of the multiple mar ers giving the position and orientation of the ob ect as a whole.  

The main operations of the MTS ptiTrac  Measurement System are the following: 
calibration of the cameras  
trac ing of specific elements in the Arena and definition of a rigid body  
chec  of distances and angles  
setting of the axes origin in the MTS absolute reference system  
alignment of rigid bodies to the MTS axes. 

Ten ptiTrac  Prime 1  cameras and two ptiTrac  Prime 1  cameras have been 
identified as the baseline for the MTS Facility. The Prime 1  cameras are those used for the 
GTM trac ing inside the Main Arena (from 1 to 10) and they are all disposed over the four 
meters gantry. Cameras 11 and 12, Prime 1 , are characterized by a wider field of view and 
are dedicated entirely to trac  the Rover GTM inside the Drilling Facility Sand ox. These two 
cameras are located at a height of 6 meter on a structure that is not part of the Drilling Facility 
itself in order to prevent vibrations caused by tests that are on-going or operators that are 
wal ing over the structure. 

The MTS Measurement System uses the C TS system Motive:Trac er from ptiTrac  
to do the real-time trac ing of ob ects. This is also used for the calibration of the system. 

The motion trac ing of the Measurement System can be directly controlled through the 
interface of the Aberystwyth System for MTS (AS4MTS), a software system specifically 
developed by DEL Aberystwyth University for the MTS purposes. The AS4MTS allows to 
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start stop the trac ing of specific ob ects, to log and save the D pose in terms of xyz 
coordinates and yaw, pitch, roll angles. 
 

  
                           (a)                                                                       (b)                     

 

Figure 6: (a) ptiTrac  cameras Field of iew  (b) GTM moc -up trac ed with Motive:Trac er 
 
The Measurement System outputs are used, as a ground truth, for a comparison with the 

data available inside the rover telemetry to chec  the trend of the errors introduced by the heel 
dometry and isual dometry. Than s to these cameras, it is possible to reset the rover pose 

replicating the mission operation processes called Rover Absolute and Relative Localisations. 
 

4.2 DEM Cameras System
 

The use of many digital cameras couples whose images are processed as input by stereo-
algorithms is the approach identified as the baseline for the MTS Modelling System.  

The DEM generation process is done by creating points cloud from pairs of cameras 
located at a certain distance from ground pointing the same area. The absolute position of the 
cameras, computed after the completion of the calibration procedures, allows the positioning of 
the points in the arena coordinate system. The MTS DEM is then computed using the aligned 
point clouds. The accuracy of the calibration procedures and the resolution of the cameras affect 
the quality of the DEM: the required accuracy is equal to 5 cm.  

Twenty pairs of A  G-125 1.2 Mpixel camera, with lenses giving approximately a field 
of view of 0 deg horizontally, have been located on the gantry around the Arena to provide 
the adequate terrain coverage and satisfy the accuracy requirement. 
 

 
     (a)                                                    (b)                                                 (c) 

 

Figure : (a) MTS DEM generated by the Modelling System cameras  (b) D visualization of Rover 
GTM motion  (c) Heat map viewer  

 
The Modelling System allows to acquire, display and save the DEM of the MTS Main 

Arena. It is also possible to load and display a DEM acquired by the PanCam ExoMars Rover 
and, as consequence, compute the heatmap between the MTS local DEM and the PanCam 
mission DEM in order to replicate in the MTS the scenario that the Rover is facing on Mars. A 
D visualization tool enables to show, with a freeview camera, the Rover GTM position over 

the MTS local DEM.  
The DEM Cameras System gives the capability to reproduce, inside the MTS Facility, 

the Mars DEM acquired by the PanCam so that troubleshooting can be performed in case of 
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contingency. In this scenario, it is possible to reconfigure the MTS terrain combining the output 
produced by the Modelling System and the Measurement System by means of a reshaping tool. 
In particular, using a pointing wand, the MTS operators can receive a live feedbac  about the 
terrain height so that they now where it is necessary to add or remove the sand. 
 

4.3 Ambient Cameras System
 

The Ambient Camera Systems consists of four HD cameras positioned on the four corners of 
the MTS Arena gantry, one N R device and two S  interfaces in the MTS indows machine.  

The ISI N C1080S20-  cameras are the selected baseline, with the following 
PT  capability: a pan range of 60 deg, a tilt range of about 90 deg and a 20x optical zoom. 
 

5 CONCLUSION
 

This paper has provided an overview of the current MTS design and its associated operations, 
processes and test activities.  

The equipment designed and manufactured together with the developed software and 
the selected technologies ma es the MTS Facility a unique indoor Mars-li e facility to perform 
Rover functional test (e.g. locomotion, egress, climbing, drilling) and to support the surface 
mission replicating the contingency terrain scenario faced on Mars.  

The MTS facility is currently ta ing part in the R CC validation phase consisting of a 
set of integrated and End-to-End tests. An extensive simulation campaign will also ensure the 
correctness of processes and procedures, providing also the right level of confidence and 
training to the team of R CC operators, ensuring a smooth Rover surface mission execution. 
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ABSTRACT 
This paper illustrates the architecture of Navex-1000, an Inertial Navigation System embedding 
a GNSS receiver. The system is completely designed and developed in Italy and it is conceived 
to be ITAR-free. Navex-1000 is a self-contained, all attitude, worldwide, strap-down navigation 
system providing estimates of position, attitude, heading, angular rates, linear velocities and 
accelerations. Three different navigation solutions are available: a solution purely based on 
inertial data output of the embedded IMU sensor, a hybrid solution exploiting both inertial and 
GPS data, and a pure GPS solution. Expected performance has been computed and validated 
through extensive simulations. 
 
Keywords: Inertial Navigation, INS/GPS, Kalman Filter, System Architecture 

1 INTRODUCTION 
This paper presents Navex-1000, a navigation system designed and developed by Northrop 
Grumman Italia (NGI). Navex-1000 is a self-contained, all attitude, worldwide, strap-down 
Inertial Navigation System (INS) embedding a navigation grade Inertial Measurement Unit 
(IMU) and a TSO GNSS receiver. The IMU is based on Fiber Optic Gyroscopes (FOG) and 
MEMS technology accelerometers. The system exploits GNSS signals from GPS, GLONASS, 
Beidou and Galileo Open Service, including SPS and PRS solutions. In this configuration, the 
system is ITAR-Free. If required, in case ITAR-restricted hardware could be used, the system 
could be easily reconfigured to embed a SAASM GPS receiver. The design and development 
process for Navex-1000 has been carried out focusing on the possibility to easily reconfigure 
the system, in order to maximize customer satisfaction and extend system capabilities. As a 
matter of fact, the system can host the Jeppesen database, which provides navigation charts, 
and/or a Terrain Reference Augmentation System (TRAS), exploiting measurements coming 
from a radar altimeter to deal with GPS-denied environments. Future developments also include 
the introduction of an embedded air data computer. 

Navex-1000 is designed to provide several estimates of the system state, including   
position, attitude, heading, angular rates, linear velocities and accelerations. Three different 
navigation solutions are provided and described in what follows. 

x Free-Inertial: a navigation solution based on the sole IMU sensor, certified according to 
DO-178C Design Assurance Level (DAL) A. 

x Hybrid: a blended inertial/GNSS navigation solution, certified according to DO-178C, 
using also GNSS data. DAL is upgradable, depending upon the certification level of 
GNSS receiver. 

x pure GPS: navigation data of GNSS receiver certified according to DO-178C DAL C. 
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The Free-Inertial solution exploits an Extended Kalman Filter (EKF) to obtain rough estimates 
of biases and scale-factors of the IMU sensors during a full-performance on-ground alignment 
(Gyro Compassing). The core of the Hybrid solution is a tightly-coupled EKF which combines 
IMU and GPS measurements, estimating in-flight sensors biases, scale factors and 
misalignment errors. This navigation solution is robust against external disturbances such as 
GPS outages.  

A certified Real Time Operating System (RTOS) guarantees the segregation of the 
output solutions with different design assurance levels. In order to do so, the software is 
organized into partitions to separate the INS DAL A solution from the EGI and GPS DAL C 
solutions. Moreover, the hardware of the system is certified according to the DO-254 level A 
standard to comply with the presence of complex hardware, such as FPGA. The system is 
therefore designed to fulfill TSO certification requirements. 

To guarantee suitable flexibility to comply with both civilian safety requirements and 
tight military environmental requirements, the system is designed to satisfy both DO-160G e 
MIL-STD-810 G standards. 

NGI has also developed a simulation software that emulates system algorithms, in order 
to perform an optimal off-line tuning of the Kalman filters, and a Hardware-In-The-Loop 
(HWIL) facility. System performance will be tested through extensive simulations with 
appropriate Monte Carlo runs. 

2 SYSTEM ARCHITECTURE 
Navex-1000 can be described from a high-level point of view by analysing two of its main 
features: software partitioning, which takes into account the input-function-output behaviour 
mostly, and hardware modularity, which considers the electronic modules and physical 
interfaces involved. 

2.1 System Configuration 
The complete configuration of Navex-1000 system consists of the following distinct units. 

x Navex-1000 Inertial Navigation Unit (INU): the actual self-contained strap-down 
inertial navigation system, with embedded GNSS receiver, all in the same chassis. 

x External SAASM GPS receiver (provision). 

x Configuration Module (CM): for installation-dependent configuration data storing. 

2.2 Software Partitioning 
From the software functional point of view, the system is structured as depicted in Figure 1. 
Navex-1000 allows for the two GNSS receivers to be embedded or external. A common 
configuration (solid line) is the one with an embedded TSO receiver, for civil application, and 
external SAASM receiver, for military application, to preserve the ITAR-free feature of the 
system. 
 



124

A Navigation Grade ITAR-free INS/GPS System                                               Mattei, Scibona, 
Designed and Developed in Italy                                                                   Lucchesini, Tonelli 

3 

 

Figure 1 : Software functional architecture of Navex-1000 

Integration with GPS allows NAVEX-1000 to provide high accuracy hybrid INS/GPS 
navigation solution based on an Extended Kalman Filter tightly coupled to GPS data. Use of a 
tightly coupled EKF guarantees a high grade of accuracy almost in any condition of satellite 
visibility, as data fusion becomes effective also if a GPS Position fix is not available (less than 
4 satellites in view). Through such Kalman Filter it is also possible to improve in-flight 
estimation of instrument calibration errors, providing navigation grade accuracy also during 
long term GPS outages or disturbances. Navex-1000 software is composed of three distinct 
platforms: 

x Free-Inertial platform, providing the pure inertial navigation solution (FI solution). 
x EGI platform, providing the Embedded-GPS Inertial solution (Hybrid solution). 
x GPS-only platform, providing the pure GPS solution. 

The software modularity reflects the separation of the three navigation solutions. The 
Free-Inertial platform has been designed to provide a navigation solution accuracy of  0.8Nm/hr 
(CEP50), enough to fly in areas where GPS signal is not available. Such navigation accuracy is 
suitable for integration with automatic flight control systems. The FI platform is qualified to 
the highest level of design assurance (DAL A) both for hardware (DO-254) and software (DO-
178C). To maintain inertial data integrity, this platform is not using GPS data, as this will 
degrade the design assurance level of outputs provided to flight control systems.  

The EGI platform is fully integrated with external or internal GNSS. Provisions allow 
integration of embedded SAASM and SPS GPS Receiver, or external SAASM and TSO 
certified GPS Receiver. This platform, which provides the most accurate navigation solution, 
is software-qualified to DO-178C level C. 

The GPS-only platform inherits the software design assurance level of the GNSS 
receiver used: level C for SAASM GPS (not qualified according to DO-178C) or level B for 
TSO certified GPS.  

The software relies on a Real Time Operating System (Integrity RTOS from Green 
Hills), which is certified according to DO-178C level A, and ensures complete separation of 
the software modules, thus guaranteeing that data integrity is preserved during software 
execution.  
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The software is partitioned in order to safely isolate level A platforms from level C data, 
therefore avoiding, for instance, contamination of pure inertial data with GPS data. Software 
partitioning guarantees also design flexibility and code re-usability. 
The Input / Output management software, relying on ARINC-429, is also DO-178C level A 
qualified. The configuration of output messages can be done according to customer 
requirements by composing output data coming from the three navigation solutions. 
Programmability of system output has been made easy by means of a dedicated Configuration 
Module, which is described in detail in section 3. 

The NAVEX-1000 is also hosting the database for the NOAA (National Oceanic and 
Atmosphere Administration) World Magnetic Model, used to compute local magnetic variation 
and magnetic heading, when external magnetic input is not available.  

2.3 Hardware Modularity 
The core of Navex-1000 system is the Inertial Navigation Unit (INU), which consists of the 
following main modules: 

x Inertial Sensor Assembly (ISA, mounted on a rugged, vibration isolated sensor block), 
x Navigation CPU and I/O board (NAV&I/O), 
x Power Supply board (PS). 

The structure of the hardware functional architecture is completed by the embedded 
GNSS receiver, as depicted in Figure 2. The main advantage of this design is modularity: 
changes at hardware level, i.e. GNSS receiver or IMUs, do not have relevant impact at software 
level, thanks to suitable partitioning and shared memories management. This leads to desirable 
flexibility at hardware integration level. Navex-1000 concept and exploded view is illustrated 
in Figure 3.  

 

 
 

Figure 2: Hardware functional architecture of Navex-1000 INU with embedded GNSS receiver. 
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Figure 3: Exploded view of Navex-1000 INU. 

The Configuration Module contains a non-volatile memory where all installation/configuration 
data are stored. These configuration data, read at power-up, are stored with a redundant 
approach, so to provide robust consistency check at start-up which prevents using wrong or 
corrupted data. In case of INU failure, the presence of the CM avoids the repetition of INU 
installation procedures, such as updating mounting configuration parameters, since the CM can 
be transferred from the failed unit to the replacement one.  

Data contained in the CM are:  
x INU to body frame boresight angles and lever arms 
x INU to GNSS antenna lever arm 
x World Magnetic Model coefficients 
x Output ICD Data (Labels and Filtering) 
x Additional data tailored to customer needs 

The NAVEX-1000 is delivered by NGI with a factory programmed CM. To ease system 
installation on the host vehicle, NGI provides a guided procedure that can be executed on-site 
using a generic laptop. The CM is an integral part of NAVEX-1000. All qualification tests are 
performed with the CM connected to the system. 

3 SYSTEM PERFORMANCE 
The NAVEX-1000 operating conditions and performance are specified below. 

3.1 Flight Vehicle Operating Conditions 
The NAVEX-1000 operates within the following vehicle operating conditions: temperature 
from -40°C to +71°C, altitude from -1000ft to 65000ft. Worldwide coverage. 
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3.2 Flight Environment 
The NAVEX-1000 operates within the following operational flight envelope: speed up to 1200 
m/s, load factors from -10g to +10g. 

3.3 Dynamic Operating Range 
The NAVEX-1000 operates within the following operating ranges: pitch ± 90 degrees max, roll 
± 180 degrees max, yaw 0 to 360 degrees range. Angular rates: 7 rad/s. Linear accelerations: ± 
10g.  

3.4 Free Inertial Solution Accuracy 
Free Inertial navigation solution accuracies (RMS whenever unspecified) are reported in Table 
1. 

    
Horizontal Position 0.8 Nm/hr (CEP50) 
Horizontal Velocities 1 m/s 
Inertial Altitude 36 m 
Inertial Vertical Speed 1 m/s (2) 
True Heading  0.2 deg  
Mag  Heading 1.0 deg (1) 
Attitude (Pitch, Roll)  0.05 deg  
Body Acceleration 2 mg 
Body Rates 0.02°/s 

 

Table 1: Free Inertial solution accuracy (RMS). (1) Excluding residual error after Magnetic Variation 
compensation (WMM database is used to compute Magnetic Variation). (2) Inertial Vertical Speed 

accuracy is intended with pressure altitude available. 

3.5 Hybrid Solution Accuracy 
Hybrid solution accuracies (RMS whenever unspecified) are reported in Table 2. 
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Hybrid True Heading 0.05 deg 
Hybrid Horizontal Velocities 0.1 m/s  
Hybrid Position 5 m 
Hybrid Altitude 10 m 
Hybrid Vertical Velocity  0.1 m/s 

 

Table 2 : Hybrid solution accuracy (RMS). 

4 SIMULATIONS 
In order to minimize aircraft flight test activities for Kalman Filter tuning, NGI developed an 
Hardware-In-the-Loop (HWIL) laboratory setup to perform simulation of system performance 
using real flight data (see Figure 4).   
 Simulated sensor is a navigation grade IMU with the following performance.  

Gyroscopes range and accuracy (RMS): Range: ±400 deg/sec, Bias: 0.005 deg/hr, 
Scale Factor: 20 ppm, Random Walk: 0.0008 deg/sqrt(hr). 

Accelerometers range and accuracy (RMS): Range: ±20g, Bias: 100 μg, Scale 
Factor: 50 ppm, Random Walk: 5 μg /sqrt(Hz). 

Low and medium dynamics trajectories have been simulated. Results in terms of radial 
position error of the Free-Inertial solution are shown in Figure 5 and Figure 6. It is important 
to stress that for high-dynamics trajectories simulations, not shown in this work, results have 
been proved to be even better, since the EKF estimates of biases and scale-factors are helped 
by the persistency of excitation principle. 

 
 

 
 

Figure 4 : Navex-1000 Hardware-In-The-Loop setup 
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Figure 5: Low dynamics trajectory results. 

 

 
 

Figure 6: Medium dynamics trajectory results. 

5 CONCLUSIONS 
A navigation grade ITAR-free INS/GPS system architecture designed and developed in Italy 
has been presented. Navex-1000 design modularity yields suitable flexibility to meet different 
customer needs and allows potential growth capabilities. Simulation results show the 
performance effectiveness of the Free-Inertial navigation solution.  
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ABSTRACT

Researchers and engineers design modern aircraft wings to reach high levels of efficiency
with the main outcome of weight saving and airplane lift-to-drag ratio increasing. Within the 
framework of Clean Sky 2 (REG-IADP) European research project, a novel multifunctional 
morphing flap technology was investigated to improve the aerodynamic performances of the 
next generation Turboprop regional aircraft along its flight mission. The proposed true-scale 
device (5 meters span with a mean chord of 0.6 meters) is conceived to replace and enhance 
conventional Fowler flap with new functionalities. Three different functions were enabled: 
overall airfoil camber morphing up to +28° (mode 1), ±10° (upwards/downwards) deflections 
of the flap tip segment (mode 2), flap tip twist of ±5° along the outer flap span (mode 3). The 
proposed structural concept consists of a multi-box arrangement activated by smart ribs with 
embedded inner mechanisms to realize the transition from the baseline configuration to 
different target aero-shapes while withstanding the aerodynamic loads. Lightweight and 
compact actuating leverages driven by electromechanical motors were properly integrated to 
comply with demanding requirements for real aircraft implementation: minimum actuating 
torque, minimum number of motors, reduced weight, and available design space.

Keywords: airfoil camber morphing  multi-functional flap tip  adaptive twist  

1 INTRODUCTION

Aircraft versatility is growingly becoming an added value for daily operations. 
To date, airplanes are provided by numerous control systems which enable wing adaptation 
for several flight conditions. In fact, lifting devices such as flaps, slats, aileron and spoilers, 
are essential to increase wing chord, camber and therefore the lift distribution during the 
entire mission envelope. However, several new sensors, control systems, and new actuators 
have been developed over the last few years. These developments allow designers to 
distribute actuation forces and power optimally and more efficiently. 
The next technological challenge worth to be embraced is to switch to a more or all-electric 
aircraft. The first step, to be tac led, is the replacement of the heavy conventional hydraulic 
actuators with a distributed span-wise arrangement of smaller electromechanical actuators 
(EMAs). This will bring several benefits at aircraft level. First of all, a full electrical system 
reduces classical drawbac s of hydraulic systems and overall complexity, also providing 
maintenance benefits. Lac  of supply buses, improved torque control, enhanced efficiency, 
removal of fluid losses and flammable fluids are only some of the benefits that can be 
achieved with (EMA) actuators.  
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n the other hand, a general limit of the electro-mechanic actuators is the possibility of 
amming or failures that can lead to critical conditions, as well as the limited electro-

mechanical power provided. ased on (EMA) actuators, a novel device capable of answering 
at aircraft versatility demand providing several morphing modes can bring several benefits 
along the flight mission profile 1 . 
Nowadays, modern transport aircraft wings have reached near-pea  levels of energy-
efficiency and further improvements seem extremely difficult to obtain. Indeed, aircraft wings 
are still designed with a fixed geometry fully optimized in only a few design points, which 
may not be so optimal for the entire flight mission. Therefore, whereas an aircraft operates in 
off-design conditions, sub-optimal performances lead to an increase of fuel burnt with impacts 
on air-pollution and aircraft operative costs. Morphing the shape of the aircraft wing during 
flight represents a very promising strategy to achieve some benefits throughout the entire 
aircraft mission 2 . 
In the past decades, innovative strategies have been considered: for example, as well 
documented in , smart materials theoretically permit to accomplish smooth variations of 
the geometry even in presence of large displacements distributed over a wider portion of the 
wing. However, the design of smooth control-surface geometry variation by means of smart 
materials or compliant structures must stri e a balance between enough structural stiffness to 
withstand the external aerodynamic loads without appreciable deformations (or arising of 
aeroelastic instability issues) and enough flexibility that would allow small actuators to 
achieve sufficient camber changes for aerodynamic control. Compared to compliant 
structures, rigid-body mechanisms offer a direct solution to the morphing paradox. Actuation 
is usually carried out via a lever mechanism driven by load-bearing actuators combing load 
carrying and actuating functions 4 . Fewer actuators are typically required to control the 
morphing process whose overall benefit expected on the system level drives the additional 
mass, volume force and power required by the actuation system, 5 6 . 

ithin the framewor  of the TI-Clean S y pro ect , Green Regional Aircraft Low Noise 
Configuration  domain (201 -2016), the design and technological demonstration of an 
innovative architecture of the outer flap section for the next generation open rotor green 
regional aircraft (EASA CS-25 category) was proposed 8 . This prototype represented a 
promising structural architecture to be potentially implemented on large civil aircraft. This in 
force of its high reliability from the structural, actuation and control standpoints. n the other 
hand, weight and complexity of the finalized system could eopardize the aerodynamic 
benefits obtained at aircraft level. For this reason, targeting to an even more mature product, a 
new architecture was investigated within the Morphing Structures  P 2.1.2, Clean S y 2. 

2 OBJECTIVES

According to the challenging goals to improve aircraft high lift performances (maximum 
attainable lift coefficient and stall angle) and noise emitted by the high-lift system, the driving 
idea was to replace a conventional double slotted flap with a single slotted morphing flap.  
In the framewor  of the AirGreen2 pro ect (Clean S y 2 REG-IADP), a novel multifunctional 
morphing flap technology was investigated to improve the aerodynamic performances of the 
next Turboprop regional aircraft (90 passengers) along its flight path. The main ob ective was 
to prove the feasibility of a novel full-scale high-lift device with the main advantages, 
compared to a conventional flap, to enable: 

Multi-modal capabilities (i.e. several modes for different needs)  
Multi-zone shape morphing (i.e. selective shape activation of specific zone). 

The novel morphing flap system added new and more demanding functionalities.  
Three different modes were considered (Figure 1): 

Mode 1: overall airfoil camber morphing (up to 28  equivalent rigid deflection)  
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Figure 1: Three Modal Morphing Flap ( MMF): wor ing principles. 
 

Mode 2: 10   10  (downwards upwards) deflection of the flap tip segment (from 
the 90  to 100  of the local chord)  
Mode : Tip twist ( 5  along the outer flap span)  

Morphing mode 1 (see Figure 1) is supposed to be activated when the flap is deployed during 
ta e-off and landing only to enhance A C high-lift performances also allowing for steeper 
initial climb and descent, noise-abatement tra ectories. Than s to this function, more airfoil 
shapes are available at each flap setting and therefore a dramatic simplification of the flap s 
deployment systems may be expected: actuation trac s could be hosted into wing airfoil shape 
without external fairing needs. asically, very simple conventional trac  systems (i.e. curved 
beam) without external fairings are not able to comply with high-lift requirements in landing 
and ta e- off configurations  therefore, further increase in high-lift performance are obtained 
using the overall airfoil camber morphing (mode 1) in the Fowler flap extended configuration. 
Morphing modes 2 and  (see Figure 1) are related to the last chord-wise segment of the flap 
and are activated in climb, cruise, and off-design flight conditions when the flap is stowed in 
the wing. Than s to these modes, load control (LC) functionalities may be implemented to 
improve wing aerodynamic efficiency. 

3 METHODOLOGY

Morphing systems are called to enable changes of the external shape of the structures while 
preserving their capability to withstand the external loads. The three modal morphing flap 
( MMF) system was characterised by three main features, optimally integrated: 

Smart rib: The core of the MMF layout, morphing the entire flap structure as an inner 
movable articulation. 
Multi-box arrangement: the s eleton of the MMF layout with the main goal to 
provide the overall load-bearing property and host the actuation systems. 
Through Shafts Actuation System: the element of the MMF layout which guarantees 
the mechanical power for transition from the baseline to target shapes. 
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(a) Smart Rib  
 

 
(b) Through shafts  

 

 
(c) Multi-boxes arrangement  

Figure 2: MMF final demonstrator: main features. 
 

The research starts with the analysis of requirements, performance required, and industrial 
needs for enabling proper characteristics of the Three-Modal Morphing Fowler Flap ( MMF).  
Starting from the external aerodynamic shape, main design constraints were identified, and 
the preliminary concept was proposed.  
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After that, the preliminary structural layout was defined  main effort was placed on the 
assessment of the actuation system and the structural architecture at limit and ultimate 
operative load conditions: limit aerodynamic loads were evaluated by means of high-fidelity 
CFD for landing configurations, and DLM code for dive speed flight conditions. Ultimate 
loads were obtained by applying a contingency factor of 1.5 to the limit ones.  
The proposed structural concept consists of a multi-box arrangement activated by smart ribs 
with embedded inner mechanisms to realize the transition from the baseline configuration to 
different target aero- shapes while withstanding the aerodynamic loads. Lightweight and 
compact actuating leverages driven by electromechanical motors were properly integrated to 
comply with demanding requirements for real aircraft implementation: minimum actuating 
torque, minimum number of motors, reduced weight, and available design space.  
The methodology for the inematic design of the inner mechanisms is based on a building 
bloc  approach where the instant centres analysis tool (Figure ) is used to preliminary select 
the locations of the hinges  leverages. ecause actuation power and structural integrity are of 
paramount importance for full-scale morphing systems, the design of the inner mechanisms 
was driven by an energy efficient approach for mechanical advantage improvement (Figure 4) 
as well as an element-based force analysis for structural assessment.  
The finalized design of the smart rib was assessed by means of preliminary finite element 
models to support the definition of the mechanical arrangement of the inner mechanisms and 
the interface between the actuation system and the structural s eleton. Finally, the mechanical 
arrangement of the through-shafts actuation system was defined with integration of properly 
selected Commercial ff-the-Shelf (C TS) components (rotary hollow shaft brushless 
motors, and HarmonicDrive gearboxes). 
Finally, reliable Finite-Element models were developed to assess the structural integrity of the 
complete device under the actions of aerodynamic limit loads as per part C of EASA 
certification specifications, part 25. Actuating torques required for morphing operations were 
estimated and compared with the ones evaluated in the preliminary design of the actuation 
systems. 
 

Figure : Evolution of instant centres along the Aronhold- ennedy lines. 
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Figure 4: Mechanical Advantage evolution for inner mechanism IM2. 

4 RESULTS

The final MMF layout resulted from the optimal integration of these components leading to 
several improvements compared to the bi-modal flap prototype developed during the Clean 
S y 1 (GRA-ITD, LNC) 8 : 

weight reduction of 5  compared to the bi-modal flap  
reduction of installed power than s to only six motors required (instead of 12 required 
in case of a design solution proposed for the bi-modal flap)  
more relevant camber morphing capabilities: full-camber morphing leading to 28  
equivalent rotation of the entire flap (instead of the 14  obtained for the bi-modal 
flap), 10  flap tip deflection (instead of 8 )  
new morphing mode: 5  tip twist along the span-wise direction enabled by the 
Adaptive Twist composite Tab (ATT) structural concept. 

Following the final concept assessment, the novel device was able to provide 10 : 
1.1  fuel reduction because of lower aerodynamic drag obtained by a rational 
combination with a fairing-less deployment system  
12  high-lift performance improvement in landing configuration  
2  aerodynamic efficiency improvement in high-speed climb, and cruise conditions. 

Figure 5: Adaptive Twist composite Tab (ATT) structural concept 10 . 
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5 CONCLUSIONS

The design of a Three-Modal camber Morphing Flap ( MMF) was outlined in this paper. �
Starting from the bi-modal flap architecture experimentally validated by means of Ground 
Static Test (GST) during the Clean S y 1 (GRA-ITD, Low Noise Configuration domain) 
research pro ect 8 9 , the novel MMF concept was conceived according to the design 
challenges posed by real wing installation. The MMF investigation domain consisted in the 
full-scale outboard flap region of a turboprop regional aircraft spanning 5.15m from the wing 
in , with a root chord equal to 0.8 m and a taper ratio equal to 0. . �

The minimum design space at the tip section of the outboard flap resulted  smaller than 
the minimum room available at the tip section of the bi-modal flap (conceived for the next 
generation GRA, 100-seats, pen Rotor configuration). This resulted in a more challenging 
design effort for the new MMF concept. In addition, this new concept was required to further 
develop and mature the integration of morphing technologies on next regional aircraft.  
For this reason, a complete re-design of the architecture was required with the main outcome 
to fulfil more demanding industrial requests: �

integration of a fairing-less deployment system  �
reduction of the installed power than s to a lower number of actuators, minimization 
of spare parts  �
enhancement of the overall system robustness, simplification of the overall flap 
assembly.�

A methodology, based on a three-steps loop process, was defined for the robust, reliable, and 
fast structural design of the smart rib: the core of the adaptive system.  
The proposed architecture implements several shape morphing modes, with the main 
advantage of enabling also a multi-zone morphing: if the Fowler flap is stowed in the wing, 
only the tip segment can be properly controlled. Indeed, the multi-zone capability of this 
device is a ey-point that highlights the advantages of such device if compared to compliant 
structures. Distributed actuators are adopted to activate the rigid-body motion of stiff lin ages 
hosted within the smart rib. This strategy allows to reduce the penalties of compliant-based 
structures: high actuation power, limited fatigue life, and (potentially detrimental) aeroelastic 
impact at aircraft level.  
The completely new and different ey-aspect is the high-level integration of the actuation 
system within the structural s eleton. Each hollow-shaft rotary brushless motor provides the 
control authority for a large span-wise extension (up to ) of the morphing system. A ey-
point was the integration of a hollow-shaft Harmonic-Drive gearbox on each rib bloc  plate.  
The structural integrity of each actuation system (for instance, the inner mechanism with the 
Harmonic-Drive gear box) was proved for the more demanding limit load conditions 12 .  
The MMF concept used in combination with a fairing-less deployment system can provide 
up to 1.1  fuel reduction, if compared with a conventional technology, and improve the 
airplane aerodynamic efficiency up to 2  (because of chordwise extension of laminar flow) 
when load control functionalities are activated on the tip segment 10 .  
In addition to fuel savings, analyses by other researchers have shown that the multi-functional 
tip segment could also enable adaptive maneuver load alleviation leading to at least 15  
reduction of wing root bending moment 1 . Two main positive impacts can be then 
expected to be brought by this novel technology:  

• To retrofit outdated aircraft (ATR-42, ATR- 2) for improving fuel efficiency and for 
extending fatigue life (than s to the root bending moment reduction)  both aspects will 
have significant benefits on direct operative costs (i.e. fuel, and maintenance 
schedule)   

• To support future clean sheet optimized wing design for maximum aerodynamic load 
advantage.  
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ABSTRACT 

In this study the effects of gravitation on low lunar orbits are analysed. 
The analysis has been done using AT AB and G AT software. 
The evolution of the main eplerian parameters has been observed, as a function of time, 
depending on the influence of gravitational perturbations and the surrounding bodies. 

or the relative acceleration of the orbit has been used the  spherical harmonics from 
the unar rospector mission, started in . 

Keywords: gravitation, perturbation, Moon, orbits

1 INTRODUCTION

In this study the behaviour of low lunar orbits is analysed. 
Starting from the characteristics of this type of orbits, is remar able the negligibility of the lunar 
atmosphere, the presence of the Earth, and the non-uniform crustal density. The first one is 
helpful because permits the usage of orbits with a low altitude, because the atmospheric drag is 
totally negligible. The second one implies the contribution of the Earth in the stability of the 
orbit  as will be seen further in this study, this effect is totally not negligible, in certain condition 
it could help the orbital survivability. The latter, most important in this study, says that the 
Moon s crust is not uniform. 
The density of lunar surface changes as a function of position, and as represented in Figure 1  
there are zones of high and low density. This has been caused by impacts on the surface of the 
Moon. 
After the geological analysis of the craters, it has been discovered that these hits caused an 
isostatic flow of interior material, heavier than the external one, towards the surface. This 
phenomenon caused the lac  of homogeneity observable nowadays, and these concentrations 
of mass are called mascons . It is also relevant that there is a correlation between the second 
and the third characteristics. After its formation, the Moon developed a thic er surface on its 
nearside, caused by the attraction effect of the Earth.   
The aspects ust described above are the main cause of the evolution of lunar orbits. 
Mascons and Earth presence cause a huge variation on eplerian parameters of the considered 
orbits, causing deorbiting and possible crashes if not adequately compensated with station 
eeping maneuvers. In order to analyse this problem, the construction of a model has been 

necessary. arious space mission has interested the Moon, to analyse composition, magnetic 
field and gravitational field. In this study the LP-165P model has been used. 
This gravitational potential has been computed from the results brought by Lunar Prospector  
mission, started in 199 . After the transfer orbit the spacecraft has been inserted in a 100 m 
altitude orbit, for a first analysis. Successively the mission orbit has been modified a couple of 
times, until the minimum altitude of 40 m has been reached. 
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The low altitude, achievable by the absence of the atmospheric drag, permitted a higher ground 
resolution and a better acquisition of magnetic and gravitational data. The mission ended in 
1999 with the crash on the Moon s surface, in order to search the presence of water on Moon, 
by the steam, raised by the impact. 
 

 
Figure 1: Lunar prospector results 

The results of this mission are reported in Figure 1 . Is observable the presence of spots with 
a very high value of gravitational acceleration, in both nearside and farside  also thic ness of 
the crust is variable, as anticipated. The distribution is inhomogeneous and to describe 
precisely this phenomenon is necessary a high tessellation ratio. The LP-165P model returns 
the gravitational distribution with a maximum order of 165, obtained by the high resolution 
achieved in the mission. 

2 DYNAMICAL ASPECTS

Starting from the elementary system, considering only the spacecraft and the Moon, the 
equation that bonds the acceleration of the two bodies is (1). 

 �̅̈�𝑟 = 𝜇𝜇
𝑟𝑟
�̅�𝑟 + �̅�𝑝 (1) 

This equation bounds the acceleration of the spacecraft, with the radius of the circular orbit and 
an additional contribution of perturbation (p). If the perturbation trend is almost regular, is 
obtainable a direct relation between the evolving parameter and the variables that ma es it 
change. An example is the oblateness of the Earth: in this case, two principal elements of 
perturbation are observable: the evolution of the right ascension of the ascending node (RAAN) 
and the argument of perigee ( ). The equations that express their variations are (2) and ( ), 
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but, as seen from the results of LP-165P, with Moon s perturbation is not possible to obtain a 
simple and precise relation between the cause and the effect of the gravitational perturbation. 
Due to the high difference of distribution, is necessary a high order model to describe carefully 
this situation. 
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Figure 2: Acceleration difference from an ideal sphere with the mean radius of the Moon and the lunar 

mass 

As represented in Figure 2  the variation from an ideal sphere with the mean radius of the 
Moon and the lunar mass goes from -200mGal to 500mGal circa. These distributions of 
acceleration modify all the parameters of the orbit. Inclination, RAAN, mean altitude evolves 
as a function of time. The deorbiting consequences are harmful for the mission. 

3 RESOLUTIVE APPROACH

As anticipated, two principal software has been used for the analysis of the orbital evolution 
over time. 
The MATLA  script uses the Runge- utta method, which solves the differential system of the 
two-body problem with successive iterations, propagating for little time units. Spherical 
harmonics has been used to simulate the behaviour of the Moon s gravitational field at low 
altitudes, and a degree and order of 165 has been selected. The 165th order is the maximum 
obtainable from the LP165P harmonics used, from the Lunar Prospector mission. It is observed 
that, with this degree of analysis, the results are the most accurate obtainable with the 
gravitational potential used. This script also ta es in account the rotation motion of the Moon, 
because with the long periods analysed it can t be neglected. 
The second software that has been used is the open source GMAT, which one has been ept as 
reference for the results obtained. 

oth methods used are based on selenocentric coordinates, a body fixed reference frame that 
consider the rotation axis of the Moon as one of the three main axes of the system. The 
maximum circle perpendicular to the rotation axis and passing through the centre of the Moon 
is the Moon s equator, and the prime meridian is the one located in the closest position respect 
to the Earth. Adopting this system, is easy to recognise the nearside of the moon (from 90 
degrees East to 90 degrees est) and the farside (the remaining part of the surface, impossible 
to be seen from Earth). The other eplerian parameter are defined li e in the ECI reference 
frame, considering the intersection of the prime meridian with the equator with the same 
importance as the Earth s gamma point. The usage of this reference frame permits to analyse 
the orbits independently from other celestial bodies, and define orbital parameters univocally 
fixing the starting date. Given the date and the propagation time, the position in a general frame, 
li e Earth s 2000, is obtainable. 

4 ORBITAL ANALYSIS

In this chapter are reported the results of the analysis conducted on various series of orbits, 
beginning with the importance of the inclination, and then with the other principal parameters 
as the starting altitude and the right ascension of the ascending node (RAAN). All the orbits of 
the same group of analysis has been propagated with the same starting date and all the other 
parameters fixed at the same value. As will be explained in the following chapters, a particular 
attention has been observed for the 86 degrees inclination orbit, because of its really high 
operative time. 
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4.1 Inclination dépendance

Fixed RAAN to zero degrees, and altitude to 100 m a series of orbits has been analysed. 
The inclinations observed are spaced by 5 degrees, to obtain a sufficient level of discretization 
to let the trend be appreciable. After the orbital propagation the lifetime has been observed and 
inserted in a graphic as a function of the relative inclination Figure a .  
 

 
(a)                                                     (b) 

Figure : Graph representing orbital lifetime as a function of time (a)  Ground trac  of a i 86  
RAAN 180  h 200 m (b)  

From that image, it is observable how the global trend is not regular. There are inclinations with 
really short operative period, in the order of wee s and other with really long operative life, 
where  or more years are expected. Some inclinations are particularly unfavourable because 
of the passage over spots with high gravitational acceleration. An example is the 40 degrees 
inclination orbit, which life is expected around one month. After that time the orbit will have 
gained an elliptical shape, leading to an impact of the relative spacecraft on the Moon s surface. 

n this type of orbits, station eeping maneuvers are so expensive and the selection of another 
value for the inclination parameter is suggested. 
Indeed, as anticipated, it is immediately visible the presence of four principal orbital 
configuration with an expected lifetime of years. These tra ectories are so called frozen orbits , 
which value of the inclination parameter is 2 , 50, 6 and 86 degrees. Ideally these orbits could 
last indefinitely  obviously, the effect of gravitational effects perturbates also these orbits but 
really slowly, becoming easier to compensate with station eeping maneuvers. These orbits are 
the best for long mission, so that only little maneuvers are necessary to compensate the de-
orbiting effect. As is observable from Figure b  frozen orbits eep only a little fraction of 
their periods over critical spots, than s to the particular inclination. That peculiarity become 
fundamental for these tra ectories because the gravitational effects are reduced to their 
minimum. 
Another important observation is that inclination fixes the maximum latitude reached by the 
spacecraft. If unfavourable latitudes are selected, the critical spots will destabilize the circular 
orbit bringing to its evolution. 
It is also noticeable that the Moon s rotation period is of 2  days, really long if compared with 
the period of low orbits. The consequence of this phenomenon is that the equatorial shift, the 
amount of difference between the position of an ascending node and the successive one on the 
ground trac , is very small. Equatorial shift can be expressed with the relation (4), 

 = −2    (4) 

where  is the period of the orbit and  is the period of the Moon s rotation. A higher orbital 
period brings a higher equatorial shift. Said that, every orbit will let the spacecraft fly over all 
the latitude slice of the Moon selected, without exception, the only difference is on the time 
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spent over critical spots. As seen for the frozen orbits, if the inclination permits a little 
perturbation time, the lifetime of the orbit increases. 
A second way to improve the lifetime of the tra ectory is see ing the repetition of the ground 
trac . This possibility can be considered with the formula (5), 

 𝑠𝑠 = 2  (5) 

where n and m are two coefficients that express after which number of orbital rotations the 
spacecraft will fly again over the selected spot, and  is the perturbation value of the ascending 
node. Repetition of ground trac  combined with the selection of a frozen orbit are the best 
solution for long term missions, because this solution brings a really high orbital lifetime, which 
implies a lower fuel consumption for station eeping maneuvers, if compared with the other 
lunar orbital solutions. 

5 EVOLUTION OF ORBITAL PARAMETERS OVER TIME

After the orbital propagation the trend of the parameter evolution has been analysed. In the 
following chapter figures and description will always be related with a polar orbit of 200 m of 
starting altitude. 
 

 
                           (a)                                                  (b)                                                 (c) 

Figure 4: Evolution of inclination (a)  Evolution of Eccentricity (b)  Evolution of periselene (c)  

From Figure 4  it is observable firstly how the altitude of the orbit evolves over time. The 
decreasing is not monotone, are observable a series of oscillations, this behaviour will 
characterize the evolution on every parameter of the orbits. As the altitude also the eccentricity 
parameter evolves in this way, from zero, the initial value of the circular polar orbit, it will 
increase over time, until a maximum, where the process will reverse and it will decrease, 
returning to a value near to zero, before starting to increase again. If for altitude and eccentricity 
the period of oscillations is pretty the same, it s a bit different for the inclination parameter: it 
evolves around the starting value oscillating with a higher period. In the 1500 days analysed for 
the polar orbit, the inclination ma es only half of an oscillation. 

bserving the trend of parameters evolution, two degrees of oscillation can be spotted. There 
is a high frequency oscillation in parameter s value, this one is caused by the local intensity of 
the gravitational vector. It brings little but cumulative variations over the parameter s value. 
The low frequency oscillation is supposed to be caused by the shape assumed by the orbit over 
his evolution. The shape becomes elliptical and, nowing the importance of distance for the 
gravitational attraction, gives different importance of the local effects, depending on the true 
anomaly in the orbit. 
Not all the tra ectories evolve over time with exactly the same trend. scillations are always 
present, but it could differ in amplitude or period, depending on peculiarities of the orbit 
analysed and from the starting parameters. This aspect of evolution is really important to study 
the orbital lifetime, and it will be specified in the following sub-chapter. 
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5.1 Importance of altitude

The starting altitude is one of the fundamental parameters to increase the lifetime of an orbit. 
As already observed, the evolution of orbital parameters is characterized by an oscillating trend. 
 

 
                           (a)                                                  (b)                                                 (c)                             

Figure 5: Evolution of periselene (a), eccentricity (b) and inclination (c) as a function of time 

According to Figure 5a , it is observable how the altitude decreases. For starting altitudes of 
125 m and 150 m the orbit evolves quic ly, bringing the spacecraft to impact the surface in no 
more than 400 days. If higher orbits are observed, it can be appreciated how the lifetime is 
highly increased. For example, with a starting altitude of 1 5 m the lifetime becomes of over 
1500 days, and higher the altitude is selected the longer the lifetime becomes. It is called 
transition altitude  the particular altitude which permit to increase the orbital lifetime of one 

period (or more), if compared with the lower ones. If an altitude higher than the transition 
altitude  is considered, the lifetime increases of a value equal to the oscillation period plus the 
remaining period of the following oscillation. The same trend is observable also for the 
eccentricity, as it is represented in Figure 5b . In this case, the eccentricity eeps lower values 
as the starting altitudes increases, bringing a different evolution of the orbital shape that will 
remain more circular. 

6 RAAN SUSCEPTIBILITY

Another important parameter to choose is the right ascension of the ascending node (RAAN). 
The lifetime of the orbit depends on this parameter in a different way. A large series of orbits 
has been analysed with fixed starting inclination, eccentricity and altitude. Have been selected 
three particular inclinations for this analysis: 

 40 degrees, with low orbital lifetime (around 0 days)  
 60 degrees, with medium orbital lifetime (around 200 days)  
 86 degrees, in particular one of the four frozen orbits, previously analysed, with a very 

high orbital lifetime and which allows an almost complete covering of lunar latitudes 
and longitudes. 
 

     
                         (a)                                                  (b)                                                 (c)                                                                                        

Figure 6: rbital lifetime with different starting RAAN,  h 100 m, i 40  (a), i 60  (b) and i 86  (c) 
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The results are exposed in Figure 6  where it is observable how the lifetime changes with a 
different starting RAAN. For orbits with generally low lifetime, this contribution is marginal 
and, as it is represented in Figure 6a , it doesn t give an important contribute. As the orbital 
conditions becomes better, which phenomenon is associated with a generally longer lifetime, 
the contribution becomes heavier. As it is observable from Figure 6b , the orbital duration 
drops from around 1 0 to 110, a discontinuity of circa 20 days, but it is more important than 
the first case analysed, where the ump was of the half, around 10 days. Analysing the last orbit, 
it is emerged a maximum discontinuity of 1000 days from the average lifetime, with the 
variation of the starting RAAN, as it is reported in Figure 6c . 
The high lunar rotation period, as already discussed, implies a little equatorial shift that let the 
spacecraft fly over particular spots multiple times. This effect is not important on low lifetime 
orbits, li e the 40 degrees one, because in that case the gravitational effect already shortened 
its life. n the other hand, it is really heavy on longer lifetime orbits, because gravitational 
effect is lower than the one applied to the 40 degrees inclination orbit, resulting in a more visible 
effect, shortening the lifetime by months. This effect is perfectly comparable with the one 
observed for orbits previously analysed. Altitude and eccentricity are affected by the same 
degree of oscillation and transition altitude is lowered. 

7 EARTH AND SUN INFLUENCE

After the analysis of the influences of the parameters on the orbits, the surrounding celestial 
bodies has been added to the model, to observe how they could influence the orbital stability. 
The Earth and the Sun has been considered, because of the relatively little distance of our planet 
and the mass of the star. 
 

 
                            (a)                                                   (b)                                                (c) 

Figure : Earth and Sun contribution in evolution of periselene (a) and inclination (b) as a function of 
time on a i 86 , h 100 m orbit  difference between contribution of Earth and Earth plus Sun (c) 

According to Figure , it is observable the relation of three propagations which expresses the 
instantaneous value of the altitude and eccentricity as a function of time. In the images, 
propagation with only moon, with only the Earth and also the with Sun are observable. The 
difference between the Moon considered isolated and the other two models are not negligible. 
The first one has a lifetime of 1250 days and the other two of highly over 1500 days. The 
presence of those celestial bodies must be considered to have a more precise model of the orbital 
evolution. n the other hand, must be highlighted that the contribution of the Earth and Sun are 
really different. In Figure c  it is observable the difference between these two effects: it is of 
the order of  −2. 
The propagation that ta es into account also the presence of the Sun is slightly different than 
the one with only the Earth, and this difference is enhanced by the magnitude of lunar 
gravitational effects. 
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really different. In Figure c  it is observable the difference between these two effects: it is of 
the order of  −2. 
The propagation that ta es into account also the presence of the Sun is slightly different than 
the one with only the Earth, and this difference is enhanced by the magnitude of lunar 
gravitational effects. 

Gravitational effects on low lunar orbits  . ontanot et al. 
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The results obtained considering these gravitational effects have a reduced period and amplitude 
of oscillation of the parameters. Consequently, the transition altitude is lowered and, with fixed 
starting altitude, the orbital lifetime is increased (as observed for the orbits analysed). 

8 CONCLUDING REMARKS

Gravitational effects have been analysed. Importance of the starting orbital parameters has been 
observed, in particular for inclination, altitude and RAAN. 
A particular trend in orbital evolution has been noticed, and it brought to the definition of the 
transition altitude, important value to observe orbital lifetime.  
Also, Earth and Sun have been added in the simulation model and has been discovered that 
Earth gives the ma or contribution on orbital evolution. 
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ABSTRACT 

Operational Modal Analysis (OMA) methods are growing fast in the aerospace context. This 
success is mainly due to the possibility to extract modal parameters from the structure under 
test when excited by dynamic loading characterized frequency broadband content, as the 
(almost) white noise excitation, available in straight and level, unaccelerated flight condition 
on fixed wing aircraft. Thus, OMA could be applied in flutter testing, removing the need for a 
controlled input to excite the aircraft structure, as required by current testing and analysis 
methods. Nevertheless, OMA methods are less resilient to the effect of the limited number of 
sensors commonly available in flutter testing setups. In this paper, time domain OMA 
methods are investigated as applied on a simple but representative FEM simulation of an 
AGARD 445.6 wing with known modal characteristics. In particular, the Stochastic Subspace 
Identification (SSI) is applied for modal parameters estimation considering a random input 
on the wing. The effects of sensors number and noise levels are investigated to quantify modal 
parameters estimation errors. 
 
Keywords: Operational Modal Analysis, Linear Aeroelasticity, Stochastic Subspace 
Identification 
 

1 INTRODUCTION 
 
Traditional aeroelastic flight testing techniques are based on the Experimental Modal Analysis 
(EMA) approach, for which modal parameters are extracted from aircraft structure responses 
under controlled inputs. For this purpose, the greatest challenge has been the identification of 
the best excitation setup, based on the expected aeroelastic response [1][2]. In most cases, this 
resulted in further aircraft modifications such as vibrating vanes, bonkers etc., quite often 
invasive. In the last two decades [3], improvements in time and frequency domain analysis led 
to the possibility to extract modal parameters from systems output measurements only, 
following exposure to the operational loading spectrum, in the assumption the system under 
test is Linear Time Invariant (LTI) and the input stochastic, smooth, broadband and uniformly 
distributed (which is almost the case of the aerodynamic force over an aircraft). This approach 
is OMA. Being the input nondeterministic, there is neither the need to measure nor to control 
it. Thus, OMA could be defined as an output-only method. This characteristic made OMA 
particularly attractive for aeroelastic testing, in that the required flight test instrumentation is 
less invasive when compared to classical EMA Flight Vibration Test (FVT) approach.  OMA 
techniques have the same mathematical base as EMA and could be classified based on 
whether the modal parameters extraction is accomplished starting from time or frequency 
domain data. Time domain algorithms [4] extracts modal parameters starting from correlation 
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functions free decays. When compared to frequency domain OMA methods, time domain 
OMA techniques are more effective with noisy data, avoiding frequency domain signal 
processing errors, such as leakage. Some of the most common time domain algorithms are the 
Natural Excitation Technique (NExT) [5], the Auto regressive Moving Average (ARMA) and 
the Stochastic Subspace Identification (SSI) [6]. The purpose of this paper is to assess the 
accuracy of the SSI- OMA technique, in its covariance form, for experimental modal 
parameters estimation applied to aerospace structures. Random response data are generated 
from a reference AGARD 445.6 [7] validated FEM model. The modal extraction process is 
repeated for an increasing number of sensors providing acceleration data, whose position is 
optimized with the effective independence approach [8]. The analysis is repeated with noise 
insertion in the simulated output. The application of further time domain OMA methods, 
along with the analysis of damping estimates accuracy, are currently under study. 
Furthermore, dynamic response analysis with the inclusion of aerodynamics at increasing 
airspeed for the AGARD 445.6 is currently under development to provide a realistic scenario 
for OMA application in flutter flight test.    
 

2 STOCHASTIC SUBSPACE IDENTIFICATION – COVARIANCE METHOD 
Given a discrete LTI system, represented by a system of linear equations 
 

𝒙𝒙𝒌𝒌!𝟏𝟏 = 𝑨𝑨𝒙𝒙𝒌𝒌 +𝒘𝒘𝒌𝒌  
𝒚𝒚𝒌𝒌 = 𝑪𝑪𝒙𝒙𝒌𝒌 + 𝒗𝒗𝒌𝒌 

(1) 

 
where 𝒚𝒚   is the response vector, 𝒙𝒙  is the state variables vector, 𝑨𝑨 the state transition matrix, 𝑪𝑪  
the output matrix, 𝒘𝒘 and 𝒗𝒗 process and measurement noise vectors respectively. The output 
𝒚𝒚  could be assembled in a Hankel matrix 
 

𝒀𝒀 = 𝒀𝒀𝒑𝒑
𝒀𝒀𝒇𝒇  (2) 

 
where 𝒀𝒀𝒑𝒑 and 𝒀𝒀𝒇𝒇 are the “past” and “future” subparts. In the covariance version of the SSI, 
the covariance between these two partitions is expressed as 
 

𝑯𝑯 = 𝒀𝒀𝒇𝒇𝒀𝒀𝒑𝒑𝑻𝑻 =
𝒚𝒚1𝒚𝒚2
⋮𝒚𝒚𝑚𝑚

𝒚𝒚2𝒚𝒚3
⋮𝒚𝒚𝑚𝑚+1

…
…
⋱…

𝒚𝒚𝑚𝑚𝒚𝒚𝑚𝑚+1
⋮𝒚𝒚2𝑚𝑚

 (3) 

 
The state transition matrix 𝑨𝑨, from which modal parameters could be estimated, could be 
calculated as  

𝑨𝑨 = 𝑯𝑯  𝑯𝑯!!!
!    (4) 

  
With 𝑯𝑯 the block shifted version of the Hankel matrix 𝑯𝑯, obtained by removing the first 
block of 𝑯𝑯 , 𝑯𝑯!!!

!   beingthe pseudo-inverse of the first 𝑚𝑚 − 1 rows of 𝑯𝑯. Thus  
 

𝑨𝑨 = 𝑼𝑼𝑼𝑼𝑼𝑼!𝟏𝟏   (5) 
with 𝜦𝜦 being the diagonal matrix of eigenvalues. 
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3 AGARD 445.6 MODEL 

For this study, the AGARD 445.6 weakened wing model #3 was the benchmark to evaluate 
SSI-covariance effectiveness for modal parameters estimation. A Finite Element Model 
(FEM) of the wing was created in MSC.NASTRAN with the parameters presented in [7]. The 
model is constituted by 200 quadrilateral plate element (CQUAD4) on 231 nodes, for a total 
of 1231 degrees of freedom. Translations and rotations are fixed at the root section. FEM 
normal modes analysis was compared to the reference model [7]. A convergence analysis for 
an increasing number of plate elements (table 2) confirmed the initial choice was adequate for 
an accurate description of the problem with a still reasonable amount of computing power in 
use. FEM mode shapes are presented in figure 1. 

 
AGARD 445.6 wing model – Convergence analysis 

 
 
Mode 

# 

AGARD 
reference [7] 200 elements 800 elements 3200 elements 

𝑓𝑓! 𝑓𝑓! Error from 
AGARD 

𝑓𝑓! Error from 
AGARD 

𝑓𝑓! Error from 
AGARD 

Hz Hz % Hz % Hz % 
1 9.60 9.46 -1.45 9.27 -3.48 9.06 -5.59 
2 38.17 39.70 4.01 39.37 3.16 38.60 1.14 
3 48.35 49.45 2.28 49.07 1.50 48.49 0.29 
4 91.54 95.10 3.89 94.96 3.73 93.18 1.79 

 
Table 2 – AGARD 445.6 weakened experimental model #3 – Convergence analysis 

 
Following modal parameters identification, the Frequency Response Function 𝑯𝑯 𝜔𝜔  was 
calculated as  

𝑯𝑯 𝜔𝜔 = 𝒂𝒂!𝒂𝒂!!
𝑗𝑗𝑗𝑗 − 𝜆𝜆!

+ 𝒂𝒂!∗𝒂𝒂!!
𝑗𝑗𝑗𝑗 − 𝜆𝜆!∗

!

!!!
 (6) 

 
considering modal vectors 𝒂𝒂!to be properly scaled such that the scaling constant is unity, with 
𝜆𝜆! the imaginary poles associated to each mode, with the assumption of a structural damping 
ratio equal to 2% among all modes. A white gaussian noise input in the frequency domain 
𝑋𝑋(𝜔𝜔) was then generated and applied to the structure. The output in the frequency domain 
was calculated as 
 

𝒀𝒀 𝜔𝜔 = 𝑯𝑯 𝜔𝜔 𝑿𝑿 𝜔𝜔  (7) 
  

and then converted in the time domain by the Inverse Fourier Transform (IFT). Optimal 
sensors positions were determined for up to 10 sensors with the effective independence 
approach described by Friswell and Mottershead [8]. Identified sensors positions are 
presented in figure 3. The output time domain data calculated at the measurement positions 
were provided as input to the OMA algorithms for modal parameters estimation. The 
simulated acquisition parameters were 𝑓𝑓! = 234  𝐻𝐻𝐻𝐻 and 𝑇𝑇 = 70  𝑠𝑠, with 𝑓𝑓! sampling 
frequency and T acquisition time. In a flight test perspective, these parameters are realistic 
and were used in previous flight test studies [9][10]. Noise was added to each time response 
as a random 5% variability on the output signal root mean square value, providing a 
consistent representation of measurement chain noise and accelerometers cross axis 
sensitivity.   
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Figure 1 - AGARD 445.6 weakened experimental model #3 – FEM modes : a) mode 1 – 9.46 Hz,  

b) mode 2 – 39.70 Hz, c) mode 3 – 49.45 Hz, d) mode 4 – 95.10 Hz 
 

 
 

Figure 2 - AGARD 445.6 weakened experimental model #3 – Sensors positions 
 

4 ESTIMATION OF MODAL PARAMETERS 
AGARD 445.6 FEM simulated wing structure responses to a space and time random forcing 
input were collected at those positions selected with the effective independence approach. 
Modal parameters extraction was accomplished by means of the SSI-covariance technique. 
Natural frequencies and MAC trends are shown in figures 3 and 4 respectively, as a function 
of the number of sensors considered for SSI application. The SSI model order ranged from 2 
to 30, thus different block rows sets were used in equation (3). For each model order, a set of 
poles was obtained. A pole was considered stable when, through subsequent model orders, its 
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natural frequency varied within ±0.01Hz and the MAC between modes of contiguous model 
orders remained within ±0.005. Figure 4 compares OMA results to FEM.   
 

 
Figure 3 – SSI covariance natural frequencies: dependency on the number of sensors 

 

 
Figure 4 – SSI-covariance MAC FEA vs. TEST: dependency on the number of sensors (abscissa: 

OMA mode, ordinate: FEM mode) 
 
A complete mode identification was possible starting from the three sensors configuration. 
Figure 3 shows the estimated natural frequencies as a function of the number of sensors in 
use. Variations in natural frequencies were within an acceptable tolerance margin (2Hz in the 
worst case on the 3rd mode). Noise insertion effects are shown in figures 5 and 6. Overall, 
comments made in absence of noise are still valid. A comparison between FEM and OMA 
SSI-covariance estimated modal parameters is presented in tables 3 and 4. Natural frequencies 
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estimates were averaged among different number of sensors in use. Mode shapes estimates 
were evaluated in terms of average MAC values over a number of sensors ranging from 3 to 
10. The SSI-covariance natural frequency estimates are characterised by a maximum average 
error around 2%. The estimate degrades introducing noise in the output, although the 
degradation is well within 1% of the natural frequency. MAC values are practically 
unaffected by noise. 
 

 
 

Figure 5 – SSI covariance natural frequencies (output with noise): dependency on the number of 
sensors 

 

 
Figure 6 – SSI-covariance MAC FEA vs. TEST (output with noise): dependency on the number of sensors 

(abscissa: OMA mode, ordinate: FEM mode) 
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Mode FEM SSI-covariance  

(no noise) 
SSI-covariance  

(with noise) 
# 𝒇𝒇𝒏𝒏 𝒇𝒇𝒏𝒏 Error 𝒇𝒇𝒏𝒏 Error 

Hz Hz % Hz % 
1 9.46 9.65 1.96 9.67 2.20 
2 39.70 40.34 1.62 40.35 1.64 
3 49.45 49.20 -0.51 49.20 -0.52 
4 95.10 96.97 1.96 97.14 2.15 

 
Table 3 – Natural frequency estimate errors 

Mode 
MAC 

FEA vs SSI-cov 
(no noise) 

FEA vs SSI-cov (with 
noise) 

1 0.9999 1.0000 
2 0.9999 0.9998 
3 0.9999 0.9999 
4 0.9999 0.9999 

 
Table 4 – Modal Assurance Criterion (MAC) – FEA vs. OMA 

 

5 CONCLUDING REMARKS 
In this paper, time domain OMA SSI-covariance accuracy in modal parameters estimation 
was evaluated on a typical aerospace structure. Effects of varying number of sensors in use 
and output data quality were considered. The reference structure was an AGARD 445.6 wing 
simulated with the Finite Element Method. Once validated, the wing model was excited with 
a random input and output collected at points designated with the effective independence 
approach, at a sampling rate and recording time typical in flutter flight testing. Overall, the 
SSI-covariance technique provided good results starting from a very limited number of 
sensors, highlighting the potential for a non-invasive aircraft modification without scarifying 
modal parameters estimation accuracy.   Further studies are currently in progress to include 
additional techniques and analysis parameters, such as the measurement time interval. 
Damping ratio will also be included for accuracy evaluation. In addition, the AGARD 445.6 
random gust response will be considered as a reference for wing output data generation at 
different airspeeds, effectively representing aeroelastic testing conditions.  
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ABSTRACT  

Attitude stabilization of any satellite is essential for maintaining healthy communication with 
the ground station. or small satellites, a pointing accuracy of up to o can be executed using 
passive control methods. They do not consume power and occupy lesser space when compared 
to active control system components. ac  of friction in space causes the satellite to oscillate 
about the acquired mean position, signifying the necessity of a damping system. agnetic 
dampers are widely used in the form of hysteresis rods in small satellites that squander the 
energy associated with oscillations owing to the phenomenon of eddy current dissipation. In 
this paper, passive attitude control of a  nanosatellite, R SAT- , has been explained that 
uses an amalgamation of a Neodymium magnet and hysteresis dampers. As the damping 
efficiency is dependent on the length to diameter ratio of the magnetic damper, the use of 
hysteresis discs as an alternative to hysteresis rods is discussed and a comparative study is 
done. The number of hysteresis rods and hysteretic discs is proposed, and optimum placement 
has been calculated in terms of distance from the permanent magnet. AT AB simulation 
results compare the performance and the best design solution is rendered for R SAT- . 
 
Keywords: passive, actuation, hysteresis, elongation

1 INTRODUCTION 

rientation maintenance is an indispensable tas  in a satellite for two main reasons. The first 
one being to stabilize it in the orbit, and the second one, to maintain a healthy communication 
with the ground station. Acquisition of desired orientation can be achieved using active or 
passive control methods, depending on the satellite specifications and payload requirements. 
R SAT-1 is a 2.66 g standard 2U CubeSat (100mm x 100mm x 22  mm) with an 
astrobiological payload aimed to analyse growth of a specific microbial family in microgravity 
at an altitude of 580 m in the Lower Earth rbit across a duration of ninety days. That being 
the secondary mission ob ective, the primary goal is to successfully deorbit itself at the end of 
the mission. The secondary payload stated here does not require an exceptional pointing 
accuracy while the primary payload requires stabilizing the satellite during tether deployment. 
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It is ensured by the payload subsystem that the torque acting on the satellite during the 
deployment mechanism are rendered negligible by quasi-static rate of deployment controlled 
by a stepper motor running at very low RPM. Hence, spin stabilization with a coarse pointing 
accuracy using passive control methods should be sufficient for communication and health 
monitoring of R SAT-1. 
For small satellites such as the aforementioned pro ect, weight and power consumption are the 
roots that incline positively towards the use of passive methods of attitude control since these 
components require zero electrical power and are lighter when compared to their active 
counterparts. Low cost is an added advantage against the unnecessary better pointing accuracy 
of active attitude controlling.  
The passive magnetic attitude control system (PMACS) employed by R SAT-1 gives a 
pointing accuracy of 10o. The permanent magnet provides the restoring magnetic torque and 
is aligned along the structural longitudinal axis such that the satellite is spin stabilized about the 
local magnetic field of the Earth. To dampen the oscillations about the local geomagnetic axis, 
the damping torque is provided by the magnetic hysteresis rods, whose damping efficiency is 
dependent on the proportion of length and diameter of the rod (along nown as elongation) 
among other factors such as the total volume of the damping material used, arrangement of rods 
– mutual and with respect to the permanent magnet, material properties of both – the permanent 
magnet and the hysteretic dampers. This forms the basis of comparison of efficiency of discs 
against rods in this research wor  since disc is a special case of rod having the elongation less 
than unity. 

1.1 The phenomenon of Magnetic Hysteresis 

Damping the oscillations about a desired orientation by magnetic means occurs due to loss in 
the system energy because of a well- nown phenomenon of magnetic hysteresis. Soft 
ferromagnetic materials, when sub ected to varying cyclic magnetic field, dissipate energy by 
converting a part of rotational inetic energy into heat energy. It is assumed that one cycle of 
magnetization is completed in one full rotation of the satellite. This leads to decrement in initial 
angular velocity of the satellite due to the irreversible nature of the magnetization process of 
ferromagnetic materials. The magnetic induction  varies inside the hysteretic material because 
of time varying geomagnetic field H as per the hysteresis loop base on the magnetic parameters 
of the damping material. The amount of losses depends upon the area under the curve of 
intensity of magnetization ( ) against the magnetic field intensity (H). 

2 DESIGN OF PMACS 

2.1 Permanent Magnet Selection 

Permanent magnets behave li e a compass needle and align the satellite in the direction of 
geomagnetic field vector. For stronger magnets, a high value of  is required which in turn 
demands for a lower value of demagnetization. Essential characteristics of a good permanent 
magnet include high remanence, high coercivity and high permeability. ne should note that 
the magnet should be as elongated as possible. ALNIC  and Neodymium NdFe  are the two 
magnets considered here. Neodymium has a comparatively higher value of remanence and 
much greater coercivity than ALNIC  magnets. The operating range of Neodymium is 1 5-
40 . Hence, Neodymium is pic ed as an optimum material for permanent magnet of R SAT-
1. The shape of the bar magnet is almost a truncated ellipsoid with uniform magnetization 
throughout. This shape is better because its moment to weight ratio is 8-10  more than that of 
a cylindrical magnet, giving it more mechanical stability against vibrations as well as improved 
magnetic stability 5 .  
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Properties 
 

NdFe  
(sintered) 

AlNiC  
(sintered) 

Hc ( A m)  2 5 
r   

 
 Table 1: Material properties of two different magnets 

Finalization of the shape and volume of the bar magnet is done based on the pointing accuracy 
required as well as the environmental torques acting on the body. The minimum required value 
of the bar magnet s moment is given by 2  
 

𝑚𝑚 =
10 ∗ 𝑇𝑇𝑇𝑇

𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 ∗ sin(∝)  (1)  

Te is the root mean squared value of environmental torques calculated as 5x10-  N-m. It 
constitutes of Aerodynamic torque, Gravity-gradient torque, Solar torque and Magnetic torque, 
with respective mean values as 4. 511x10-1  N-m, 1.4 48x10-9 N-m, 1.2 92x10-9 N-m and 

106N-m. 
min is the minimum value of geomagnetic field in the orbit and is given by 2. x10-5 Tesla at 

580 m. 
D�is the maximum angle of deviation from the magnetic field vector  pointing accuracy of 10o. 
The magnetic moment of the magnet is therefore ta en to be 1.24 9 Am2. 
Ta ing the ratio of length to maximum diameter of the magnet to be 4 so that its properties are 
independent of temperature, we calculate the volume of the truncated ellipsoidal bar magnet to 
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2.2 Hysteresis Damper Selection 

Mumetal, Permalloy, Permanorm are the best suited materials for hysteresis dampers to be used 
in a satellite. The most frequently used one is Mumetal. Comparison of the performance of all 
the three materials was done and best performance was given in the case of Mumetal. This 
paper presents only the case of Mumetal as it is the hysteresis material being used in R SAT-
1.  
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Elongation is the ratio of length to diameter of the hysteresis rod. The damping factor of a 
hysteresis rod, N, is estimated for a given elongation and is used to assess the apparent 
permeability 𝜇𝜇  from true permeability of the material 𝜇𝜇  through the relations (4) and 
(5) as mentioned in 2 : 
 

N  ( 𝜋𝜋 + 2)-1 (4)  

 
𝜇𝜇 =

𝜇𝜇
1 + 𝜇𝜇  (5)   

 
𝐵𝐵 = 𝜇𝜇 𝜇𝜇 ( ) (6)  

Equation (6) gives the -H curve where Hc is the coercive force and H varies from 18. 98 
A m to 6. 59  A m as per the relation expressed in  : 
 

= 1 2 ∗
1 ∗ (10 )

𝜇𝜇 (𝑅𝑅3)   
( )  

Here, R is the distance of the satellite orbit from the centre of the Earth. 

 
 

Figure 2: Plot of varying H with  

In the relation (6), the value of Hc is added if the first temporal derivative of H is negative  it is 
subtracted if the derivative is positive. Clearly the resultant graph indicates that the value of H 
is much less than Hs that corresponds to the saturation induction s. Hence, the material doesn t 
face the problem of saturation. 

3 MATHEMATICAL MODELLING

The mathematical model of magnetization curve can be divided into regions of reversibility and 
irreversibility and can be given by equations in  
 

𝐵𝐵 = 𝐵𝐵 (1  𝑚𝑚𝑚𝑚 ) +  𝑚𝑚𝑚𝑚 (8)  
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Saturated magnetic induction s and magnetic parametric constants ao and o are solely material 
dependent and are, therefore, nown. Hin represents the magnetic field generated inside the rod.  
Also, the demagnetization field generated inside the body reduced the effective applied 
magnetizing field intensity by opposing it. It is given as Hd: 
 

=  (9)  

Here, Ha is the maximum value of the externally applied geomagnetic field and Hin is the net 
magnetic field generated inside the finite elongated hysteresis rod. Since Hin is aligned with one 
of the geometric orthogonal directions of the satellite body frame, on can say that: 
 

𝐵𝐵 =
𝜇𝜇𝑜𝑜  

(10)  

hich can also be written as  
 

𝐵𝐵 = ( )  (11)  

These equations can be solved for the point ( max, Hmax) where the magnetic field induced inside 
the magnet is maximum. Then, these equations become: 
 

𝐵𝐵𝑚𝑚 = 𝐵𝐵 (1  𝑚𝑚 ) +  𝑚𝑚  (12)  

 
𝐵𝐵𝑚𝑚 = ( 𝑚𝑚 ) 𝜇𝜇   (1 )  

Solving this system of equations gives a quadratic equation whose positive root Hmax has an 
expression: 
 

𝑚𝑚 =
(𝐵𝐵 𝜇𝜇 ) + (𝐵𝐵 𝜇𝜇  )2 +  (  + 𝜇𝜇  ) 𝐵𝐵  

2(  + 𝜇𝜇  )
 

(14)  

nce the value of maximum magnetic field generated inside the hysteresis rod Hmax is nown, 
the corresponding value of maximum induction max is evaluated. The hysteresis loss is 
calculated from Steinmetz relation:  
 

=   𝐵𝐵𝑚𝑚
 𝑚𝑚  𝐵𝐵 (15)  

here, , w and m are material specific constants and  is the total volume of hysteresic 
material. Then, since the assumption that one hysteresis cycle is traced in one rotation of the 
satellite holds, the damping torque can be approximated as  
 

2𝜋𝜋 (16)  

Now, from the well- nown equation =  the damping time period to reduce its initial 
angular velocity ZR to the desired value Z can be estimated as 
 

=
2𝜋𝜋

( ) 
(1 )  
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material. Then, since the assumption that one hysteresis cycle is traced in one rotation of the 
satellite holds, the damping torque can be approximated as  
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Now, from the well- nown equation =  the damping time period to reduce its initial 
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Here, I is the mass inertia of R SAT-1 and h is the total hysteresis loss because of all the 
hysteresis material on-board the satellite. 
 
 

Parameters Symbolic Representation alues (SI Units) 
Mass Inertia in , ,  

direction 
(Ixx, Iyy, Izz) (0.008, 0.012, 0.014) g.m2 

Constant for -metal  ao 1.02 (A m) 
Constant for -metal o 5 x 10  (T.m A) 
Steinmetz Coefficient   12 
Magnetic coefficient   m 1.9  
Magnetic coefficient  w 0.6 
Saturated Magnetic 

Induction 
s 0. 4 (T)  

Coercive Force  Hc 0.96 (A m)  
 Table 2: Parameters considered for -metal. 

4 MATLAB SIMULATION RESULTS 

The variation of damping time period with elongation is simulated and the graphical results are 
presented in this section. 

4.1 Case 1: length of the hysteretic damper is a constant

The length of the damper is a non-variant and its value is fixed to 8.5 x 10-2 m after considering 
the tolerances in the satellite structure. Now, as the diameter is decreased, elongation increases. 
Also, one should note that the volume is not a constant here  it eeps decreasing with the 
diameter reduction. That is a clear indication of the decrement in total hysteresis volume of the 
material and therefore, the damping effectiveness is decreases. As a result, the damping time 
period increases. The graphical result obtained from the MATLA  simulations is in accordance 
with this explanation. 

 
Figure : Damping time vs Elongation graph (Constant length) 

4.2 Case 2: volume of the hysteretic damper is a constant 

This case deals with unchanging volume being fixed to a value of 2.262 x 10-  m . Now, as the 
elongation is increased by incrementing the length of the damper and consequently 
decrementing the diameter, damping time period is found to reduce with increasing l d ratio. 
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Figure 4: Damping time vs Elongation graph (Constant olume) 

5 PLACEMENT OF HYSTERESIS DAMPERS 

The amount of damping is affected by the mutual interference of magnetic dampers as well as 
by the presence of permanent magnet. Thus, arrangement of the dampers becomes an important 
assessment parameter of the efficiency of the designed system. The permanent magnet is placed 
along the longitudinal axis of the satellite and three sets, each of two mutually perpendicular 
rods, is placed in the planes perpendicular to the axis of the permanent magnet. Ideally, a pair 
of hysteresis rods should be placed in the plane perpendicular to the permanent magnet axis 
passing through its centre. In that plane, the rods should be placed on the two ad acent lateral 
faces of the satellite that are the most distant from the permanent magnet. Any displacement of 
the rods from the plane of bifurcation of the permanent magnet, referred to as the central plane 
from here on, leads to induction of a component of the magnet s magnetic field to influence the 
dampers. This component is given by Hst 1 . 
The aim is to produce an arrangement that has least amount of the interference. The more the 
influence, the less is the accuracy of the system with respect to the predicted results. Placement 
should be in such a manner that results in minimal deviation from the wor ing point. 
Mutual influence of the identical rods lying parallel to each other can be rendered negligible if 
the distance between them exceeds 0.  to 0.4 times of their length 1 . 
Thus, the rods are place at a distance of .4 x 10-2 m from each other and their mutual effect is 
overloo ed. The value of the component Hst can be estimated by: 
 

=  
3𝑚𝑚 𝜋𝜋

𝜋𝜋(𝜋𝜋2 + 𝜋𝜋2) 2
 

(18)  

Here, 
m is the magnetic moment of the Neodymium magnet: 1.24 9 Am2 
ls is the distance from the magnet to the  axis of the positioned rods and measured to be: 
9 10-2 m. 
lt is the distance from centre of the magnet onto the face on which the pro ection of the same 
face of the point t on the rod is present. 
For minimum value of Hst, when we differentiate it with respect to lt and equate it to zero, the 
ideal value of lt is given as lt ls 2. 
Thus, the deviation from the wor ing point is given by the ratio Hst Hc 1 . For R SAT-1 
design, this ratio turns out to be 20.28  which is tolerable. 
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Figure 4: Placement of hysteresis rods and permanent magnet in R SAT-1 

6 CONCLUDING REMARKS 

From the simulations, it is nown that for a fixed total volume, say 2.261 x 10-  m  about each 
axis, if the elongation is 0.85, the time period required for damping is 5621 hours while it is 
ust  hours for elongation value of 80. Thus, elongated rods have better damping efficiency 

than flat discs for the same amount of hysteretic material on-board.  
R SAT-1 is fitted with six rods of length 8.5 x 10-2 m which is the maximum available length 
of dampers that can be fitted in the satellite along any of the lateral axes. For this fixed length, 
if the diameter is increased, the damping time is increased even though the volume of hysteretic 
dampers increase. Thus, an optimum diameter of 0.001 m is employed to give an L D ratio of 
85 with a sufficient damping time of 2.9 hours. Further decrease in the diameter to increase L D 
ratio and decrease the weight can cause manufacturing problems. Thus, the solution proposed 
is found to be the best possible design solution for passive magnetic attitude control of R SAT-
1. 
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ABSTRACT  

Rectangular-to-Ellipse Shape Transition (REST) inlets are a ind of inward turning inlets with 
a shape transition. The design procedure is based on a streamline tracing technique that 
extracts different streamtubes from the same reference flow. These D streamtubes are 
combined by using a shape integration function in order to generate the inward turning inlet. 
In present wor  the inverse technique of REST inlet design is coupled to an optimization 
procedure. A parametric description of a REST inlet was introduced. This set of parameters 
represents in turn a set of control variables for the optimization procedure. The 
parameterization, computation, and optimization are accomplished automatically by using the 
ISIGHT software. The result shows REST inlet parametric representation with several 
variables.  The design with full mass captures at the design point, and the performance 
improvements of the REST inlet through the proposed optimization process. 
 
Keywords: Rectangular-to-Ellipse Shape Transition (REST)  inward turning inlet  
parameterization  optimization design  

1 INTRODUCTION 

The primary choice of propulsion systems for an air-breathing hypersonic vehicle is a 
scram et. The design of a good compression system for a scram et is of great significance.  
 Than s to the introduction of streamline tracing techniques 1,2 , a ind of inward 
turning inlets stand out of 2-dimensional inlets  . An inward turning inlet usually has higher 
compression efficiency, better mass capture performance, as well as lower pressure loss. As a 
result, it is considered an optimal choice for a scram et. 
 Considering practical applications, inward turning inlets are easily integrated with the 
vehicle airframe 4,5 , as well as with combustors,  having a circular or an elliptic cross-
sections 6 . However, the entrance shape and the exit shape cannot be controlled at the same 
time by pure stream-tracing techniques. To solve this problem, a method of shape transition 
was proposed. Smart et.al 6  firstly designed an inward turning inlet with a rectangular-to-
ellipse shape transition (REST). The REST inlet was generated with a combination of two 
inlets which were traced through the basic flowfield, as described in next sections.  
 In previous studies, optimization techniques have been used for improving the 
performance of a basic flowfield , with the aim of improving the performances of inlets 
traced through this basic flowfield. In our wor , the optimization procedure was directly 
coupled to the design of a REST inlet.  
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2 PARAMETERIZATION METHODOLOGIES 

2.1 Parametric generation of a basic flowfield 

The parameterization of a basic flowfield geometry is schematically illustrated in Figure 1. A 
cylinder center body is usually installed on the axisymmetric axis, as shown in shadow area. 
Properties of a basic flowfield are mainly determined by the shape of compression wall which 
is shown in red line in Figure 1. The total length of basic flowfield is t, and the cowl lip is 
located at point D ( c). The curve CH is divided into two segments at point E. Line CE 
represents the external compression of the inflow, and line EH represents the internal 
compression. Each line is generated using a rd quasi-uniform -spline curve ( U S) 9  
which has 4 control points.  

 
Figure 1 Parameterization of an axisymmetric basic flowfield geometry 

For the basic flowfield, the entrance radius Ri is set to be unit 1, and all other lengths are 
normalized by Ri. The cowl lip is located at c which has effects on the leading shoc  
strength. As shown in Figure 1, the distance between the incident point and the cowl lip is 

x' , which is significant for the mass capture capability of inlets traced through this basic 
flowfield. Thus designers hope that the leading shoc  can incident perfectly on the cowl lip. 

For each point shown in Figure 1, it can be expressed in a coordinate pair (x, r), where x 
represents the flow direction axis, and r is the radial axis. Thus the total constriction ratio of 
basic flowfield ,t basicR  is defined as the ratio of the entrance area to the exit area: 

2 2 2 2
, ( ) ( )t basic B IR r r r r � �                                                (1) 

The internal constriction ratio of basic flowfield ,in basicR  is defined as the ratio of the 
cross section area at the cowl lip to the exit area, that is: 

2 2 2 2
, ( ) ( )in basic E D IR r r r r � �                                               (2) 

The shoc  angle is sensitive to the initial compression angle 1T , and it can be expressed 
Eq.( ). The angle is defined as positive when point F1 is located lower than point C. 

1 11tan ( ) ( )r r x xT  � �                                                 ( ) 

Angle 2T  is the tangent angle of the curve CE at point E, as well the tangent angle of the 
curve EH at point E. Thus: 

2

2

2tan E E

E E

r r r r
x x x x

T
� �

  
� �

                                                (4) 

y applying Eq.(1)-(4), it is able to represent the compression wall in a few parameters. 
It implies that designers can easily ad ust the geometry of compression walls by altering 
parameters. An example of the basic flowfield is shown in Figure 2, and the radius of center 
body is set rc Ri 0.1 10 .  
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Figure 2 An example of basic flowfield 

2.2 Streamline tracing and shape transition 

It is able to generate inward turning inlets by applying streamline tracing techniques if a 
required basic flowfield has been obtained. The streamline tracing technique here can be 
conducted along the streamwise direction by pre-specifying the entrance shape of an inlet, or 
along the opposite direction by pre-specifying the exit shape of an inlet.  

A REST inlet is a ind of inlet which has a rectangular-li e entrance and an elliptical exit. 
Thus, Smart et.al  combined a number of stream-traced shapes to produce a smooth 
transition from the entrance to the exit. The process of streamline tracing and shape transition 
will be presented in this section. 

Figure  presents an inward turning inlet which has a rectangular-li e entrance, and it was 
traced from the basic flowfield. This inlet is assigned as shape A. Figure 4 shows the inlet 
which has an elliptical exit of the same area as shape A, and it is assigned as shape . 

Than s to streamline tracing techniques, both inviscid shape A and shape  will have full 
mass capture at the design point. The -D inlet leading edges are located perfectly on the 
shoc  surface of the basic flowfield through which they were traced. In order to ma e sure the 
REST inlet also has full mass capture capability under design conditions, the shape transition 
is conducted from the cowl lip plane to the exit plane. Shape transition between shape A and 
Shape  is accomplished by applying a same integration function as Smart et.al did.  

  
Figure  The generation of a shape A model Figure 4 The generation of a shape  model 

Moreover, shape A and shape  do not have the same area distribution along the flow 
direction, owing to the non-uniform compression of the basic flowfield. To ma e sure the 
REST inlet has the same area distribution as shape A, shape scaling was applied on 
intermediate cross sections which had been integrated. The procedure to control the cross-
section area distribution by shape scaling was illustrated in 11 . Figure 5(a) presents the final 
REST inlet model, and Figure 5(b) shows several cross sections along flow direction. 
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Figure 5 The integration of shape A and shape  

3 OPTIMIZATION OF A REST INLET

3.1 Optimization procedure 

As illustrated in Figure 1, the compression wall of a basic flowfield is represented using 
several control points, including fix points (blac ) and flexible points (green). In the primary 
optimization, constriction ratios of a basic flowfield are fixed so that the inlet constriction 
ratios will not far from the fixed value. The inlet constriction ratios are set as Eq.(5). 

There are four movable control points in the parameterization of the boundary of the 
basic flowfield, as shown in Figure 1. Each point is expressed in coordinate (x, r), which 
means that there are eight variables. e give several additional constrictions as Eq.(6). 
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Equations (6) mean that the points F1, F2, and F4 are respectively put in the tripartite 
position of each curve, and the direction of the exit flow is horizontal. Considering the 
additional constrictions Equations (6) and Eq.(4), there are  variables left. e can express 
these variables in a vector 1 2 4( , , )Tr r x X . Actually, we can choose another optimization 
vector 1 2 4( , , )TxT T X  which is more physically meaningful. 1T  is the initial compression 
angle which has great effects on the shoc  angle. 2T  is the tangent angle at the end of outer 
compression and it is necessary for designers to constrict the range 2T  to avoid too distorted 
compression wall. In addition, we set a range for each parameter considering a trade-off 
between time-saving and flexibility.  

For a compression system, the total pressure recovery is of great significance to the 
engine thrust. So the total pressure recovery coefficient V  of the inlet is selected as one 
optimized ob ective. As mentioned, a REST inlet is not a stream-traced one, which implies 
that the flowfield of a REST inlet is not a part of the basic flowfield. Thus, full -D 
computations have to be conducted if we want to obtain performances of a REST inlet. It will 
ta e a long time for thousands of full -D computations. To solve this problem, we use a 
combined total pressure recovery pV  to predict that of a REST inlet. It is defined as 

2 2
p A BV V V � , where AV  and BV  are the total pressure recovery coefficients of shape A 

and shape , which are both stream-traced inlets. Thus it is able to calculate their 
performances from a basic flowfield instead of conducting -D computations.  
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Furthermore, the mass capture performance is another vital parameter to evaluate a 
compression system. The mass capture should meet engine requirements. For this ind of 
inward turning inlet, the leading shoc  of a basic flowfield has great effects on the mass 
capture performance. In a basic flowfield shown in Figure1, the smaller x'  is, the higher 
mass capture performance an inlet will have. Therefore, another optimization ob ective in this 
wor  is x' . e gave an additional constraint of 1.0tx' � , which means that a basic 
flowfield will be regarded feasible only when the parameter x'  meets this constraint. 

As mentioned above, we now have determined the optimization vector 1 2 4( , , )TxT T X  
as well as optimization ob ectives ,p xV ' . Therefore, this two-ob ective optimization 
problem is expressed as Eq.( ). 

Figure 6 presents the diagram of the optimization problem illustrated in Eq.( ). The 
diagram was realized by applying ISIGHT which is an efficient tool for combining different 
software and programs together to achieve automation of parameterization, simulation, and 
optimization. Firstly, generate a group of parameters 1 2 4( , , )TxT T X  to obtain the geometry 
of a basic flowfield  Then, the basic flowfield will be meshed and calculated  After that, shape 
A and shape  will be traced through the basic flowfield   iterate until convergence. 
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3.2 Optimization results 

For the optimization problem illustrated in Eq.( ), the NSGA-II optimization algorithm was 
utilized to solve this problem. In this wor , the population size and the number of generations 
are set 24 and 50 respectively, and the crossover probability is 0.5.  Inlets having 

1tx' �  are  considered to be feasible. It implies that the inviscid inlet will have almost 
full mass capture under design conditions. bviously, these feasible inlets will not have same 
predicted total pressure recovery coefficients. Figure  presents all feasible inlets in Rin,inlet - 

Rt,inlet pairs. To reveal the total pressure recovery performance of each inlet, these feasible 
inlets are divided into 5 levels according to the value of pV . The range for each level is  
shown in the figure.  Inlets of level 1 have the highest pV ,   inlets of level 5 have the lowest. 
To validate the optimization, two inlets with different pV  were chosen, namely Case-1  and 
Case-2  in Figure .  

Table 1 Design parameters of Case-1 and Case-2 inlets 

 t (m) c  t Rt,inlet Rin,inlet pV  tx'  
Case-1 1. 65 1.4  6.62 2.6  0.8 9 0.8  
Case-2 2.60 0.928 0.6  

Improvement     5.5   
 To compare two inlets fairly and equitably, we should ma e sure they have very close 
geometry parameters, especially for the total constriction ratio. Table 1 presents some vital 
geometry parameters of Case-1 and Case-2. They have the same length and the same cowl lip 
location. They have the same total constriction ratio, which implies they have the same exit 
area because their entrances are the same. As for the distance tx' , Case-1 and Case-2 are 
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almost the same. It is revealed that the pV  of a REST inlet is improved by 5.5  from Case-1 
to Case-2 during the optimization process. However, this improvement is ust a predicted 
value instead of the real one. So a confirmation will be made using CFD computations. 

 
 

Figure 6 The diaguram of optimization process Figure  All feasible inlets in Rin,inlet- Rt,inlet pairs 
4 AERODYNAMIC EVALUATIONS

4.1 Performances at the design point 

In this section, computational confirmations will be made under design conditions. Figure 
8(a) and (b) respectively present the inviscid Mach contours for Case-1 and Case-2. As 
illustrated, the shoc  surface fits perfectly with the -D leading edge of both Case-1 and Case-
2, which reveals that two inviscid inlets have almost full mass capture. The mass capture ratio 

for an inlet is defined as ( )capturet t Tm m m u AM U
x x x

f （ ）, where tm
x

 is the mass flow rate at 

the exit, and capturem
x

 is the mass flow rate captured by area A T. Than s to streamline tracing 
techniques, the mass capture ratios of inviscid inlets are almost 100 , as shown in Table 1. 

Figure 9 shows the viscous flowfields for Case-1 and Case-2 under design conditions. 
wing to the boundary layer, the shoc  surface does not fit perfectly with the -D leading 

edge, which leads a spillage. Mass capture ratios for Case-1 and Case-2 decreases to 98.  
and 9 .5  respectively. It can be seen from the flowfield of cross sections that the boundary 
layer is attached around internal walls of inlets.  

Table 1 also presents the total pressure recovery coefficients of Case-1 and Case-2. 
Although the inviscid value ,R inviscidV  is a little different from the predicted value pV , it can 
reflect the relationship between them. That is to say, a larger pV  leads to a larger ,R inviscidV . 
The inviscid total pressure performance of Case-1 is improved by 4.28  through the 
optimization. As for the viscous results, the total pressure performance of Case-1 is also 
improved by 6.8 . It can be concluded that it is able to obtain a REST inlet with better 
performance optimization process without changing vital geometry parameters. 

,R inviscidV ,R inviscidM ,R viscousV ,R viscousM

Case-1 0.888 99.  0.688 98.  
Case-2 0.926 99.8  0. 5 9 .5  

Improvement 4.28   6.8   

Table 2 Performances of Case-1 and Case-2 at the design point 
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(a) Case-1 (b) Case-2 

Fig.8 The inviscid Mach contours of Case-1 and Case-2 

  
(a) Case-1 (b) Case-2 

Fig.9 The viscous Mach contours of Case-1 and Case-2 

4.2 Performances under off-design conditions

 Figure 10 presents the effects of inflow Mach number on inlet total pressure recovery 
performances. As illustrated, ,R viscousV  of both Case-1 and Case-2 increases with the 
decreasing inflow Mach number. In addition, Case-2 always has a higher ,R viscousV  than Case-1 
under different Mach number conditions. It means that the performance of Case-1 was 
improved from a Mach range Ma4.5-Ma6.0. The value of the performance improvement is 
defined as , , ,( 2 - ( 1R viscous R viscous R viscouscase caseV V V'  ） ）                           

 
Fig.10 The ,R viscousV  of Case-1 and Case-2 under different Mach number conditions 

As presented, the ,R viscousV'  decreases with the Mach number decreasing, which 
implies that Case-1 and Case-2 have very close performance under relative low Mach number 
condition. Actually, the total pressure loss comes from two aspects: one is the compression 
loss caused by the shoc  or compression waves  the other one is the viscous loss induced by 
the boundary layer. The magnitude of the compression loss is mainly determined by the shoc  
strength, and the viscous loss is mainly related to the wet area of the inlet wall. ith the 
inflow Mach number decreasing, the shoc  strength becomes wea er, which leads 
compression loss to become smaller. However the viscous loss ust changes little with the 
variable inflow Mach number. As a result, the value of ,R viscousV  improvement is much smaller 
at low inflow Mach number. 
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5 CONCLUSIONS 

In this wor , the design of REST inlets is coupled to an optimization procedure. The 
REST inlet is obtained by using a stream-tracing technique applied to a basic flowfield  
whose geometry have a parametric representation. The related parameters are also control 
variables for the optimization procedure. The optimization methodology has shown 
improvements of the inlet performances within about 6  in terms of the total pressure 
recovery of inlet. The real total pressure recovery performance of a REST inlet is proportional 
to the predicted value which is a combination of shape A and shape  

Through the optimization produce conducted under design conditions, performances 
under off-design conditions were also improved. The value of improvement decreases with 
the decreasing inflow Mach number owing to the wea er shoc  strength. 
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ABSTRACT  

Synthetic Aperture Radar (SAR) payloads are strongly demanded for Earth Observation (EO) 
mission providing sub-meter resolution. Several functionalities of the radar system, e.g. 
generation of chirped waveform, beamforming, and direct A/D conversion of the radar echo, 
can be implemented by a photonic approach, aiming at improving the performance of the 
currently available SAR payloads, especially in terms of size, weight and power consumption. 
In this paper, wecritically review the state-of-the-art of integrated microphotonic 
technologies for SAR payloads and discuss how some building block of the payload can be 
implemented in the photonic domain. Some numerical results on the design of both an 
optoelectronic oscillator with ultra-high spectral purity and a photonic sub-system for 
linearly chirped microwave waveform (LCMW) generationwith a large time-bandwidth 
product (TBWP) are reported. 

Keywords: Synthetic Aperture Radar, beamforming, waveform generation, microphotonics, 
microwave photonics. 

1 INTRODUCTION 
Payloads for Space missions can be classified into two categories in terms of the operating 
wavelength. Optical payloads measure reflective light in wavelength range from ultraviolet to 
infrared, while microwave sensors measure microwaves whose wavelength is longer than that 
of infrared rays. The observation of microwave sensors, such as radar and SAR,should be not 
affected by day, night, or weatherconditions [1]. In the last decades, an increasing demand for 
a low cost, day-night, all weather spaceborne imaging capability using SAR on small 
satellites has emerged, thanks its capability of high-resolution remote sensing, regardless of 
lighting conditions and weather. SAR payloads are unanimously considered a very powerful 
tool for the EO, exhibiting a very good spatial resolution (of the order of 1 m) and operation 
in several RF bands, e.g. S, C, X and Ka bands. Current SAR payloads require the installation 
on board of a satellite having a mass of the order of a few tons, as COSMO-Skymed, due to 
their huge mass, large footprint and high-power consumption. Recently, the interest has 
focused on small satellites, with mass in the range 100-500 kg, especially for EO missions 
and the use of satellite constellations, that demand the development of SAR payload with a 
mass of some tens of Kg and an average power consumption of the order of 100 W [2]. 
Several SAR payloads with the above-mentioned features, based on standard electronic 
components, are currently on the market and launched in Space, such as the NovaSAR-S, 
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launched in 2016. It is a multi-mode SAR with a finest spatial resolution of 6m and a mass of 
approximately 140 kg [3]. Targeting to improve the performance of the SAR payloads 
currently in Space, several functionalities of radar system can be implemented by using a 
photonic approach, with the aim of achieving order-of-magnitude improvements in size and 
mass, antenna system integration and reduction of the risks associated to the in-orbit antenna 
deployment.Since several decades, photonics is considered a key enabling technology in 
manyscientific/technological areas such as telecommunications, aerospace and defence, 
lifescience, health-care[4]. The benefits of photonics could be exploited in several systems 
and componentsfor small spaceborn SAR instrumentations,conventionally implemented with 
microelectronic technologies, such as beamforming networks,high-precision sensors, analog 
RF front-ends, analog-to-digital converters andso on [5]. In this paper, we discuss the use of 
integrated micro-photonic devices and circuits in the context of advanced small spaceborne 
SAR instruments, focusing on RF beamforming networks and the chirped waveform 
generation. We report a new configuration of photonic beamforming network, as key building 
block of the phased array antennas (PAAs) used on SAR payloads. A critical review of the 
optical solutions, compliant to the SAR payload requirements, for photonic beamforming 
networks, is reported. Furthermore, we propose a chirped waveform generation system, 
formed by using photonic integrated circuits based on optoelectronic oscillators with high 
spectral purity. A phase noise at 10 kHz offset from the carrier down to -110 dBc/Hz and an 
output electric power > 10 dBm has been calculated by using an ultra-high Q-factor ring 
resonator.  

2 PHOTONICS-BASED SAR PAYLOADS  
The SAR payload, as shown in Fig. 1, consists of a linearly chirped microwave waveform 
generator, frequency converters, an analog-to-digital converter and a beamforming 
network[6]. Thechirp-generator generates a chirped microwave waveform. AfterIn-
phase/Quadrature (I/Q) modulation, the signal isup converted. The signal is amplitude limited 
before a gain-controlled driver amplifier feeds the antenna network. Several hundred T/R 
frontends amplify the RF-signal and shift the corresponding phase according to the 
beamforming networks. Transmission and reception are realized by PAAs. For the reception, 
the received echo signal is amplified and post-processed by down conversion, I/Q-
demodulation and baseband filtering [7]. 
All thefunctionalities can be implemented by using integrated microphotonic devices and 
circuits. In particular, the Chirp-Generator can be implemented merging the electronic and 
photonic approach, using as key element an optoelectronic oscillator with high spectral purity. 
Furthermore, Khilo et al. [8] have experimentally demonstrated a direct digitization of RF 
signals, without down-conversion, by using photonic sampled ADCs.The integrated 
electronic-photonic ADC include both photonic and electronic components, i.e. dual-output 
silicon-modulator, two matched banks of microring-resonator filters, balanced photoreceivers, 
electronic ADCs, and digital postprocessing circuits. The proposed ADCguarantees the 
digitization of a 41 GHz signal with 7.0 effective bits and instantaneous bandwidth of a few 
GHz This accuracy corresponds to a timing jitter of 15 fs, that involve a 4-5 times 
improvement over the performance of the best electronic competitor.  
As shown in Fig.1, PAAs are the core of the transmission/reception section of the SAR 
payloads. Avoiding the beam squint effect, ultra-wideband beamforming can be obtained by 
tunable microphotonic true-time delay lines. They ensure a frequency-independent time delay, 
in the order of hundreds of ps, in a bandwidth up to some GHz in X-band or Ka-band [9]. 
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Figure 1: Design scheme of a SAR payload. MW: microwave; A/D: analog-to-digital; Tx: 

transmission; Rx: reception (Inset image credit: RADARSAT-2 Data and Products © MacDonald 
Dettwiler and Associates Ltd (2009) ). 

 

3 PHOTONIC BEAMFORMING  
A PAA consists of an array of antenna elements (AEs) and a so-called beam forming circuit. 
In contrast to standard antenna, e.g. dish antenna, which is mechanically controlled, the 
radiation pattern of a PAA can be engineered by tuning the relative phases between the 
antenna elements, reinforcing the emission/reception in the desired direction. The use of 
standard antenna is typically affected by beam squint effects, causing the distortion of the 
radiating beam and it represents the most critical issue for a beamformer. Recently,the use of 
an optical approach for beamforming has received a strong interest, aiming to overcome the 
aforementioned limitations and providing high values of delay time together with low power 
dissipation and compact device footprint[9].The design scheme of a photonic beamforming 
networks is shown in Fig. 2, where the key building blocks are the optical tunable delay lines. 
The RF radar signalelectro-optical modulates the light beam from the laser. The modulated 
laser signal is splitted into the branches of the beamformer, that consist on optical tunable 
delay line, aphotodiode, and a high-power amplifier. By tuning the delay performed by each 
single delay line, the RF beam can be formed and steered towards the desired direction.  
 

 
Figure 2: Design scheme of a photonic beamforming network. E/O: electro-optic; PD: photodiode; 

HPA: high power amplifier. 
 
For SAR payload with sub-meter resolution operating in the X-band or in Ka-band, a 
maximum steering angle of tens of degrees along the azimuth direction requires a maximum 
delay of the order of hundreds of ps. Several optical delay lines, based on different physical 
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principles, compliant to the aforementioned requirements, have been reported in literature 
[10-13]. As widely demonstrated in [13], the optical delay lines exploiting the slow-light 
effect provide high values of optical delay time and large bandwidth. Exploiting the features 
of the electro-optic tuning, such as the much faster response respect to the thermal approach 
[10], recently optical delay lines based on the electro-optic tuning realized with a graphene 
structure have been proposed [11-13]. In 2015, we demonstrated a fast and continuous delay 
tuning of approximately 230 ps using twovertically coupled ring resonators interleaved by a 
graphene capacitor [11]. In particular, a bandwidth B > 1 GHz, a very small footprint (1.6 x 
10-3µm2) and an insertion loss of 23 dB have been obtained (see Fig. 3(a)). A larger value of 
time delay (≈ 900 ps) can be obtained including two graphene-based Mach–Zehnder 
interferometer switches in addition to the aforementioned vertically coupled ring resonators 
[12]. Although the devices reported in [11-12] are compact, fast and with low power 
consumption, lower values of insertion loss arenecessary to avoid an amplification stage at the 
output of the device. In 2018, we proposed an optical delay line based on a one-dimensional 
photonic crystal (1D-PhC) configuration on SOI technology platform, using the graphene for 
wide and continuous optical delay tuning [13]. A fast reconfigurability, low power 
consumption and a maximum delay time of 274.85 ps have been demonstrated, as shown in 
Fig. 3(b). A flat bandwidth equal to 1.18 GHz, with a very small footprint (A = 1.35 x 10-3 
mm2), has been also obtained, so providing, to our knowledge, the highest value of the figure 
of merit FOM = Δτ/A = 1.54 x 105 ps/mm2 obtained in literature with integrated optical delay 
lines. 
 

  
(a) (b) 

Figure 3: (a) Transmission spectra of the vertically stacked ring resonators (see inset) as a function of 
Vg applied to the graphene layers; (b) Time delay vs voltage applied to capacitor of the photonic 

crystal – based optical delay line shown in the inset. 
 

4 CHIRPED WAVEFORM GENERATOR  
A widely used approach in the SAR payload transmission section is the microwave pulse 
compression, requiring a LCMW waveform with a TBWPin the order of 102 or 103 to obtain 
simultaneously large detection range and good range resolution. The current electronic 
approach is based on voltage-controlled oscillator (VCO) or digital signal processing (DSP). 
Direct digital synthesis of chirped signal is available with digital synthesizers or field 
programmable gate arrays (FPGAs). For both configurations, the digital section, combined to 
analog-digital converter (ADC), generates the chirped signal into the base-band and an up-
converter shifts the chirped signal to higher frequencies, as mounted in TerraSARTM [7]. This 
approach allows obtaining a TBWP in the order of 1000, with a resolution up to 14 bit [14]. 
Recently, the research on digital-based chirp generator has been focused on scheme without 
up-converter. However, due to the limited speed and bandwidth of electronics, the central 
frequency and the bandwidth of the electronic chirped generator is limited to a few gigahertz, 
not compliant to the requirements for applications in SAR [15].The use of photonics ensures 
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wide range frequency tunability and low phase noise, in addition to large values of TBWP. In 
literature, several configurations of photonics-based LCMW generator have been proposed, 
based on spectral shaping and frequency-to-time mapping technique (SS-FTT), self-
heterodyne technique, optically injected semiconductor laser or the combination of a 
frequency-tunable optoelectronic oscillator (OEO) and a recirculating phase modulation loop 
(RPML) [16-19]. The SS-FTT method is based on the shaping of an ultrashort optical pulse 
by an optical spectral shaper, that contains Sagnac loop, Fourier transform pulse shaper and 
fiber Bragg gratings [16]. The conversionto the time domain and realization of the chirped 
pulse is performed by a dispersive medium. This method is attractive for its easy realization, 
although, it shows low values of TBWP (in the order of tens) at central frequency > 20 GHz. 
The second method is based on optical heterodyning technology by beating one sweeping 
optical signal with a continuous wave light [17]. A TBWP of 4200, with a long duration time 
of 1 µs and a bandwidth of 4.2 GHz, has been measured for a Mach-Zehnder – based chirped 
generator with self-heterodyne technique [17]. Though the method provides a good tunability 
in any central frequency and bandwidth, with high values of TBWP, it often causes a large 
phase noise as a result of using noncoherent light sources. The injected laser – based chirp 
generator technique exploits the period-one dynamics of an optically injected modulated laser 
[18] or the dual-mode state of a single monolithically integrated amplified feedback laser 
[19]. The first one is based on several discrete photonic components, suffering from bulky 
configuration, while the second approach represents a compact solution, ensuring ultra-wide 
TBWP (e.g. 5.159  105) with a bandwidth more than 5 GHz [19]. 
In order to increase the purity of the chirped signal, a LCMW generator based on a frequency-
tunable optoelectronic oscillator (OEO) and a recirculating phase modulation loop (RPML) is 
proposed by [20]. In this system, the continuous wave is split into two paths. One signal is 
sent to the OEO for the generation of a high purity microwave signal, the other signal, after 
the intensity modulation by a switching signal at an intensity modulator to form a chirp-free 
optical pulse, is sent to the RPML, where the chirp-free pulse is phase modulated by a 
parabolic waveform to generate a linearly chirped optical waveform. The circulations of the 
beam inside the RPML increases the pulse chirp rate, being subject to multiple phase 
modulations. By beating the output beams of the OEO and RPML at a highspeed photodiode, 
a LCMW waveform is generated (see Fig.4). 
 

 
Figure 4: Design scheme of LCMW generator. PS: power splitter; MZI: Mach-Zehnder modulator, 

PC: power combiner; OA: optical amplifier; PM: phase modulator; SW: switch; PD: photodiode; RR: 
ring resonator; A: electric amplifier; RPML: recirculating phase modulation loop; OEO: 

optoelectronic oscillator. Optical connections are in green, electrical ones are in blue. 
 
The performance of the chirped generator is strictly related to the features of the 
optoelectronic oscillator. Here, we propose a photonic integrated circuit acting as linearly 
chirp-generator with high spectral purity and high chip rate in a small footprint. The proposed 
system is based on an optoelectronic oscillator, formed by a Si3N4 ring resonator that includes 
a photonic crystal ring resonator. As reported in [21-22], the PhCRR enhances the resonator 
Q-factor up to values of the order of 109. In particular, as shown in Fig. 5, the OEO section is 
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based on a DFB tuneable laser source with a linewidth < 1 MHz and a tunability of 0.1 nm, 
and the ring resonator and the phase modulator acting as microwave photonic pass-band filter. 
When the gain of the RF amplifier compensates the loss of the positive feedback loop, the 
OEO starts to oscillate, with a sinusoidal behaviour as shown in Fig. 6(b). A phase noise at 10 
kHz offset from the 40 GHz carrier,down to -120 dBc/Hz or -115 dBc/Hz and an output 
electric power > 10 dBm is potentially achievable for the OEO by using an output power of 
the laser of 40 mW or 80 mW, respectively (Fig. 6 (c)). 
 

 
 
Figure 5: Design scheme of an optoelectronic oscillator. PS: power splitter; PM: phase modulator; PD: 

photodiode; RR: ring resonator; A: electric amplifier; PBF: pass band photonic filter; SA: spectrum 
analyzer. Optical connections are in green, electrical ones are in blue. 

 

  
(a) (b) 

 
(c) 

Figure 6: OEO output in frequency (a) and time domain (b). (c) Phase noise trend of the OEO output 
vs RR Q-factor, for an output power of the laser Pout equal to 40 mW (red line) and 80 mW (blu line). 

 
By integrating the proposed OEO into the chirped generator scheme (Fig.4), by using a 
parabolic waveform driver of the PM into the RPML, a high purity linear chirped signal has 
been obtained, as shown in Fig.7, with a TBWP of 32 (OEO Q-factor = 109). Subsequently, 
the TBWP has significantly improved by changing the driving voltage waveform of the PM 
into the RPML [23]. In particular, by using a 10-times splitting parabolic waveform, a TBWP 
exceeding 300 has been obtained. According to our preliminary study, the TBWP can be 
furtherly improved by using more complex waveform, performing TBWP values in the order 
of tens of thousands. The generator features as high purity, compactness, hybrid integration 
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capabilities and reconfigurable signal generation, makes it as a suitable for the advanced SAR 
payloads sub-systems.  

 

  
(a) (b) 

Figure 7: LCMW waveform in the time domain (a), with a zoom on the first time period (b). 
 

5 CONCLUDING REMARKS 

High resolution Synthetic Aperture Radar payloads are considered a very powerful sub-
system for the Earth Observation (EO). A photonic approach can bring the advantages of 
photonics to SAR payloads, such as the immunity to radiations, wide bandwidth, large 
tunability with respect to the electronic counterparts. In this paper, the state-of-the-art of the 
photonic technologies for SAR payloads has been discussed, focusing on the photonic 
beamformer and chirped microwave generator. For the beamforming, a photonic approach 
allows to avoid the beam squint effect. Several optical delay lines have been reported, 
highlighting on their capabilities to achieve high values of delay time together with low power 
dissipation and compact device footprint, rather than the counterpart in RF technology. For 
the chirped microwave signal, an innovative system has been illustrated, based on ultra-high-
Q silicon nitride ring resonator. The chirped signal shows high spectral purity (phase noise 
down to 120 dBc/Hz at 10 KHz offset to 40 GHz carrier) and a time bandwidth product (more 
than 3000). The performance of the proposed chirped microwave waveform generator results 
very attractive for several Space and military applications, farther in the field of the radar 
systems and satellite telecommunications.  
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ABSTRACT

Sustainable development in Space is based on affordable initiatives. Reuse of hardware is a 
strategy increasingly adopted to reduce the experiment costs, but its success relies on 
adapting the biological systems to experiment units. MULTI-TROP won the YiSS call 
promoted by Agenzia Spaziale Italiana (ASI) in 2017 and was performed on the ISS during 
the VITA mission. Kayser Italia provided to ASI the industrial support services for the new 
payload integration process, operations and logistics. The experiment was aimed to study 
hydrotropism and chemotropism in roots of seeds germinating in microgravity. The 
experiment unit (EU) was selected within a set of previously flown EUs designed by Kayser 
Italia. Use of a hardware designed for a different experiment was a challenge and technical 
constraints got complicated by the interaction with environmental conditions and timing of 
pre-flight and in-flight operations. Several constraints had to be solved to achieve the 
MULTI-TROP scientific goals. Biological tests allowed an accurate selection of the plant 
species on the basis of the hardware design and environmental conditions expected during the 
experiment. In addition, arrangements of the experimental setup were necessary. Overall, the 
experiment was successfully performed and the scientific goals were fully achieved.

Keywords: refurbished hardware, plant space biology, root tropisms, ISS microgravity 
 

1 INTRODUCTION

Sustainable development in Space is based on affordable initiatives and efforts are needed to 
reduce the costs of experiments performed in microgravity. Reuse of hardware is a strategy 
increasingly adopted, but its success relies on the ability to adapt biological systems to 
experiment units. In this context, researchers face technical constraints of hardware originally 
designed for satisfying the requirements of a different experiment.  
In 201 , ASI promoted the iSS program, that provided access to the Space resources than s 
to a bilateral agreement with NASA. iSS was a call for educational and scientific 
experiments to be performed on the ISS during the ITA mission (Expedition 52 5 ) with the 
astronaut Paolo Nespoli, using hardware belonging to ASI and used for previous experiments 
in microgravity. The hardware provided to perform the experiment on the ISS was designed, 
developed and flight-certified by ayser Italia ( I) that was also responsible for its new 
refurbishment and for the new payload integration process, operations and logistics. 
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The MULTI-TR Pism: interaction of gravity, nutrient and water stimuli for root orientation 
in microgravity  (MULTI-TR P) proposal was selected among others. Activities were 
distributed in a period of about 28 months (from September 2016 to December 2018) and 
organized in four phases: a) pre-submission phase  b) pre-flight phase  c) in-flight phase  d) 
post-flight phase. 
The educational aim of MULTI-TR P was to enhance young people s interest in Space 
biology. The experiment was conceived by scientists at the Department of Agricultural 
Sciences of the University of Naples Federico II in collaboration with a PhD and two Master 
students from the same Department and nine students from the High School Liceo 
Scientifico Filippo Silvestri  located in Portici (Napoli), Italy. 
In addition to the educational ob ectives, the MULTI-TR P aimed to disentangle the role of 
gravity from two other stimuli for root orientation: hydrotropism and chemotropism. 
Considering that gravitropism is a dominant over other tropisms [1], the relative importance 
of water and nutrient solution in root growth orientation was investigated by performing the 
experiment in microgravity. The experimental setup foresaw the placement of seeds in 
between two dis s of the same inert substrate imbibed either with pure water or with nutrient 
solution.  

ne of the requirements of the iSS call was the use of a hardware (H ) to be chosen among 
a list of nine available options provided by the company ayser Italia. After a careful 
evaluation of the technical description of each H  option, the Principal Investigator (PI) 
considered the ING- 2 Experiment Units (EUs) and the I N container as the most 
suitable ones to accomplish the scientific goals of the MULTI-TR P experiment.  
It was immediately clear that a set of critical constraints had to be tac led during the pre-flight 
phase in order to adapt the biological system to the H  characteristics without altering the 
scientific goals of the experiment.  
During the pre-flight phase, several activities were needful and included hardware 
refurbishment, selection of seed species cultivars, substrate type and nutrient solution. 
Successively, experiment implementation, biological activation and execution in microgravity 
were performed during the in-flight phase. Finally, the post-flight phase included a ground 
reference experiment and the processing of plant samples returned from Space. 
 

2 MATERIALS AND METHODS

2.1 HW characteristics and constraints

MULTI-TR P was performed in a I N container equipped with two ING- 2 EUs 
previously flown for the ING experiment in 2009. oth the I N and the ING- 2 
units have been designed, manufactured and certified for launch by ayser Italia which is a 
SME operating in the space sector for more than 0 years. 
The I N is a passive container which provides a dedicated environment for the 
execution of life science experiments in microgravity and it is composed of two volumes: a 
top vented case containing the batteries pac  for autonomous operations of the experiment 
and a lower sealed case containing the two ING- 2 experiments units with the biological 
samples inside. 
The I N used for MULTI-TR P was flown in 2009 for the DAMA mission carrying the 
IF AM experiment. The configuration used for MULTI-TR P was completely different 
from the one used in previous experiments, mainly in terms of battery type and electronics. 
Indeed, the hardware was composed of heaters, thermal sensors, optical sensors and a camera, 
requiring high energy rechargeable batteries for operating. 
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For the ING experiment, the EUs were interfaced to the I LA  facility and therefore both 
their electronic and mechanic interfaces were not suitable for the MULTI-TR P experiment, 
where the EUs were interfaced only to the self-standing I N container in which these 
ones were placed.  

oth the I N and the ING- 2 hardware needed refurbishment for fulfilling the 
scientific requirements of the MULTI-TR P experiment. The main technical constraint and 
challenges were related to the fact that biological activation would have occurred at the 
implementation phase (placing the dry seeds between the two wet substrates) and most of the 
experiment would have run during the launch phase. The reason behind this constraint is that 

ING- 2 EUs have only one reservoir chamber per each culture chamber (Figure 1) and the 
latter had to be filled with the chemical fixative (activation of the chemical solution was 
driven by the pre-loaded timeline). For this experiment, it was preferred to fill the reservoir 
chamber with the chemical fixative required for bloc ing  the root growth at experiment 
completion, also considering the medium-long re-entry of biological samples on Earth (1 
month). The first consequence of this choice was the need to perform the biological and 
hardware integration at the launch site, a few hours before the Sp  launch.  
 

 
Figure 1: Experimental setup of MULTI-TR P experiment into ING- 2 hardware 

 

2.2 Methodological approach

Experiments performed in Space typically define the scientific requirements first and then 
develop H  that fits both scientific requirements and space technical constraints.  
To perform the MULTI-TR P experiment it was necessary to adapt the biological system to 
the H  and other technical requirements. The small volume of the culture chambers within 
each EU, the absence of a temperature control system in the payload, and the difficulties to 
match biological timing of the experiment with the timeline of the launch activities were 
critical constraints to be considered. 

iological activation of the experiment had to occur at the launch site during the experiment 
implementation. However, although seed hydration had to start immediately, to fulfil 
scientific requirements, the radicle protrusion and root development had to occur in 
microgravity conditions. 
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During the pre-flight phase, ASI and ayser Italia provided to the scientific team: a) an 
extensive description of the H  characteristics, b) training lessons with the H  itself in view 
of the implementation  integration activities at launch site, b) the estimated timeline from 
sample integration into the EU at launch site to payload arrival on the ISS, c) the expected 
temperature variation throughout the period from biological implementation at launch site to 
experiment activation (root growth fixing) by the crew on the ISS.  
These parameters were all used as ey information for selecting the best inert substrate and 
the species of the seeds to be used for the experiment.  
The experiment design consisted of two substrate dis s to be soa ed one with distilled water 
and the other with a nutrient solution. The most suitable inert substrate was selected according 
to the following requirements: D porous material, highly water absorbing and with a very 
limited liquid interface exchange.  
To test the chemotropic response of roots, the composition of the nutrient solution was chosen 
according to scientific literature reports 2 . 
The biological system was selected applying subsequent criteria, considering the main 
constraints of the H  and of the flight operations. Several candidate species were considered. 
Seeds used for the tests were bought on the mar et as certified seeds from specialized 
companies. Seeds for final tests and launch experiment were purchased by the FRANCHI-
Sementi seed company, that offered the professional expertise to guarantee high quality of the 
seeds in terms of high and uniform germinability. Germination tests were preliminary 
performed in Petri dishes layered with filter paper. Subsequently all tests were carried out in 
the ING- 2 ground reference units (identical to the flight ones), assembled according to the 
protocols defined by the team for the experiment biological implementation at the launch site. 
 

3 RESULTS

3.1 HW refurbishment

The refurbishment of the H  was performed by ayser Italia according to the experiment 
scientific requirements. Refurbishment activities involved a re-design of batteries pac  and 
electronics of the I N container, a re-design of the ING- 2 electronics for their power 
supply, a new firmware (F ) for commanding the ING- 2 according to the defined 
experiment timeline, the mechanical accommodation of the ING- 2 inside the I N 
and the realization of specific tools for adaptation of the experiment samples (seeds and 
substrates) to the ING- 2 culture chambers.  
The new battery type was selected also according to Space Safety requirements and a battery 
pac , including an electronic circuit protection, was designed, manufactured and tested by I 
against possible lea age and launch loads vibrations. Then the ING- 2 EUs electronics was 
adapted for receiving power from this battery pac  and the microcontroller was re-
programmed to load a new timeline requested for the activation of the eight culture chambers 
at I N manual switch-on. Finally, an interface plate was designed and realized to 
accommodate the two ING- 2 EUs inside the I N. 
A tool for correct insertion and then retrieval of the MULTI-TR P biological samples inside 
( from) the culture chambers was needed because of the ris s of damaging the substrate and 
the roots during experiment handling. In addition, to ensure complete hydration of the 
substrate with the fixative solution, it was necessary to reduce the volume of the culture 
chamber so that it corresponded to the volume of the fixative reservoir. Therefore, the 
research team and ayser Italia designed and D printed ad hoc sample bas ets (Figure 1) for 
fulfilling these contingencies. 
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3.2 Substrate selection

More than ten different inert substrates commonly used for plant production were tested to 
evaluate their performance in terms of adaptability to biological and technical requirements of 
MULTI-TR P experiment. Particular attention has been paid to avoid lea age of the two 
substrate dis s. Thus, centrifuge tests were performed to simulate the hypergravity conditions 
expected at launch. Among the tested substrates, asis  Grower Foam, a phenolic plastic 
foam, proved to be the best to meet the biological and technical requirements. This substrate, 
in fact, retains a sufficient liquid content to carry out the experiment and thus the germination 
of the seeds and their development, even in conditions of hypergravity. 

3.3 Species selection

Although thousands of seed species could have been considered as candidate for the 
experiment, we focused on food species to be used for plant cultivation in Space.  
A further criterion for species selection was the compatibility of the seed size with the culture 
chamber volume. However, it has been also considered that in order to obtain an appropriate 
number of replicates to satisfy the scientific requirements (total number of seeds to be used 
for the experiment), four seeds per culture chamber had to be used. A maximum value of 
volume occupied by both dry and imbibed seed was therefore calculated on the basis of 
culture chamber size. This requirement significantly reduced the number of candidate species.  
Successively, we performed specific laboratory tests (including time-lapse video recording) 
for each of the candidate species. Images were used to evaluate seed germination in dar  
conditions and root hypocotyl elongation dynamics. In this context, the impossibility of 
controlling the environmental conditions during the experiment on the ISS did complicate the 
species selection. Scientists were forced to loo  for a biological system wea ly reactive to 
temperature variations. The tests performed were aimed to evaluate the effect of temperature 
on seed germination and root development as well as the timing of radicle protrusion and root 
growth rate. At this stage, the analyses went beyond the level of species, testing also different 
cultivars. All data were statistically elaborated and results showed that the seed set of Daucus 
carota L. cv Chantenay by FRANCHI-Sementi was the most suitable cultivar to perform the 
MULTI-TR P experiment in the ING- 2 EU. Selected seeds were also used to setup the 
Experiment Simulation Test that confirmed the expected outcomes as shown by the tests 
previously carried out.  

3.4 Launch experiment and post-flight operations

The experiment was prepared in the laboratories at the Space Station Processing Facility at 
ennedy Space Center due to the scientific constraints abovementioned. The activities were 

meticulously scheduled by the team before arriving at the launch site in order to have all the 
needed equipment and a dedicated laboratory assigned. The MULTI-TR P team wor ed 
following a timeline and scientific and technical protocols consolidated during the Experiment 
Simulation Tests performed in Italy. The late access implementation of the ING- 2 EUs 
inside the I N occurred one day prior to launch. The experiment implementation 
included both biological activities (seeds placement inside each culture chamber equipped 
with the two types of substrates, and filling of fixative reservoir with RNA Later) and 
engineering activities ( ING- 2 EUs lea  test for proving the correct fluid containment, 
timeline loading on ING- 2 electronics, accommodation of the battery pac  and of the 

ING- 2 EUs inside the I N, and hermetic closure of the container and placement 
inside its transportation bag). nce integrated, the payload was handed over to the NASA 
Cargo Mission Contract (CMC) for installation inside the Dragon capsule. Sp -1  launched 
on December 15th and berthed to the ISS on December 1 th. The I N was immediately 
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de-stowed from Dragon according to scientific requirements. Activation of the fixative 
in ection was accomplished by the crew member Scott Tingle on December 21st and, once 
completed, the I N was re-stowed in its transportation bag till Dragon departure. 
Dragon left the Station and splashed down in the Pacific cean on anuary 1 th. The 

I N was then transferred to SC laboratories at controlled temperature (between 2 C 
and 6 C) as per science requirement and shipped bac  to Italy for samples retrieval. All the 
related logistics were managed by ayser Italia. 

4 DISCUSSION

Reuse of hardware is a strategy increasingly adopted to perform experiments in microgravity, 
but efforts are needed to adapt biological systems to experiment units. The hardware provided 
to perform the MULTI-TR P experiment on the ISS were already designed by ayser Italia 
for a different experiment. The use of refurbished hardware resulted overall positive. 
Scientists were ready to adapt the biological system to the H  characteristics. efore 
submission, the scientific team was informed of all H  details and had envisioned solutions 
for the constraints (compatibility between growth chamber volume and seed size, the 
necessity to select seedlings with late hypocotyl development, the requirement of late access 
to the launch site for experiment implementation, etc.).   
However, specific constraints of the H  got complicated by the interaction with 
environmental conditions and timing of pre-flight and in-flight operations. During the pre-
flight phase, the assignment to the specific mission and consequently the definition of all the 
timing and environmental conditions of the pre-launch, launch, berthing, de-stowing phases 
up to the in ection of chemical fixative by the crew (on-orbit operations), generated a series of 
further constraints.  
The refurbishment of the hardware ( I N and ING- 2) was driven by the scientific 
requisites, mainly the need to adapt the samples to the culture chamber for avoiding the ris  of 
damage when retrieving them from the EU once returned to Earth, and the uncertainty – 
during the first steps of the pro ect development – on the requirement to have or not a battery 
pac  with enough stored energy for activating the experiment timeline during the Sp  launch 
phase (up to berthing).  
The first constraint was solved with the ad-hoc design and realization of D-printed bas ets, 
which also needed to be compatible with the biological sample and therefore required some 
material compatibility test  the second constraint required a feasibility study of two different 
batteries pac  options with the involvement of different Safety approaches. The choice was 
then driven by the germination performance of the selected seed species.  
Although most research focuses on single tropisms, in natural circumstances the plant roots 
respond to several tropic signals . MULTI-TR P aimed to evaluate hydrotropism and 
chemotropism interaction for root orientation in microgravity.  
The study of root tropisms is often complicated by the dominant effect of gravitropism over 
other secondary tropisms including hydrotropism and chemotropism 4 . The possibility of 
carrying out experiments on the ISS in the absence of gravity stimulus allows scientists to 
exclude the effects of gravitropism and further investigate a wide range of plant tropisms and 
their interactions. Than s to a bilateral agreement between ASI and NASA, the MULTI-
TR P experiment had the possibility of carrying out an experiment in microgravity. 
However, scientists have faced several other technical constraints.  
As regards substrates selection, asis  Grower Foam, a phenolic plastic foam, was chosen 
for the experiment. Mainly the choice was based on the water retention capacity of the 
substrates exposed to levels of hypergravity expected for the launch. asis substrate, in fact, 
retains a sufficient amount of water nutrient solution to imbibe seeds and support their 
development, even in conditions of hypergravity.  
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ne of the main scientific requirements was that the root protrusion occurred after the launch, 
in microgravity. Furthermore, the seedlings should have reached the target stage after de-
stowing from the cargo vehicle. Adaptation of the biological system to the constraints related 
to the prelaunch-launch operations resulted by far the most challenging. The timeline from 
payload hand-over to de-stowage and experiment deactivation on the ISS combined with 
temperature uncertainties, required much dedication from the scientific team and further 
collaboration with ayser Italia and ASI teams to obtain as many as possible additional data.  
Among others, temperature control turned out to be critical to achieving scientific goals. 
Impossibility to run the experiment within a specific range of requested temperatures was 
clearly stated at the beginning of the pre-flight phase. However, temperature range turned out 
to be extremely wide and useless to fine-tune seed selection and the timeline for experiment 
deactivation. The ideal seeds for MULTI-TR P had to germinate all together, not earlier than 
three days after payload handover (minimum time interval to guarantee germination in 
microgravity). Moreover, their radicles had to reach the target elongation not earlier than six 
and a half days from payload handover (minimum time interval for crew availability to 
deactivation). For most of the seed species, temperature changes of even a few degrees would 
have resulted in a complete mismatching of these requirements. After numerous and extensive 
tests, the carrot seeds turned out to adapt quite well to the wide range of environmental 
conditions expected for the experiment. verall, the use of the subsequent criteria in the 
species selection resulted spot-on. This method resulted valuable also to go beyond the 
species level and to select the most suitable cultivar within the last candidate species. In 
addition, considering agronomic food species turned out to be useful also to easily find a wide 
assortment of high-quality seed stoc s on the mar et. In retrospect, the fine ad ustments of the 
biological system to the technical requirements would have been much easier within a 
framewor  of controlled temperature conditions. 
 

5 CONCLUDING REMARKS

Refurbished H s can be successfully used for experiments in Space even when their 
scientific aims are far away from those of the original experiment. However, for the scientific 
team the challenges to accomplish the mission are not comparable with those commonly 
experienced with experiments for which a dedicated H  is developed. To plan a new 
experiment with a refurbished H , researchers should be able to now as soon as possible 
not only the H  details but also all other specific environmental conditions expected to occur 
during the pre-flight and in-flight operations. ithin this scenario, in order to limit biological 
constraints, the possibility to control common environmental parameters (such as 
temperature) should be ta en into consideration. 
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ABSTRACT 

The paper discusses a standard processing chain used in PSI (Persistent Scatterer 
Interferometry) analysis. Processed data are repeat-pass acquisitions over the same area. PSI
is operationally used for subsidence characterization and modelling. Nonetheless, underlying 
assumptions exist in PSI processing which currently limit either the applicability or the 
performance of that technique. A Formation-Flying Synthetic Aperture Radar (FF-SAR), that 
is a distributed SAR including many receivers flying in close formation performs single-pass
acquisition which can be used to support PSI analysis. Namely, FF-SAR spatial diversity can 
be exploited to measure terms in the differential phase equation that typically spoil the quality 
of surface displacements resulting from PSI. The role of those terms within the implemented 
and tested processing is thus individuated and discussed. The output of this processing chain 
is a surface displacement map. For the current implementation the map covers Campi Flegrei 
area, for which several examples of data about the relevant subsidence are available that can 
be used to test the soundness of the obtained results. 

Keywords: Distributed Synthetic Aperture Radar, Permanent Scatterer Interferometry, 
StaMPS, surface deformation.

1 INTRODUCTION

InSAR (Synthetic Aperture Radar Interferometry) is a powerful SAR data processing 
technique, particularly useful for creating accurate digital elevation models (DEMs) or for 
detecting surface movements 1 . The basic idea is to use two SAR images of the same area, 
acquired with geometrical and or temporal baseline, co-register them to form a complex 
interferogram from which extracting phase information directly lin ed to the topography or 
surface displacement of the imaged area. 

hen InSAR technique is applied to measure surface displacement, it is more appropriate to 
refer to it as D-InSAR (Differential SAR Interferometry). The aim of any D-InSAR analysis is 
to isolate the phase contribution due only to surface movement, excluding the topographic 
phase signatures and all phase terms related to other factors. However, even if the resolution 
is very high, the bac scattering signature of a single pixel remains the coherent sum of 
multiple different scattering elements. If, between two satellite passes, those elements move 
or their scattering properties change, the phase of the same pixel in the two interferograms 
will also change, leading to a random fluctuation with associate decorrelation problems, that 
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ma e useless any measurement. Permanent Scatterer interferometry (PSI) technique had been 
developed to overcome typical problems arise with the decorrelation, by identifying and 
selecting pixels whose phase is very stable in each interferogram, i.e. pixels with strong phase 
temporal coherence. 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅𝑇𝑇𝑇𝑇 method was introduced for the first time by Ferretti et al. 
2 , with very successful results when applied over urban areas, or over an area with a 

consistent number of ground targets with stable and strong scattering properties (man-made 
ob ects such as building, or great roc s). Namely, pixels where a strong persistent scatterer 
dominates the scattering properties of the pixel itself, plugging the possible fluctuation in 
phase due to other wea er scattering elements, are the most li ely to be PS.  In the Ferretti 
method, PS pixels are identified on the base of their amplitude stability. Those pixels form the 
subset of points which show relatively constant scattering properties in time.  
However, the method fails to identify a sufficient number of PS when applied over zones with 
low-amplitude stable ob ects, such as natural terrains. Moreover, it needs a deformation time 
model of the area: a candidate PS, identified with the amplitude analysis, is selected as a real 
PS if its phase history is similar to the assumed deformation model.  
Hooper et al.  introduced a new method for deformation analysis of non-urban 
environments, that identifies a subset of pixels, candidate to be PS, with an amplitude 
analysis, but selects those pixels as PS analysing their phase stability. Since it is able to select 
even low-amplitude pixels and it does not need a deformation model, the method has shown 
satisfactory results even when applied to areas where other InSAR methods fail . More 
details of this methodology will be given in the next sections. 
Formation flying-SAR (FF-SAR) system consists in a constellation of multiple formation 
flying satellites, where the signal emitted by the transmitter and scattered from the area of 
interest is recorded by multiple receivers. Indeed, the whole satellite constellation can be 
optimized for a broad range of powerful remote sensing applications, that opens up a new era 
for Earth observation, potentially able to overcome conventional monostatic SAR limitations. 
This study is aimed to investigate the potential improvement that a multistatic single-pass 
interferometry configuration in a repeat-pass scenario could bring to PSI analysis. In this 
framewor , a standard Differential SAR interferometry, DInSAR, processing chain has been 
implemented, using Sentinel Application Platform (SNAP) for interferogram formation and 
Stanford Method for Persistent Scatterers (StaMPS) algorithms for PSI analysis. The main 
scope of this wor  has been the understanding of the role of each terms in the interferometric 
phase equation, estimated and subtracted to isolate the phase displacement contribution, in 
order to ma e considerations about the contribution of FF-SAR to the estimates of those 
terms.  
The paper is organized as follows: the state-of-the-art of the PSI algorithms proposed in 
literature is discussed in Section 2  Section  shows an overview of the tools used for the 
analysis, with subsection .1 dedicated to SNAP and subsection .2 to StaMPS  some details 
about the processed data stac  and the investigated area are given in Section 4, with the 
discussion of the obtained results  considerations about the potential contribution of FF-SAR 
in PS interferometry are discussed in Section 5. 

2 PS-INSAR: STATE-OF-THE-ART

The pioneers of the PSI technique were Ferretti et al. (2000) with their patent algorithm, 
PSInSAR 2 , that had represented a brea through for interferometry analysis, proposing the 
very first solution to identify and isolate PS pixels in a stac  of complex interferograms. The 
method considers a single master baseline configuration, identifying pixels as candidate PS 
(PSc) on the basis of their amplitude stability that are successively selected as real PS if their 
phase temporal variation is similar to the assumed linear model for temporal deformation. 
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There are two issues that limit this method: a sufficient density of PSs (necessary for accurate 
phase unwrapping) is available only over urban areas, and the assumed linear model for 
deformation is not consistent with real deformation of some areas (for example volcanic areas 
are characterized by strong non-linearity in deformation). This method was followed by the 
Small Aseline Subset (S AS) technique ( erardino et al., 2002) 4 , in which small 
baselines are used to limit the spatial decorrelation, enabling to select stable pixels exploiting 
their temporal coherence. S AS increases the sampling of PSs wrt PSInSAR, but, since it 
wor s with multiloo  imagery to reduce phase noise, it is not suitable to detect local 
deformation. This approach is one of the most extensively used  an overview is provided by 
Lanari et al. (200 a) 5 . Mora et al. (200 ) 6  described a similar approach to S AS where 
the pixel candidates are selected in case of good coherence in the whole set of interferograms, 
and then selected on the basis of some existing connections among each other. The method is 
able to estimate bot the linear and nonlinear components of the displacement. Hooper et al. 
(2004)  introduced a new approach to enhance the PSI analysis performances to wor  
properly also in non-urban environments. This wor  leads to one of the most widely used 
software for PSI analysis, StAMPS , 8 . The baseline configuration can be both with 
single master or multiple master images, to improve coherence, while the selection of PS 
pixels is based on an analysis of phase stability of each candidate pixels, initial selected by an 
amplitude analysis, determining the probability to be a PS. Crosetto et al. (2005) 9  described 
a simplified PSI approach based on stepwise linear deformation functions and least squares 
ad ustment in a small baseline configuration with a coherence approach for the selection.  

3 SNAP-STAMPS PSI PROCESSING

This wor  has been carried out using the open source ESA SNAP 10  and StaMPS software 
pac age 8 .  
The implemented processing chain is shown below, in the Figure 1: 
 

 
Figure 1: PSI processing chain 

 
The PSI processing is split into two independent wor flows: (i) DInSAR processing wor flow 
is made using SNAP  (ii) PSI processing steps using StaMPS. 

3.1 SNAP

All the standard DInSAR processing steps but surface displacement computation are made 
using ESA SNAP. The processing scheme is implemented in four steps: 
 

1. Pre-processing of the slave images. Firstly, slave images are prepared for the next 
steps. Since the selected acquisition mode is T PS, the images are separated into three 
ad acent sub-swath  the first operation in SNAP consists into the split of the image, i.e. 
selection of the desirerd sub-swath and bursts. Apply orbit operator is called to update 
the orbit state vector of each image with more precise ones, if available. These orbit 
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3 SNAP-STAMPS PSI PROCESSING
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The implemented processing chain is shown below, in the Figure 1: 
 

 
Figure 1: PSI processing chain 

 
The PSI processing is split into two independent wor flows: (i) DInSAR processing wor flow 
is made using SNAP  (ii) PSI processing steps using StaMPS. 

3.1 SNAP

All the standard DInSAR processing steps but surface displacement computation are made 
using ESA SNAP. The processing scheme is implemented in four steps: 
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steps. Since the selected acquisition mode is T PS, the images are separated into three 
ad acent sub-swath  the first operation in SNAP consists into the split of the image, i.e. 
selection of the desirerd sub-swath and bursts. Apply orbit operator is called to update 
the orbit state vector of each image with more precise ones, if available. These orbit 
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state vectors are automatically downloaded by SNAP. Finally, last operation to do 
before the coregistration is the selection of master scene. This must be the one the 
maximizes the coherence of the stac . This could be implemented in an automatic way 
in SNAP. 

 
2. Co-registration and deburst. nce selected the master image, each slave images will 

be opportunely resampled to correspond pixel-by-pixel to the master image. This 
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. Interferogram computation. The interferogram is computed multiplying the master 
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4. Stamps export. This is the final step of the single master DInSAR processing, which 
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3.2 StaMPS

In this section a short theoretical review of Stamps steps is given  a detailed description can 
be found in  and in the StaMPS User Manual 8 .  
The wrapped phase of   PS candidate, selected by means of an amplitude analysis, in the 

 interferogram is (1): 
 

                                   (1) 

where  is the phase difference due to movement of the pixel in the L S direction,  is 
the residual topographic phase due to error in the DEM,  is the phase change due to 
atmospheric delay between the two acquisitions,  is related to orbit inaccuracies and  
is the noise term, related to variability in scatterer properties, thermal noise and coregistration 
residual errors and  is the wrapping operator. The phase stability in time of a pixel, or its 
temporal coherence, is determined by level of its random fluctuation in time. This level is 
computed by means of a temporal coherence index (Equation 2) defined exploiting the spatial 
correlation of the phase terms in the Equation 1.  

                                                                       (2) 
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where  is the number of interferograms,  is a wrapped estimate of the spatially correlated 
parts of each of the terms on the right-hand side of equation (1) and   is the spatially-
uncorrelated DEM error. Pixels with high value of  have a random finite chance to be real 
PS. Therefore, the PS selection is performed in a probabilistic way, considering a threshold 
value,  , determined by the acceptable fraction of false positives.  

nce selected, the wrapped phase of most li ely PS pixels, expressed by equation (1), must be 
unwrapped to extract surface displacements:  

                    ( )    
                  

Finally, all the nuisance terms that mas   are estimated and subtracted from Equation 
, using a combination of temporal and spatial filtering applied on the difference in phase 

between two PS pixels in each interferogram. This gives 
 

   
              (4)  

where the subscript m indicates the master contribution and the subscript s the slave 
contribution to these terms.  
If the phase of equation (4) is considered relative only to some small regions of the image, the 

 terms cancel out and the resultant phase will be due only to deformation, noise and 
unwrapping errors. The displacement values of each x-th pixel will be  
 
                                                                                                             (5) 
                                                                        
As a result, a displacement map of imaged terrain could be derived.  

4 EXPERIMENTAL RESULTS

The study area includes the terrain of Campi Flegrei, a complex volcanic landform located 
approximately fifteen ilometres est of Napoli, Southern Italy (Figure 2). This area is 
affected by a peculiar phenomenon called bradyseism, i.e. strong vertical ground 
deformations occurring periodically with cycles that aboard a wide range, from millimetres 
to meters along the centuries. The topography of the region is not so adverse in a way that 
interferograms do not show strong topographic phase signatures. For these reasons, the 
investigated area is suited for PSI analysis.  
 

 
Figure 2: Location of the investigated area. Inset selection corresponds to the Campi Flegrei area used 
for modelling (Pozzuoli ay). The blac  thic  line represents the inland caldera rim 14  

 
e limited our analysis to Sentinel-1A data only (12-days repeat cycle), which is sufficient 

given the expected magnitude of ground displacements and the availability of a large number 
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of acquisitions over the area of interest. The processed stac  includes 18 Single Loo  
Complex Sentinel-1 images, acquired during the period from 0  anuray to 2  November 
2018 with T PS (Terrain bservation by Progressive Scans) acquisiton mode 11 . The 
master image was ta en on 19 May 2018, that is the one for which the stac  coherence is 
maximum. The external DEM was determined by the SRTM at a resolution of approximately 
0m. 

In order to reduce the computational cost, we chosen only a single burst in the first sub-swath 
of the SAR images, where the investigated area is located. After co-registration, 1  
interferograms have been computed using SNAP. Figure  shows all the 1  unwrapped 
interferograms (the one of the 19 May is obtained using as slave image the master itself, 
therefore is empty). 
All these interferograms have been processed by means of StaMPS, carrying out all the steps 
described above up to the computation of a surface displacement map of the area (Figure 4), 
expressed in mm yr.  
 

 
Figure  : The 1  unwrapped interferograms with respect to the master image acquired on 19 May 
2018 

 
From Figure 4, the standard deviation of the estimated mean velocity can be seen. High values 
of the standard deviaton are the most li ely to be affected by surface displacement errors, 
principally due to DEM and atmosphere errors 8 .  
 

 
Figure 4 : (Left) Mean L S velocity of the imaged area expressed in mm yr. (Right) Standard 
deviation of the velocity estimates. A point in the image with coordinates 14.45,40.82  is selected to 
depict the displacement evolution.  
 
A time series analysis, to compute the L S displacement of a single point in the image during 
the analysed time period, was conducted. Figure 5 suggests how significant DEM and 
atmosphere errors can lead to a noisy trend in the L S displacement of a point with high 
standard deviation. For those points, a temporal model for the deformation cannot be derived. 
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Figure 5 : Maximum L S displacements of the selected point for each interferogram 

 
Consequently, phase errors related to the above terms can strongly spoil the accuracy in the 
computation of surface displacements, worsening the PSI performance.  
 

5 DISCUSSION

A PSI analysis performed with StaMPS algorithms can be divided into 4 main steps: (i) PSc 
identification, (ii) Phase analysis, (iii) PS pixels selection, (iv) Displacement computation. 
The first step is based on an amplitude analysis  subset of pixels are selected as PS candidates 
to reduce the number of pixels that will be analysed for phase stability. nce a phase noise 
indicator is defined, exploiting the spatial correlation of the terms that compare in the 
wrapped phase equation, this value is computed for each PSc for the analysis of its phase 
stability. nce selected pixels most li ely to be real PSs, the phase of each of them is 
unwrapped and the nuisance terms are estimated and subtracted from phase equation, in such 
a way that the resultant phase is related only to the displacement.  
The potential contribution of a FF-SAR might concern especially the step two of StaMPS 
analysis. As stated, the phase analysis is conducted defining an index that, if the estimates of 
the spatial correlation part of the phase and the phase term due to DEM error are subtracted 
from phase equation, represents a phase noise indicator: 
 

                                  (6) 
 

The value of strongly depends on the accuracy of those estimates . A better 
computation of  means a better selection of PS pixels, and consequently a better 
computation of surface displacement. The analysis showed how high values of standard 
deviation, principally due to DEM and atmospheric errors, means high level of noise in the 
L S displacement, that ma es impossible to extract a suitable temporal model for the 
deformation.   
Single-pass interferometry in a repeat pass scenario might have the capability to improve 
significantly the accuracy in the estimates of the former terms, especially in the estimate of 
the topographic signatures and atmospheric contributions. As discussed in 12  and 
demonstrated with TanDEM-  mission 1 , bistatic or multistatic configurations are well 
suited to improve the capability to separate topographic signature from surface movements.  

6 CONCLUSIONS

This wor  was focused on ey aspects of DInSAR and PSI processing chains, both in a 
practical and theoretical way, with the aim to individuates steps which can be improved by 
FF-SAR operations. The spatial diversity, guaranteed by FF-SAR, has a role in the 
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improvement of the estimates of nuisance terms in the phase equation that mas  the ones 
related to displacement. Future activities are planned to quantify and to demonstrate such an 
improvement. 
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ABSTRACT

A novel shock-fitting technique, named "shifted shock-fitting", has been implemented on two-
dimensional unstructured grids to deal with shocks by treating them as they were immersed
boundary. The new algorithm is aimed at coupling a floating shock-fitting technique with the
shifted boundary method, so far introduced only to simulate flows with embedded boundaries.

Keywords: Shock-fitting, unstructured mesh, embedded-boundary

1 INTRODUCTION

This paper is concerned with the numerical approximation of solutions of the compressible
Euler equations for a perfect gas. In high speed applications the flow develops strong shocks
whose numerical approximation is quite challenging, and prone to the introduction of spurious
effects related to the structure of the numerical dissipation on a given mesh topology.

To mitigate these effects, we consider a numerical method evolving an explicit discretization
of the manifold describing the discontinuity. In particular, given an unstructured discretization
of the spatial domain, the CFD mesh, an initial approximation of the flow variables on this
mesh, and an initial discretization of the shock surface, we proceed in three steps:

1. Coupling: coupling of shock-CFD mesh, and definition of separate computational domains;

2. CFD iteration: evolving in time the flow variables in each computational domain;

3. Shock update: evolution of position and flow variables of shock-points.

These 3 steps are common to other shock-fitting type approaches, and in particular the un-
structured grid shock-fitting method proposed in [12]. The latter has been validated on several
complex cases both in two and three space dimensions [3, 11, 13]. The most critical ingredient
for this method are steps 1 and 3. In the original method by [12] the approach used is to perform



195

Shifted Shock-Fitting Ciallella, Ricchiuto, Paciorri and Bonfiglioli

Downstream
Upstream

Shock

Figure 1: Shock front moving over the CFD mesh

some form of local re-meshing allowing to include all the faces of the shock mesh as faces of
the CFD one. This re-meshing phase accomplished, the flow variables need to be appropriately
interpolated on the new mesh. Note that, in the context of collocated numerical methods with
unknowns on mesh faces, all flow variables are twice stored and solved for in correspondence
of the shock. While now quite well validated, this approach has a main drawback in the need
of robust and possibly time consuming re-meshing techniques. This may present some issues
in terms of constrained re-meshing for a given size of the shock mesh, as well as in terms of
efficiency, especially in parallel computations, and especially in three space dimensions.

The main contribution of this work is to propose an approach to alleviate the constraint
of having to insert exactly the shock mesh into the CFD one. To this end, we exploit ideas
coming from embedded computational methods. We use an extrapolation technique based on
the shifted boundary method proposed initially in [8, 9] for elliptic problems, and extended
to embed boundary conditions in hyperbolic problems in [15]. So the new method proposed
consists in defining sufficiently accurate extrapolation functions, to transfer the information to
and from the shock mesh. This allows to completely remove the need of re-meshing. In the
next sections we present in some detail this new shifted shock fitting (SSF) method, and discuss
representative flow computations showing its accuracy, and its potential to handle complex
shock configurations.

2 Shifted shock-fitting algorithm

To describe the main elements of the SSF method, consider a two-dimensional domain
crossed at time t by a shock, as in Fig. 1. The CFD mesh is composed by triangular elements
with nodes denoted by circles, while the shock, whose position is completely independent on
the CFD mesh, is represented by a polyline. We assume that at time t the solution is known at
all grid and shock points. The steps to obtain the solution at t+∆t are detailed below. Note that
supersonic inflow conditions are assumed.

2.1 Cell removal around the shock front

As in [12], first we flag the grid elements crossed by the shock. This generates a cavity within
the CFD mesh that, contrary to [12], is not re-meshed. This cavity separates two computational
domains, one upstream of the shock, one downstream. The boundaries of the cavity define
surrogate shock surfaces, in red in Fig. 2, which are the boundaries of the new computational
domains closest to the shock. These are denoted as Γ̃U and Γ̃D. A second downstream surrogate
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boundary, denoted by Γ̂D and in blue in Fig. 2, is created by removing the cells with at least one
node on Γ̃D. We also denote by ΓU and ΓD the limit of the shock from the right, and from the
left respectively. Although geometrically these two coincide, the associated solutions do not.

Along each of these boundaries, we compute tangent and normal unit vectors using the finite
difference rules introduced in [12].

shock

Γ̃D Γ̃U
ΓD ΓU

Γ̂D

Surrogate
boundaries

Cells
crossed by
the shock

Figure 2: Cell removal across the shock polyline

Γ̃D Γ̃UΓD ΓU

Γ̂D

Shock
point
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stateDownstream
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Figure 3: Definition of surrogate and shock boundaries

2.2 Solution update using the CFD solver

To update the solution in the nodes of the CFD mesh, we use an unstructured code based on
Residual Distribution [1,7], and in particular using a multidimensional upwind shock-capturing
variant of the method [2,4]. Two independent runs of the CFD solver are used to evolve to t+∆t
the solution values in the domains separated by the cavity, the upstream one, with Γ̃U as one of
the boundaries, and the downstream one, whose boundary contains Γ̃D. For supersonic inflow
conditions, the nodes on Γ̃U are correctly updated, whereas the nodes on Γ̃D are not correct,
since they do not account for the waves coming from the shock (right-running acoustic wave,
entropy wave and vorticity wave). The shock points on ΓU and ΓD also need to be updated.

To correct the points on Γ̃D, and to update the solution values on the shock we need to define
appropriate functions to transfer solution values to/from different boundaries. In particular, we
will transfer values of the computed Roe’s parameter vector, and we will re-use the downstream
Riemann variable, associated to the left-running acoustic wave:

Rt+∆t
D = ãt+∆t +

γ − 1

2
˜⃗ut+∆t
d · n⃗ (1)

where n⃗ is the shock normal, ãt+∆t is the speed of sound and ˜⃗ut+∆t
d is the flow velocity. Note

that, Rt+∆t
d can be assumed to be correct, even though individually ãt+∆t and ˜⃗ut+∆t

d may not be.

2.3 First transfer of the Roe’s parameter vector

The solution transfer is used to update values on the upstream side of the shock ΓU , and to
transport Rt+∆t

D from Γ̃D to ΓD. Following [15], we use a Taylor expansion truncated to the
second order

φ(x) = φ(x̃) + ∇φ(x̃) · (x − x̃) + o(∥x − x̃∥2) (2)

where φ is a generic variable, x and x̃ are the node coordinates that respectively belong to Γ and
Γ̃ and, ∇φ(x̃) is the gradient computed on the surrogate boundary, obtained by means of a one
sided Green-Gauss formula. In practice, the transfer is performed as follows.



197

Shifted Shock-Fitting Ciallella, Ricchiuto, Paciorri and Bonfiglioli

boundary, denoted by Γ̂D and in blue in Fig. 2, is created by removing the cells with at least one
node on Γ̃D. We also denote by ΓU and ΓD the limit of the shock from the right, and from the
left respectively. Although geometrically these two coincide, the associated solutions do not.

Along each of these boundaries, we compute tangent and normal unit vectors using the finite
difference rules introduced in [12].

shock

Γ̃D Γ̃U
ΓD ΓU

Γ̂D

Surrogate
boundaries

Cells
crossed by
the shock

Figure 2: Cell removal across the shock polyline

Γ̃D Γ̃UΓD ΓU

Γ̂D

Shock
point

Upstream
stateDownstream

state

Figure 3: Definition of surrogate and shock boundaries

2.2 Solution update using the CFD solver

To update the solution in the nodes of the CFD mesh, we use an unstructured code based on
Residual Distribution [1,7], and in particular using a multidimensional upwind shock-capturing
variant of the method [2,4]. Two independent runs of the CFD solver are used to evolve to t+∆t
the solution values in the domains separated by the cavity, the upstream one, with Γ̃U as one of
the boundaries, and the downstream one, whose boundary contains Γ̃D. For supersonic inflow
conditions, the nodes on Γ̃U are correctly updated, whereas the nodes on Γ̃D are not correct,
since they do not account for the waves coming from the shock (right-running acoustic wave,
entropy wave and vorticity wave). The shock points on ΓU and ΓD also need to be updated.

To correct the points on Γ̃D, and to update the solution values on the shock we need to define
appropriate functions to transfer solution values to/from different boundaries. In particular, we
will transfer values of the computed Roe’s parameter vector, and we will re-use the downstream
Riemann variable, associated to the left-running acoustic wave:

Rt+∆t
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Upstream: from the surrogate boundary Γ̃U to the shock boundary ΓU

To be consistent with the physics of the problem, the map x̃ → x is parallel to the shock normal
in the point that has to be updated. As shown on Fig. 4, the position of the intersection point Ai

allows to define the interpolated state using the solution in the two neighbouring nodes as :

φ(Ai) = φ(Ai
1) · w2 + φ(Ai

2) · w1 (3)

This interpolated value is transferred using (2), with x the position of shock point, and x̃ = Ai.

n⃗
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Figure 4: Transport of variables from Γ̃U to ΓU
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Downstream: from the surrogate boundary Γ̃D to the shock boundary ΓD

The Riemann variable (1) is transferred from Γ̃D to ΓD using (2). As for the upstream bound-
aries, the transfer is performed between the shock point and a point Bi on the surrogate, mapped
in the direction of the shock normal.

2.4 Shock calculation

The correct downstream state, along with the shock speed in each shock point, is computed
by using the Rankine-Hugoniot jump relations. Details about this step can be found in Ref. [12]

2.5 Second transfer of the Roe’s parameter vector

The second transfer allows to correct the solution values in the nodes on Γ̃D. To do this, we
map the surrogate boundary nodes onto the shock, as shown on Fig. 6. The variables in the
mapped point Si are interpolated using the neighbouring nodes Si

1 and Si
2. To avoid using the

incorrect nodal values in the gradient evaluation, we use the second surrogate Γ̂D (see Fig. 2) to
interpolate the mapped shock value in the surrogate point. In particular, to compute the solution
in i, we perform a linear interpolation in the triangle, where i falls, defined by the shock point
Si and two points on Γ̂D.

2.6 Shock displacement

The new position of the shock front at time level t+∆t is computed by displacing all discon-
tinuity points employing the following first-order formula:

P t+∆t = P t + w⃗t+∆t n⃗∆t (4)
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where P denotes the shock point position, and the speed w is obtained form the Rankine-
Hugoniot relations as discussed in [12]. The above formula is only first order in time, which is
enough if only steady flows are considered as in this paper.

2.7 Interpolation of the jumped nodes

Finally, the last step of the algorithm concerns the interpolation of those grid-points that have
been swept by the shock front and have passed from one domain to the other. To detect these
points, the position of the closest shock edge before and after the displacement, is used to build
a quadrilateral, as shown in Fig. 7. If the grid-point i falls inside the quadrilateral composed of
points st1, st2, s

t+∆t
1 and st+∆t

2 , the point state has to be updated.

3 Applications

3.1 Planar source flow

This test-case consists in a compressible, planar source flow that has already been addressed
elsewhere [5,6] as a validation case, due to the availability of an analytical solution. Indeed, the
radial distribution of the flow variables is identical to that of a Q1D variable-area nozzle flow
whereby the area ratio is replaced by the ratio between the radial distance from the source and
that of the critical section.

The computational domain consists in the annulus sketched in Fig. 8(a): the ratio between
the radii of the outer and inner circles has been set equal to rout/rin = 2. A transonic (shocked)
flow has been studied by imposing a supersonic inlet flow at M = 2 on the inner circle and a
ratio between the outlet static and inlet total pressures such that a shock forms at rsh/rin = 1.5.
The Delaunay mesh used for the simulation has been generated using TRIANGLE [14]; it is
made of 27288 grid-points and 53824 triangles.
Figure 8(b) shows a comparison between the SC and SSF solutions, both in terms of entropy,
S = pρ−γ and √

ρu isolines. Both flow variables clearly reveal that the SC solution is plagued
by severe spurious errors due to the misalignment between the mesh and the “captured” shock.

Moreover, although not reported here, a grid-convergence analysis shows that the discretiza-
tion error of the SSF solution decreases quadratically also downstream of the shock, whereas
the SC solution only exhibits first-order convergence.
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where P denotes the shock point position, and the speed w is obtained form the Rankine-
Hugoniot relations as discussed in [12]. The above formula is only first order in time, which is
enough if only steady flows are considered as in this paper.

2.7 Interpolation of the jumped nodes

Finally, the last step of the algorithm concerns the interpolation of those grid-points that have
been swept by the shock front and have passed from one domain to the other. To detect these
points, the position of the closest shock edge before and after the displacement, is used to build
a quadrilateral, as shown in Fig. 7. If the grid-point i falls inside the quadrilateral composed of
points st1, st2, s
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2 , the point state has to be updated.

3 Applications

3.1 Planar source flow

This test-case consists in a compressible, planar source flow that has already been addressed
elsewhere [5,6] as a validation case, due to the availability of an analytical solution. Indeed, the
radial distribution of the flow variables is identical to that of a Q1D variable-area nozzle flow
whereby the area ratio is replaced by the ratio between the radial distance from the source and
that of the critical section.

The computational domain consists in the annulus sketched in Fig. 8(a): the ratio between
the radii of the outer and inner circles has been set equal to rout/rin = 2. A transonic (shocked)
flow has been studied by imposing a supersonic inlet flow at M = 2 on the inner circle and a
ratio between the outlet static and inlet total pressures such that a shock forms at rsh/rin = 1.5.
The Delaunay mesh used for the simulation has been generated using TRIANGLE [14]; it is
made of 27288 grid-points and 53824 triangles.
Figure 8(b) shows a comparison between the SC and SSF solutions, both in terms of entropy,
S = pρ−γ and √

ρu isolines. Both flow variables clearly reveal that the SC solution is plagued
by severe spurious errors due to the misalignment between the mesh and the “captured” shock.

Moreover, although not reported here, a grid-convergence analysis shows that the discretiza-
tion error of the SSF solution decreases quadratically also downstream of the shock, whereas
the SC solution only exhibits first-order convergence.

Shifted Shock-Fitting Ciallella, Ricchiuto, Paciorri and Bonfiglioli

X

Y

-2 -1 0 1 2 3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

M = 2

pout/pin=0.47

- Computational 
        domain

- Shock position

M < 1

M > 1

Inner circle

outer circle

(a) Computational domain and boundary conditions.

X

Y

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

X

Y

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

shock
capturing

shifted
shock-fitting

X

Y

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

shock
capturing

shifted
shock-fitting

X

Y

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

shifted
shock-fitting

fitted shock

shock
capturing

(b) Entropy, S, in the 2nd and 3rd quadrant and √
ρu iso-

lines in the 1st and 4th quadrant.
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and SSF (3rd and 4th quadrant).

3.2 Steady Mach reflection

One of the key advantages of unstructured shock-fitting over its structured-grid ancestors is
its capability [13] to apply the jump relations not only along the various discontinuities, but
also within those (intersection) points where different discontinuities eventually meet. This
capability is not yet available in the SSF algorithm, which is however capable of operating in
a hybrid mode, whereby some of the discontinuities are fitted while others are captured. The
present test-case, which consists in a steady Mach reflection, allows to highlight the fact that a
remarkable improvement in solution quality over a fully captured simulation is possible even
if only some of the discontinuities are fitted. As shown in Fig. 9(a), a uniform, supersonic
(M∞ = 2) stream of air undergoes a of Θ = 14◦ deflection through an oblique shock (hereafter
referred to as the incident shock). For the given free-stream Mach number and flow deflection
through the incident shock, a regular shock-reflection is impossible, but a Mach reflection takes
place. A Mach reflection consists in a triple point that connects four different discontinuities:
the incident and the reflected shocks, the Mach stem and a contact discontinuity.

The computational mesh employed to carry out the SC simulation and also as background
triangulation in the SSF simulation was generated with DELAUNDO, a frontal-Delaunay mesh
generator [10]; it is characterized by 14833 grid-points and 29214 triangles.

In the hybrid SSF simulation the Mach stem and the reflected shock have been fitted, whereas
the incident shock and the contact discontinuity have been captured. An overall view of the
Mach isocontours lines and a detail of the triple-point region are shown in Fig. 9. Even though
not all the discontinuities that meet at the triple-point have been fitted, the hybrid SSF simulation
reveals a much smoother Mach-number distribution, when compared to SC, downstream of both
the Mach stem and the reflected shock.

4 CONCLUSIONS

A novel shock-fitting, based on the shifted boundary method, was proposed and applied to
several cases. This new technique seems to lead to further simplifications in the development
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Figure 9: Steady Mach reflection: comparison between the Mach number isocontours computed by means of SC
(upper frames) and SSF (lower frames); the fitted shock is shown using a bold solid line.

of shock-fitting techniques because it removes the need of re-generating locally the grid in the
proximity of the fitted shock.
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ABSTRACT 
 

A standard epoxy-based matrix for FRPCs has been modified to introduce new 
functionalities, i.e. (i) intrinsic healing, (ii) damage sensing and (iii) reprocessability.
Thermomechanical tests were performed to characterize the developed epoxy matrix: high Tg
values enable the material to withstand the harsh in-service conditions of aerospace 
applications, while very fast relaxation times above Tg favours the ability to be reprocessed 
from pulverized state, other than the repair of fractured composite samples via adhesion.
Preliminary investigation on reprocessability and reshapeability of the produced FRPCs led 
to promising results that could facilitate the manufacturing of complex geometries starting 
from simpler thus cheaper shapes, such as flat panels. Inherent damage sensing manifests 
itself with a mechanochromic behaviour, i.e. an immediate change in coloration upon impact,
that could constitute a reliable trait for non-destructive, visual inspection of both location 
and intensity of impacts, even for BVIDs which are often left undetected during maintenance.
The encouraging outcomes of this work establish a solid basis for this composite towards
extending its service life via self-healing, repair and/or recycling of damaged components.
Also, precise pinpoint of impact sites lowers maintenance costs, as inspections would require 
much less time and no expensive equipment.

Keywords: self-healing, mechanochromism, composite, damage 
 
 
1 INTRODUCTION 
 

Fibre-reinforced polymer composites (FRPCs) have been employed in the highly demanding 
aerospace industry for decades now, yet research is facing ma or challenges regarding 
tailored design of multifunctional smart materials to resolve many of the shortcomings 
arising from conventional composites  use. Poor performance of FRPCs under impact loading 
is one of the most significant limitations: the criticality in assuring structural stability requires 
frequent inspections, repair and possibly replacement of FRPC components, because even 
relatively minor damages can lead to a significant reduction in strength and stiffness 1 . In 
fact, even barely visible impact damages ( IDs) generated by low velocity impacts can 
cause a significant amount of delamination that could remain unidentified, as external 
indications of it may not be found during heavy maintenance general visual inspections 2 . 

The monitoring strategies adopted so far, which stem from the material design 
concept nown as damage prevention , require scheduling periodic chec -ups of composite 
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components not to even allow a damage event to occur in the first place. This is much more 
complex, costly and time consuming than the damage management  approach, based on the 
idea that the formation of damage can be counteracted by a subsequent process of healing . 
This route can be underta en by including self-healing features in composites, allowing full 
or partial restoration of both mechanical and smart functionalities. In the infancy stages of 
this relatively young field of research (first pioneering wor s on the sub ect date to 1996 4 ), 
the focus has been the mimicry of natural self-repairing systems (e.g. s in regeneration via 
vascular supply systems) with extrinsic self-healing polymers, but their ability is limited by 
design to only a single healing event 5 . Therefore, the research has tilted towards the 
development of intrinsic self-healing polymers, which can repair damages via a temporary 
local increase in chains mobility, triggered either by the damage event itself (i.e. autonomous 
self-healing) or in con unction with an external stimulus (e.g. temperature, pH changes, U  
exposure), followed by a hardening process leading to the recovery of the original properties. 

This wor  describes the preliminary studies on a FRPC designed to incorporate both 
intrinsic healing and damage sensing functionalities via high-Tg matrix. Regarding polymer 
selection for the design of the self-healing matrix, epoxies represent the best candidates, as 
they exhibit superior chemical and corrosion resistance, good mechanical and thermal 
properties over a relatively wide temperature range with respect to other polymer classes. 
Furthermore, the chemistry responsible for the functional properties (i.e. dynamic disulphide 
covalent bonds) enables the material to be reprocessed, either from pulverized state or solid 
state, and therefore recycled and repurposed. This is of peculiar relevance when considering 
epoxy-based matrices, since the better thermomechanical properties of thermosets combine 
with the ability to be reprocessed, which is proper to the softer and less structurally sound 
thermoplastic polymers. 

Intrinsic healing behaviour is achieved via the insertion of dynamic disulphide bonds, 
whose general mechanism has been demonstrated to be 2 1  radical-mediated, involving 
homolytic cleavage of the disulphide bond followed by subsequent radical transfer of 
sulphur-based radicals 6, . In agreement with similar chemistries found in literature 8,9 , 
the formation of sulphur-based radicals is lin ed with a local change in material s coloration, 
which the mechanochromic behaviour is based upon. This not only constitutes a practical 
damage sensing functionality for evaluating impact events but also provides a straightforward 
method to monitor the evolution of the healing mechanism over time. 

The pivotal part of this paper consists in the verification via proof of concept 
demonstrations of reprocessability, reshapeability and recycling opportunities given by 
dynamic sulphur chemistry: as thousands of tons of composite materials is being wasted 
every year, ad hoc strategies for recycling composites, in con unction with their repurposing 
made possible by material reprocessing, are an absolute necessity, especially in light of the 
continuous increase in the number of applications that employ these materials. 
 
2 E PERIMENTAL 
 

2.1 Materials and samples preparation 
 

D.E.R.  2 diglycidyl ether of bisphenol A (DGE A), 4-aminophenyl disulphide (4-AFD, 
98 ) and 4,4 -ethylenedianiline (technical,  95  - NT) were purchased from Sigma-
Aldrich. HE F RCE  - HE CEL  twill 2 2 E-glass fabric, nominal weight 290 g m2, 
thic ness 0.2  mm,  yarn cm warp and  pic s cm weft, was employed for the composite 
manufacturing. 

The first part of this wor  relies on the comparison between two different epoxy 
systems, both having DGE A as resin prepolymer but with two different hardeners, i.e. 4-
AFD and 4,4 -ethylenedianiline, with the latter being identical with respect to the former 



204

Towards multifunctional FRPCs in aerospace applications Paolillo, Grande

 

except for the dynamic disulphide bond, which is replaced by a covalent carbon-carbon bond. 
From now on, DGE A  4-AFD is referred as dynamic epoxy , whereas DGE A  4,4 -
ethylenedianiline as reference epoxy . However, both networ s have been cured with the 
same procedure: resin and hardener were first mixed at stoichiometry while heating at 80 C, 
and then degassed under vacuum until all the entrapped air had escaped. The degassed 
mixture has been cured in an oven at 120 C for 2h and post-cured at 150 C for 2h. Samples of 
dynamic and reference epoxy were moulded to produce dumbbell-shaped type  specimens 
for tensile tests 10  and rectangular-based prisms 60x x2 mm for DMA measurements. Also, 
aluminium pans containing from 10 to 19 mg of completely cured epoxy fragments were 
prepared for non-isothermal DSC scans. 

oven glass fibre-reinforced composite panels (100x100x0.8mm) were manufactured 
via manual layup and subsequent hot pressing: dynamic epoxy and E-glass have been 
alternatively laid up onto a vacuum bag film, covered with Teflon  and then introduced 
within another vacuum film to create a double layer coverage. The bag has then been placed 
in a hot press for 20h at room temperature and 5h at 0 C, with pressures ranging from 5 to 6 
bar. From one panel, DMA samples were cut, as well composite fragments for DSC testing. 

 
2.2 Characteri ation and smart properties testin  
 

Thermogravimetric Analysis (TGA) measurements were performed on both epoxy networ s 
at 10 C min heating rate from 25 C to 400 C, under a 50ml min flow of air and 20ml min of 
argon. T95 , i.e. temperature at which 95  of the mass had been retained, can be extracted as 
an indication for material degradation.  

In order to determine the glass transition temperature, Tg, non-isothermal DSC at a 
fixed temperature rate of 20 C min was carried out with TA Instruments DSC 2010 CE. 
Under a flow of nitrogen ranging from 0 to 40 ml min, the test starts by heating up to 
280 C, after equilibrating the cell temperature at room temperature. Tg is extracted according 
to ASTM E1 56 11 . 

Tg has also been evaluated from single frequency DMA tests, which were carried out 
using TA Instruments DMA 2980 as follows: after equilibrating the temperature of the 
sample at 0 C, 1Hz frequency and 15 m amplitude sinusoidal strain oscillation is applied 
while temperature increases of 5 C min up to 200 C. DMA was used also for stress 
relaxation tests, which consisted in heating at different temperatures (namely, 80, 100, 120, 
140, 160, 180, 200 C) and imposing 1  strain, after applying 10-  N pre-load to assure 
straightness, for 0 min. Relaxation times, , defined as the time required to relax 6  of 
the initial stress, according to Maxwell s model, can be obtained from stress relaxation tests. 

Tensile testing was performed in line with ASTM D6 8 10  on both dynamic and 
reference epoxy systems with Instron 4 02 testing machine, whereas data were collected by 
Instron Series I  software. Stress-strain curves were obtained, from which stress and 
elongation at brea  as well as oung s modulus were extracted. 

Mechanochromic features of both composite and epoxy as a standalone were 
investigated by means of a drop-weight impact of a 25mm-diameter, spherical-headed steel 
rod which was guided through a plexiglass tube to assure a proper vertical drop. The test was 
carried out at different heights, thus yielding different impact energies calculated from 
gravitational potential energy. Changes in coloration upon impact were analysed using Image 
Pro Plus , Image Fi i and Matlab, with colour intensity measured via the RG  additive 
colour model. Influence of temperature on mechanochromic effect duration was assessed at -
20 C, room temperature, below and above Tg (140 C and 190 C, respectively) by measuring 
the time ta en for a damaged (i.e. coloured) area caused by a 100cm vertical drop to 
disappear. 
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within another vacuum film to create a double layer coverage. The bag has then been placed 
in a hot press for 20h at room temperature and 5h at 0 C, with pressures ranging from 5 to 6 
bar. From one panel, DMA samples were cut, as well composite fragments for DSC testing. 

 
2.2 Characteri ation and smart properties testin  
 

Thermogravimetric Analysis (TGA) measurements were performed on both epoxy networ s 
at 10 C min heating rate from 25 C to 400 C, under a 50ml min flow of air and 20ml min of 
argon. T95 , i.e. temperature at which 95  of the mass had been retained, can be extracted as 
an indication for material degradation.  

In order to determine the glass transition temperature, Tg, non-isothermal DSC at a 
fixed temperature rate of 20 C min was carried out with TA Instruments DSC 2010 CE. 
Under a flow of nitrogen ranging from 0 to 40 ml min, the test starts by heating up to 
280 C, after equilibrating the cell temperature at room temperature. Tg is extracted according 
to ASTM E1 56 11 . 

Tg has also been evaluated from single frequency DMA tests, which were carried out 
using TA Instruments DMA 2980 as follows: after equilibrating the temperature of the 
sample at 0 C, 1Hz frequency and 15 m amplitude sinusoidal strain oscillation is applied 
while temperature increases of 5 C min up to 200 C. DMA was used also for stress 
relaxation tests, which consisted in heating at different temperatures (namely, 80, 100, 120, 
140, 160, 180, 200 C) and imposing 1  strain, after applying 10-  N pre-load to assure 
straightness, for 0 min. Relaxation times, , defined as the time required to relax 6  of 
the initial stress, according to Maxwell s model, can be obtained from stress relaxation tests. 

Tensile testing was performed in line with ASTM D6 8 10  on both dynamic and 
reference epoxy systems with Instron 4 02 testing machine, whereas data were collected by 
Instron Series I  software. Stress-strain curves were obtained, from which stress and 
elongation at brea  as well as oung s modulus were extracted. 

Mechanochromic features of both composite and epoxy as a standalone were 
investigated by means of a drop-weight impact of a 25mm-diameter, spherical-headed steel 
rod which was guided through a plexiglass tube to assure a proper vertical drop. The test was 
carried out at different heights, thus yielding different impact energies calculated from 
gravitational potential energy. Changes in coloration upon impact were analysed using Image 
Pro Plus , Image Fi i and Matlab, with colour intensity measured via the RG  additive 
colour model. Influence of temperature on mechanochromic effect duration was assessed at -
20 C, room temperature, below and above Tg (140 C and 190 C, respectively) by measuring 
the time ta en for a damaged (i.e. coloured) area caused by a 100cm vertical drop to 
disappear. 
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Reprocessability of the epoxy networ s has been demonstrated by finely grinding 
fragments of material. The resulting grinded powder was compacted to form discs of solid 
material out of an aluminium mould by applying heat and pressure with a hot press. As the 
varying parameter involved during hot pressing, namely pressure, temperature and process 
time, had been difficult to maintain and manage due to machinery inaccuracies, several 
attempts had been done to assess optimal values for those variables. Moving towards the 
reprocessability of the composite, the proposed proof of concept consisted in manufacturing a 
corrugated structure for morphing wings 12  via thermoforming of a flat composite panel: 
the sample was preheated in an aluminium mould until 200 C was reached, then 10bar 
pressure has been applied for 5 min while temperature ept constant. 

Finally, adhesion was evaluated by tensile testing of two rectangular-based composite 
samples which were made stuc  together as follows: after heating the two samples at 200 C 
under atmospheric pressure to let the specimens relax, they were placed one on top of other 
so that a small overlap could be formed, then pressure is applied for other 10 minutes to oin 
the two components. 
 

RESULTS AND DISCUSSION 
 

Table 1 summarizes the averaged fundamental properties of the two epoxy networ s and the 
dynamic composite obtained from the experiments described in the previous Section. The 
dynamic epoxy displays comparable if not improved properties over the reference system. 
Considering the degradation temperature acquired from TGA, the dynamic system possesses 
a T95  value of about 60 C degrees lower with respect to the reference epoxy. This is due to 
the presence of the disulphide bonds, which are energetically less stable, i.e. require less 
energy to be cleaved, than the carbon covalent bond. 

From DSC thermograms and DMA measurements, comparable glass transition 
temperatures between the two epoxies are obtained, with the reference networ  having a 
slightly higher Tg. Nevertheless, the dynamic epoxy shows a remar ably higher Tg with 
respect to analogous systems found in the literature 8,9 . Results from tensile testing indicate 
that the dynamic networ  could stand higher stresses before brea ing, despite a relatively 
more brittle behaviour. 
 

 T9  
TGA  

C  

T  

DSC  
C  

T  

DMA  
C  

Youn s 
Modulus 

GPa  

Stress 
at brea  

MPa  

Strain at 
brea  

 
Dynamic 

epo y 29  1 1 (16 ) 1 0 (164) .8  84.5  0.6  .   0.  

Reference 
epo y 5  1 8 1 4 4.4 1.2  8.9 .   0.5 

 

Table 1: Properties of dynamic and reference epoxy networ s (corresponding values for the dynamic 
composite in brac ets) 

 
Since the overall differences in terms of thermal and mechanical properties are fairly 

negligible, it is safe to state that the insertion of dynamic disulphide bonds accountable for 
intrinsic healing does not alter the performance of the epoxy, thus it can be easily 
implemented as a valid alternative to conventional epoxies in potential aerospace 
applications. Also, the presence of fibres should not mar edly affect the resin crosslin ing 
process, as shown by comparable Tg values between epoxy matrix and whole composite 
structure. 
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 Relaxation tests for both the dynamic epoxy and the dynamic composite have been 
performed: in the polymer case, stress relaxation occurred at relatively rapid rates only when 
a temperature of 140 C was exceeded. However, the fastest relaxation time occurs at 200 C, 
where 1 min. Relaxation tests on the dynamic FRPC show a significant relaxation when 
the glass transition temperature range is reached (160, 180 and 200 C), although never 
reaching 6  relaxation due to the presence of the fibre fabric, thus no relaxation times 
within the experiment timeframe could be extracted. 

Moving towards the testing of functional properties, the dynamic epoxy matrix is not 
able to show a mechanochromic property by itself, unli e the dynamic composite, whose 
impacts as well as corresponding energies are depicted in Figure 1(a). Figure 1(b) reports the 
green colouration intensity trend with respect to impact energy: considering 100  intensity 
as yellow colour (i.e. no impact zone) and 0  intensity as the maximum impact values tested 
(i.e. 180cm-1 .28 ), whenever impact energy increases, green colouration intensity increases 
in a linear fashion. 

 

 

Figure 1: Mechanochromic features. (a) : composite panel after impacts with impact energies (in ), 
bar equals to 10 mm. (b) Color intensity vs impact energy with linear fit. 

 
Furthermore, the duration of green colouration is assessed: for -20 C, room 

temperature, 140 C (below Tg) and 190 C (above Tg), the green coloration disappears in 4 
days, 24h, 0s and 20s, respectively. The difference in disappearance time shows that the 
mechanochromic feature is temperature dependent: increasing the temperature, the polymer 
chains gain mobility so the mechanochromic behaviour duration is reduced. n the contrary, 
when temperature decreases, green coloration is maintained for several days and does not 
disappear during the experimental procedure duration. These results confirm the efficacy of 
the mechanochromic functionality not only for inspection purposes but also for twea ing 
healing times via temperature changes. 

Regarding the reprocessing of the epoxies from grinding powder, the best result was 
obtained when the powder has been ept in the press for 12 minutes: even though not all the 
disc has completely reformed due to inhomogeneities in applied pressure (dar  portion of the 
disc in Figure (a)), this proof of concept can be considered successful. Indeed, SEM imaging 
to scan the bul  of the disc clearly shows that the networ  is completely reformed (Figure 

(b)). Conversely, only partial reshaping a composite panel to form a corrugated structure led 

 
 

(a) (b) 
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to the following considerations: the small dimensional tolerance between the male and female 
offset elongated the fibre reinforcement until brea ing, allowing only partial reshaping, as 
depicted in figure 4. Testing procedures could be improved, for example, using moulds with 
smoother radii of curvature and higher dimensional tolerance, and or hindering the onset of 
degradation by exposing the composite to high temperatures for fewer times. 

Figure 5 presents composite samples after the adhesion procedure described above 
(left) and after tensile testing (right). Satisfactory results were obtained in terms of adhesion, 
since both samples remained bonded, although their dar er colouration may constitute a 
concern in terms of onset of degradation. Here, the adhesive strength is computed as 
equivalent to the shear stress to which the overlap area is sub ected, so it is expressed as the 
ratio of the maximum supported load and the adhered area. The dynamic composite sub ect 
of this wor  gives an adhesive strength value of about 8 MPa. 

 

 

 

(a) 
 

(b) 
 

Figure : Reprocessed dynamic epoxy. (a) SEM image of the reprocessed dynamic epoxy  (b) Disc 
after 12 min of applied pressure. 

 

 
 

Figure 4: Part of bro en sample after reshaping. 
 

 

 
 

Figure 5: composite samples before and after tensile test. 
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4 CONCLUSIONS 
 

In this paper, preliminary examination on thermomechanical and multifunctional properties 
of a FRPC modified with dynamic reversible disulphide bonds to gain intrinsic healing 
features are presented. After assuring that the introduction of disulphide bonds (and, 
therefore, of the functional properties) does not come at the expenses of epoxy s 
thermomechanical properties, proofs of concepts were carried out, starting from the 
reprocessing of the epoxy matrix from powder state, followed by reshaping of flat panels and 
adhesion of samples via a combination of temperature and pressure. Although those concepts 
were proven successfully, more precise testing procedures that ta e into account material 
degradation at high temperatures have to be designed for proper quantitative evaluation. 
However, this wor  represents a good starting point towards easier and cheaper composite 
processing techniques, such as manufacturing of intricate geometries from simpler flat 
panels, other than repairing, reshaping and recycling components to serve new, less 
structurally demanding purposes, yet exploiting FRPCs lightweight character. The dynamic 
nature of reversible bonds also triggers a damage sensing feature, i.e. the mechanochromic 
functionality, that could be very beneficial in the aerospace field as it constitutes a precise, 
non-destructive visual detection method for different inds of damage (especially IDs), 
from those that are created during service to those arising from unexpected sources, e.g. 
while shipping the component or removing it for inspection. 
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ABSTRACT 

Iodine possesses several features which make it a promising alternative propellant for electric 
propulsion applications in a xenon-replacement perspective. It has good ionisation 
properties, it stores as a low pressure solid and it costs a tenth as much as xenon. This paper 
reviews a selection of the recent research activities carried out by the University of Pisa in 
collaboration with Sitael S.p.A., in the framework of an ESA TRP project, aimed at the 
development of an iodine feeding system for a 200 W class Hall-effect thruster. The paper is 
focussed on the description of a first prototype of iodine feeding system which has been 
designed, manufactured and tested. The main features of a reduced order model of the system 
are also described. A gas kinetics approach has been used to model the iodine vapour 
transport properties (viscosity and thermal conductivity). The model has been validated 
against experimental data. Despite its simplicity, the model has proved to be a reliable tool 
for design of new iodine feeding system prototypes and experimental data interpretation. 
Keywords: Electric Propulsion, Hall Thruster, Iodine. 

1 INTRODUCTION 

Hall-effect Thrusters (HETs) represent an efficient form of electric propulsion typically 
employed in space platforms for orbit-raising, station keeping and eventually deep-space 
exploration [1][2]. The need of reducing propellant consumption has made electric propulsion 
systems in general an attractive option [3]. Current HETs operate on xenon as propellant, 
which represents an optimal choice, being inert, heavy, with a relatively low ionisation energy 
and with a large ionisation cross section. Either way, xenon is expensive, and it requires 
supercritical storage conditions in large, high pressure tanks (of about 150-200 bar). 
Consequently, metallic and non-metallic condensable propellants have been proposed as 
substitutes, both to reduce costs and to expand the application envelope of this technology. 
Among all the options, iodine possesses particular features, reported in Table 1, that enable its 
employment as an alternative propellant for electric propulsion. Its atomic mass is slightly 
lower than that of xenon, it has lower first ionisation energy and larger ionisation cross 
section, which directly means a more efficient generation of the plasma with respect to other 
options. Moreover, it stores in solid form at ambient pressure, it costs almost a tenth as much 
as xenon [4] and it features virtually unlimited availability in the high purity required. These 
characteristics agree with the growing interest towards small spacecrafts rolling out for which 
dense and low-power propulsion systems are required [5]. Iodine chemical reactivity 
represents the drawback of this technology. Indeed, it is a halogen and, although it is the least 
reactive of its group, it still has an important effect on numerous materials of interest for space 
applications. This feature imposes new constraints on the selection of the materials used in the 
propulsion system and poses significant qualification issues for iodine adoption in space. 
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However, there is little and sparse information available in literature referring to how 
materials used in space behave in the presence of iodine. 
 

Element I2 I Xe 

Mass [amu] 253.81 126.90 131.29 

First Ionisation Energy [eV] 9.3 10.5 12.1 

Storage density [g/cm3] @15 °C, 1.013 bar 4.9 N/A 5.584e-3 

Cost [€/kg]  N/A 600 

Table 1 : Propellant Comparison, [6] [7]. 

This paper presents the most recent progress achieved by the University of Pisa in developing 
an iodine feeding system. Section 2 provides a description of the system architecture; Section 
3 discusses the flow model characterising the system and Section 4 describes the flow model 
calibration results. 

2 FEEDING SYSTEM DEVELOPMENT 

Current systems based on noble gases exploit supercritical propellant conditions to achieve 
high storage densities. Xenon optimum pressure at 300 K is 83 bar [8], though pressures up to 
350 bar are employed [9]. Clearly, in delivering the propellant to the thruster unit, the 
pressure must undergo a pressure reduction. The system so settled requires complex and 
expensive components to ensure proper propellant conditions at injection plate. Iodine-based 
systems present a quite different situation since iodine is stored as a solid at room conditions. 
Nevertheless, propellant pressure regulation is still required, yet it is greatly simplified. 
Indeed, below the triple point, the vapour generated by way of a sublimation process is 
characterised by equilibrium phase-transition pressure and temperature. Hence, the high-
pressure stage is eliminated and the pressure itself can be thermally controlled. The resulting 
conceptual architecture is provided in Figure 2-1. 
 
 
 

 

2.1 Architecture Description 

The proposed architecture for the iodine feeding system is schematically reported in Figure 
2-2. A slender cylinder, i.e. the reservoir, contains the solid propellant in the form of a 
cylindrical cartridge. It is made of PTFE, as an insulating iodine resistant material is required 
in this case. The top face of the iodine cartridge is pushed against a small heated holed surface 
named filter. Heat for sublimation is supplied through one of the bases of the cylinder by the 
sublimator assembly. It consists of the filter and a cup-shaped metallic body externally heated 
by electric resistors, whose temperature is measured and controlled. The function of the filter 
is both to prevent the escape of iodine crystals from the reservoir and to conduct the heat from 
the cup towards the iodine exposed surface. A piston-pushing spring provides the required 
force to keep the iodine in contact with the filter. After sublimation, the iodine enters the 
sublimator cavity which acts as a plenum, therefore providing damping to the flow. The rest 
of the feeding system consists of a heated solenoid normally closed valve and a thermal 
throttle. The latter allows mass flow rate tuning by changing the gas viscosity and density 
through the control of its temperature. The exit section of the thermal throttle is characterised 

Pressure Regulated 
Propellant Storage and 

Vapour Generation Assembly 
Mass Flow Rate 

Control Thruster Unit 

Figure 2-1: Iodine Feeding System Conceptual Architecture. 



212

HET Iodine Feeding System Vinci, Saravia, Bernazzani, Ceccarini, Paganucci 

by sonic conditions of the flow. This allows decoupling the sublimation interface from any 
fast downstream oscillation that may occur and affect the mass flow rate. Coarse mass flow 
rate control is attained by controlling the sublimator pressure through its temperature, while 
fine mass flow rate control is entitled to the thermal throttle. 
Iodine feeding systems elsewhere developed and described in [1], [5], [10]–[14] rely on whole 
tank heating approach. This entails a large thermal inertia of the system from which high-
power consumption and long response times derive. Hence, the main reason behind the 
selected architecture lies in gaining a good thermal control of the solid-vapour interface by 
heating the iodine locally so that it is not necessary to provide large amounts of heat. 
Hence, main features of this architecture are: low power requirements (6-10 W steady state 
operations); absence of remarkable thermal control issues (since a small part of the system is 
at high temperature); short response time; temperature control requirement only (which 
simplifies diagnostics implementation); reliability (only one active component is present, i.e. 
the valve); good throttleability and scalability. 

3 FEEDING SYSTEM MODELLING  

To understand the relation between temperatures and iodine mass flow rate and to size the 
system, a 1D thermal fluid model was implemented.  
The assumptions the model considers are: 

1. sublimation occurs according to Clausius-Clapeyron equation. Iodine mass flow rate is 
expressed as a function of heat power in input; 

2. flow throughout the filter and the sublimator plenum is assumed as isothermal; 
3. flow throughout the thermal throttle is assumed as a compressible viscous laminar 

flow with heat exchange (and controlled wall temperature) along the pipe. The method 
described in [15] has been employed. The valve introduces a concentrated pressure 
loss; 

4. sonic condition is imposed at the thermal throttle exit thus decoupling upstream and 
downstream flows. 

Each assumption directly translates in a set of mass-momentum-energy conservation 
equations. Input heat power is assumed, and sets are iteratively solved until sonic condition at 
the exit is attained. The output is a mass flow rate value, function of sublimator temperature 
and thermal throttle temperature and length. An exponential behaviour of the mass flow rate is 
obtained, as reported below in Figure 4-5. 

3.1 Iodine Viscosity Modelling 

Since the thermal throttle is intended to finely control the mass flow rate, a proper vapour 
viscosity description is required. Throughout the system, iodine vapour viscosity variation 
with temperature is modelled in accordance with [16]–[18]. This method, proposed by Chung 
et al., relies on the Chapman-Enskog gas kinetic treatment, therefore it is appropriate for low-

Figure 2-2: Iodine Feeding System Schematics. 
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pressure gases (below triple point). Assuming a Lennard-Jones intermolecular potential 
function, the viscosity is computed as: 
 
 

𝜇𝜇 [𝑃𝑃𝑃𝑃 ∙ 𝑠𝑠] =  
40.785 𝐹𝐹𝑐𝑐(𝜔𝜔, 𝜂𝜂𝑟𝑟)(𝑀𝑀𝑀𝑀)1/2

𝑉𝑉𝑐𝑐
2/3 𝛺𝛺𝜈𝜈

 ∙ 10−7 (1) 

 
where 𝐹𝐹𝑐𝑐(𝜔𝜔, 𝜂𝜂𝑟𝑟) is a correction factor accounting for molecular shape and polarity through the 
acentric factor 𝜔𝜔 and the reduced dipole moment 𝜂𝜂𝑟𝑟 (detailed relations are reported in [18]). 
𝑀𝑀 is the molar mass in g/mol, 𝑀𝑀 is the temperature in K, 𝑉𝑉𝑐𝑐 is the critical volume in cm3/mol, 
and 𝛺𝛺𝜈𝜈 is the collision integral. A practical empirical equation for 𝛺𝛺𝜈𝜈 easy to be implemented 
numerically is proposed in [19] and it has been employed. As reported in Section 4, this 
model revealed capable of predicting the iodine viscosity properly.  

3.2 Iodine Thermal Conductivity Modelling 

Similarly to what has been done for the viscosity, Chung et al. proposed a thermal 
conductivity model in [17] based on the approximation of Mason and Monchick [20] for 
polyatomic low-pressure gases, in the framework of the kinetic theory. The proposed equation 
is given by: 
 

𝜆𝜆 [𝑊𝑊/𝑚𝑚𝑚𝑚] = 3.75 𝜓𝜓 𝑅𝑅 𝜇𝜇 (2) 

 
where 𝜓𝜓 is a function of 𝑐𝑐𝑣𝑣 
𝑀𝑀𝑟𝑟 and acentric factor 𝜔𝜔, as comprehensively explained in [18]. 𝑅𝑅 is the specific gas constant 
in J/(kg·K), and 𝜇𝜇 is the low-pressure gas viscosity in Pa·s from Equation (1).  

4 FEEDING SYSTEM DEVELOPMENT 

4.1 Characterisation Campaign 

The feeding system described in Section 2.1 and illustrated in Figure 4-1 has been built and 
widely tested at the Department of Chemistry and Industrial Chemistry (University of Pisa), 
to verify whether it satisfies the requirements, behaves properly and ensures integrity after 
operation. The employed thermal throttle essentially is a fused silica pipe with 0.53 mm in 
internal diameter and 70 mm in length, see Figure 4-2. 
Since the system functionalities rely on the sublimator and thermal throttle temperatures, it is 
equipped with PID temperature controllers, heaters and temperature sensors. In order to 
measure the mass flow rate, active charcoal chemical traps have been employed. Charcoal has 
the capacity of adsorbing iodine even at high temperatures under vacuum conditions. The 
charcoal granulometry is such that it does not generate a high impedance of the flow, fact that 
would reduce the achieved iodine mass flow rate. The chemical trap is mounted at the thermal 
throttle exit and it consists of a glass phial with coconut active charcoal grains inside and 
fiberglass wool to prevent the grains from escaping the tube, either towards the chamber or 
the thermal throttle. In the event of iodine dispersion inside the chamber, a LN2 cold trap is 
used to keep it from reaching the pump, preventing it from dissolving in the oil and eventually 
damaging the mechanical parts. This method has proved to be an effective manner to both 
protect the vacuum pump and to easily detect iodine leaks throughout the line or feeding 
system malfunctions. The campaign relies in an integral mass flow rate measurement 
technique. It consists in warming the system components up to their set-point temperatures 
and opening the valve. The iodine is fired through the chemical trap which adsorbs it. The 
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weight of the phial is measured before and after the firing using a 10-4 g resolution technical 
scale. The change of weight is divided by the time the valve remained open, giving a mean 
value of the mass flow rate. 

4.2 Model Calibration 

Experimental results showed the theoretical model of Section 3 overestimated the mass flow 
rate the feeding system can generate. The so required calibration mainly deals with the 
analysis of sublimation temperature uncertainties. System inspection after test operations 
revealed a peculiar pattern of the iodine cartridge, see Figure 4-3.  

The sublimation surface presented a series of conical cavities in correspondence with the filter 
holes. These cavities do not allow a good thermal contact between the filter and the iodine. 
This effect is particularly notable given that the thermal conductivity of iodine is about four 

Figure 4-1: Iodine Feeding System Assembly. Figure 4-2: Thermal Throttle 

Figure 4-3: Iodine Cartridge after test campaign Figure 4-4: Temperature Deviation at the Base of Cavities 
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orders of magnitude smaller than that of the materials which constitute the filter and the 
sublimator. Hence, the sublimation temperature may be considerably lower than that reported 
by the sensors put on the sublimator top surface. As a result, the sublimation pressure drops 
causing a reduction in the mass flow rate. In order to have a deeper insight on this matter, a 
finite element model of the system has been developed. At 95 °C nominal sublimator 
temperature, the FEM simulation yields a temperature difference up to about 4 °C at the bases 
of the conical cavities. This difference increases with the increase of set-point temperature, as 
reported in Figure 4-4. 
 
This phenomenon is considered by the introduction of a linear deviation of the sublimator 
temperature with respect to the measured one by means of two calibration coefficients.  
Also, possible uncertainties in the viscosity model and in the Nusselt number (an entry flow 
region is likely in the thermal throttle) are accounted by introducing relative calibration 
coefficients. All the calibration coefficients are obtained by means of a Bayesian Data 
Analysis approach [21]. The calibrated model results are reported in Figure 4-5 in terms of 
mass flow rate as a function of sublimator temperature. Viscosity required to be calibrated by 
a factor of 1.012, therefore Equation (1) represents a proper model. Nusselt number required 
to be calibrated with a factor of 3.672, hence an entry flow region is likely present. 
 

5 CONCLUDING REMARKS 

Iodine vapour possesses relevant characteristics to consider it to be a good candidate 
propellant for Hall-effect thrusters. An experimental feeding system has been designed, 
manufactured and characterised. The low-power-consumption feeding system architecture 
described throughout the paper revealed to be a promising design choice. Indeed, it allows to 
save power and gain system swiftness in reaching stationary operative conditions. Therefore, 
it is worth considering the development of a new feeding system prototype relying on the 
same architecture with the purpose of improving the overall system and increasing its 
performance. Additional activities are currently ongoing to set up an experimental campaign 
aimed at coupling the feeding system with a thruster unit. It is planned to perform a 
characterisation of the resulting iodine propulsion system. Thrust, power, efficiency and 
specific impulse are intended to be estimated from the data obtained throughout the 
experiments. This experimental campaign envisages verifying the viability of using iodine as 

Figure 4-5: Calibrated Model Results. Mass Flow Rate vs. Sublimator Temperature 
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a propellant for Hall-effect thrusters. Further tests would eventually demonstrate the 
advantages associated with this choice.  
An iodine propulsion system would eventually be convenient for small spacecrafts with 
volume constraints as well as for large space probes requiring high values of total impulse. 
Initial results are promising, yet additional work is needed to obtain the additional information 
of the system to acquire the knowhow for implementing all the possible improvements.  
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ABSTRACT 

This paper deals with the evaluation of the interference effects among aircraft components in a 
three lifting surface configuration, an innovative layout for a high-capacity turboprop 
( pax), which is supposed to be competitive with respect to short medium haul regional jets. 
The feasibility study of such a configuration is framed within the Innovative turbopR p 
configuratioN (IR N) project. 
 An experimental wind tunnel test campaign has been performed on a  scaled model at the 
main subsonic wind tunnel facility of the Industrial Engineering Department of the niversity 
of Naples ederico II. Beside the well- nown detrimental effects of the angle of attac  on the 
sidewash, the experimental tests have highlighted a strong directional stability reduction due 
to the canard interference with both the fuselage and the vertical tail. Results have shown that 
the canard increases the fuselage instability of about . The canard wa e displacement also 
affects the aircraft directional stability. Results collected in this wor  have been useful to 
perform a redesign of the aircraft empennage and to schedule numerical high-fidelity analyses 
as well as a second wind tunnel test campaign on the updated aircraft model to get further 
insights on the aerodynamic interference, including propulsive effects. 

1 INTRODUCTION

The present research wor  is framed in the Innovative turbopR p configuratioN (IR N) 
pro ect complying with the European Union topic TI-CS2-2015-CP 02-REG-01-0  (Green 
and cost-efficient Conceptual Aircraft Design including Innovative Turbo-Propeller Power-
plant) as part of the Clean S y 2 program for Horizon 2020. The topic leader is Leonardo S.p.a. 
and several core-partners are involved into the pro ect, with CIRA1 (Italian Aerospace Research 
Centre) as coordinator. 
The pro ect focuses on the feasibility study of an innovative turboprop regional configuration, 
which is supposed to be competitive with respect to short medium haul regional ets.  
Design of Aircraft and Flight technologies (DAF2) research group of the University of Naples 
Federico II is involved in the preliminary design, aerodynamic analysis, performance evaluation 
and Direct perating Costs (D C) estimation of this innovative regional aircraft.  

ithin the IR N pro ect, different design loops with increasing level of complexity and 
fidelity, are expected, aiming to complete the design through numerical simulations, and 
experimental validations. 

                                                 
1 www.cira.it 
2 www.daf.unina.it 
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The first loop of design started in uly 2016 from a baseline configuration provided by Leonardo 
and ended in anuary 201 . The aircraft configuration is an innovative layout with low wing 
and rear-mounted engines installed at the horizontal tail-plane tip. Aerodynamics target 
provided by Leonardo are very challenging, aiming for a cruise efficiency of about 18 at Mach 
number equal to 0.64, at a cruise altitude of 0 ft, and relatively high maximum lift 
coefficients: 2.4 and .0 for ta e-off and landing respectively. Top level aircraft requirements 
(TLAR) are presented in 1 , 2 . The baseline rear propeller configuration has been deeply 
investigated during the first design loop, as shown in 1 . Aerodynamic design and analysis 
provided a laminar wing with improved high-lift capabilities and an increased aerodynamic 
efficiency with winglets. Stability and control were chec ed in the whole flight envelope, 
according to preliminary centre of gravity shift provided by Leonardo. 
At the beginning of second loop, a careful weight and balance brea down revealed a very large 
centre of gravity excursion, compelling to review the aircraft configuration, as summarized in 
2 . A Multidisciplinary Design Analysis and ptimization (MDA ) has been performed using 

in-house software named PAD  4 , selecting a three lifting surface layout as the best 
solution. This configuration is the result of a multidisciplinary analyses and optimization 
process involving the following disciplines: weight and balance, aerodynamics, stability and 
control, performance, and D C. Approaches used for the MDA  process have also included 
several methodologies developed by DAF research group dealing with both vertical tail design 
and sizing 5 , 6  and fuselage aerodynamics prediction method . 
According to the chosen number of design parameters, more than 000 different aircraft 
configurations have been generated and analysed to define a response surface with which to 
perform the optimization process. Targets of the optimization process have been the cruise 
parameter E (representing the cruise drag) and ta e-off and landing factors (Sw max), 
which affect the ground performance. Several optimization algorithms have been exploited, 
including the approach of game theory applied to aircraft design 8 . Some of the ma or 
geometrical characteristics of the chosen three lifting surface aircraft are illustrated in Table 1. 
The three views of the aircraft layout are shown in Figure 1, details of the nacelle geometry 
have been intentionally blurred for confidential duties. 
 

Fuselage Height width .5 5 m 
Length 8.04 m 

Wing Planform area 98.6 m2 
Aspect ratio 12 
Leading edge sweep angle 10  

Canard Planform area 11.49 m2 
Aspect ratio 5.5  
Leading edge sweep angle 10  

Horizontal tail Planform area 8.4  m2 
Aspect ratio 4.4 
Leading edge sweep angle 10  

Vertical tail Planform area 24.45 m2 
Aspect Ratio 1. 6 
Leading edge sweep angle 45  

Table 1: IR N three-surface aircraft ma or geometric characteristics. 

An extended wind tunnel test campaign has been accomplished on a 1:25 scaled model of the 
aircraft under investigation at the main subsonic wind tunnel facility of the Industrial 
Engineering Department of the University of Naples Federico II. Experimental tests have been 
addressed to the estimation of the both longitudinal and directional characteristics. This paper 
is focused on the evaluation of the aerodynamic interference effects on the directional stability 
of the three-lifting surface aircraft configuration. 
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Figure 1: IR N loop 2 three lifting surface aircraft, three-views. 

As concern a possible three-lifting surface transport aircraft, several wor s can be found in the 
open literature. Ro hsaz and Selberg in 9 - 11  have investigated analytically and by applying 
a vortex lattice method a conventional, a pure canard, and a three surfaces configuration. The 
aim of their wor s was to determine each configuration s induced drag as well as the pressure 
and viscous drag for a six-seats business aircraft. endall 12  applied the classical Prandtl-
Mun  theory to a modern three-surface airplane, showing that the induced drag due to the trim 
can be zero at any longitudinal position of the centre of gravity, leading to a potential saving of 
the induced drag about  relative to the conventional tail-aft design. Strohmeyer et al. in 1  
have designed and optimized a three lifting surface transport aircraft highlighting the effects of 
canard design parameters (span, aspect ratio, thic ness, sweep, longitudinal and vertical 
positioning) on the overall aircraft longitudinal aerodynamic characteristics. stowari and Nai  
14 , 15  made a series of wind tunnel experiments to investigate the lift, drag, and longitudinal 

stability of a three-lifting surface configuration for an un-yawed typical business et. 
All these research wor s dealt with design and optimisation for minimum drag, only focusing 
on the evaluation of longitudinal aerodynamic characteristics. As concern the evaluation of 
lateral-directional characteristics of a three-lifting surface configuration, some experimental 
data are available on a fighter aircraft. Grafton and Croom in 16  have studied the low-speed, 
high-angle-of-attac  stability characteristics of a three-surface fighter concept based on the F-
15 configuration. They have experimentally measured in a wind tunnel static-force data over 
an angle-of-attac  from 0  to 85  and a sideslip angle from −10  to 10 . Their results have 
highlighted that the canard adversely affects both static directional and lateral stability at high-
angle-of-attac . According to authors, this loss is due to the canard causing a large flow 
separation on the windward fuselage part. 
Similar results have been also highlighted by Agnew, Lyerla and Grafton in 1 . In this wor  
authors have provided a study to a detailed understanding of the aerodynamics of a close-
coupled horizontal canard in a three-lifting (canard-win-tail) configuration for a fighter aircraft. 
This study has highlighted that the vortex interaction phenomenon is responsible of beneficial 
effect in terms of extending the angle of attac  range for the aerodynamic linearity, since the 
vortex interaction maintains attached the flow over large area that would be normally separated. 
The abrupt nature of this vortex system s brea down causes an adverse effect in terms of lateral-
directional characteristics. 
Section 2 of this wor  provides the description of the experimental apparatus, some details 
about the accuracy of the measurements systems, and shows the scaled model under 
investigation. In section  a summary of the main experimental results is shown, highlighting 
the interference effects introduced by the canard in terms of directional stability. Finally, in 
section 0 some concluding remar s are drawn. 
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2 EXPERIMENTAL APPARATUS

The wind tunnel facility is a closed-return, low-speed wind tunnel, shown in Figure 2. Its main 
characteristics are reported in Table 2. For the measurement of the lateral-directional 
aerodynamic characteristics a tri-axial internal balance has been used, also supporting the model 
in the test section. The measurement instrumentation consists of an internal strain gage balance 
for the measurement of aerodynamic forces and moments, a enturi system to measure the 
dynamic pressure, a tilt sensor Cross ow C LA01 to measure the angle of attac , a 
potentiometer to measure the sideslip angle (0.1  accuracy, 15  to 25  range), and a 
temperature probe to measure the static temperature in the test section.  
The internal strain gauge balance, used for the directional tests, has three channels and it is used 
to measure the sideforce, yawing moment, and rolling moment. It is made from an Al-2024-T  
bloc  and it has an estimated accuracy of 0.1  full scale, calibrated suggested in Ref. 8 . The 
angle of attac  is changed with a stepper motor driving the balance sting on a steel circular arc, 
such that the assembly balance-model rotates about the balance centre in the longitudinal plane. 
The assembly motor-balance-model rotates about the vertical axis through a mechanism located 
below the test section floor, allowing to change the sideslip angle. 
The required wind tunnel corrections have been applied by following the criteria proposed by 

arlow, Rae, and Pope 8 . All the aerodynamic forces have been reduced to the usual 
aerodynamic coefficients, assuming as reference parameters the test section dynamic pressure, 
the wing mean aerodynamic chord (mac), wing span, and wing area. 

 

  
Figure 2: Main subsonic wind tunnel of the Dept. of Industrial Engineering. 

 
Test cross-section dimensions 2.0 m x 1.4 m 
Turbulence level  0.10  
Max shaft power 150  
Max wind speed 50 m s  
Test wind speed 8 m s 

Table 2: ind tunnel of the DII, main characteristics.

The wind tunnel model of the airplane has been manufactured in aluminium alloy, through CNC 
machining. It has a scale ratio of 1:25 with a wing span of 1.50 m, a mac of about 0.1  m, and 
a fuselage length about 1.52 m. ind tunnel test have been performed at an average wind tunnel 
speed of about 8-40 m s, thus the Reynolds number, evaluated with mac, is about 15000. To 
replicate the boundary layer of the full-scale aircraft, trip strips were installed to add artificial 
roughness to the model, forcing the flow transition at the desired stations 8 . The thic ness and 
the right position of the trip strips has been estimated with flow visualization technique using 
fluorescent oil, as shown in Figure . Results led to the conclusion that two layers of tape are 
enough to get the boundary layer transition at the desired place. The location of the trip strips 
is at about 5  local chord for wing and horizontal tail, even closer to the leading edge for the 
vertical tail. 
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3 DIRECTIONAL STABILITY EXPERIENTAL RESULTS

An extended experimental test campaign has been conducted investigating both the longitudinal 
and the lateral-directional stability characteristics. However, this wor  is focused only on the 
results dealing with the directional stability characterization including the aerodynamics issues 
of a such unconventional configuration. The ob ective of this investigation is the evaluation of 
the interference effects of a small forward wing (the canard) with the fuselage and the vertical 
stabilizer components. 
To address this ob ective, the experimental tests have been carried out on several 
configurations, as reported in Table , with the aerodynamic derivative of interest, i.e. the 
yawing moment coefficient curve slope. The reference point for the calculation of the moment 
is the leading edge of the mean aerodynamic chord, which has been estimated to be a plausible 
location of the centre of gravity for this rear-engine aircraft configuration. 
In Figure 5 the yawing moment coefficient of the isolated body and the body plus the canard 
are compared. As highlighted by the directional stability derivatives ( N ) in Table , the canard 
presence increases the fuselage instability of about 14 . This effect is typical of high wing 
configurations, in which the wing surface creates a high-pressure region on the windward 
fuselage side. In this case it is magnified because of the longitudinal positions of the canard 
which is placed quite forward the fuselage centre of gravity. 
The horizontal tail leads to an increment of about 5  of the overall aircraft N . This 
contribution can be appreciated by comparing the N  of the canard-off configuration with and 
without the horizontal summarized in Table , while the yawing moment coefficient curves of 
these configurations are illustrated in Figure 6. Tests with and without nacelles have highlighted 
that nacelles do not affect the directional capabilities of the aircraft as shown in Table . Same 
results have been achieved with winglets, which affect in a sensible way the lateral stability, 
but this latter is not the ob ective of this paper. 
 

 
Figure : Fluorescent oil visualization on vertical tail. 

Configuration Symbol Der.
Value (deg-1)
@ AoA = 0°

Value (deg-1)
@ AoA = 5°

ody  N  −0.0022 n.a. 
ody-Canard C N  −0.0026 n.a. 

ing- inglet- ody- tail  N  0.0020 0.0011 
ing- inglet- ody-Htail- tail H  N  0.0021 0.0011 

ing- inglet- ody-Htail- tail-Nacelle H N N  0.0021 n.a. 
ing- inglet- ody-Htail- tail-Canard H NC N  0.001  0.0000 

Table : Aircraft configurations and directional stability derivatives at Re  15000. 
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these configurations are illustrated in Figure 6. Tests with and without nacelles have highlighted 
that nacelles do not affect the directional capabilities of the aircraft as shown in Table . Same 
results have been achieved with winglets, which affect in a sensible way the lateral stability, 
but this latter is not the ob ective of this paper. 
 

 
Figure : Fluorescent oil visualization on vertical tail. 

Configuration Symbol Der.
Value (deg-1)
@ AoA = 0°

Value (deg-1)
@ AoA = 5°

ody  N  −0.0022 n.a. 
ody-Canard C N  −0.0026 n.a. 

ing- inglet- ody- tail  N  0.0020 0.0011 
ing- inglet- ody-Htail- tail H  N  0.0021 0.0011 

ing- inglet- ody-Htail- tail-Nacelle H N N  0.0021 n.a. 
ing- inglet- ody-Htail- tail-Canard H NC N  0.001  0.0000 

Table : Aircraft configurations and directional stability derivatives at Re  15000. 
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(a)  

 
(b) C 

 
(c) H N 

 
(d) H NC 

Figure 4: Some of the investigated configurations in the test section.

 
Figure 5: awing moment coefficient, canard 

effect on the fuselage. 

 
Figure 6: awing moment coefficient, 

horizontal tail effects. 

 
The complete aircraft N  derivative of is about 0.0021 deg-1 in the canard-off configuration 
(see Table ). The full-scale vertical tail has 25 m2 planform area, but the directional stability 
that it is providing is almost the half of the contribution that it should bring accordingly with its 
size. This latter is due to a wrong taper ratio, which provides for a constant sweep angle along 
the chord direction, i.e. the sweep angle at the half of the mean chord is 45  as well as at the 
leading edge, this latter significantly lowers the empennage lift capabilities. 
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Figure : awing moment coefficient, effects of 

the angle of attac . 

 
Figure 8: awing moment coefficient, canard 

and angle of attac  effects. 

The effects of the angle of attac  are illustrated in Figure , where the yawing moment 
coefficient of the  configuration at 0  and 5  angle of attac  are compared. It is well 

nown 18  that when the angle of attac  increases the vertical tail effectiveness is lowered 
because of the fuselage wa e impinging on the empennage. y loo ing at Table  N  is almost 
halved. It must be remar ed that the experimental data are related to a low Reynolds number, 
this means that the effects of the angle of attac  dealing with the fuselage boundary layer 
thic ness could be overestimated.  
The most detrimental effect on the directional stability is introduced by the canard surface. As 
it is shown in Figure 8 and reported in Table , the canard reduces the directional stability 
derivatives by 8  at zero angle of attac . The combined effects of incidence angle and canard 
leads to a dramatic reduction of the directional stability, till the aircraft become even unstable 
when the angle of attac  become higher than 5 . This strong effect is introduced by the vortex 
system which is impinging on the vertical empennage. In Figure 9 and Figure 10 flow 
visualization by means of tufts ra e placed on the trailing edge of the canard is shown at two 
sideslip angle. From flow visualization it can be appreciated that at low sideslip angles the 
canard tip vortex is impinging the windward side of the vertical tail reducing its capability to 
produce sideforce. As the sideslip angle increases the tip vortex moves across the vertical tail, 
when it reach the leeward side of the empennage the lifting capabilities of the tail is suddenly 
recovered. This latter occurs at sideslip angle higher than 10 , as it can be appreciated in the 
charts of Figure 8. A similar phenomenon has been also observed by Agnew, Lyerla and 
Grafton in 1  for a three-surface fighter aircraft, the physical behaviour is similar standing the 
clear differences in the aircraft configurations. 
 

 

Figure 9: Flow visualization with tufts ra e,   8  

 

Figure 10: Flow visualization with tufts ra e,   10  

Canard vertical position has been fixed accordingly the architectural constraints coming from 
Leonardo company s experts. A lower position has been discarded because of the presence of 
the avionics system structural bay. Moreover, a lower position of the canard would introduce 
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strong detrimental effects on the wing maximum lift capabilities required to comply with the 
ground performance prescribed by the Top-Level Aircraft Requirements (TLARs). A redesign 
of the vertical tail has been already performed and numerical analyses are still in progress at 
the time of writing. If the new vertical empennage will not solve stability issues and if the 
magnitude of the canard tip vortex effect will be confirmed, authors will investigate possible 
systems to improve directional stability li e aft body stra es. 

4 CONCLUDING REMARKS

This paper has provided experimental results on the directional stability characteristics of a 
three-surface transport aircraft. Experimental tests have highlighted the detrimental effects of 
the canard on the vertical empennage capability in producing sideforce. Canard tip vortex 
moves across the windward and the leeward side of the empennage introducing non-linear 
effects on the directional stability. Moreover, experimental tests have highlighted that the 
vertical tail planform must be revised to increase the directional stability of the aircraft. A 
redesign of the vertical tailplane has been already performed and numerical high-fidelity 
analyses are still in progress at both wind tunnel and full-scale Reynolds number to have a better 
comprehension of the aerodynamic behaviour of such a configuration. A new wind tunnel test 
campaign on the updated aircraft configuration, also including propulsive effects, has been 
scheduled by the end of year 2019. 
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ABSTRACT 
The increased awareness towards air transport pollution has pushed for ambitious 
sustainability objectives to achieve within year 2050. As new technologies emerge, researchers 
are investigating innovative aircraft and powertrain configurations to explore potential fuel-
burn savings, either retrofitting an existing aircraft or defining a new conceptual design. This 
work investigates the possibilities given by a turbo-electric powertrain coupled with distributed 
electric propulsion on a regional turboprop aircraft, presenting a method for preliminary 
aircraft design and exploring the results offered by a simple evaluation of the aero-propulsive 
interactions. With the actual technology, a potential 5% reduction in fuel consumption should 
be achievable on a 500 nm mission with 42 passengers. Although it is not a disruptive result, 
this paves the way for further investigations, indicating where improvements may be achieved. 
 
Keywords: Aircraft Design, Aerodynamics, Hybrid-Electric Propulsion, CFD 

1 INTRODUCTION 
To comply with the EU Flightpath 2050 sustainability objectives for the air transport [1], which 

aim to a reduction of 75% CO2, 90% NOX and 65% of perceived noise (with respect to a year 

2000 aircraft) within 2050, innovative aircraft and powerplant configurations are being 

investigated by the research community. A promising alternative to thermal engine propulsion 

is the electric propulsion. However, an all-electric regional transport or large passenger aircraft 

seems not feasible in the immediate future, due to the limited specific energy of the storage 

technology [2]. Therefore, an interest for hybrid-electric propulsion, together with distributed 

propulsion, has recently grown. Particular attention is posed to the distributed electric 

propulsion (DEP) configurations, thanks to their ability to “distribute” propulsors in many 

locations on the vehicle, not just near the power source. From the aircraft designers’ point of 

view, DEP solutions open new degrees of freedom within aerodynamics, vehicle control, 

pollutants and noise emissions.  

Distributed electric propulsion may help in reducing pollutants emission through favourable 

aero-propulsive interactions. As shown with the NASA X-57 experimental aircraft [3], DEP 

increases high-lift capabilities, allowing an increment of wing loading, reducing wing area, 

weight, and drag. For larger airplanes, a hybrid-electric powerplant, together with DEP, 

increases both operating empty and maximum take-off weight, which are directly proportional 

to aircraft purchase costs and operating costs [4]. This could be acceptable if such increases are 

limited and the fuel burn reduction complies with sustainability objectives. For this reason, it 

may be not convenient to re-engineer an aircraft to perform the same mission, as different 

ranges and altitudes may be exploited with the new configuration. This paper presents such 
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example on the ATR-42 aircraft, a promising platform to exploit future benefits of such 
architectures, as requested by the Italian PROSIB1 research project. 
The preliminary design of a hybrid-electric aircraft has not a consolidated approach, since the 
only data available are on small experimental airplanes. Borer et al. [3] described the design 
and the performance predicted with simplified methods of the NASA X-57 SCEPTOR 
experimental electric aircraft, based on a Tecnam P2006T light aircraft. By substituting the 
wing with a smaller one sized for cruise conditions, with 12 distributed propellers for the low 
speed performance, they shown that a 4.8 reduction in energy consumption can be obtained at 
150 kts and 8000 ft, with a gross weight slightly bigger than the stock aircraft. However, the 
range with the available battery technology is only 80 nm against the 670 nm achievable with 
fuel. Brelje and Martins [4] have shown that the design of an electric aircraft introduces new 
coupling between previously distinct disciplines, such as aerodynamics and propulsion, which 
can be effectively evaluated only with high-fidelity analyses. An investigation conducted by 
the Bauhaus Luftfahrt institute [5] has evaluated a potential 16% block fuel-burn reduction on 
a 900 nm mission for a 2035 jet aircraft with 180 pax, if 18% of the total energy comes from 
batteries with a specific energy of 1500 Wh/Kg. Such fuel saving is halved if the battery specific 
energy is 1000 Wh/Kg (nowadays is about 200 Wh/Kg). 
As concern turboprop transport airplanes, recent researches have shown that, for conventional 
aircraft layout (i.e. tube and wing), disruptive results are obtained only if optimistic assumptions 
are made on the battery specific energy (>750 Wh/Kg) [6]–[8], otherwise the potential fuel 
saving is less than 5% [9], [10]. The benefits of DEP and tip-mounted propellers have been 
deeply investigated by NASA, yielding to an amplification of lift coefficient from twice to three 
times the flapped configuration in landing for the DEP wing [11], [12], while wingtip mounted 
propellers may decrease the induced drag up to 15%, depending on the wing planform and lift 
coefficient [13], [14]. 
The objective of this work is to illustrate the effects of some powertrain parameters and the 
aero-propulsive interactions on the preliminary sizing of hybrid-electric transport airplane. 
Although the method that will be presented is feasible for any class of aircraft and powertrain 
(from conventional to all-electric), the authors focused on the regional air transport category, 
with turbo-electric powertrain (no electric energy storage system, e.g. battery, is installed). 

2 METHODOLOGY 
The methodology of this work follows the approach of Ref. [6], with several customizations. 
Once assigned the Top-Level Aircraft Requirements (TLAR), the design workflow starts with 
a statistical pre-design of the aircraft with conventional powertrain. This is a necessary step, 
since there are no consolidated methods to size a hybrid-electric aircraft from scratch. From 
this baseline, the sizing process, which includes the characteristics of the propulsive architecture 
in terms of geometry, position, hybridization parameters, and operating modes, is performed. 
As in the classical aircraft design workflow, aviation regulations and design requirements 
dictate the constraints for the choice of the sizing point, which is the combination of power 
loading W/P and wing loading W/S at take-off. In contrast with the classical approach, the Class-
I weight estimation for the hybrid-electric configuration cannot be performed as first step, 
lacking statistical data on maximum take-off and operative empty weights. Even the fuel-
fraction method [15] cannot be implemented. Thus, weight estimation is performed iteratively 
at a later step, with a mission profile analysis accounting for the energetic requirements and 
powertrain operating mode for each flight phase. The workflow is reported in Figure 1. 
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Figure 1: Hybrid-electric aircraft preliminary design workflow. 

A hybrid-electric aircraft, especially a turbo-electric configuration, may benefit from 
distributed propulsion due to favourable aero-propulsive interaction. DEP will increase the lift 
coefficient CL, moving the constraint curves at higher wing loading values, especially in take-
off and landing (Figure 2), enabling the possibility to reduce the wing area and weight. 
Equilibrium equations from Flight Mechanics are re-written and iteratively solved to account 
for this possibility. The approach is to assume the same angle of attack (hence the same flight 
attitude) of the aircraft with conventional powertrain and convert the increment of lift 
coefficient CL in an increase of wing loading W/S. To account for propeller blowing effect, the 
method developed by Patterson [16] has been implemented. Due to the increased wing loading, 
the equilibrium equation is solved again to calculate the new ΔCL and ΔCD. The process is 
executed iteratively for each constraint curve of the sizing plot until convergence to tolerance. 

 
(a)                                                                                (b) 

Figure 2: Comparison between sizing plots: (a) hybrid-electric; (b) conventional powertrain. 
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example on the ATR-42 aircraft, a promising platform to exploit future benefits of such 
architectures, as requested by the Italian PROSIB1 research project. 
The preliminary design of a hybrid-electric aircraft has not a consolidated approach, since the 
only data available are on small experimental airplanes. Borer et al. [3] described the design 
and the performance predicted with simplified methods of the NASA X-57 SCEPTOR 
experimental electric aircraft, based on a Tecnam P2006T light aircraft. By substituting the 
wing with a smaller one sized for cruise conditions, with 12 distributed propellers for the low 
speed performance, they shown that a 4.8 reduction in energy consumption can be obtained at 
150 kts and 8000 ft, with a gross weight slightly bigger than the stock aircraft. However, the 
range with the available battery technology is only 80 nm against the 670 nm achievable with 
fuel. Brelje and Martins [4] have shown that the design of an electric aircraft introduces new 
coupling between previously distinct disciplines, such as aerodynamics and propulsion, which 
can be effectively evaluated only with high-fidelity analyses. An investigation conducted by 
the Bauhaus Luftfahrt institute [5] has evaluated a potential 16% block fuel-burn reduction on 
a 900 nm mission for a 2035 jet aircraft with 180 pax, if 18% of the total energy comes from 
batteries with a specific energy of 1500 Wh/Kg. Such fuel saving is halved if the battery specific 
energy is 1000 Wh/Kg (nowadays is about 200 Wh/Kg). 
As concern turboprop transport airplanes, recent researches have shown that, for conventional 
aircraft layout (i.e. tube and wing), disruptive results are obtained only if optimistic assumptions 
are made on the battery specific energy (>750 Wh/Kg) [6]–[8], otherwise the potential fuel 
saving is less than 5% [9], [10]. The benefits of DEP and tip-mounted propellers have been 
deeply investigated by NASA, yielding to an amplification of lift coefficient from twice to three 
times the flapped configuration in landing for the DEP wing [11], [12], while wingtip mounted 
propellers may decrease the induced drag up to 15%, depending on the wing planform and lift 
coefficient [13], [14]. 
The objective of this work is to illustrate the effects of some powertrain parameters and the 
aero-propulsive interactions on the preliminary sizing of hybrid-electric transport airplane. 
Although the method that will be presented is feasible for any class of aircraft and powertrain 
(from conventional to all-electric), the authors focused on the regional air transport category, 
with turbo-electric powertrain (no electric energy storage system, e.g. battery, is installed). 

2 METHODOLOGY 
The methodology of this work follows the approach of Ref. [6], with several customizations. 
Once assigned the Top-Level Aircraft Requirements (TLAR), the design workflow starts with 
a statistical pre-design of the aircraft with conventional powertrain. This is a necessary step, 
since there are no consolidated methods to size a hybrid-electric aircraft from scratch. From 
this baseline, the sizing process, which includes the characteristics of the propulsive architecture 
in terms of geometry, position, hybridization parameters, and operating modes, is performed. 
As in the classical aircraft design workflow, aviation regulations and design requirements 
dictate the constraints for the choice of the sizing point, which is the combination of power 
loading W/P and wing loading W/S at take-off. In contrast with the classical approach, the Class-
I weight estimation for the hybrid-electric configuration cannot be performed as first step, 
lacking statistical data on maximum take-off and operative empty weights. Even the fuel-
fraction method [15] cannot be implemented. Thus, weight estimation is performed iteratively 
at a later step, with a mission profile analysis accounting for the energetic requirements and 
powertrain operating mode for each flight phase. The workflow is reported in Figure 1. 
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off and landing (Figure 2), enabling the possibility to reduce the wing area and weight. 
Equilibrium equations from Flight Mechanics are re-written and iteratively solved to account 
for this possibility. The approach is to assume the same angle of attack (hence the same flight 
attitude) of the aircraft with conventional powertrain and convert the increment of lift 
coefficient CL in an increase of wing loading W/S. To account for propeller blowing effect, the 
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Figure 2: Comparison between sizing plots: (a) hybrid-electric; (b) conventional powertrain. 
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Figure 3: Turbo-electric powertrain scheme with a possible installation over a regional turboprop. 

The chosen power loading (W/P)TO is used to solve the powertrain equations system, which 
states the conservation of energy between the energy sources and the propulsors, accounting 
for the logical connections between powertrain components and their mechanical efficiencies. 
Figure 3 reports a powertrain scheme for the turboelectric case. The resolution of the powertrain 
equations implies the assignment of an operating mode, hybridization factor, and component 
efficiencies for each flight phase. The operating mode states the way the energy flows from its 
source to the propulsors (or vice-versa). In the case of turbo-electric aircraft, a possible 
operating mode is well described in Figure 3, where each gas turbine drives an inverter and a 
primary propeller through a gearbox. The inverter provides electric power to several electric 
drivers, which may be directly connected to the secondary propellers distributed on the wing. 
A power management and distribution (PMAD) system acts as a controller. The hybridization 
factor states how much energy is used to power the secondary propulsors (DEP). In this work, 
following the approach of Ref. [6], the hybridization factor is defined as shaft power ratio, that 
is the ratio between the power at the shafts of the secondary propulsors (PS2) and the total shaft 
power (PS1 + PS2), according to Eq. (1). 
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The efficiency η of each component is assigned a priori, assuming that each component works 
at the maximum efficiency most of the time. In this way, the powertrain system is linear for 
each flight phase, although the matrix coefficient may change among flight phases. Eq. (2) 
reports an example of powertrain system for the turbo-electric case 
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The energy balance gives 7 equations and 9 unknowns. Therefore, two equations are added in 
the last two rows to close the system. One is the definition of shaft power ratio φ, the other is 
simply the sum of the propulsive powers which gives the total take-off power PTO.  
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Pax number 42  Rate of Descent 1100 feet/min 
Engines number 2  Mach cruise 0.47  
Design range 840 nautical miles Cruise altitude 17000 feet 
Landing length 3600 feet Alternate range 100 nautical miles
Take-off length 4000 feet Alternate altitude 8000 feet 
Climb Speed 170 knots Mach alternate 0.3  
Descent Speed 220 knots Fuel reserve 5 % block fuel
Rate of Climb 1500 feet/min Holding 30 minutes 

Table 1: ATR-42 TLAR. 

Propulsors are modelled as actuator disks, which max efficiency is limited by the disk loading 
as stated in the momentum theory [17]: for a given thrust, as the number of distributed 
propellers increase, their diameter decreases, increasing disk loading and reducing the 
maximum theorical efficiency. 
At this stage, it is known total power loading (W/P)TO, while the total propulsive power PTO 
will be available once the maximum take-off weight WTO has been estimated. Once the 
powertrain equations system is solved, the specific powers W/P of each powertrain component 
in all flight phases are known. The most demanding values are used to size the components. By 
calculating fuel consumption with the energetic requirements of each mission phase, the weight 
estimation is iteratively performed with a Class-II method, by assuming that the statistical laws 
of the aircraft components’ weight [18], except for the powertrain, are still valid. Fuel weight 
is calculated by energy requirements in the mission profile analysis. Once the loop has 
converged, the aircraft has been sized and data can be feed other modules to perform analyses 
and optimization. 

3 RESULTS 
The method described in Sec. 2 has been applied to a regional turboprop aircraft with the same 
TLAR of the ATR-42, reported in Table 1. Several DEP strategies and engines number have 
been investigated. DEP has been alternatively enabled in all flight phases, take-off and climb 
and landing, take-off and landing. The number of secondary propellers is 8, 12, 16 and 20, 
covering about the 60% of the wing area affected by flaps. By designers’ choice, for the hybrid-
electric configuration, the gas turbines and the primary propellers have been moved to the 
wingtips as suggested in [13], [19]. 
For the given mission, the best results in terms of fuel saving depend on combination of the 
number of distributed propellers, shaft power ratio, and enabling strategy. For the sake of 
brevity, only a few charts are shown in the following. Best strategy for the assigned TLAR 
seems to enable DEP of 20 propellers (10 electric + 1 thermal engine per wing semi-span, the 
highest number of propellers investigated) in take-off, climb, and landing. The trend of the 
weights with the shaft power ratio, indicating how much power is given to DEP, is reported in 
Figure 4. All the weights increase with the shaft power ratio, indicating the need of bigger 
electric machines as the DEP demands more power, generating a snowball effect on the weight 
of other components. 
The curves of fuel and wing weight are not linear, whereas the curves of maximum take-off, 
operative empty, and powertrain weights are quite smooth. This may be due to the change in 
sizing plot limits with hybridization factor. As concern the fuel weight, which is the fuel burned 
to complete the design mission, there is an increment in fuel consumption until a 10% shaft 
power ratio, a minimum at 30%, a negligible variation between 35% and 65%, then a rapid 
increase towards the all-electric propulsion. This trend is reflected on the wing weight, which 
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The energy balance gives 7 equations and 9 unknowns. Therefore, two equations are added in 
the last two rows to close the system. One is the definition of shaft power ratio φ, the other is 
simply the sum of the propulsive powers which gives the total take-off power PTO.  
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will be available once the maximum take-off weight WTO has been estimated. Once the 
powertrain equations system is solved, the specific powers W/P of each powertrain component 
in all flight phases are known. The most demanding values are used to size the components. By 
calculating fuel consumption with the energetic requirements of each mission phase, the weight 
estimation is iteratively performed with a Class-II method, by assuming that the statistical laws 
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is calculated by energy requirements in the mission profile analysis. Once the loop has 
converged, the aircraft has been sized and data can be feed other modules to perform analyses 
and optimization. 

3 RESULTS 
The method described in Sec. 2 has been applied to a regional turboprop aircraft with the same 
TLAR of the ATR-42, reported in Table 1. Several DEP strategies and engines number have 
been investigated. DEP has been alternatively enabled in all flight phases, take-off and climb 
and landing, take-off and landing. The number of secondary propellers is 8, 12, 16 and 20, 
covering about the 60% of the wing area affected by flaps. By designers’ choice, for the hybrid-
electric configuration, the gas turbines and the primary propellers have been moved to the 
wingtips as suggested in [13], [19]. 
For the given mission, the best results in terms of fuel saving depend on combination of the 
number of distributed propellers, shaft power ratio, and enabling strategy. For the sake of 
brevity, only a few charts are shown in the following. Best strategy for the assigned TLAR 
seems to enable DEP of 20 propellers (10 electric + 1 thermal engine per wing semi-span, the 
highest number of propellers investigated) in take-off, climb, and landing. The trend of the 
weights with the shaft power ratio, indicating how much power is given to DEP, is reported in 
Figure 4. All the weights increase with the shaft power ratio, indicating the need of bigger 
electric machines as the DEP demands more power, generating a snowball effect on the weight 
of other components. 
The curves of fuel and wing weight are not linear, whereas the curves of maximum take-off, 
operative empty, and powertrain weights are quite smooth. This may be due to the change in 
sizing plot limits with hybridization factor. As concern the fuel weight, which is the fuel burned 
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power ratio, a minimum at 30%, a negligible variation between 35% and 65%, then a rapid 
increase towards the all-electric propulsion. This trend is reflected on the wing weight, which 
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is always heavier than the wing of the conventional configuration. At this stage, the weight of 
the DEP system does not alleviate the wing aerodynamic load nor the tailplanes are updated, 
hence results are conservative. As a figure of merit, the fuel weight savings gets an insignificant 
value of less than 50 lb on an 840 nm (plus reserves) mission. To grow interest in a turbo-
electric regional turboprop, other features must be investigated, as will be discussed in the next 
section. 
As concern the effects of hybridization factor on the wing, they are reported in Figure 5, under 
the assumption of constant aspect ratio. The value of 10.4, instead of the true value of about 11, 
comes from the statistical pre-design. Since the objective of the work is to evaluate 
improvements with respect to the conventional configuration, it was decided to not force the 
code to match the real aircraft data. As expected, the increment in shaft power ratio increases 
the wing loading from 75 to about 105 lb/ft2, reduces the wing area up to 65 ft2 (6 m2) and the 
wing span up to 5 ft (1.5 m). However, the magnitude of these reductions is not enough to 
decrease the wing weight, which increases due to the above stated snowball effect. As stated 
before, wing weight alleviation due to DEP is neglected in this application. 
 

 
Figure 4: Weights trends with shaft power ratio for the ATR-42 design mission (840 nm), DEP with 

20 propellers enabled in take-off, climb, and landing. 

 
Figure 5: Effects of the hybridization factor on the wing for the ATR-42 design mission (840 nm), 

DEP with 20 propellers enabled in take-off, climb, and landing. 
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Figure 6: Design sweep for the ATR-42 turbo-electric aircraft at several ranges and shaft power ratios. 

4 DISCUSSION 
The results presented in Sec. 3 discourage the installation of a turbo-electric powertrain on a 
regional turboprop aircraft. Some calculations are conservative, and the design workflow does 
not include the complexity of such re-engineering, including the control logic, failure tolerance, 
safety issues, maintenance costs, and so on. Yet, there is way for improvement, by considering 
several aspects. First of all, the typical ATR mission is well below the 840 nm design mission. 
A design sweep including the range, varied from 200 to 800 nm, always with 100 nm alternate 
and reserves, has revealed that the most convenient mission has a range of 500 nm, performed 
with 20 distributed propellers enabled only at take-off and landing with a 25% shaft power ratio. 
This solution yields a fuel saving of about 170 lbs (5%) and a 2% increase in maximum take-
off weight, as reported in Figure 6. The left side shows the response surface of fuel weight 
against range and hybridization factor. The shaded plane represents the fuel weight with the 
conventional powertrain. Thus, the areas of the response surface which are darker indicate that 
the fuel weight with turboelectric powerplant is less than the fuel weight with the conventional 
powerplant performing the same mission. Other results, not shown here for the sake of brevity, 
have shown that the strategy of take-off and climb and landing pays off only at long ranges. 
The take-off and landing strategy is more effective at low shaft power ratio (below 0.5) with 
ranges around 550 nm, with a significant increase in fuel burn at higher shaft power ratios and 
longer ranges. The strategy of enabling DEP in all flight phases is usually the worst, since DEP 
benefits are lost in cruise conditions. The right side of Figure 6 shows a contour plot of the fuel 
saving, indicating areas of interest and operation flexibility. 
It may be argued that the achieved results are not enough to raise an interest in a turbo-electric 
powertrain for such aircraft category. The attention may be moved to the phenomena involved 
in the aero-propulsive interactions. The increase in lift coefficient, which is limited to a value 
of about 1.0, is obtained with the method of Ref. [16]. This method is based on a surrogated 
model developed from the results of 2D CFD RANS analyses on a symmetric airfoil in clean 
configuration. It is the author’s opinion that higher values may be obtained if the typical airfoil 
in clean and flapped configurations is investigated with high fidelity methods, developing a 
surrogate model closer to the aircraft category of interest. Such approach has been successfully 
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in the aero-propulsive interactions. The increase in lift coefficient, which is limited to a value 
of about 1.0, is obtained with the method of Ref. [16]. This method is based on a surrogated 
model developed from the results of 2D CFD RANS analyses on a symmetric airfoil in clean 
configuration. It is the author’s opinion that higher values may be obtained if the typical airfoil 
in clean and flapped configurations is investigated with high fidelity methods, developing a 
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applied in the design, analysis, and optimization of conventional and innovative turbopropeller 
aircraft [20]–[29] and implemented in local and collaborative design chains [30]–[34]. Finally, 
Ref. [16] investigated variations in disk diameter, longitudinal position, and thrust. At time of 
writing, the authors are also investigating the effect of the disk vertical position, that may be 
favourable if more than half of the disk blows below the airfoil, improving the aerodynamic 
performance with flaps deployed. 

5 CONCLUDING REMARKS 
At this time, the DEP turboelectric aircraft configuration is not enough promising compared to 
the needed technological steps to reach a flying product. However, some advantages have been 
highlighted changing the design mission to attain a fuel reduction of about 5%. The key factors 
of the success of DEP aircraft are: (i) the demonstration of higher aerodynamic improvements, 
leading to larger wing area reduction respect to what predicted with simplified methodologies; 
(ii) the improvements in multidisciplinary approaches among aerodynamics, propulsion, flight 
control systems, emissions and costs in the preliminary aircraft design; (iii) the improvements 
of enabling technologies (i.e. electric machines, energy storage systems); (iv) the increasing 
awareness towards noise and gaseous emissions. 
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ABSTRACT 

The purpose of this paper is to show how the process for the calculation of the Daily Fire 
Hazard Index described in (Laneve, Cadau, 2007) 1  was improved upon by taking into account 
the effects of wind speed and direction, examining the wildfire insurgence data in the Italian 
region of Sardinia. The Daily Fire Hazard Index was developed in the context of the S2IGI 
project with the objective to provide a daily estimate of the likelihood of wildfire insurgence, in 
order to help coordinate the firefighting activities. Using land cover maps, fuel maps and 
MODIS satellite imagery, an algorithm was developed to estimate the relative amount of live 
and dead vegetation. Meteorological data is used to determine the temperature, the relative 
humidity and the wind speed. After using the FAO Penman-Monteith method (1998)[2] for the 
determination of the reference evapotranspiration of the vegetation, a simple algorithm was 
used to correct the surface temperature accounting for the effect of the magnitude of the wind 
speed. After determining the wind direction using the meteorological forecast data, the 
correction factor takes into account the fact that in Sardinia, the majority of the wildfires occur 
in days of strong Mistral winds. 
Keywords: wildfires, vegetation, hazard index, sardinia 
Introduction 

1 INTRODUCTION 

It has been widely reported by a number of international organizations (such as FA , EEA and 
RC) that Mediterranean forests are gravely affected by wildfires, with overwhelmingly 

negative consequences on two macro-areas: the economic area, due to the destruction of crops, 
buildings or infrastructures, and the hydrogeological area, where the damage assessment is 
much more complex. The balance of the ecosystem is dramatically altered by wildfires, with 
further negative effects on soil erodibility, due to the partial or complete loss of the vegetation 
cover, and subsequent desertification. In 2014, approximately 500 000 hectares of European 
land burned as a cause of 65 000 wildfires , and this number has gone practically unchanged 
through the last 0 years despite all the efforts made towards prevention and the improved 
technological support of firefighting activities.  

The S2IGI pro ect was funded by the Sardinia Region in the framewor  of the P S-
FESR 2014-2020 initiative. Developed through a collaboration between the School of 
Aerospace Engineering of La Sapienza University, CNR-I IMET and Nur anatech, the pro ect 
aims to contain the damage caused by wildfires by providing an integrated information system 
based on the usage of new techniques and satellite technology. In particular, the Daily Fire 
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Hazard Index covers the need for a daily fire danger assessment based on meteorological data 
and on an estimate of the actual state of the vegetation. 

2 STATE OF THE ART 

It has been widely observed that there is a strong relationship between wildfire insurgence and 
a number of measurable parameters, namely the characteristics and state of the fuel (in terms 
of vegetation type, temperature and moisture content), the topography of the area of interest (in 
terms of altitude, slope and illumination conditions), and the general meteorological conditions. 
Furthermore, given the fact that the overwhelming ma ority of wildfires are caused, either 
intentionally or accidentally, by humans, it is possible to give a reasonable estimate of the 
li elihood of a certain area to burn. 

2.1 Methods of fire risk estimate 

Following the guidelines established in (Laneve et al., 2011) 4 , we can distinguish two types of 
methods of fire ris  estimate: 

1) Statistical methods provide long term ris  indices based on slowly changing parameters, 
such as topography, land cover and other variables that can be considered constant over 
short timeframes. 

2) Dynamical methods provide short term ris  indices, and are based on data that undergo 
significant variations on a daily basis, and that can be measured frequently using satellite 
data or forecast models. 

The Daily Fire Hazard Index belongs to the second category, and ma es use of the latest satellite 
and meteorological data to assess the actual conditions of the vegetation as accurately as 
possible. 

2.2 Brief history of dynamical methods for fire risk estimate 

Since 1998, the oint Research Centre of the European Commission coordinated efforts to 
create a standard method for the evaluation of forest fire hazard on a continental scale. Until 
then, most of the indices used to assess the ris  of forest fire insurgence were developed on a 
national scale, and the vast ma ority of them did not ma e use of satellite data. In particular, an 
effort was made by the RC to adapt the Fire Potential Index (FPI), which was originally 
developed for North-American territories, to our European and Mediterranean forests 
(Sebastian-L pez et al., 2002) 5 . 

The School of Aerospace Engineering, in the framewor  of the SIGRI pro ect funded 
by ASI, decided to follow the same path and developed the Modified Fire Probability Index 
(MFPI), which made use not only of fuel maps and meteorological data, but also of satellite 
imagery to calculate the so-called fire potential , and was able to assess the actual conditions 
of the vegetation by distinguishing live and dead vegetation, on the basis of the wor  done by 
( urgan et al., 199 ) 6 . Furthermore, the MFPI improved upon the FPI developed by ( urgan 
et al., 1998)( ) by ta ing into account the effect of the topography on the actual illumination 
conditions of the area of interest, and this was achieved by computing the reference 
evapotranspiration ET0 as prescribed by the FA  Penman-Monteith method 2 . 

Finally, the latest version of the index, called Daily Fire Hazard Index (DFHI), corrects 
the temperature of the vegetation by accounting for the effect of the wind speed, and ad usts the 
fire hazard ris  with respect to the wind direction, which allows us to model the experimental 
fact that in Sardinia, the ma ority of the fires occur in days of strong Mistral wind. 
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3 DAILY FIRE HAZARD INDEX CALCULATION PROCEDURE 

3.1 Data Sources and Relevant Quantities 

The algorithm for the calculation of the DFHI is schematically represented in figure 1, and 
relies on the following data sources: 

• NASA M DIS M D09GA and M D09G  L2 images (daily) 
• Meteorological data provided by the Aeronautica Militare (daily) 
• Fuel Map of the area of interest 
• ND I historical records of the area of interest 
• Digital Elevation Model of the area of interest 

 
Figure 1: Flowchart representing the procedure used to compute the Daily Fire Hazard Index  

The Daily Fire Hazard Index is able to provide an up-to-date estimate of the tendency of a 
certain area to develop and support wildfires by distinguishing between live and dead 
vegetation, and subsequently assessing their humidity content and temperature in order to 
determine the li elihood of wildfire insurgence as accurately as possible. Ultimately, these two 
fundamental characteristics of the vegetation are measured through the quantities 𝐿𝐿𝑓𝑓 (fraction 
of Live vegetation) and 𝑇𝑇𝑇𝑇𝑓𝑓 (fraction of Ten Hour-Lag Time Fuel Moisture), that determine 
the 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 through the following equation: 
 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = (1 − 𝐿𝐿𝑓𝑓)(1 − 𝑇𝑇𝑇𝑇𝑓𝑓) ∗ 100 (1) 

 

3.2 Estimation of the Live Vegetation Fraction 

The distinction between live and dead vegetation is made by exploiting medium resolution and 
high frequency satellite imagery such as M DIS, which allows us to obtain daily L2 
reflectances in the red and near-infrared necessary to compute the 𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷 (Normalized 
Differential egetation Index). The comparison between the measured 𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷 and the historical 
records for each individual pixel is what ultimately allows us to distinguish the live and dead 
vegetation, and this result is obtained by computing the Relative Greenness 𝑅𝑅𝑅𝑅, which is 
defined as follows: 
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(2) 

The 𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷 is also used in con unction with the fuel maps to compute the 𝐿𝐿𝑓𝑓 (fraction of green 
vegetation) in the following way: 
 

𝐿𝐿𝑓𝑓 =
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here 𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷  is the maximum value of the 𝑇𝑇𝐷𝐷𝑁𝑁𝐷𝐷 found for the given pixel in the selected 
time period: 
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M DIS reflectances in the near and shortwave infrared are used to compute another 
fundamental quantity that allows us to obtain a very useful estimate of the moisture content of 
the vegetation, which is the 𝑇𝑇 (Equivalent ater Thic ness). The seasonal decrease of this 
quantity that occurs every year around the beginning of summer has been directly lin ed to the 
insurgence of wildfires and the start of the wildfire season. In the form given by (Ceccato et al., 
2002) 8 , the 𝑇𝑇 is written as a function of the 𝑅𝑅𝑁𝑁 𝐷𝐷 (Global egetation Moisture Index): 
 
 

𝑅𝑅𝑁𝑁 𝐷𝐷 =
𝑇𝑇𝐷𝐷𝑅𝑅 0 1 − 𝐷𝐷𝑅𝑅 0 0
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( ) 

 𝑇𝑇 =   
 

 
(4) 

here  are dimensionless coefficients, whose values are the result of an African 
experimental campaign which involved a wide variety of forests and vegetation types. 
Subsequently, 𝑇𝑇 is used to correct the fraction of green vegetation in the following way: 
 
 𝑇𝑇 =

𝑇𝑇
𝑇𝑇 𝑇𝑇  

 
(5) 

 
 𝐿𝐿𝑓𝑓 = 𝐿𝐿𝑓𝑓 1 0 𝑇𝑇 − 1  

 
 

(6) 

here 𝑇𝑇  and 𝑇𝑇  are the mean and standard deviation of the latest 𝑇𝑇 map. In 
other words, the fact that an increase in 𝑇𝑇 results in a decrease of the fire hazard is modelled 
through an increase of the fraction of live vegetation. 

3.3 The Reference Evapotranspiration and the Wind Factor 

The moisture content of the dead vegetation is estimated using meteorological data of humidity 
and temperature by means of the quantity 𝐷𝐷  (Ten Hours-Time Lag Fuel Moisture): 
 𝐷𝐷 = 1 ∗  ( ) 
here the   (equivalent moisture content) is a function of the air moisture and temperature 

at 2 meters of height. hile the predecessor of the DFHI, the FPI (Fire Probability Index) 
simply used meteorological data to compute this quantity, the DFHI improves this procedure 
by accounting for the effect of the wind speed in a very straightforward way. After computing 
the 𝑇𝑇  (Reference EvapoTranspiration) following the FA  Penman-Monteith guidelines 2 , 
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this quantity is used to locate the pixels that show conditions far enough from an array of 
reference 𝑇𝑇  values, computed without ta ing into account the topography of the area of 
interest, using a constant wind speed of  and changing the temperature between 0  and 

 with a step of . These conditions, together with the net radiation 𝑅𝑅  computed for the 
day of interest, are used to create a loo -up table of evapotranspiration values and their 
corresponding temperatures in order to compare them with the reference evapotranspiration that 
ta es into account the actual wind speed and the effects of the local topography. 
The actual 𝑇𝑇  is therefore compared with the evapotranspiration values in the loo -up table in 
order to find the position that corresponds to the minimum difference, and subsequently, the 
temperature that generated this value is selected as an equivalent temperature  𝑇𝑇  that will be 
assigned to the vegetation: 
 
 𝑇𝑇 𝑇𝑇∗ 𝑇𝑇 𝑇𝑇∗ − 𝑇𝑇 𝑇𝑇 = ∗ 𝑇𝑇 𝑇𝑇∗ − 𝑇𝑇 𝑇𝑇  (8) 

This allows us to compute the Ten Hours-Time Lag Fuel Moisture using a temperature that is 
more representative of the actual status of the vegetation, rather than simply using the air 
temperature at 2 meters, while also ta ing into account the effect of the wind speed. Finally, the 
𝐷𝐷  is computed using the equivalent temperature and converted to the corresponding 
fractional quantity, which is ultimately used to compute the DFHI as shown in equation (1). 

3.4 The Effect of Wind Direction: The Case of Sardinia 

Given all the historical records of wildfires in Sardinia, the ma ority of the fires occur in days 
of strong Mistral winds. This effect can be very easily included in the fire hazard assessment 
using a multiplicative factor: 
 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (9) 
here the wind factor is larger than unity only in case of Mistral and Sirocco wind. 
therwise, its value is always one, as shown in table 1: 

 
Wind Direction Wind Name

N Tramontane 1.0 
N  Mistral 1.25 

E Ponente 1.0 
S  Libeccio 1.0 
S stro 1.0 

SE Sirocco 1.10 
E Levant 1.0 

NE Gregale 1.0 

Table 1:  values assigned to each Mediterranean wind. 

4 PERFORMANCE OF THE DFHI 

Firstly, the typical products of the algorithms will be showcased to demonstrate how the Daily 
Fire Hazard Index reacts to quic  changes in the meteorological conditions, and therefore in the 
state of the vegetation. Secondly, the latest available wildfire records for the region of Sardinia 
will be used to assess the performance of the new version of the index. 
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4.1 Typical Products 

The DFHI is computed daily using a Matlab algorithm that runs on a server. After downloading 
the latest M DIS images and the meteorological data of the reference day, DFHI maps are 
generated for the midday of the reference day and the two following days. Figure 2 provides an 
informative loo  at the behaviour of the index during the beginning of the fire season. 

 
Figure 2: Daily Fire Hazard Index maps in the late une 2019 

The quic ly increasing temperatures and the overall decrease in relative humidity result in an 
evident increase of the hazard index in the entire Sardinian territory. However, the areas with 
the highest values of the index (namely, the red and dar  red areas on the map), tend to be 
determined mostly by the decreasing value of quantities such as the 𝑇𝑇 and the 𝑇𝑇 , which 
are representative of the progressive loss of moisture of the vegetation due to the beginning of 
the summer season and therefore of the wildfire season. y contrast, in figure , during the 
rainy days of the late May 2019, we can see how the fire ris  is practically non-existent despite 
the high temperatures and vegetation greenness, as one would expect. 

Figure : Daily Fire Hazard Index maps in the late May 2019 

4.2 Distribution of the Fire Hazard 

At the time of writing, the latest available wildfire records in the area of interest provided by 
the Regione Autonoma della Sardegna are related to the year 201 . ur analysis was focused 
on the wildfire season, and therefore the months of une, uly and August were selected as the 
timeframe of our validation procedure. Firstly, DFHI maps for each day of the timeframe were 
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created, and each pixel of the area of interest was assigned a hazard class following the 
classification described in table 2. 

 
DFHI Interval Hazard Class

0 − 0 No Hazard 
0 − 0 Low Hazard 
0 −  Medium Hazard 
− 0 High Hazard 

0 − 100 ery High Hazard 

Table 2: 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 values and hazard classes. 

Secondly, the process was repeated selecting only the burnt areas rather than the entire region, 
and subsequently, this new distribution of the fire hazard index was compared to the global one 
in order to assess its performance. The desirable outcome of this process would be to find that 
most of the wildfires occur in the areas that show the highest hazard levels, while normally the 
ma ority of the pixels should fall under lower fire hazard classes. 
The results of this process are summarized in the bar graphs of figure 4. The left bar graph 
shows how, considering the DFHI maps of the entire region of Sardinia, 86.56  of the pixels 
fall under the no hazard , low hazard  and medium hazard  categories as one would expect, 
with the highest number of occurrences found in the low hazard  class. n the other hand, if 
we focus only on the areas stric en by wildfires, the hazard distribution changes visibly, with 
almost three quarters of the burnt pixels falling under the high hazard  class. 

 
Figure 4: Comparison between the distribution of the fire hazard on the entire region and on the burnt 

areas 

The comparison between the two distributions shows that the fact that most of the burnt pixels 
fall under the high hazard  class is not due to an inherent bias of the algorithm towards high 
ris  classes, since regularly most of the pixels fall under the low hazard classes, but rather to 
the accurate estimation of the state of the fuel provided by the latest version of the model.  
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5 CONCLUSIONS 

The latest version of the DFHI improves upon its predecessors in evaluating the actual state of 
the vegetation both on the model side, by including the effects of the wind speed and direction, 
and on the algorithm side, by using daily atmospherically corrected L2 M DIS imagery to 
obtain the required reflectances in the visible and near-infrared. ualitatively, the algorithm 
responds well to the changes in temperature, 𝑇𝑇 and 𝑇𝑇 , so that relevant day-to-day shifts 
in the model parameters always translate  in visible changes in hazard ris  values, ustifying the 
need for a daily tool to estimate the ris  of wildfire insurgence. uantitatively, the distribution 
of the fire hazard over the region of Sardinia shows the absence of a bias towards high ris  
classes, and the analysis of the predicted ris  over actual burnt areas shows that the Daily Fire 
Hazard Index is a valuable tool for the support of the decision ma ers in short term wildfire 
prevention.  
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ABSTRACT  

In the framework of CIRA USV (Unmanned Space Vehicle) program a new proposal has been 
conceived, aiming at developing and designing, a Deployable Wing Sub-system (DWS) for an 
Unmanned Space re-entry Vehicle, and to manufacture and integrate a real scale Demonstrator 
for ground testing in order to reach a TRL equal to 5 for the whole S/S.  
The scope of the USV DWS (CIRA project is the development of key technologies for future 
space vehicle configurations for re-entry from LEO/MEO, in line with the European trend to 
develop space transportation systems, enabling civil in-orbit experimentation, demonstration 
and scientific missions, with subsequent return from orbit, and finally safely landing for 
following refurbishment, and re-use. In particular, the focus is on winged configurations which, 
compared to a lifting body configuration, allows the performing of a safety landing on a 
conventional runway.    
Reference system is a class 2500 Kg re-entry vehicle (i.e. IXV, SPACE RIDER like), to be 
launched by using Italian VEGA C launcher. The necessity to fit a winged vehicle into the VEGA 
fairing leads to the adoption of very stretched configurations, with consequent penalties in 
terms of volume and weight to be dedicated to the payload.  
Now therefore a deployable wing solution could allow overcoming difficulties in the launcher 
accommodation and in the re-entry phase, by offering the necessary enhanced capability during 
the atmospheric flight from supersonic to low subsonic regime up to landing,  
This work describes the scope and the objective of the USV3 DWS project, including some 
preliminary results related to an initial feasibility study, aimed at identifying a possible 
reference configuration of the re-entry vehicle matching the high level preliminary 
requirements.  
Moreover preliminary results of a trade-off analysis for evaluating several appropriate 
solutions for an applicable deployment system are also presented. Starting from the state of the 
art regarding deployment mechanisms that have been used in the space field, different system 
configurations have been identified and the pros and cons have been evaluated of each of them. 
Evaluation have been conducted by schematically subdividing the deployment system, into its 
main subsystems such as the actuation system, latching and locking system. The most 
advantageous systems have been also the subject of a more accurate study, implementing them 
within a DMU for evaluating the impact, in terms of encumbrance and verification at 
interference, on vehicle external shape and internal layout. 
 
Keywords: USV, Deployable wing, demonstrator, Re-entry vehicle 
 

Preliminary trade-off study of a deployment                                                                            B. Galasso, R. Fauci 
System for USV-3 unmanned space re-entry vehicle  

 

2 
 

INTRODUCTION  
 
This work is developed within the CIRA Project called USV3 DWS (Deployable Wing 
System), in accordance with the objectives of the PRO.R.A. Program USV. 
The main objective of the USV3 project is the development of key technologies applicable to 
future unmanned spacecraft, for re-entry from LEO / MEO orbits.  In particular, the idea 
pursued in the context of the proposal called USV3 DWS (Deployable Wing System) is to 
investigate the feasibility of a re-entry vehicle equipped with fins and body flaps and capable 
of performing in security a controlled return and a conventional landing using a deployable 
wing. Reference system is a class 2500 Kg re-entry vehicle (i.e. USV3, IXV, SPACE RIDER 
like), to be launched by using Italian VEGA C launcher.  
In this paper the feasibility analysis of the wing deployment mechanism (referred to as DWM) 
for the USV-3 DWS re-entry vehicle selected configuration is described. 
In particular, the considerations that led to the choice of several appropriate solutions applicable 
to the deployment system in question are described. Different configurations of deployment 
systems have been identified, analysing the main subsystems and evaluating the pros and cons 
of each system. To this end, a trade off analysis is conducted, based on a selection of parameters 
and relative weights, in order to identify the most functional deployment mechanism among 
those analysed. 

 
USV3 DWS CONFIGURATION SELECTION AND DWM 
MECHANISM PRELIMINARY REQUIREMENT DEFINITION 
 
A trade-off study has been performed for selecting an applicable re-entry system configuration 
equipped with a deployable wing S/S, by taking into account a set of criteria: Minimization of 
Weight; Minimization of required internal space for the stowed configuration; Optimization of 
aerodynamic efficiency over all the flight regimes with the aim to maximize the downrange; 
Minimization of thermal shields and/or thermal control devices to protect the wing in stowed 
configuration during re-entry; Maximization of mechanisms flexibility and reliability. This 
trade-off analysis is out of scope of the present work; only a brief description of performed 
activities are described hereafter, in order to better understand how of the DWM preliminary 
requirements has been identified. 
Two different main concepts, each one having a different re-entry strategy, has been identified 
by exploiting the experience acquired during USV1, USV3, IXV programs and the on-going 
activity on SPACE RIDER European programs. 
The first concept is foreseen to operate a re-entry mission foreseeing the following three phases: 
atmospheric re-entry without wing (lifting body) and controlled fight up to the supersonic or 
transonic regime; deceleration by using a drug chute (if needed) and deployment of the wing; 
controlled fight through transonic and subsonic regimes up to landing. Consequently, the 
concept is “IXV derived”, simply obtained by applying wings to the “lifting body” and slightly 
modifying the fuselage in order to locate the “undeployed" wing so that no critical thermal 
effect should occur on the wings during the first re-entry phase. For this concept, different 
configurations, foreseeing solutions with a “top” wing, “medium” wing and “low” wing have 
been conceived and compared each other (some evaluation results are shown in Table 1), 
analysis conducting to the selection of the so called “LB2” configuration as the most applicable 
one.  
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Criteria 

Configurations 

LB1 (top wing) LB2 (medium wing) LB3 (low wing) 

   
Minimum thermal shield Very good Good Discrete 
Aerodynamic performance Very low Discrete Discrete 
Space for stowed configuration Very good Good Discrete 
Mechanism flexibility & reliability Good Discrete Discrete 

Table 1 – “lifting body” concept (LBs) configurations comparison VS selected criteria 

The second concept is foreseen to operate a re-entry mission foreseeing to deploy the wing 
before the atmospheric re-entry and operate all the aerodynamic regimes with a “winged" 
configuration. The concept has been derived from a previous defined USV3 configuration: the 
fuselage has been enlarged; the length has been reduced up to 5.3m; the vehicle has been 
equipped with fins, elevons and body flap. For this concept, it was decided to investigate a 
configuration having the portion of wing to be deployed as large as possible, for both fitting of 
the winged vehicle into the VEGA C fairing and avoiding the adoption of very stretched 
configurations, as made for previous configuration of USV3. Different configurations have 
been analyzed in terms of aerodynamic performances only, by varying the wing profile shape, 
wing longitudinal position, angular deflection of fins, analysis conducting to the selection of 
the so called “WB-B3” configuration as the best choice (see Figure 1). 

 
Figure 1 – “winged” concept (WBs) configurations comparison – WB-B3 selected configuration 

In terms of deployment mechanism the first 
concept is of course more demanding than 
the second one, due to the fact that the 
deployment happens in atmosphere. The 
major issues regard the actuation subsystem: 
actuation must be operated taking into 
account the aerodynamic forces, shall be 
quickly performed and shall guarantee a 
significant degree of synchronization of the 
two half wing deployment. Again, some 
mechanism components shall take into the 
account the possibility to be exposed to space 
environment for the entire duration of orbital 
mission. This issue could be avoided for the 
second concept, as the wing releasing phase 
could occur at the begin of the orbital phase.   
One the other hand the mechanism 
components of the second concept hall be 
conceived taking into account the presence, 

Req. Id. Requirement Description 
F1 DWM system shall perform a wing deployment during orbital 

phase 
F2 Maximum deployable wing rotation angle: 60° 
F3 Deployable wing Mass: 200kg (TBC) 
F4 Deploying time: min 100 sec – max (TBD) 
F5 DWS maximum allowable Mass (for bot half wing - system margin 

included):  100Kg 
F6 During the Launch / Ascent Phase the DWM shall support the 

mechanical and thermal loads during the Launch / Ascent phase  
F7 During the Orbital Phase the DWM shall be able to support the 

mechanical loads induced by the de-orbiting maneuver. 
F8 During the Re-entry and Descent Phase the DWM shall be 

designed to sustain the atmospheric environment and its variability 
encountered in the geographic position range covered by the 
mission scenarios 

F9 The DWM (deployable wing mechanism) shall provide the 
capability to fly for a minimum of 6 times. 

A1 During the Launch / Ascent phase the system shall withstand the 
following Quasi Static Loads (QSL)(TBC). 

  
A2 During the Re-entry and Descent Phase, up to landing the DWM 

shall be designed to withstand the following static loads: 25000 N 
(TBC)  

Table 2 – DWM main preliminary requirements   
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on the wing, of a significant TPS thickness, reducing the available space for mechanism 
housing.  
At the end of the trade-off analysis, the WB-B3 “winged” concept was selected as the best 
choice, determining the definition of the set of main preliminary requirements (see Table 1) to 
be used as input for performing the Deployable Wing Mechanism (DWM) preliminary trade-
off study. 
 

DWS SYSTEM STATE OF THE ART  
 
Particular attention has been paid to the wing deployment systems for space application. 
Notwithstanding the literature proposes a huge number of patents that have been achieved 
especially by US scientists and companies, forecasting visionary solutions to be applied to space 
re-entry systems, there are very few real examples of spacecraft with deployable wings. 
Anyway, in terms of both mission and deployment system, similarity with the USV3 DWS 
vehicle can be found in the orbital stage of the Soviet Spiral vehicle [1], in the proto flight 
Vehicle 201 (developed in the framework of the X38 program)  [2] and in the Dream Chaser 
Cargo System (unmanned variant of the Dream Chaser Space System) [3]. 
Other references belong to the distribution of solar panel arrays, that could have similarity with 
the DWS since the USV3 DWS deployment takes place in LEO orbit and therefore outside the 
atmosphere. 
One of the most detailed examples is the wing deployment of the X-38 re-entry aircraft [2]. The 
purpose of the aircraft was to supply the Space Station crew and to carry out the unmanned 
return, thus giving reusability characteristics to the aircraft itself. To favour the housing of X-
38 inside the shuttle, the wings had to be folded at the time of the launch, to then, later, re-open 
for the return. Although the program was cancelled in 2003, many of the deployment sub-
systems were developed with a good level of detail. In particular, the deployment system 
consists of 7 subsystems and three hinges with respect to which the wing is rotated. A rotary 
actuation system was selected using gear boxes with non-coaxial shafts [4]. The rotary actuators 
are not housed along the axis of rotation of the wing: the mechanical moment is transferred to 
the axis of rotation of the wing through a system of axes and gear boxes. Together with the 
actuation system there is also a torque limiting device used to avoid subjecting the mechanism 
to a limiting force, causing it to break. Locking is ensured through the use of a pin which is 
released during the unfolding phase. The system, after unblocking, is able to rotate 50° up to 
bring the wing into working conditions thanks to a series of off-axis electromechanical rotary 
actuators. Simultaneously with the wing deployment, a latching system is activated which has 
the function of keeping the wing in its unfolded configuration during re-entry. 
With reference to actuator systems for space application, some solution already having space 
certifications can be found in [5] (Harmonic Drive Rotary Actuator, which has a patent for the 
use in axis with the actuator of the gear box thanks to an elliptical shape of the gears), in [5] (a 
rotary actuator from the RUAG manufacturer, used  for the deployment of a satellite antenna) 
and in [6] ( Sierra Nevada Corporation catalogue, presenting linear and rotary actuators for 
space applications).   

In [7] the use of ARQUIMEA Pin-Pullers product is also reported, for locking or latching 
systems application. An in-depth study of the mechanical characteristics and advantages that 
the use of the Pin-Puller can bring, in particular about the benefits introduced by the application 
of the SMA, was conducted by Nava at al.  

 

Observing the field of opening solar modules for satellites, almost always the use of SMA 
actuators is applied. An example is the SMA hinge with gear motor [8], which is used to deploy 
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an array of photovoltaic panels with respect to the central satellite body. The deployment system 
consists of an SMA actuator, a rotation synchronizer and a latching spring. The limitation of 
the actuators in SMA is that they must be reconditioned once used, but they have a high 
reusability and bring a big benefit in terms of payload reduction.  

From the previous overview in the space field, it emerged that most of the actuation systems 
exploit technologies concerning electromechanical actuators, actuators in SMA and actuations 
of thermal or electromagnetic type. There are practically no hydraulic actuators, very common 
in the aeronautical field, which have the peculiarity of supporting enormous loads. The masses 
involved in hydraulic systems are very different from those reported above and the introduction 
of a liquid under pressure in the space sector introduces a series of problems that lead the system 
to not be suitable for such applications. The thermal excursion, to which the spacecraft is 
subjected during a hypothetical launching and re-entry mission, has a huge gap that can 
fluctuate by many degrees centigrade. Normally the oils are not able to withstand large 
temperature ranges because they can degrade or even greatly vary the rheological characteristics 
of the fluid. 

Anyway, a certain attention has also been given to systems of wing deployment in the 
aeronautical field, in order to be able to investigate particular architectures that could meet the 
needs for the present spatial application of interest. 

The classic wing deployment mechanisms in the aeronautical field reproduce, macroscopically, 
the two types of actuation schemes: linear actuator and rotary actuator. There are numerous 
examples of deployable wings that use complex architectures with different actuation and 
locking systems. On the 777-X aircraft, a hinge is used that covers the entire thickness of the 
wing for the rotation of the wingtip [9]. The locking system is designed through the action of 
actuated pins acting in a direction parallel to the hinge axis of the wingtip. The Grumman S-2F 
aircraft uses a linear actuator with linkages and a perimeter pin locking system [10]. Other 
examples are X47-B [11], F-18 Hornet [12] and Boeing Sugar [13].  
Another interesting wing deployment system for aircraft is reported in [14] in which the 
cantilever wings rotate with respect to the axis z of a local-aircraft reference and in rest 
conditions, the wings have the longitudinal axis parallel to the longitudinal axis of the fuselage 
of the aircraft. Each deployable cantilever wing has an endpin mounted on the body of the 
fuselage so that the wing is rotatable around the body of a translation support housed along the 
longitudinal axis of the fuselage. The deployment takes place through a toothed wheel system 
with two types of actuators. The first rotary actuator that serves for the deployment of the wing 
and the second linear actuator, which serves to bring the wings into their operating position 
with respect to the longitudinal axis of the fuselage. 
 
  

ANALYSIS OF THE DEPLOYMENT AND MAIN DWM 
SUBSYSTEMS INDENTIFICATION 
 
A wing deployment system is a complex system, composed of numerous subsystems. In a 
simplified way, a scheme of operation of the deployment system for the application in question 
can be summarized in the following phases: 

1. In the launch phase, the maintenance of the wing in an un-deployed (resting) position is 
guaranteed by a locking system ("hold down" function); 

2. Once in orbit, before the start of the re-entry phase, release is commanded by unlocking 
the locking system ("release" function); 

3. The actuation system will guarantee the deployment up to the required position; 
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4. When the wing is deployed, a locking and latching system will be activated which will 
ensure the tightening and maintenance of the position, under the action of the acting 
loads, during the re-entry phase and until landing. 

Consistent with the macro-phases now listed, the present study is limited to a feasibility analysis 
of the system discretized in its main essential subsystems listed below: 
 

a. Actuation subsystem (transmission sub system included, if needed) 
b. Locking subsystem 
c. Latching subsystem 

 
Actuation Subsystems identification  
The actuation and transmission subsystems has been considered as a single subsystem because 
the type of actuation system is highly dependent on the transmission system and vice versa. 
The actuation subsystem has the task of making the opening of the wing take place in a 
controlled manner. 
Theoretically, actuator power could be selected to use this subsystem also for Latch and Lock 
functions. However, this choice would require a high energy consumption, particularly onerous 
compared to what is really necessary for the sole function of actuation applied to the case in 
question (deployment before the re-entry phase, in the absence of aerodynamic loads). In 
addition, factors related to safety, such as a guarantee of redundancy in the event of failure, 
could discourage this choice, preferring instead to assign the purpose of guaranteeing tightening 
and position during both the launch phase and the re-entry phase (up to landing) to "locking" 
and "latching" dedicated subsystems. 
Furthermore we can distinguish active solutions and passive solutions depending on whether 
the intervention of a power unit is required. Consequently, three possible solutions concerning 
the actuation subsystem have been identified and analysed: 
 
A. Rotative actuator 
B. Spring preloaded (passive system) 
C. Linear actuator with kinematic chain 
 
Rotative actuator essentially consists of a rotary engine generally arranged on the rotation axis. 
The torsion shaft passes through a system of hinges that connect the fixed part with the mobile 
part of the wing. 
In order to have the possibility to position the rotation axis of the actuator independently from 
the rotation axis of the wing it is essential to use a transmission system (with parallel or crossing 
axes). As the deployment of the wing takes place in orbit, the torque required for the rotary 
actuator can be considered, at the current stage of definition, almost negligible [9]. This 
becomes a great advantage for the objectives in terms of size and weight of the actuation 
subsystem. Of facts on the market it is possible to identify rotary actuators of very small 
dimensions. Thanks to the reduced overall dimensions, the actuation can be housed directly on 
the deployable wing torsion shaft so as to avoid kinematic motions that serve to change the 
orientation of the axis of rotation of the actuator with respect to the axis of rotation of the wing. 
Similarly, it is possible to discard configurations requiring gearboxes for varying reduction 
ratio, considering that the times allowed for deployment can also be very slow (the 100s 
requirement was formulated solely to allow an estimate of the forces involved [9]), this to the 
advantage of simplicity and reliability of the subsystem (minimization of the number of 
components). Since the actuator in question is driven by a step motor, the need for a component 
dedicated to generating a resistant torque is also overcome. 
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part of the wing. 
In order to have the possibility to position the rotation axis of the actuator independently from 
the rotation axis of the wing it is essential to use a transmission system (with parallel or crossing 
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Following previous consideration, a possible choice for the actuation subsystem is the Model 
Type1 Rotary Incremental Actuator, by MOOG (see [9]). This rotary actuator is driven by a 
step motor, has an external diameter of approximately 80 mm and a length of 70 mm. The 
actuator mass (interface included) is 0.45 kg, this value having enough margin compared to the 
DWM F5 requirements, according to Table 2. The mechanical moment exerts 46 Nm, anyway 
oversized for deployment in orbit. Despite this, the actuator has small dimensions such as to 
allow its application on the axis of rotation of the wing (as verified by the CAD interference 
analysis and shown in Figure 3), resulting in a negligible "out of shape" and a small interference 
with the rib at the root (solvable with slight changes to the final layout). 
 

  
Figure 2 - MOOG Model Type1 Rotary 

Incremental Actuator 
Figure 3 - Actuator integration on wing deployment axis - CAD 3D 

The spring actuation subsystem is composed of a spring return system coupled with the use of 
a damper to limit the wing opening speed and check its correct final positioning. 
The system will be composed of two (or more) springs in order to obtain a better balance for 
the rotation due to the elastic recall forces that are generated. The springs could be mounted 
internally between the rib at the root and the first rib of the mobile part of the wing closest to 
the root itself. After the wing has been released, the preloaded springs will start to make the 
mobile part and the fixed part close relative to each other to deploy the wing. It can be imagined 
that the spring must be "guided" along its radial path during deployment, to avoid jamming or 
distortion of the springs. This can be achieved for example by using telescopic guide systems, 
or a mechanical element, rigid and suitably shaped, on which the spring itself can slide.  
The deployment in orbit introduces the need to insert a damping element during opening to 
prevent the absence of friction from turning the wing and not having the possibility of being 
able to stop it. The damping to be applied to the system will be a function of the inertia forces 
involved and the speed at which the wing will rotate. For this purpose a magneto-brake can be 
used, this solution introducing an additional mass and also an electric energy consumption to 
create the damping magnetic field. The use of a magneto-brake also protects against possible 
failures since this device can be used as a maximum torque limiter. When a torque is recorded 
that is higher than a set limit, the damping bearing intervenes limiting the torque value by 
introducing a resistant torque or blocking the deployment. 
The magneto-brake can be positioned on the deployable wing torsion shaft: the stator 
component is keyed inside the wing to be rotated, while the rotor component is a sleeve 
mounted on the rotation shaft. 
At the current stage of definition the estimated weight for the spring actuation system is of 
about 2.5 kg (magneto brake included, spring telescopic guide system not included). 
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Linear actuation subsystem (schematically represented in Figure 4) consists of a linear actuator 
and a kinematic chain. Through the operation a connection lever and at least 3 hinges, the 
movement of translation of the actuator becomes of rotation for the hinge. In this way it is 
possible to obtain the deployment of the wing, having the freedom to position the actuation 
system inside the wing or the fuselage, where the available spaces allow it. 
 

  
Figure 4 - Scheme of linear actuator subsystem operation 

  
The deployment system with linear actuator uses a crank mechanism connected to the mobile 
part of the wing. Naturally the configurations and the housing of the kinematic mechanisms 
could be infinite since they work according to some parameters that should be stable as weight, 
maximum dimensions, total dimensions available space, etc. 
A preliminary geometric analysis [9] has been conducted, determining a solution having a 100 
mm long actuator at rest and a 73 mm stroke. A linear actuator suitable for this purpose has 
been identified, which is very light and with reduced dimensions, of production of the Intercorp 
CDA [9]. The selected actuator has a length in a completely elongated position equal to 178 
mm and has an  adjustable stroke system. The pull-force of the actuator is 133 N, well above 
the threshold level, but necessary for the geometries involved. The actuator is driven by a 
stepper motor that ensures final positioning with a resolution of 0.01 mm as well as the 
possibility of being able to hold the wing in a certain position. The total weight is 0.43 kg. The 
actuator has the space certification. 
 
Latching and Locking Subsystems Identification 
As far as the locking and latching subsystems d, they have to withstand the loads (static and 
dynamic) during the launch phase as well as the aerodynamic loads expected during the 
atmospheric re-entry phase. 
The bibliographical analysis [1] has shown that, for similar applications, an ad hoc mechanical 
system has been adopted capable of performing both "latch & lock" functions. Assuming that 
this choice is anyway possible for the USV3 wing deployment system too, for the present 
activities a check for  investigating the applicability of a possible COTS solution has been also 
made. 
A system, among those used for the keeping and release of aerospace payloads, having the 
functionality to meet the needs of latching & locking, is the Self-resettable Pin Puller, that is a 
Pin Puller capable of "rearm" after uncoupling. This system would allow, in principle, to arm 
the Pin Puller to the ground to lock the deployable wing in its folded position during the launch 
phase, to implement the device to carry out the release and, downstream of the deployment, to 
self-reset the Pin Puller to reposition the pin so as to re-lock the wing once deployed. 
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However, the market only offers self-resettable devices capable of withstanding very small 
loads [15], if compared to those required for the application in question, making this device 
inapplicable (it would take several tens to achieve its purpose!). 
Considering the locking function (hold down and release) only, solutions foreseeing the use of  
Frangi-Bolt or  Pin-Puller in SMA with controlled disengagement, has been investigated. 
The Frangi-Bolt is a device that turns out to be very light and not bulky. On the market they are 
found with spatial certification [15] and typically used as a release system for satellites and 
space modules. The Frangi-Bolt needs a manual reset, once the mission ends, to be carried out 
on the ground during the vehicle refurbishment phase. 
Similarly, a locking subsystem with Pin-Puller in SMA could be selected, being valid the same 
considerations made for the Frangi-Bolt system, from which it essentially differs in that the pin 
is retracted rather than broken [15]. 
 
Anyway, similarly to the self-resettable Pin Pullers, the market propose devices that are able to 
withstand small loads only, if compared to those necessary for the application in question, 
determining the un-applicability of these device too. 
In conclusion, it has been decided to investigate the feasibility of the following “ad hoc” 
solution: 
 

a. Hook pin with linear actuator 
 
This locking subsystem is formed by a series of pins, suitably sized, moved each one by a linear 
actuator that have the purpose of retracting the pin (release function) before the starting of 
deploying phase, and re- inserting the pins into their seats when the deployment phase is 
completed. The pins will have the purpose of locking the mobile part of the wing to the fixed 
part. The positioning of the pins could take place according to different architectures; for the 
present purpose, the final choice has been a position parallel to the wing rotation axis. 
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The system must support a total load of 25,000 N applied 
in the center of pressure of the wing itself,  this last 
condition resulting, at the current stage of system 
definition, the most demanding of the A1 and A2 
requirements, according to Table 2. 
It has been assumed that approximately the center of 
pressure is contained in a point located at 1/3 of the length 
of the wing starting from its root). Considering that the 
wing half span is of about 1,5 m, the locking system (i.e. 
the  pins) has been sized to cope with a Moment  having 
an order of magnitude of 12500 Nm. 
The necessary pins must have a length such that they can 
pass through the connection hinges between the 
deployable and the fixed wing structure. On the basis of 
the currently available concept developed at DMU level, 
it was conceivable that a translation of 50mm was 
sufficient. 
The movement of the pins can be carried out by actuating 
small linear actuators which must exert a weak thrust to 
insert the pin in the prepared seat; since the translation 
will take place in orbit, the main forces to be overcome 
will eventually be only those of friction and / or deriving 
from the coupling system (the more reduced the more 
accurately the alignment of the holes for entry will occur 
with accuracy of the pins).  Figure 5 show a CAD 3D 
schematic representation of the hook pins with linear 
actuator system. 
The actuator selected for the linear actuation subsystem has also been preliminarily selected for 
the present application. 
 

TRADE-OFF ANALYSIS OF THE DEPLOYMENT SYSTEMS 
 
The selected solutions for each single main DWM subsystems, may be combined together to 

create a series of alternative combinations of possible DWM deployment systems. In particular, 

it has been possible to identify 3 types of DWM systems (see Table 3) on which a trade off 

analysis has been performed in order to evaluate the most promising solution for the present 

application.  

DWM Id. DWM Type 

D1 
Rotary Motor and latching / locking system with pins moved by linear 
actuator 

D2 
Preloaded spring with release system and latching / locking system with pins 
moved by linear actuator 

D3 
Linear actuator with kinematic chain and latching / locking system with pins 
moved by linear actuator Preloaded 

Table 3 – DWM Deployment systems selection  
 

Figure 5 – Hook pins with linear actuator 
CAD 3D schematic view 
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For the purpose of trade-off analysis, for each deployment systems different parameters have 
been considered to identify the best deployment system solution. The selected parameters are 8 
and have been formalized by technical system requirements: 
The 3 selected DWM systems has been evaluated assigning a score with a scale from 1 to 5 for 
each of the selected parameters. It should be noted that, since the technologies for the locking 
and latching subsystem, due to the criticality linked to the overcoming of the minimum system 
requirements, have been reduced to the use of only one subsystem, essentially the trade off 
analysis will see the comparison of the actuation subsystems only. 
Table 4 shows the total score obtained by the analysed systems, based on the sum of the scores 
assigned to the single parameters. In conclusion, it appears that the solutions D1 (rotary motor) 
and D3 (linear actuator) are almost equivalent while the solution D2 is less valid than the other 
2. D1 has been finally selected as the systems to be further investigated in the next phase of the 
project. 
  

Deployable Systems D1 D2 D3 

Parameter 

Volume 3 4 5 

Weight 5 3 4 

Reliability 5 3 4 

Re-usability 5 3 5 

Consumption 3 5 4 

Complexity in kinematics 5 3 4 

Room for other systems 4 4 3 

Opening time 5 5 5 

TOTAL SCORE 35 30 34 

 
Table 4 –Trade-off analysis between the various deployment systems 

 
 

CONCLUSIONS 
 
The analysis of the state of the art has led to the definition and exploration of DWMs used in 
space and aeronautics. The various considerations, the respect of the USV3 DWM preliminary 
requirements and the sub-systems technological limits have allowed selecting three types of 
DWMs. The possible application of some COTS subsystems with mature technology in SMA 
(Shape Memory Alloy) has been also evaluated. They have demonstrated a wide diffusion in 
microgravity applications, but not very suitable to be applied for the present case study, with 
reference to the expected loads for both launch and atmospheric descent phases. 
A Trade off analysis, for evaluating the pros and cons of the different applicable solutions has 
been conducted, determining the selection of a rotary actuator for deployment with an ad hoc 
identified lock / latch system as the most promising system for the present application. 
 
In conclusion, the comparison was able to highlight the various criticalities of all analyzed 
systems. The result of the study has narrowed down the range of solutions so as to focus future 
DWM analyzes on the more applicable cases. 
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ABSTRACT 
 
Exoplanets, also nown as extrasolar planets, are planets prevailing outside the defined Solar 
System. Detection of exoplanets is primarily of importance due to the intensified consequence(s) 
that corroboration of the existence of extra-terrestrial life can have. Exoplanet Detection has 
undergone extensive development and present-day techniques for the same include 
Spectroscopic radial velocity method, icrolensing method, ptical oronagraphy, id-
infrared nulling Interferometry, Transit Technique and Astrometric omputations. A 
comparative study of effectiveness and efficiency of aforestated methods is underlined. Data 
pertaining to exoplanets discovered and Stellar characterization of Exoplanets established has 
been furnished.  
Based on properties defined for characterization, habitable zone boundaries in and outside of 
our Solar System are distinguished. abitable one ( ) is the region around a star wherein 
surface liquid water can be stratified as stable. limate models and assumptions drawn on the 
basis of Stellar ass comparison aid in identification of habitable zones. After cognizance 
apropos of habitable exoplanets is achieved, a three-folded approach to exoplanet detection is 
scrutinized  ( ) Detection, ( ) erification and ( ) haracterization. urthermore, coupling 
extrasolar planetary observations and dynamical theories is done to analyze distribution of 
planetary systems along with ac nowledgement of accomplishments in the field of exoplanet 
detection. 
 
Keywords: Spectroscopy, Transits, H , Characterization. 

1 INTRODUCTION 
Exoplanet detection and characterization too  flight around 1995 with the unravelling of a 
upiter-analog (virtue of size) orbiting the star Pegasi-51. Several evidences hinted at the 

presence of planetary systems in other star-systems before that as well but concrete testification 
was provided by Pegasi-51b a a Dimidium 1 . The brea throughs made in regard of exoplanet 
detection in ust a matter of 2 decades is phenomenal, with 4009 exoplanets confirmed as of 
une 2019. A swooping ma ority of these have been detected using the radial velocity method, 

which now stands overpowered by the transit method. Most methods of detection are indirect 
due to the suppression of observable characteristics of a planet by its parent star. Detection may 
be carried out using ground-based or space-based equipment wherein space-based is superior 
since it is unaffected by earth s atmosphere. Exoplanet detection holds the potential to reveal 
the origin and formation of our system and its planetary architecture. It would answer radical 
questions pertaining to the effects of planet mass on atmosphere and thus consequently, the 
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habitability. Humans have probed around hoping to discover extra-terrestrial life for a long time 
and exoplanets also paved the way to proceed sagaciously with the same, placing a safe bet in 
investing to uncover planets suitable for sustaining life (in the form we are aware it exists). This 
led to the quest of unravelling earth-analogs in nearby galaxies. Defining the fraction of stars 
similar to our sun with a minimum of 1 planet in the H  as ⊕ (eta for earth-li e), scientists 
loo  forward to refining strategies, technology and interpretations to maximise the value of 
⊕ . Detection of earth-analogs would also help define whether the formation of a planet li e 

our own is a common cosmic evolutional outcome or a rare and unique occurrence. efore 
reaching out to detection of earth-analogs, definition of habitable zones is a predicament.   

2 HABITABLE ONES H   
Habitable zones are defined in generic language as regions in cosmic systems where conditions 
of habitability for nown life forms can subsist. Direct derivative of the generic definition is 
the first condition for demarcation of H s – stability of surface liquid water. The availability 
of the aforestated condition is ma orly governed by an interplay of variables li e planetary 
atmosphere, proximity of the parent star and residing stage of parent star (since the amount of 
radiation varies as star ages) along with duration of the stage (consistency of conditions is vital 
for formation, sustenance and evolution).  The basic dependence on star temperatures is shown 
in figure 1(a). In a collimated study by NASA and NSF, inner boundary of the H  was estimated 
around 0.95AU while the outer boundary must be suitably beyond 1. AU using generalized 
extrapolated assumptions regarding the atmospheric composition of the planet, mainly C 2 and 
H2  reserves. Also, an indispensable tool in the study of exoplanets is the mass-radius 
relationship. Using an amalgamation of results recording mass of planet (either in terms of 
Earth-mass ME or upiter s mass M ) from the radial velocity method and radii of planets 
extracted from the transit method, scientists classify composition characteristics of exoplanets. 
A minimum mass of planet is modelled as Msini, which is a consequence of mapping 
experimental data to dynamic theories wherein sini is indicative of ambiguities (if any). 
Compatibility of variables in a star-planet system finally determines habitability and 
determination of boundaries may be done using single variable with heavy interdisciplinary 
influence li e stellar mass, computed variation as shown in figure 1(b). 

DETECTION TECHNI UES 
Detection of exoplanets has been ma orly dominated by indirect detection techniques since most 
of the data from direct detection of planet is negatively influenced by the star s light. Methods 
li e use of starshades, nulling interferometry and others are being tested for enabling useful 

(a) (b) 
Figure 1: Habitable zones. (a): Habitability constrictions due to properties of parent star  (b) Defining 

extrasolar H s with reference to our solar system 
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direct detection while advances made in indirect techniques are also serving as treasure chests 
for planet detection. Some techniques that have pioneered exoplanet detection or possess the 
scope to do so have been explored in sections hereafter. 

.1 Radial Velocity Doppler Spectroscopy  
Spectroscopy wor s on a very fundamental effect - the doppler effect. In any planet-star system, 
motion of component(s) occurs about the centre of mass of the system. This causes the star to 
inadvertently and periodically displace when referenced to its supposedly-stationary position in 
the s y. Depending on the orientation of such a system, signals received in form of photons 
from the star either get delayed or arrive quic er. In technical terms, the component of the star s 
motion apropos observer experiences a wavering doppler shift (orientation edge-on requisite) 
in atomic and molecular spectra which is observed as a shift in line first towards blue followed 
by a shift towards red. The operation can be effortlessly understood through Figure 2. hen 
measured with spectrometers crafted meticulously, this radial velocity  shift helps in detection 
of exoplanets. The formula for radial velocity of star (referenced to centre of mass) is a simple 
extrapolation of the one used for doppler effect , simplified and given below: 
 

   (1) 
 

here i is the orbital inclination, a1 is the semi-ma or axis length,  corresponds to true 
anomaly,  to argument of periastron and P is the orbital period. 
The above expression can be conveniently used to derive the semi-amplitude of radial velocity 
of star (or planet, unambiguously replace a1 with planet s semi-ma or axis). 
Spectroscopy offers choice between infrared and optical. The very first planet was uncovered 
using radial velocity optical doppler spectroscopy and has contributed significantly to exoplanet 
detection ever since. The most vital element in this method is the magnitude of velocity or the 
gradient in balancing forces which happens to be directly proportional to the mass of planet. 
Higher the planetary mass, farther is the centre of mass of system and thereby more pronounced 
is the movement of star consequently promoting detection. ne constraint of this method is that 
the data must be amassed over one full orbital period, complimenting discovery of planets 
which boast shorter periods. Complications further increase with orientation of system with 
respect to observer (earth or space based), systems following the trend of gas giants being 
located at larger orbital radii and low count of affairs involving single-planet effects on system 
(eminent multi-planetary systems). Rigorous improvements in technology have made it 
possible to detect even low mass planets using R , best result being the HD 85512 b discovered 
by ES s HARPS – a high precision echelle spectrograph installed over a .6m telescope in 
Chile 4,5 . This instrument procures data with radial velocity amplitudes as low as 2.5mph, 
displaying very high sensitivity and staging capability of detecting planets with mass as derisory 
as 2Me.  

Figure 2: wor ing of the radial velocity method 
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is the movement of star consequently promoting detection. ne constraint of this method is that 
the data must be amassed over one full orbital period, complimenting discovery of planets 
which boast shorter periods. Complications further increase with orientation of system with 
respect to observer (earth or space based), systems following the trend of gas giants being 
located at larger orbital radii and low count of affairs involving single-planet effects on system 
(eminent multi-planetary systems). Rigorous improvements in technology have made it 
possible to detect even low mass planets using R , best result being the HD 85512 b discovered 
by ES s HARPS – a high precision echelle spectrograph installed over a .6m telescope in 
Chile 4,5 . This instrument procures data with radial velocity amplitudes as low as 2.5mph, 
displaying very high sensitivity and staging capability of detecting planets with mass as derisory 
as 2Me.  

Figure 2: wor ing of the radial velocity method 
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.2 Timin  Radial Velocity 
Also nown as pulsar timing technique, this method employs radial velocity of a pulsar-orbiting 
planetary system because pulsar signals are profoundly consistent 6  and tiniest of anomalies 
are easily detectable. Few pulsars are even more steady than an atomic cloc .  Modulation of 
pulse receival times in contrast with other pulsating parent stars generates valuable data 
pertaining to R  change. n the same grounds as spectroscopic R , the method results are 
heavily affected by both planet mass and orbit. Additionally, the EM radiation of a pulsar must 
be aligned towards the earth to be detectable at all.  

. Gra itational Microlensin  
In the line-of-sight of observer, when a high-mass ob ect li e a star or quasar gets appropriately 
oriented ahead of the concerned star (to be scanned for planetary system), light bends as a 
consequence of gravitational force exerted by the high-mass ob ect. This insinuating ob ect acts 
as a lens and tends to produce two unresolved images, which result in significant enlargement 
which displays fluctuating brightness with relative movement of concerned and insinuating star. 
Residence of a planet or planetary system will cause noticeable disturbance in the light curve 
as shown in figure , thus aiding detection. Mass of planet and separation may also be obtained 
upon collimation of microlensing data and scrutiny of properties of parent star. ne glitch in 
this technique is the ineptitude to distinguish free floating planets or debris, though information 
verified through other methods and furnished using microlensing is significant for classification 
and determination of formation.  

.4 Transit method 
This method relies on the observation of sudden and notable drops in incoming light from star, 
assuming the cause of intensity decrease is the transit of a planet orbiting that star. This 
decrement is observed, demarcated using computed algorithms and processed for confirmation 
of planets or planetary systems, a typical observation of the dip shown in figure 4. Transits 
gained importance when the epler Mission launched by NASA resulted in detection of 
numerous exoplanets and signalled at their distribution, confirming over 2000 planets in a short 
span of 4 years. Duration of transit and the amount of starlight bloc ed by it lea s out plenty of 
information regarding planet composition when coupled with doppler conclusions. Precise 
signal processing is crucial and following that, verification through other method(s) is generally 
advised to rule out false positives. This method also favours bigger planets since depth of 
fluctuation or the drop in curve varies with the fraction of light occluded by planet, given by: 

Figure : Analyzing curves for planets in microlensing data 
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Duration of transit and prospect of its occurrence (favourability of edge-on orbital inclination) 
also impact detection. Transits have overpowered the radial velocity method now, with 2 
mission and TESS planet hunters mission underway, spanning several systems across the 
cosmos. 

. Astrometry 
ne among the most perceptive techniques, astrometry wor s by measuring the wobble of stars 

having planetary systems and is now developed to give a high degree of accuracy – PRIMA 
instrument coupled with proposed GRA IT  instrument by ESA to deliver an accuracy 
sufficient for finding super-earths and Hot Neptunes. Not only does astrometry detect and 
confirm planets but also compliments results obtained using other techniques to generate more 
data pertaining to planetary history. Unli e other constricted methods, astrometry can wor  for 
any orientation but gives the finest outcomes with a face-on orientation. Astrometric 
measurements are made in microarcseconds or as with each star s wobble magnitude 
corresponding to the planet s astrometric signature. Mission Gaia by ESA is supposed to be the 
most precise astrometric device and pave way for identification of thousands of upiter-sized 
planets and when coupled with PASS hopes to deliver a precision of less than 10 as . Upon 
theorising, astrometry shows a promise for the future but no planets have been confirmed by it 
in the present and development of instruments forms an active area of research. Unli e other 
methods, detection process becomes easier in Astrometry as the orbital separation increases due 
to increased magnitude of wobble of star, as exemplified below in figure 5: 

Figure 5: Astrometric observations and 
their dependence on planet periods 

(a) (b) 
Figure 4 : Transit method. (a): Snippet of method computations of data from TESS  (b): 

Characterization of atmospheres using transit survey 
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Characterization of atmospheres using transit survey 
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.6 Optical Corona raphy 
To usefully categorize planets and confirm habitability, recognition of planet atmosphere is 
mandatory. Planet atmospheres can be best studied using unmediated data of observations. 
Unfortunately, only  of exoplanets detected have employed direct detection as a means. This 
is because of the suppression of the planet s signal by the parent star in the system. 
Coronagraphs essentially root out light from parent star as an observational tactic to better 
extract data of exoplanets and circumstellar dis s. Concise photometry and selective discarding 
helps them achieve direct detection, process illustrated in figure 6. avefront accuracy and 
stability, throughput of system, star-planet contrast ratio and integration of photon signals 
together propose constraint for efficient operation of optical coronagraphs 8 . Development of 
deformable mirrors and algorithms for accurate and fast integration has greatly improved direct 
observation of planets, FIRST 8  offering a commendable contrast of 1ppb and I A (smallest 
angle to reach designed contrast – inner wor ing angle) of ust 0.2  to augment characterization 
of nown and detection of newer planets. 

. Mid-infrared nullin  interferometry 
The understanding of Mid-infrared nulling interferometry can be built analogous to oung s 
double slit experiment wherein when out-of-phase beams from separated sources are put 
together, dar  bands come as an output. The destructive interference in same principle occurs 
when two telescopes gather light waves from a planet-star system and are aligned suitably to 
restrain the light from the star, thus maximising planet observation. The factor by which the 
starlight is supressed is called the null depth, denoted by N. It is de ned as the ratio of the 
intensity of lea age through the null, Inull, divided by the un-nulled intensity. e have 
 

     ( ) 
 

Here opd is the optical path difference error between the two beams. Minimum value of null 
depth for detection of earth-analogs (based on size) is around 10-5 and is realizable with proper 
orientation of telescopic arms along with minimisation of wavefront defects.  

. Other Methods 
Detection methods stated above have scope for improvement, especially for detection of earth-
li e planets but several other phenomenon exhibit potential for detection as well as providing a 
certain degree of characterization and are under analysis for now. These include Polarimetry, 
capturing magnetospheric radio emissions, auroral radio emissions and flare and variability 
echo detection. Study of circumstellar dis s remains under scrutiny as it may aid in discovering 
planetary system architectures and drop clues about their formation. 

Figure 6: Direct detection and categorization process using coronagraphy 
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4 VERIFICATION 
It may happen that a method of detection can process and generate a false positive result upon 
survey. Space debris, free-floating planets, signal distortion and various other detracting 
elements present during the survey can result in an ambiguous conclusion. Thus, verification 
methods must be incorporated to reduce redundant outputs and facilitate post-detection 
investigation. erification methods li e multiplicity are probabilistic and simply require 
multiple planets in the same frame for authentication. ther methods require coupling of 
detection methods with each other li e astrometry with R  or wor  on comparison of systems 
and identification-assembling of data 9 . Nearly all verification methods are uncomplicated and 
reliable, thus acquiring equal reputation with detection methods. 

CHARACTERI ATION 
Detection techniques can easily provide data regarding the orbit shape, radius and mass of 
planet but characterization of planets requires more inputs which are generated by either 
extrapolating detection results or repeated observation of planet using various methods. 
Habitability is largely governed by an interplay of parent star and planet properties. Limitations 
can be set ta ing our solar system as a model and identifying basic requisites for 
characterization li e planetary mass, surface temperatures, orbital period, star type and energy 
radiated by it, gravitational moments, atmospheric composition, surface texture, state of water 
present and presence of other elements. Clearly, since the number of variables involved are 
more and there is interdependency involved, characterization is debatable and has been done in 
excruciating detail with numerous divisions for nown exoplanets. A common and 
irreplaceable basis has been the mass-radius relationship which gives density and thus a 
hypothetical composition, which can be further refined using spectroscopic methods. Using the 
same, valuable data has been collected, analysed and put concisely in broad categories of 
classification in table 1 - courtesy of over 2 decades of observations, dynamic theories and 
careful measurements.  

CATEG R  PERI D SI E TEMPERATURE DISTRI UTI N 
Ultra-Hot 
upiters 10  

 2 days, orbit 
almost circular 

2.8 to 1  times 
M  

Tidally loc ed, 
daylight side 

2000- 000 C, 
nightside 

1000 C cite  

Extreme close to 
star, general type 

of star 
unconfirmed 

Hot upiters  10 days, nearly 
circular orbit, 

typically 5-  days 

0. 6 to 11.8 times 
M  

Generally tidally 
loc ed, daylight 

side less than 
2000 C 

common around 
F- and G-type 

stars and less so 
around -type. 
Metal-rich star, 

orbit close to star 
Eccentric Giants 8- 0 days, elliptic 

orbit 
5M  Unconfirmed Generally orbit 

evolved stars, 
metal-rich 

Long Period 
Giants 

Several years, 
nearly circular 

orbits 

ariable Generally cold, 
star separation 

dependent 

Distant, star type 
unconfirmed  

Hot Neptunes  8 days 
approximately 

5 to 0 times ME Unconfirmed Low mass parent 
star 

Terrestrial 
Planets 

25 days ideally 2 times ME 

ideally 
Unconfirmed Red stars , sun-

li e stars 

Table 1 : Characterization of nown exoplanets with intrinsic variable balancing (possibility of sub-
division of the listed categories present and scope for addition of diverse ones but omitted here since 

incorporating the whole lot will complicate establishing fundamental understanding). 
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CONCLUDING REMARKS 
Exoplanet detection and characterization using the aforestated techniques will produce 
enhanced results if development in technology of space-borne direct detection is investigated, 
since direct detection is most suitable for generating and identifying biosignatures of planets 
for chec ing habitability. Among indirect techniques, doppler spectroscopy has yielded 
maximum number of results in detection and needs to push precision to an extreme value of 
1cm sec to help search for habitable super-earths. To understand diversity, determine formation 
and structure of planetary systems and scan the cosmos for earth-analogs, ensuring long term 
stability of instruments is a necessity. Methods need to be devised to combat intrinsic stellar 
variability and rigorous analyzation of nown exoplanet systems must be done to extract 
valuable information. Deliberately, focus has been shifted to M-dwarfs and sun-li e stars (F, G 
and  type) since the probability of existence of liquid water on orbiting planets is higher in 
these when compared to others. They also offer more dependability as duration of maintaining 
stability across the system is higher, ma ing them ideal candidates for discovering earth-
analogs. To study other stellar phenomenon or properties liberally related to exoplanets, all 
types of star systems can and are being scanned. Current technologies are being enhanced and 
hybrid ones are under development. Missions li e epler, TESS, CoRoT, EC  telescope, 
Hubble Space Telescope, LTI and several others have been phenomenal in the field of study 
of exoplanets. Missions planned for the near future li e ST, GRA IT , 2 and others in 
con ugation with already operating missions will proceed to unravel more information in the 
quest for nowledge and pioneering research. An eloquent timeline released by NASA for 
mapping technologies and missions for the exoplanet pursuit is presented in figure . 
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ABSTRACT 

ompared to more conventional architectures, morphing wing structures enable enhanced 
aircraft aerodynamic performance at the expenses of reduced aircraft flutter margins due to 
the increased mass and higher degrees of freedom. In the framewor  of Airgreen  project, 
running along the leanS y  platform, the authors provided advanced aeroelastic assessments 
of two adaptive devices enabling the camber morphing of winglets and flaps, both conceived as 
subsystems of the next generation regional aircraft (EASA S-  category). The aircraft 
aeroelastic model was generated by using the proprietary code SAND  . . The same code was 
adopted to solve the aeroelastic stability equations through theoretical modes association in 
frequency domain. To carry out multiparametric flutter analyses, the actuation line equivalent 
stiffness and winglet flap tabs inertial parameters were considered in combination with each 
other. Nominal operative conditions, systems malfunctioning, or failures were investigated, 
together with actuators free-play conditions. Tailored design solutions were identified to 
guarantee flutter clearance within the speed certification envelope. The safety-driven design of 
the morphing wing devices required also the hazard assessment of the operational faults 
involving either the actuation chain, or the structural lin s, and both. ault trees were produced 
to assess the system compliance to the quantitative safety requirements resulting from the 

As.  
 
Keywords: Morphing wing structures, Aeroelasticity, Robustness, Failure, Fault and Hazard 
Assessment.  
 

1 INTRODUCTION

ver the last few years, aerospace research efforts are increasingly focusing on advanced 
solutions capable to improve aerodynamic efficiency for reducing fuel consumption and 
pollutant emissions of the next generation air transport, 1 . ne of the ways to accomplish such 
benefits relies on morphing wing devices, capable of adapting their shape in a continuous 
manner during aircraft flight, 2 . From the structural perspective, this requires developing fully 
integrated structures with actuation and compliance control capable to fulfill conflicting 
requirements: the structure must be stiff to withstand the external loads but must be flexible to 
enable shape changes, . 

hen dealing with the design of morphing wing devices, multidisciplinary aspects need to be 
thoroughly considered due to the systems complexity involving aerodynamics, structures, 
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actuation architectures, control logics and aeroelasticity, . Spea ing about the latter, 
sensitivity flutter analyses are a powerful tool to create an accurate representation of the design 
space , enabling the optimal design of a next generation aircraft wing equipped with morphing 
devices. In the framewor  of Airgreen2 pro ect, running along the CleanS y2 platform 4 , the 
main target of this wor  was to study the aeroelastic impact – at aircraft level – of an adaptive 
wing incorporating morphing flaps and winglets, in nominal and in failure conditions, in 
accordance with the CS-25 airworthiness requirements, 5 . More in detail, the ey ob ectives 
are:  

• Aeroelastic-driven design and stability investigations of a regional aircraft wing 
equipped with morphing flaps and adaptive winglets. High-fidelity trade-off 
analyses are thus carried out to drive the design process of the morphing devices. The 
impacts of morphing systems inematics, masses and distributed stiffness of the 
adaptive devices are evaluated in combination each other. This allows obtaining a 
stability range of such parameters by defining aeroelastic safety limits. n the other 
hand, in case of demonstrated aeroelastic unsafety, design solutions such as 
massbalancing of movable parts are adopted  also, this stage requires trade-off analyses 
to evaluate the minimum degree of balancing ensuring flutter clearance. Moreover, the 
uncertainties in the structural dynamics due to actuators free-play are considered in this 
preliminary assessment, by reducing bi-linear actuation line stiffness into equivalent 
values by means of proper methods.  

• Aircraft stability robustness assessments to morphing systems integration. The 
combination of worst cases  simulating the mutual interaction among the adaptive 
systems is a ey aspect while performing trade-off analyses. The worst case  indicates 
that in addition to the case that the aircraft is aeroelastically safe with the nominal model, 
it should also be safe with a combination of morphing wing devices. This allows 
predicting satisfactory margins of stability and performance even in case of combined 
variations in the envisaged morphing systems parameters.   

• Safety and reliability issues of a morphing wing by assessing different failure 
conditions to be included in the aeroelastic analyses of the morphing devices. It is 
worth mentioning that the total loss of a morphing device due to inematic failures may 
result in free unforced  
oscillations which may potential lead to flutter phenomena. Failure scenarios for the 
morphing wing devices were thus investigated by reproducing the rupture of primary 
hinges and or actuation lin s of the movable parts.    
 

Multi-parametric analyses results were thus used to identify and validate proper aeroelastically 
safe  design solutions with respect to morphing surfaces. For that purpose, the proprietary code 
SAND  .0 code 6  was adopted to solve the aeroelastic stability equations through theoretical 
modes association in frequency domain. Moreover, safety activities were performed to verify 
whether morphing flap and winglet concepts could comply with the standard civil flight safety 
regulations and airworthiness requirements. Fault and Hazard Analysis (FHA) was used to 
assess the severity of properly identified failure conditions and then allocate safety 
requirements. Fault Tree modelling technique was used to verify the compliance of the system 
architectures to the quantitative safety requirements resulting from the FHAs.  

2 MORPHING WING DEVICES

2.1 Morphing flap

ithin the scope of Clean S y 2 Airgreen 2 (REG-IADP) European research pro ect 4 , a novel 
multi-modal morphing flap was studied to enhance the aerodynamic performance of the next 
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generation 90-Seat Turboprop regional aircraft along its flight path. The idea driving the 
proposed true-scale device (spanning 5.15 meters, with a mean chord equal to 0.6 meters) is 
replacing and enhancing conventional Fowler flap with three new functions, as described 
below:  
➢ Mode 1: overall airfoil camber morphing, up to 0  (high-lift performance)   
➢ Mode 2: 10 -10  (upwards downwards) deflections of the flap tip segment (high speed 
performance)   
➢ Mode : flap tip segmented  twist of 5  along the outer flap span ((high speed 
performance). 
The investigation domain region selected for the full-scale outer Fowler flap, spanning 5.1 m 
from the wing in , with a root chord equal to 0.9 m and a taper ratio equal to 0. 5, . 
Morphing modes are implemented by means of 9 smart ribs (Figure 1) actively controlling the 
shape of flap sections  camber. Each rib of the flap is segmented into four bloc s hinged along 
the flap airfoil camber line in a finger-li e arrangement (Figure 2, a). Simple and efficient 
mechanisms are fully integrated into the ribs to smoothly drive the motion of each bloc  during 
morphing. Mechanisms are actuated by a limited number of rotary EMAs placed within the flap 
bays and connected to the ribs by suitably designed through-shafts (Figure 2, b). 

 
Figure 1 Morphing flap architecture 

Figure 2 (a) : Morphing flap smart rib  (b) Section view of through shaft actuation concept,  

2.2 Morphing winglet

The structural design of a multi-modal morphing winglet is collocated within the scope of Clean 
S y 2 Regional Aircraft IADP 4 , made in compliance with the pertinent requirements posed 
by the airworthiness regulations.  The morphing winglet concept observes the following 
assumptions:   
 Morphing winglet system chord equal to the 40  of the mean winglet chord   
 Deflection range  -15 , 10  (negative deflections when reducing root bending moment).  

 

 
 
 
 
 
 
 
 
 
 

 

(a) (b) 
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Morphing is ensured by a dedicated mechanism composed by movable surfaces (upper and 
lower), whose deflection is driven by dedicated actuators, 6  – . Upper and lower surfaces 
are shown in Fig. 1 . 

 

Figure  Movable surfaces of the morphing winglet,  

 

3 AEROELASTIC TRADE-OFF INVESTIGATION OF THE TP90 EQUIPPED
WITH MORPHING DEVICES

In order to perform the aeroelastic stability investigation on the reference aircraft (TP90) 
equipped with morphing flaps and winglets, rational approaches were implemented to simulate 
the effects induced by variations of such movable surfaces actuators stiffness on the aeroelastic 
behavior of the A C, also in correspondence of several failure cases. The aeroelastic model of 
the whole TP90 was obtained by means of Sandy  software 6  to account also aeroelastic 
effects induced by asymmetrical failures. The procedure to obtain such a model is fully 
described in . A representation of the A C aeroelastic model is shown in igure . 

 

  
 
  
 
 
 
 
 

 

A first campaign of aeroelastic analyses was considered under the assumptions described in 
, section 5 : 
• Sea level altitude 
• Modal damping: 0.015 
• P  continuation method 
• Speed range: 0-1.25 D, being D the dive speed of the reference aircraft ( D 160 m s). 
• Three inertial configurations for the morphing flap tabs (nominal mass value (Mnominal), 

nominal mass value increased by 0  (M 0), and nominal mass increased by 50  
(M50)) in combination with 15 actuation line equivalent stiffness ( , from now on), 
variable into the range 0  150  Nm rad by a step of 10.  

Figure 4 TP90 Aeroelastic model,  
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During this first trade-off analysis, performed on flap tabs, the winglet was considered at 
the loop 0 of the preliminary design configuration. btained results showed the presence of 
several flutter modes occurring at speeds lower than 1.25 dive (200 m s) (speed certification 
envelope, imposed by the CS25 requirements), . The most critical flutter modes were 
analysed in terms of modal shapes  tabs mass-balancing was identified as the best design 
solution to avoid the flutter, Figure 5.  

 
Figure 5 First trade-off campaign analysis results: carpet plot in case of morphing flap tabs 

massbalancing 

A second campaign of trade-off analyses was carried out on winglet tabs, while flap tabs were 
maintained at loc ed commands and for them the inertial and stiffness configurations providing 
the lowest (and not critical) flutter speeds were considered. Also in this case, inertial and 
stiffness parameters of the actuators were both made to vary. Most critical flutter modes were 
identified, and two design solutions were consequently suggested for ensuring flutter clearance:  

A. inglet tabs over-balancing   
. 100  increase of the stiffness of the interface plug between wing winglet  

y comparing such solutions in terms of weight, the second one ( ) results the most convenient 
(less winglet mass) and, for this reason, it was considered as the nominal configuration for the 
loop 1 of the preliminary design. Morphing winglet tabs aeroelastic safe condition is depicted 
in Figure 6, in terms of -g plot. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Flutter speed over the speed certification 
envelope 

Figure 6 -g plot in case of 100  increase of the stiffness of the interface plug between wing and winglet 
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Further flutter analyses were carried out by simulating winglet actuators free-play, 8 . For that 
purpose, harmonic balance method was adopted to model actuators equivalent stiffness from a 
bi-linear law, in two cases of free-play amplitude: -1  1  and -2  2 . Flutter speed 
resulted out of the speed certification envelope in all the investigated cases, as shown in Figure 
 . 
 

 
 

 

(a) (b) 
Figure  : Flutter speed as function of winglet tabs actuation line equivalent stiffness in case of free-

play amplitude of -1  1 , (a) and -2 , 2 , (b) 

4 AEROELASTIC ASSESSMENTS IMPACT ON MORPHING WINGLET
FAULT TREE ANALYSIS

Fault tree (FT) analyses were finally performed on morphing winglets as isolated devices to 
quantify the probability of failure scenarios and to verify their eventual compliance with the 
airworthiness requirements, 9  - 10 .  
More in detail, the safety-driven design of an adaptive winglet implies a thorough examination 
of the potential hazards associated with the system faults, by considering the overall operating 
environment and functions. The use of such a device namely impacts on the following A C 
level functions:   
 Drag reduction   
 Load alleviation  
 Fatigue improvement  

The potential failures identified in the preliminary Fault and Hazard Assessment (FHA) are 
shown in Figure 8, where each row is a failure scenario, and the columns are dedicated to the 
morphing winglet device to identify the associated failure condition, severity, ustification for 
classification, crew detection, recovery action and design parameters. In this way, it is possible 
to easily chec  the coherence of the safety classification and the completeness of the analysis, 
12  - 1 . 

The row of the Figure 8 deals with a failure scenario developed in terms of FHA ( 14 ) and also 
verified in the integrated safety aeroelastic analysis.  
 

 
Figure 8 Morphing winglet Fault and Hazard Assessment,  
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asically, the morphing winglet can impact load control load alleviation aircraft function. The 
failure scenario investigated is the uncontrolled dynamic motion of the left R right morphing 
winglet.  For each side, the main actors  of the latter event identified are: 
1. inematic rupture of upper tabs   
2. inematic rupture of lower tabs.  
Figure 9 shows the fault tree developed only for the inematic rupture of the upper tabs, 
identifying the lower tabs one as undeveloped event  with the same failure rate. The further 
explosion of the gates involved occurs by R logic, considering the potential loss of the actuator 
connection, the rupture of three hinges along the first hinge line and the rupture of three 
hinges lin s of the morphing inematics along the second hinge line. 

 
Figure 9 Morphing winglet - Uncontrolled dynamic motion (left or right) Fault Tree Analysis 

Moreover, for the sa e of completeness, the destruction of the wing was considered as top event 
of a new fault tree analysis ( 
Figure 10) aiming to verify its compliance with the catastrophic target (Failure probability 10-

9).  The top event results with a failure rate of the order of 10-8: this outcome reveals a light 
incompliance with respect to the CAT target (10-9), to overcome which the use of proper 
damping devices on actuators or between consecutive tabs is highly suggested, 11 . 
Such studies drove the combined aeroelastic assessments by considering several failure cases 
(isolated or combined lin actuator rupture), as shown in Table 1 .  

 
Figure 10 Destruction of wing FTA 
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CASE  lower tab  upper tab 
Lower tab 

lin  
Upper tab 

lin  vflutter m s  fflutter Hz  

1 Nominal Nominal perative Failure 89,842 25, 1  

2 Nominal Nominal Failure perative 92,51  22,922 

 Nominal Failure perative perative 20 ,819 21, 18 

4 Failure Nominal perative perative 208,0  21,8 1 

Table 1 Integrated safety analyses: results 

Gained results showed that actuator failure is more critical than lin  rupture, and the aeroelastic 
instability can be overcome by using proper damping devices. 
 

5 CONCLUSIONS

This activity shows the importance of aeroelastic trade-off analyses since the early stages of the 
design process to properly size morphing systems, including inematics, masses and distributed 
stiffness of the morphing surfaces. In a multidisciplinary framewor  involving aerodynamics, 
structures, actuation architectures and control logics, aeroelastic instabilities analyses shall be 
integrated in the design loop to maximize the critical speeds of flutter, predict divergence, and 
control reversal of the morphing surfaces. 
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ABSTRACT  

 
Conventional manufacturing technology of laminated composite structures are currently 
laminated in a moulding tool obtained by a mechanical shaving process removal of metallic 
or polymeric material. The use of additive manufacturing (AM) can lead to numerous 
advantages either in terms of time and costs saving or, in the possibility of increasing the 
mould complexity and customization. The paper presents the use of 3D printing for the 
manufacturing of a moulding tool to be used for the lamination of composite items in 
Remotely Piloted Aircrafts (RPAV). The first case presented concerns the realization of a 1:8 
scaled Replica of the S55X. The second example refers to the idea of building a 3D flying 
RPAV in 1:7 scale starting from a 1:48 static model of YF 23 from McDonnell Douglas.  
 
 
Keywords: Additive Manufacturing, 3D printing, lean production technology  

1 INTRODUCTION 

The use of Additive Manufacturing (AM) to produce mould tooling for composite lamination 
process starts from the consideration that virtually there are no additional costs associated 
with an increase in complexity, with the advantage to tailor the design specifically to the 
relevant case or application. Low aerospace volumes make additive manufacturing an 
attractive, lower cost alternative to replace conventional shaving process removal adopted in 
producing conventional metallic or polymeric moulding tools. Additional requirements as 
references for alignment of others items, multi-component moulds to solve problems of 
"negative angle" in integrated structures, ventilation ducts, housings for mechanical inserts 
and so on, can be easily included in the mould design phase without relevant and significant 
cost increasing. Furthermore, the possibility of manufacturing the mould, directly at the 
production site, allows a considerable reduction in costs and times in case of redesign [1]. 
Despite the different types of additive manufacturing processes available, the fused deposition 
modelling (FDM) is one of the most used and dates back to the 80s [2,3].  
In the FDM process,  a circular nozzle, that move in x and y planes by multi-speed is 
numerical controlled to generate each two-dimensional (2D) layer and extrude these from a 
spool thermoplastic filament material or composites with thermoplastic materials to semi-
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molten state processes. The filament materials are fed into the liquefier through a set of two 
mechanical freewheels driven in a counter rotating mode, which delivers enough torque to the 
thermoplastic filament material to perform as a piston during the extrusion stage and then 
deposit it layer-by-layer or path-by-path based on the 3D CAD model onto an adjustable build 
platform. The build platform holding the 3D printed sample and moves vertically downwards 
in the z plane to commence depositing a new layer/path on top of the previous one [2].  
In the automotive and aerospace field, there are several success cases in application of AM for 
the production of moulds for composite material lamination. In 2017, McLaren Racing team 
produced a 900mm wide mould for high temperature (177°C) autoclave-cured process with 
ULTEM 1010 material in just three days, saving time in a critical testing period [4]. In 2016 
Researchers at Oak Ridge National Lab developed a 3D-printed version of a “trim-and-drill” 
tool that Boeing uses to build the wings on its 777X passenger jet. The manufactured tool 
weighs 748kg and measures 5330 mm long, 1676mm wide and 457mm tall, making it the 
world’s largest solid object made with a 3D printer. It took 30 hours to print using carbon 
fibre and composite plastic materials [5]. Bristol Aero is also active in developing AM tooling 
with the ability to withstand temperature gradients for composite material curing in 
autoclaves. This is a step forward towards fully functional autoclave tooling to replace 
traditionally built ones. There are many technical challenges particularly when dealing with 
expansion of components, joints of different AM parts and dissimilar materials. 
An example of tool segmentation is the Aurora Flight Sciences (AFS) fairing tool model [6]. 
The model was separated into seven segments in order to satisfy the printer chamber 
geometrical constraints. Sections were built in two construction styles - sparse and hollow- 
shell. After the build, the sections cells were filled with high-temperature expanding foam to 
further improve tool rigidity. Finally the junction of the various pieces can then be made by 
mechanical joining or plastic welding. AFS obtained a 60-80% reduction in lead time, while 
also providing a 60-75% cost savings, compared with traditional tooling. This paper presents 
two examples of 3D printing technology applied to the manufacturing of a moulding tool to 
be used for the lamination of composite items in Remotely Piloted Aircrafts (RPAV). The 
first case presented concerns the realization of a 1:8 scaled Replica of the S55X. The second 
example refers to the idea of building a 3D flying RPAV in 1:7 scale starting from a 1:48 
static model of YF 23 from McDonnell Douglas. 

2 TEAM S55 AND SCALED REPLICA WING TOOL DESIGN 

Team S55 is a group of young engineers and students of “Politecnico di Torino”. The aim of 
the team, composed by more than forty members, is to help “Replica 55” group designing a 
flying “Replica” of the historical seaplane SIAI-Marchetti S55X, a symbol of the remarkable 
aeronautical know how reached in Italy during the '20s and' 30s [7,8]. 
There were several versions available of the S55 for civil and military use, but this one 
(distinguished by the X) was made to celebrate the tenth anniversary of the foundation of the 
“Arma Aeronautica”. In the 1933 the “Decennale” air cruise was organized: under Air 
Minister General Balbo’s leadership, twenty-four S-55X (and an auxiliary one) flew from 
Orbetello, Italy to Chicago, across the Atlantic Ocean, to attend the "Century of Progress" 
Exposition. The fleet “covered 6100 miles in a flying time of 47 hours and 52 minutes”, with 
only one accident occurred. Representative John P. McSwain, Chairman of the House 
Military Affairs Committee said about this feat: "No 'round-the-world trip of any war-ship or 
fleet has ever impressed the people of the whole world as this spectacular flight of 24 planes.  
Team S55 decided to design and realize a 1:8 scale and flying model of S55X, starting from 
the CAD drawings of the full scale one (see figure 1). Team S55 gave the opportunity to 
several  students to achieve a significant experience about all the key aspects of the complete 
aeronautical design process: from the definition of aerodynamic and hydrodynamic loads to 
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1 INTRODUCTION 

The use of Additive Manufacturing (AM) to produce mould tooling for composite lamination 
process starts from the consideration that virtually there are no additional costs associated 
with an increase in complexity, with the advantage to tailor the design specifically to the 
relevant case or application. Low aerospace volumes make additive manufacturing an 
attractive, lower cost alternative to replace conventional shaving process removal adopted in 
producing conventional metallic or polymeric moulding tools. Additional requirements as 
references for alignment of others items, multi-component moulds to solve problems of 
"negative angle" in integrated structures, ventilation ducts, housings for mechanical inserts 
and so on, can be easily included in the mould design phase without relevant and significant 
cost increasing. Furthermore, the possibility of manufacturing the mould, directly at the 
production site, allows a considerable reduction in costs and times in case of redesign [1]. 
Despite the different types of additive manufacturing processes available, the fused deposition 
modelling (FDM) is one of the most used and dates back to the 80s [2,3].  
In the FDM process,  a circular nozzle, that move in x and y planes by multi-speed is 
numerical controlled to generate each two-dimensional (2D) layer and extrude these from a 
spool thermoplastic filament material or composites with thermoplastic materials to semi-
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molten state processes. The filament materials are fed into the liquefier through a set of two 
mechanical freewheels driven in a counter rotating mode, which delivers enough torque to the 
thermoplastic filament material to perform as a piston during the extrusion stage and then 
deposit it layer-by-layer or path-by-path based on the 3D CAD model onto an adjustable build 
platform. The build platform holding the 3D printed sample and moves vertically downwards 
in the z plane to commence depositing a new layer/path on top of the previous one [2].  
In the automotive and aerospace field, there are several success cases in application of AM for 
the production of moulds for composite material lamination. In 2017, McLaren Racing team 
produced a 900mm wide mould for high temperature (177°C) autoclave-cured process with 
ULTEM 1010 material in just three days, saving time in a critical testing period [4]. In 2016 
Researchers at Oak Ridge National Lab developed a 3D-printed version of a “trim-and-drill” 
tool that Boeing uses to build the wings on its 777X passenger jet. The manufactured tool 
weighs 748kg and measures 5330 mm long, 1676mm wide and 457mm tall, making it the 
world’s largest solid object made with a 3D printer. It took 30 hours to print using carbon 
fibre and composite plastic materials [5]. Bristol Aero is also active in developing AM tooling 
with the ability to withstand temperature gradients for composite material curing in 
autoclaves. This is a step forward towards fully functional autoclave tooling to replace 
traditionally built ones. There are many technical challenges particularly when dealing with 
expansion of components, joints of different AM parts and dissimilar materials. 
An example of tool segmentation is the Aurora Flight Sciences (AFS) fairing tool model [6]. 
The model was separated into seven segments in order to satisfy the printer chamber 
geometrical constraints. Sections were built in two construction styles - sparse and hollow- 
shell. After the build, the sections cells were filled with high-temperature expanding foam to 
further improve tool rigidity. Finally the junction of the various pieces can then be made by 
mechanical joining or plastic welding. AFS obtained a 60-80% reduction in lead time, while 
also providing a 60-75% cost savings, compared with traditional tooling. This paper presents 
two examples of 3D printing technology applied to the manufacturing of a moulding tool to 
be used for the lamination of composite items in Remotely Piloted Aircrafts (RPAV). The 
first case presented concerns the realization of a 1:8 scaled Replica of the S55X. The second 
example refers to the idea of building a 3D flying RPAV in 1:7 scale starting from a 1:48 
static model of YF 23 from McDonnell Douglas. 
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Team S55 is a group of young engineers and students of “Politecnico di Torino”. The aim of 
the team, composed by more than forty members, is to help “Replica 55” group designing a 
flying “Replica” of the historical seaplane SIAI-Marchetti S55X, a symbol of the remarkable 
aeronautical know how reached in Italy during the '20s and' 30s [7,8]. 
There were several versions available of the S55 for civil and military use, but this one 
(distinguished by the X) was made to celebrate the tenth anniversary of the foundation of the 
“Arma Aeronautica”. In the 1933 the “Decennale” air cruise was organized: under Air 
Minister General Balbo’s leadership, twenty-four S-55X (and an auxiliary one) flew from 
Orbetello, Italy to Chicago, across the Atlantic Ocean, to attend the "Century of Progress" 
Exposition. The fleet “covered 6100 miles in a flying time of 47 hours and 52 minutes”, with 
only one accident occurred. Representative John P. McSwain, Chairman of the House 
Military Affairs Committee said about this feat: "No 'round-the-world trip of any war-ship or 
fleet has ever impressed the people of the whole world as this spectacular flight of 24 planes.  
Team S55 decided to design and realize a 1:8 scale and flying model of S55X, starting from 
the CAD drawings of the full scale one (see figure 1). Team S55 gave the opportunity to 
several  students to achieve a significant experience about all the key aspects of the complete 
aeronautical design process: from the definition of aerodynamic and hydrodynamic loads to 
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the characterization of the materials used and finally to the FEM structural modelling of the 
entire structure. Furthermore, all the themes of the aircraft design, i.e.: flight mechanics, 
propulsion, flight controls, systems installation, et caetera were also addressed. The current 
goal is the participation to the F4 Scale World Championship. 
 

 

Figure 1: Full Scale CAD of  S55X  Replica 

The S55X seaplane is a catamaran configuration, equipped with twin engines, one pulling, 
one pushing. Three rudders surmounted a tailplane linked to the fuselage by four beams. The 
design choices were made in order to respect the requirements of competition regulation, in 
particular the more stringent requirements is the maximum weight (15 Kg, without engine). 
In order to minimize the weight the wing is composed by a main carbon reinforced spar with a 
30mm circular section, made with a metallic tool with standard measures; the ribs are made 
by a sandwich composite structure with fiberglass faces and foam core and they are cutted 
from a sheet of material; the skin is made of carbon fiber laminate. The engine mount 
structure will be manufactured in a single piece in AlSi10Mg by selective laser melting.  
AlSi10Mg is an  Aluminum alloy with good casting properties [9], used for cast parts with 
thin walls and complex geometry. Additive manufacturing technology is introduced for the 
manufacturing of moulds necessary for the lamination process. The main purpose of this 
choice is the cost and time reduction in the manufacturing of the selected model.  

3 WING TOOL DESIGN 

The tool of the wing has been designed using the CAD software Solidworks starting with a 
solid model of the wing and subtracting it from the solid of the mould. The reference external 
surfaces of the tool are plane, so it can be placed on a table, also they are as smooth as 
possible to avoid problems during the vacuum bag preparation. At first, we divided the tool 
into an upper part and a lower part, subsequently the two parts have been cut themselves into 
six smaller parts (Figure 2) because the tool will be printed by a Creatbot 430, with a 
rectangular bed of 300x400 mm and a Z height of 300 mm. Each part has been connected to 
the adjacent ones, in order to complete the entire tools of the upper and the lower wing parts. 
The mould component connection is made by some butterfly shaped  joints. The butterfly 
shaped connectors permit to assure an adequate tolerance of  components positioning and  
prevent the relevant movement. Furthermore to  make easier the structure  assembly  some 
locators were placed on the edges of each parts, while to make it stiffer we have made holes in 
which we will insert two long threaded bars. the final CAD of the mould is shown in figure 2. 
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Figure 2: Replica S55x 3D wing mould concept & left wing upper surface sections 

The STL (standard tessellation language) file is exported directly in Solidworks with the 
maximum quality available, 2.6 ° for the angle tolerance (angle between the normals of 
adjacent triangles) setting and 0.02 mm for the deviation tolerance setting (the maximum 
deviation between the designed part and the STL representation of the part).  
 

    

Figure 3: Slicing phase a) leading edge mould section b) trailing edge mould section 

The material used for this application is the PLA (Polylactic Acid), this is not a common 
choice for this application because it has a glass transition temperature of 60 °C, above this 
temperature it loses all the mechanical properties and obviously it is not suitable for an 
autoclave curing process at a typical temperature of 120/180 °C, but the mechanical properties 
of the final composite are enough if the part is cured at room temperature. Figure 4 shows the 
qualitative results of a tensile test at two different temperature carried out at the structures 
laboratory. The results for room temperature were compared with those at a T = 45 ° C for a 
specimen in PLA sized according to ASTM D638 and printed in a flat position. As can be 
seen, the effect of temperature is to reduce the ultimate load by more than 20% with a 
maintenance of the elastic modulus and a transition to a more ductile behaviour when 
temperature increase as expected. There are other materials that can be used for this 
application like ULTEM 1010 which is suitable also for autoclave curing process, but its price 
(about 300 euro/kg) is not cost-effective for the proposed use. Nevertheless in order to gain 
experience with the use of the ULTEM 1010, pre-preg lamination and autoclave curing cycle, 
this material will be used to make the mould for the bayonet-mount installed at   
external/central wing interface. 
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goal is the participation to the F4 Scale World Championship. 
 

 

Figure 1: Full Scale CAD of  S55X  Replica 

The S55X seaplane is a catamaran configuration, equipped with twin engines, one pulling, 
one pushing. Three rudders surmounted a tailplane linked to the fuselage by four beams. The 
design choices were made in order to respect the requirements of competition regulation, in 
particular the more stringent requirements is the maximum weight (15 Kg, without engine). 
In order to minimize the weight the wing is composed by a main carbon reinforced spar with a 
30mm circular section, made with a metallic tool with standard measures; the ribs are made 
by a sandwich composite structure with fiberglass faces and foam core and they are cutted 
from a sheet of material; the skin is made of carbon fiber laminate. The engine mount 
structure will be manufactured in a single piece in AlSi10Mg by selective laser melting.  
AlSi10Mg is an  Aluminum alloy with good casting properties [9], used for cast parts with 
thin walls and complex geometry. Additive manufacturing technology is introduced for the 
manufacturing of moulds necessary for the lamination process. The main purpose of this 
choice is the cost and time reduction in the manufacturing of the selected model.  

3 WING TOOL DESIGN 

The tool of the wing has been designed using the CAD software Solidworks starting with a 
solid model of the wing and subtracting it from the solid of the mould. The reference external 
surfaces of the tool are plane, so it can be placed on a table, also they are as smooth as 
possible to avoid problems during the vacuum bag preparation. At first, we divided the tool 
into an upper part and a lower part, subsequently the two parts have been cut themselves into 
six smaller parts (Figure 2) because the tool will be printed by a Creatbot 430, with a 
rectangular bed of 300x400 mm and a Z height of 300 mm. Each part has been connected to 
the adjacent ones, in order to complete the entire tools of the upper and the lower wing parts. 
The mould component connection is made by some butterfly shaped  joints. The butterfly 
shaped connectors permit to assure an adequate tolerance of  components positioning and  
prevent the relevant movement. Furthermore to  make easier the structure  assembly  some 
locators were placed on the edges of each parts, while to make it stiffer we have made holes in 
which we will insert two long threaded bars. the final CAD of the mould is shown in figure 2. 
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Figure 2: Replica S55x 3D wing mould concept & left wing upper surface sections 

The STL (standard tessellation language) file is exported directly in Solidworks with the 
maximum quality available, 2.6 ° for the angle tolerance (angle between the normals of 
adjacent triangles) setting and 0.02 mm for the deviation tolerance setting (the maximum 
deviation between the designed part and the STL representation of the part).  
 

    

Figure 3: Slicing phase a) leading edge mould section b) trailing edge mould section 

The material used for this application is the PLA (Polylactic Acid), this is not a common 
choice for this application because it has a glass transition temperature of 60 °C, above this 
temperature it loses all the mechanical properties and obviously it is not suitable for an 
autoclave curing process at a typical temperature of 120/180 °C, but the mechanical properties 
of the final composite are enough if the part is cured at room temperature. Figure 4 shows the 
qualitative results of a tensile test at two different temperature carried out at the structures 
laboratory. The results for room temperature were compared with those at a T = 45 ° C for a 
specimen in PLA sized according to ASTM D638 and printed in a flat position. As can be 
seen, the effect of temperature is to reduce the ultimate load by more than 20% with a 
maintenance of the elastic modulus and a transition to a more ductile behaviour when 
temperature increase as expected. There are other materials that can be used for this 
application like ULTEM 1010 which is suitable also for autoclave curing process, but its price 
(about 300 euro/kg) is not cost-effective for the proposed use. Nevertheless in order to gain 
experience with the use of the ULTEM 1010, pre-preg lamination and autoclave curing cycle, 
this material will be used to make the mould for the bayonet-mount installed at   
external/central wing interface. 
 



278

Additive Manufacturing                                           Cestino E., Frulla G., Sapienza V. et Al. 

5 

 

Figure 4: Temperature tensile tests on PLA flat specimens. 

 
Layer Height 0.4mm 

Nozzle Temperature 220 °C 
Bed Temperature 45 °C 

Speed 30 mm/s 
Infill 9-13 % 

Perimeter 1 

Table 1: Process Parameters 

Section Printing time [h] Weight [g] Cost [euro] 
1S_D 18 644 12,24 
2S_D 25 946 17,98 

3S_DA 18 640 12,16 
3S_DF 22 789 15,00 
4S_DA 18 635 12,06 
4S_DF 24 829 15,75 

Table 2: wing mould sections time, mass and costs 

Another suitable material is the ABS (acrylonitrile butadiene styrene) but during the process it 
produces toxic smokes, also it is more difficult to print due to the tendency to warp on the 
bed. The ABS has also lower mechanical properties compared to PLA, this require more 
material to obtain the same stiffness and more time to produce the mould. In conclusion the 
PLA seems the best choice for our application. As a slicer we used Creatware V6.4.6 which is 
the software provided with the printer and with some of the setting yet defined (figure 3). In 
order to speed up the process a standard 0.4 mm nozzle was replaced with a 1 mm nozzle. All 
the other process settings are listed in the Table 1. Note that the size of nozzle forces us to 
increase the temperature and lower the extruder speed compared to the common settings of 
PLA (about 50 mm/s e 200° on nozzle temperature) because the amount of material to be 
fused and extruded is very large. After the pieces are printed, the mould is assembled by 
adding the metal inserts, the wooden alignment pins and the butterfly closures, again made of 
PLA. Any discontinuities at the interfaces are eliminated by plastic welding with a 3D pen. 
Once the mould is assembled, roughness measurements were then performed by an RTP80 
roughness tester as shown in Figure 5. Surface finish quality is crucial for mould applications. 
Due to the print mode the roughness strongly depends on the direction in which it is 
measured. A very low roughness value can be obtained in the direction oriented at 0 ° with 

respect to the printing direction, Ra values of the order of 1-2 m are possible even without 
subsequent processing. In the 90 ° direction the Ra value increases and with the size of the 
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nozzle and printing speed reported in table 1, values of around 25 m have been obtained. 
The figure 6 shows an example of a roughness profile obtained from the measurements. The 
values obtained are in agreement with what is reported in [2], better roughness can be 
obtained by a post-process surface finishing in order to meet typical tools requirements. The 
skin is then obtained by lamination of the composite carbon fibre material and vacuum bag 
technology with a cure cycle at room temperature. Figure 7 shows the hand layup process 
adopted with the resin deposition and vacuum bag in evidence. 

 

Figure 5: upper wing mould assembled and ready for roughness measurements. 

 

Figure 6: Roughness measurements by RTP80  

 

Figure 7: upper wing skin - hand layup and vacuum bag  
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4 Y23 RPAV TOOL: DESIGN & REALIZATION 

The second example of the application of 3D printing for the mould manufacturing of scaled 
aircraft design is the  Northrop-McDonnell Douglas YF-23 Black Widow II that was the 
aircraft proposed by the Northrop/McDonnell Douglas consortium for the ATF (Advanced 
Tactical Fighter) contest organized by the United States Air Force, the US Air Force. The 
winner was the YF-22, a prototype of the Lockheed-Martin F-22 Raptor, which entered 
service at the end of December 2005. Both aircraft had to have stealth technologies, reach 
supersonic speeds without the aid of post burners, the YF-23 had proved superior to the F-22 
in terms of speed, but it was less manoeuvrable than the YF-22, which from its side had the 
possibility of vectorial thrust control. Starting from a 1:48 scale model of the Y23 produced 
by the Chinese company HOBBY BOSS, an STL model was created through 3D scanning. In 
the second phase, rescaling was carried out through CAD to obtain a 1: 7 scale model. At this 
point the process saw the start of mould printing through a dual-extruder printer GMAX-D 
with a bed size of  X = 360 mm, Y = 265 mm and Z = 250mm.  
 

   

Figure 7: Y23 RPAV 1:7 “Master Mould” and original 1:48 model 

The selected material was also in this case the PLA. In order to use the available 3D printer 
with the reduced printing area compared to the dimensions of the reproduced aircraft, the 
model was divided into forty-five elements. Another constraint, due to cost reduction, was the 
use of the 1kg PLA format that had been achieved at reduced costs. So the printed elements 
had to be even smaller, although the printer could carry out larger objects, but the extrusion 
had to be continuous without the possibility of replacing the filament. After about forty-five 
days of work (which included twelve to eighteen hours of printing per piece per day), and 
about 720 hours of printing activity the goal was achieved. The subsequent phase was the 
gluing of the forty-five elements using a cianoacrylic glue. A raw basis of the model was thus 
obtained with various defects due both to the mesh approximation of the previous scanning 
phase and to the various layer processes. To reduce defects, a polyester body filler easy to 
apply and smoothing was selected. A well-defined "Master" was then manufactured with 
shapes that allowed the creation of a mould. For the construction of the latter, the “Master” 
was sectioned into two parts: from the leading edge to the trailing edge and from the bottom 
upwards. The upper section included the pilot's cockpit and the turbine exhaust compartments, 
while the lower part included the landing gear compartments with the relative closing doors 
previously engraved on the “Master”. Starting from these two masters joined by screws and 
reference pins, in order to always obtain a precise coupling, the actual female mould in 
fiberglass is then made. The two fiberglass half-shells are then laminated using fiberglass and 
kevlar of various weights (27gr, 160gr, 200 gr). The first fuselage is thus made, where inside 
previously manufactured frames (made by composite sandwich materials) were placed to have 
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strengths elements where it is possible to anchor retractable gears and turbines. The same 
procedure was used for the realization of the wings. 

5 CONCLUSIONS 

The paper presents two applications of 3D printing for the production of composite 
lamination moulds. In the first case, a female economic mould was created for the case of the 
wing of the scaled S55X aircraft on a 1:8 scale. The mould consists of 6 pieces assembled 
together by mechanical joints and is made by manual lamination, vacuum bag and room 
temperature cure cycle. In the second case, 3D printing was used for the realization of a 
master mould in order to manufacture a fiberglass female mould for the construction of the 
Y23 RPAV aircraft in 1: 7 scale. Both solutions have been successfully adopted and can be 
applied to make moulds for RPAV aircraft made by composite materials. 
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The continuous proposal and analysis of innovative aircraft configurations require wider 
validation activity based on testing results. The arrangement of real-scale prototype for 

campaign is often not feasible due to economic reasons. As a consequence the 
experiments on scaled models are frequently performed applying similarity laws. The 
definition of specific material and its scaling rules for a complete similarity is required in 
several cases particularly when composites play a predominant role on the test response. So 
the design of a correct scaled-model including the right material selection becomes decisive.  
The introduction of  TRACE parameter is proposed as a method orienting the designer for the 
right material selection in these situations. The method is presented in a specific case of a 
composite plate deflected by pressure. Non-dimensional deflection is determined as a function 
of load parameters and TRACE according to typical material classes definition. The 
procedure is extended to a typical drop-test equipment on water including structural 
flexibility. Potentiality of the method is clarified. 
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for the definition and selection of the right material in scaled experimental models in which 
the flexibility tends to become significant in the model response. The basic TRACE concepts 
have been summarized in the following section 2 with its application to a specific test case. 
The maximum deflection of specially orthotropic simply supported plate under pressure is 
presented and the scaling procedure is determined pointing out main involved parameters. The 
procedure is then applied to a different test case in section 3 with the definition of the 
maximum pressure on a flat isotropic plate ( simply supported along two sides and free on the 
other two) under water impact. The simplified formulation based on previous work [10] 
corrected by the presence of flexibility is reported and compared with experimental data 
available in open literature [11].  The presented procedure seems useful for preliminary 
calculation and scaled model definition. Some consideration in the material selection for 
scaled model is also presented.  
  

2 SCALING OF DEFLECTED ANISOTROPIC PLATES UNDER PRESSURE 
BASED ON "TRACE"   

The scaling of a specific structural configuration requires the definition of the complete set of 
non-dimensional  parameters related to the investigated phenomenon. Considering the static 
problem of the deflection on simply supported orthotropic plate under pressure it is possible 
to define a general equation in the form:  

( )1 2 12 12,, , , ( , , , ), , 0ij ia b h D E E G p wν ϑΦ =                              (1) 

 
Referring to Buckingham Theorem, and considering fixed lay-up but different materials for 
the scaling configuration, the number of the independent non-dimensional parameters can be 
determined by the number of total parameters involved (9 parameters) less the fundamental 
ones (in this case of static problem they are two i.e. the thickness h and the longitudinal 
modulus E1), providing a set of 7 non-dimensional independent parameters that have to be the 
same in real scale or model scale for a complete similarity. The plate stiffness can be defined 
according to the material characteristics since the lay-up is assumed fixed. The eq.1 can be so 
transformed in:  

12,2
1 12 2 3

1 1 1

, , , , , , 0
GEa b p w
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                         (2) 

 
The three non-dimensional parameters related to material characteristics are: the orthotropic 
ratio, the Poisson and the shear ratio respectively. They are simplified introducing the 
TRACE (TR) concept that is invariant for a specific plate if geometry and lay-up is 
maintained fixed when material is changed. Non-dimensional TR with respect to E1 is so 
representative of material stiffness and it is a function of well known material property ratios:  
 

( )2 12
1 2 3

1 1

; ; ; ;
E G

TR f f
E E

ν χ χ χ
§ ·

= =¨ ¸
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                                     (3) 

TR is also invariant if considered at ply level or with respect to the  plate extensional stiffness 
divided by thickness h or with respect to the plate bending stiffness divided by the coefficient 
(h3/12) ( see [8] for more details).  The orthotropic ratio is characteristic of specific class of 
material considered during scaling procedure. It is in fact almost constant if the material 
belongs to the same "material class", and so some specific scaling can be possible ( figure 1).  
The trace concept has been introduced into the specific structural solution in order to identify 
an equivalent material representative of the investigated structural case. 
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    Figure 1:  Adimensional TRACE behaviour in function of shear coefficient. The orthotropic ratio 
assumed as parameter. Lines represent theoretical evaluation compared to the results from Table 1: the 
materials can be grouped in classes according to the orthotropic ratio. 
 

 
 The application of TR concept in a similarity problem is now presented in order to point out 
the general procedure details. The transversal maximum deflection of specially orthotropic 
rectangular thin plate, simply supported along edges (a,b) with free in-plane end-shortening 
and subjected to a sinusoidal pressure distribution  is considered as an example.  More 
detailed numerical analysis inclusive of the real elastic boundary conditions and stiffness is 
postponed when a real case is considered. Referring to the well known transversal equilibrium 
equation of specially orthotropic plate with selected boundary conditions solved by single 
mode Galerkin approach, the maximum non-dimensional deflection of a squared plate 
configuration can be represented in the form:   
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                                                                                                                                                  (5) 
 
The squared bracket term is the "plate stiffness parameter" while the other includes the " load 
parameter". The square bracket coefficient represents all the plate stiffness for a selected 
material, geometry and lay-up.    Selecting now a series of representative materials such as in 
Table n.1, the W-AD can be plotted versus the non-dimensional TR as in figure 2. The first 
group of results is representative of the selected representative UD-FRP materials and wood, 
the second group is related to fabric/epoxy and the third to isotropic ones. 
It is possible to see that the results are grouped according to their "class of material" related to 
TRACE . It is also possible to see that W-AD is not so different for materials that have similar 
orthotropic ratio so the " stiffness parameter" as defined in Equation 4, can be simplified 
when similarity procedure is adopted. 
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Material 
 

E1 
(Mpa) 

E2 
(Mpa) 

G12 
(MPa) 

nu12 
(-) 

TR/E1 
(-) 

W-AD 
(-) 

M40/epoxy  209000 6890 4260 0,305 1,077 0,7532 

T300 /epoxy  181000 10300 7170 0,28 1,141 0,7484 

IM6/epoxy 203000 11200 8400 0,32 1,144 0,7472 

T800/epoxy 160000 9200 5000 0,35 1,128 0,7459 

ASH/3501 138000 8960 7100 0,3 1,174 0,7458 

kevlar49/epoxy 76000 5500 2300 0,34 1,142 0,7431 

Boron/epoxy 204000 18500 5590 0,23 1,151 0,7460 

T700/epoxy  121000 8000 4700 0,3 1,15 0,7459 

Hemlock  11300  350,3  361,6  0,423 1,1008 0,7504 

Yellow Birch  12755  637,75  867,34  0,45  1,197  0,7431 

Aluminum  73000 73000 28077 0,3 2,967 0,675 

Steel  210000 210000 80769 0,3 2,967 0,675  

fabric A/epoxy  74000 74000 4550 0,05 2,128 0,742  

Fabric B/epoxy  150000 150000 7000 0,05 2,098 0,742  

             Table 1: Selected representative materials for the investigation. 

 
           Figure 2:  Specific central deflection versus non-dimensional TR. Classes of material 
 
Considering now the definition of a maximum deflection for a scaled plate model (m) and a 
real one (RS) the equation can be re-arranged as:  
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 For the same class of material the squared bracket ratio is almost unitary so:  
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The right material identification is now possible by means of Equation 7 if the geometric scale 
is defined and other parameters established. 
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3 WATER IMPACT PRESSURE DEFINITION AND SCALED MODEL DESIGN 

The application of the material flexibility effect is now presented for the scaling of water 
impact maximum pressure definition in a typical drop-test.  Airworthiness regulations require 
that aircraft should be proved to ensure the survivability of the ditching for the passengers. In 
particular seaplane aircrafts  must be designed for water loads developed during take-off and 
landing with the seaplane in any attitude likely to occur in normal operation at appropriate 
forward and sinking velocities under the most severe sea conditions likely to be encountered 
[12]. In order to make a stress analysis of seaplane floats, and especially of the members 
connecting the floats with the fuselage, it is of great importance to determine the maximum 
pressure acting on the floats during landing. Current regulation is based on a maximum 
pressure formulation, derived from the Von Karman work [10] and based on four fundamental 
assumptions: 1) calm water 2) rigid plane 3) water considered incompressible fluid 4) aero-
dynamic effects neglected. With these hypotheses the formula for maximum pressure is: 

2
max 0

1 1

2 ( )
p V

tg
ρ π

β
=                                                (8) 

where ρ is the density of the water, V0 is the velocity at the moment of first contact and β is 
the dead-rise angle. The formula compare very well with experimental results but it shows 
some limitations in the presence of very small dead-rise angles. An asymptotic value for the 
maximum pressure is computed for the limiting case of a flat bottom configuration as reported 
in equation 9 ([10]) where c is the speed of sound in the water, in the following cases 
c=1450m/s: 
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Nevertheless at very low dead-rise angles [12] the deformability of the structure can no longer 
be neglected and it plays a fundamental role in determining the pressure peak. In the case of a 

completely flat surface (β = 0), it is possible to derive a preliminary design formula for the 
pressure peak which also takes into account the effects related to the material: the maximum 
deflection can be computed and related to the applied pressure.  In the particular case of a 
isotropic plate simply supported on two sides and free on the other two sides the equation can 
be simply related to isotropic material constants rather than TR. It becomes: 
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As an example of application of the formula 10 and 9, a rectangular isotropic plate reported in 
[11], was selected. It was simply supported on two sides of length b = 673mm and free on the 
other two sides indicated with a = 508mm. The thickness of the plate is h = 6,35mm. The 
material is a steel with elastic modulus E = 206.8 GPa and the total weight of the plate is 
37kg. Table 2 shows the experimental results obtained by Chuang in Ref [11] for different 
impact speeds and in the case of flexible and rigid flat-bottom plate, compared with results 
from equations 9 and 10.  A satisfactory correlation is obtained confirming the goodness of 
the presented simplified formulation in predicting the maximum pressures in the case of flat 
bottom plates. 

Through the use of the Buckingham π-theorem, a dimensional analysis is performed to 
identify a set of dimensionless parameters strictly sufficient to relate the behaviour of a real 
scale to that of a small-scale model when a typical drop test is designed as in Figure 3. 
It is well-known that the choice of dimensionless parameters is not unique. Considering the 
geometric similarity verified, the problem is a function of four parameters as indicated in Eq. 
11 when the rigid assumption is applied. Considering that the fundamental parameters are 3 
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6 

(mass, length, time), reducible to two (ρ density and g gravity), the dimensionless parameters 
to be reproduced between the real scale and model will be two: the Froude number and the 
dimensionless pressure parameter as reported in equation 11:  

( )max 0, , , 0f p V dρ =   ;        0 max;
V p

Fr
gdgd ρ

=                       (11)                                                 

 
V0 [FPS] FLEX - eq.10 

[PSI] 
FLEX- Ref. [11] 

[PSI] 
 RIGID- eq.9 

[PSI] 
RIGID- Ref. [11] 

[PSI] 
4 6.82 6.75 17.67 16 
5 8.52 9 22 18.5 
6 10.23 10 26 25 

             Table 2: Comparison of theoretical and experimental flat-bottom maximum pressure. Selected 
representative materials for the investigation. 

.  
Figure 3:  Drop test setup and model section 

 
When flexibility become important because the deadrise angle becomes small, then the 
number of parameters increase to seven and therefore the corresponding dimensionless 
parameters to be reproduced between the model and the real scale have to be five, increasing 
the complexity of the correct similarity:  

( )max 0, , , , , , 0f p V E h dρ ν =                                            (12) 

0 max max; ; ; ;
V p ph

Fr
d gd Egd

ν
ρ

=                                  (13) 

Based on the equality between model and true of the dimensionless parameters just obtained 

and considering λ as a geometric scale parameter for length, it is possible to obtain all the 
scale relations between the various parameters involved in the experiment including the 
typical materials representative of the phenomenon. It will therefore be possible to deduce 
information on the real scale starting from the tests on the scaled model. As an example the 
speed of impact and the pressures scale according to the following Equation 14: 
 

( ) ( )0 0m RS
V Vλ= ⋅        ( ) ( )max maxm RS

p pλ= ⋅                         (14) 

4 CONCLUDING REMARKS 

The problem of design of specific scaled model for experimental tests including material 
flexibility is introduced and solved by means of specific structural parameter (TRACE) that 
represents the material stiffness as geometry, lay-up and boundary conditions are fixed. The 
possibility to include such parameter into the similarity procedure in order to obtain a scaled 
model complete for the experimental characterization is presented and justified for a flat 
composite plate deflected by pressure. The relation between deflection and pressure is pointed 
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out that is the basis for the estimate of the maximum pressure in a water impact condition. A 
simplified equation is determined and validated demonstrating its effectiveness in the 
preliminary design stage. The complete similarity is then possible within the reported 
assumptions.  
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1. Suborbital flights 
 
Following the US Space Shuttle retirement in 2011 and the ongoing initiatives carried out by 
NASA and private commercial companies to develop new space transportation vehicles, 
manned spaceflight has now entered a transitional phase. Increasing attention has been paid 
to more flexible and less expensive space transportation vehicles, especially following the 
first successful launches.  The so-called “suborbital flights” are also attracting a great deal 
of interest. They are flights in which a spacecraft climbs to altitudes higher than 100 km but 
its trajectory intersects the atmosphere or surface of the gravitating body from which it was 
launched so that it does not complete an orbital revolution. Its speed and altitude are 
insufficient to go into orbit and it falls back to Earth. Suborbital flights are flights in which a 
spacecraft climbs to altitudes higher than 100 km but below where satellites orbit, in line with 
the definition of spaceflight provided by the US legislation. As mentioned above, the 
spacecraft does not complete an orbital revolution, as its speed and altitude are insufficient to 
go into orbit and it falls back to Earth1.   
Suborbital flights also include supersonic fast transport aircraft1 projects, such as the new 
"Concorde",  which will take-off like a plane without using a rocket launcher, as it is not 
designed to be placed in orbit, even if it might reach suborbital altitude for a few seconds. Its 
mission will basically be to transport passengers from one place to the other in the world. The 
future European supersonic plane is still in an early planning stage2. 
The Concorde, the plane that connected New York with London and Paris in less than three 
hours (before being suspended because it cost and consumed too much), reached almost 2 
thousand kilometers per hour, piercing the sound barrier. A normal jumbo jet can reach 900 
kilometers per hour. 
Oxfordshire-based Reaction Engines Company is designing orbital plane Skylon on behalf of 
the UK Space Agency3.  

                                                
1 See CATALANO SGROSSO, Suborbital flights: applicable law, Proc. of the 57th Colloquium on the Law of Outer Space, 
Toronto 2014, p.467 ff. There the A. has dealt with the theme for the first time and from which some points are taken 
 

2 See: www.repubblica.it/.../super-concorde/super-concorde/super-concorde.html- 	  

3  Skylon will be 269 feet (82 meters) long and will have a wingspan of 82 feet (25 meters). The vehicle will take off 
and land horizontally on a conventional runway like a commercial plane. Its features are impressive: it can reach a top speed 
of Mach 25 and travel at an altitude of approximately 460 km, thus performing a true orbital flight. Skylon will be able to 
carry 12 tons of payload or 30-40 passengers, double the payload of a conventional rocket, with a cost that is 10 times lower 
than that of an orbital launch with a multistage rocket. 
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The British efforts are now concentrated on the Lapcat, presented by England, and already 
approved by the European Space Agency, which will be ready in ten years if it manages to get 
the necessary funding. The prototypes of these vectors are capable of traveling at five times 
the speed of sound.  It will be possible to connect one continent with another, America with 
Asia, Europe with South Africa, in a few hours. Of course it will not be a plane like any other. 
He will travel at 35 thousand meters of altitude. 
The first test flight is scheduled for the year 2019, while in 2022 docking operations could 
start at the International Space Station. 
It should be included among the hypersonic or supersonic flight phases, the Links MK II, by 
XCOR Aerospace by Jeff Greason, that would use a liquid rocket propulsion system, would 
take off from line stops to land with circular descent4. 
The Italian Space Agency (ISA) is currently working with the Italian Aerospace Research 
Center (CIRA) and the Japanese Space Agency (JAXA) to develop an Unmanned Space 
Vehicle (USV), by using new technologies and materials that can withstand extremely high 
temperatures. 
 
   1. a. Applicable law – International  Air Law 
 
As regards this type of spaceplanes, experts are divided over the criteria to be adopted to 
identify the applicable regime. The spatial theory – according to which air or space law shall 
apply to spaceplanes depending on where they are located – does not seem to be the right way 
to proceed. The functional theory – which is, instead, based on the nature of the activity 
carried out, i.e. the craft’s purpose – seems the most convincing5.  
These supersonic aircraft serve the function of connecting two points on the Earth and 
transporting passengers, in the shortest time possible, from one place to another. These craft 
pass through outer space, at a low altitude, only for technological needs. They have the same 
function as an aircraft, so they shall be subject to the national regulations of the State over 
whose territory they fly as well as the international law provisions contained in the Chicago 
Convention on International Civil Aviation of December 7, 1944 as regards registration 
and authorization. Registration is a key issue in the Chicago Convention: the State in which 
an aircraft is registered shall have jurisdiction over such craft and shall be held liable for 
damage. In air law there is a customary right of “innocent passage” for aircraft, but there is no 
such thing for commercial suborbital flights. The ICAO Council adopted the Standards and 
Recommended Practices for Aerodromes, better known as Annex 14, setting out the key rules 
and specifications regarding facilities and technical services normally provided at an 
aerodrome that States must comply with when drafting their domestic regulations6.         

                                                
4     Even NASA announced a supersonic commercial aircraft, the QueST, the Hikari announced a Japanese 
prototype, the Hytex, capable of Mach 5 speeds, Bombardier Aerospace announced Skreemr and the Aerion Corporation 
Aerator As2 which would cover the London New York section which would cover the London New York section in 30 
minutes	  

5For the theories see CATALANO SGROSSO, International Space Law, Florence, 2011, LoGisma ed., p. 285 ff. 
 
6 For the text of the older Aviation Conventions, see BALLARINO BUSTI, Diritto aeronautico e spaziale, Milan 
1988, pp. 769, 608, 833, 314; for the text of the other Conventions, see the following website: 
http://www.fog.it/convenzioni/aer.htm 
 For the Montreal Convention, see: ANTONINI, Il danno risarcibile nel trasporto di persone, in La nuova 
disciplina del trasporto aereo – Commento alla Convenzione di Montreal del 28 maggio 1999, cit., 81, 88; FIELD, Air 
Travel, Accidents and Injuries: Why the New Montreal Convention is Already Outdated, in Dalhousie L.J. 28/2005, 69, 84; 
HERMIDA, The New Montreal Convention: The International Passenger’s Perspective - One airline’s merit is another 
passenger’s shortcoming, in «Air & Sp. Law» 2001, 150, 153; MENDES DE LEON - EYSKENS, The Montreal Convention: 
Analysis of Some Aspects of the Attempted Modernization and Consolidation of the Warsaw System, in J. Air L. & Com. 66/ 
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As regards liability of the carrier, the following conventions shall apply: the Warsaw 
Convention of October 12, 1929 regarding international carriage by air, subsequently 
amended.The Convention regulates liability for international carriage of persons, luggage or 
goods performed by aircraft, imposing a limited liability regime upon airline companies. 
The Montreal Convention (i.e. the Convention for the Unification of Certain Rules For 
International Carriage by Air) of May 28, 1999, which entered into force on November 4, 
2003, was drawn up to make certain rules relating to international carriage by air and related 
instruments uniform7. The Montreal Convention was ratified by Italy on April 29, 2004. 
The abovementioned conventions wish to ensure the orderly development of international 
carriage operations and regular traffic of passengers, baggage and cargo. 
A key bilateral Air Transport Agreement was signed between the United States of 
America and the European Community on March 2, 2007. In a nutshell, under this 
agreement, any European airline may fly between any point in the EU and any point in the 
United States, without restrictions with respect to fares and ability. The same right is also 
granted to US airlines with respect to the European Union8. 
The Convention on Damage Caused by Foreign Aircraft to Third Parties on the Surface, 
of October 7, 1952 – commonly called the Rome Convention – establishing the carrier’s 
objective liability, entered into force in 1958 and has only been ratified by less than 50 
countries, none of which is a major space-faring nation. 
The requirement to mandatorily take out insurance is usually imposed and a compensation 
limit established when an objective liability regime is adopted. However, this limit should be 
equal to the maximum extent of damage and, therefore, it should be adequate and fair. As the 
1952 Convention, instead, establishes a very low limit, very few States have ratified it9. 
This has spurred ICAO to formulate a new liability regime for damage caused by aviation 
activities; as a result, two Conventions on risks «of a general nature» and those «resulting 
from acts of unlawful interference» were adopted at the ICAO Diplomatic Conference held in 
Montreal from April 20 to May 2, 2009. In reality, as it should be for a non-contractual 
liability regime, there still is a tendency – which, since post-World War II, has characterized 
international aviation regulations – to extend, to the maximum extent possible, the scope of 
application of uniform law instruments. These two Conventions are uniform law instruments; 
it is worth briefly mentioning them, as they are also reference regulations for future space 
activities. 

- The Convention on Compensation for Damage Caused by Aircraft to Third 
Parties (General Risks Convention) should replace the Rome Convention. The 
Convention sets out that the liability of the operator shall not exceed certain limits10. 
Moreover, if the operator proves that the damage was caused, or contributed to, by the 

                                                                                                                                                   
2001, 1155, 1167; SARMIENTO GARCIA, Estructura de la responsabilidad del transportador aéreo en el Convenio de 
Montreal de 1999, in Dir. trasp. 2004, 687, 702 ff. Instead, for an overview of the Montreal Convention in the sense that it 
would not preclude the possibility to ask compensation for such category of damage, see: WEBER-JACOB, The 
Modernization of the Warsaw System: The Montreal Convention of 1999, in A.A.S.L. 1999, pp. 333, 340.  
7	  	   ee: https://eur-lex.europa.eu/legal-content/IT/TXT/HTML/?uri=CELEX:22001A0718(01)&from=EN;  
   144 States ratified the Convention                      
8  This agreement was approved by the EU Transport Council on March 22, 2007 in Brussels and became effective 
on March 30, 2008. See article by QUARANTA in: http://www.fog.it/tamj/tamj-07-01.pdf 
9  Proceedings of the Conference on “Aircraft carrier liability for damage to third parties on the surface” of February 
5, 2007. 
 See: http://www.giureta.unipa.it/VolumeV2007/articoli/convegno%20roma.htm	  

10  These limits are the following: 750 000 Special Drawing Rights (SDRs) for aircraft having a maximum mass of 
500 kilograms or less; 700 000 000 (approximately USD 10 million) Special Drawing Rights for aircraft having a maximum 
mass of more than 500 000 kilograms (art.4(1) of the General Risks Convention and art. 4(1) of the Unlawful Interference 
Convention).  
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The British efforts are now concentrated on the Lapcat, presented by England, and already 
approved by the European Space Agency, which will be ready in ten years if it manages to get 
the necessary funding. The prototypes of these vectors are capable of traveling at five times 
the speed of sound.  It will be possible to connect one continent with another, America with 
Asia, Europe with South Africa, in a few hours. Of course it will not be a plane like any other. 
He will travel at 35 thousand meters of altitude. 
The first test flight is scheduled for the year 2019, while in 2022 docking operations could 
start at the International Space Station. 
It should be included among the hypersonic or supersonic flight phases, the Links MK II, by 
XCOR Aerospace by Jeff Greason, that would use a liquid rocket propulsion system, would 
take off from line stops to land with circular descent4. 
The Italian Space Agency (ISA) is currently working with the Italian Aerospace Research 
Center (CIRA) and the Japanese Space Agency (JAXA) to develop an Unmanned Space 
Vehicle (USV), by using new technologies and materials that can withstand extremely high 
temperatures. 
 
   1. a. Applicable law – International  Air Law 
 
As regards this type of spaceplanes, experts are divided over the criteria to be adopted to 
identify the applicable regime. The spatial theory – according to which air or space law shall 
apply to spaceplanes depending on where they are located – does not seem to be the right way 
to proceed. The functional theory – which is, instead, based on the nature of the activity 
carried out, i.e. the craft’s purpose – seems the most convincing5.  
These supersonic aircraft serve the function of connecting two points on the Earth and 
transporting passengers, in the shortest time possible, from one place to another. These craft 
pass through outer space, at a low altitude, only for technological needs. They have the same 
function as an aircraft, so they shall be subject to the national regulations of the State over 
whose territory they fly as well as the international law provisions contained in the Chicago 
Convention on International Civil Aviation of December 7, 1944 as regards registration 
and authorization. Registration is a key issue in the Chicago Convention: the State in which 
an aircraft is registered shall have jurisdiction over such craft and shall be held liable for 
damage. In air law there is a customary right of “innocent passage” for aircraft, but there is no 
such thing for commercial suborbital flights. The ICAO Council adopted the Standards and 
Recommended Practices for Aerodromes, better known as Annex 14, setting out the key rules 
and specifications regarding facilities and technical services normally provided at an 
aerodrome that States must comply with when drafting their domestic regulations6.         

                                                
4     Even NASA announced a supersonic commercial aircraft, the QueST, the Hikari announced a Japanese 
prototype, the Hytex, capable of Mach 5 speeds, Bombardier Aerospace announced Skreemr and the Aerion Corporation 
Aerator As2 which would cover the London New York section which would cover the London New York section in 30 
minutes	  

5For the theories see CATALANO SGROSSO, International Space Law, Florence, 2011, LoGisma ed., p. 285 ff. 
 
6 For the text of the older Aviation Conventions, see BALLARINO BUSTI, Diritto aeronautico e spaziale, Milan 
1988, pp. 769, 608, 833, 314; for the text of the other Conventions, see the following website: 
http://www.fog.it/convenzioni/aer.htm 
 For the Montreal Convention, see: ANTONINI, Il danno risarcibile nel trasporto di persone, in La nuova 
disciplina del trasporto aereo – Commento alla Convenzione di Montreal del 28 maggio 1999, cit., 81, 88; FIELD, Air 
Travel, Accidents and Injuries: Why the New Montreal Convention is Already Outdated, in Dalhousie L.J. 28/2005, 69, 84; 
HERMIDA, The New Montreal Convention: The International Passenger’s Perspective - One airline’s merit is another 
passenger’s shortcoming, in «Air & Sp. Law» 2001, 150, 153; MENDES DE LEON - EYSKENS, The Montreal Convention: 
Analysis of Some Aspects of the Attempted Modernization and Consolidation of the Warsaw System, in J. Air L. & Com. 66/ 
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As regards liability of the carrier, the following conventions shall apply: the Warsaw 
Convention of October 12, 1929 regarding international carriage by air, subsequently 
amended.The Convention regulates liability for international carriage of persons, luggage or 
goods performed by aircraft, imposing a limited liability regime upon airline companies. 
The Montreal Convention (i.e. the Convention for the Unification of Certain Rules For 
International Carriage by Air) of May 28, 1999, which entered into force on November 4, 
2003, was drawn up to make certain rules relating to international carriage by air and related 
instruments uniform7. The Montreal Convention was ratified by Italy on April 29, 2004. 
The abovementioned conventions wish to ensure the orderly development of international 
carriage operations and regular traffic of passengers, baggage and cargo. 
A key bilateral Air Transport Agreement was signed between the United States of 
America and the European Community on March 2, 2007. In a nutshell, under this 
agreement, any European airline may fly between any point in the EU and any point in the 
United States, without restrictions with respect to fares and ability. The same right is also 
granted to US airlines with respect to the European Union8. 
The Convention on Damage Caused by Foreign Aircraft to Third Parties on the Surface, 
of October 7, 1952 – commonly called the Rome Convention – establishing the carrier’s 
objective liability, entered into force in 1958 and has only been ratified by less than 50 
countries, none of which is a major space-faring nation. 
The requirement to mandatorily take out insurance is usually imposed and a compensation 
limit established when an objective liability regime is adopted. However, this limit should be 
equal to the maximum extent of damage and, therefore, it should be adequate and fair. As the 
1952 Convention, instead, establishes a very low limit, very few States have ratified it9. 
This has spurred ICAO to formulate a new liability regime for damage caused by aviation 
activities; as a result, two Conventions on risks «of a general nature» and those «resulting 
from acts of unlawful interference» were adopted at the ICAO Diplomatic Conference held in 
Montreal from April 20 to May 2, 2009. In reality, as it should be for a non-contractual 
liability regime, there still is a tendency – which, since post-World War II, has characterized 
international aviation regulations – to extend, to the maximum extent possible, the scope of 
application of uniform law instruments. These two Conventions are uniform law instruments; 
it is worth briefly mentioning them, as they are also reference regulations for future space 
activities. 

- The Convention on Compensation for Damage Caused by Aircraft to Third 
Parties (General Risks Convention) should replace the Rome Convention. The 
Convention sets out that the liability of the operator shall not exceed certain limits10. 
Moreover, if the operator proves that the damage was caused, or contributed to, by the 

                                                                                                                                                   
2001, 1155, 1167; SARMIENTO GARCIA, Estructura de la responsabilidad del transportador aéreo en el Convenio de 
Montreal de 1999, in Dir. trasp. 2004, 687, 702 ff. Instead, for an overview of the Montreal Convention in the sense that it 
would not preclude the possibility to ask compensation for such category of damage, see: WEBER-JACOB, The 
Modernization of the Warsaw System: The Montreal Convention of 1999, in A.A.S.L. 1999, pp. 333, 340.  
7	  	   ee: https://eur-lex.europa.eu/legal-content/IT/TXT/HTML/?uri=CELEX:22001A0718(01)&from=EN;  
   144 States ratified the Convention                      
8  This agreement was approved by the EU Transport Council on March 22, 2007 in Brussels and became effective 
on March 30, 2008. See article by QUARANTA in: http://www.fog.it/tamj/tamj-07-01.pdf 
9  Proceedings of the Conference on “Aircraft carrier liability for damage to third parties on the surface” of February 
5, 2007. 
 See: http://www.giureta.unipa.it/VolumeV2007/articoli/convegno%20roma.htm	  

10  These limits are the following: 750 000 Special Drawing Rights (SDRs) for aircraft having a maximum mass of 
500 kilograms or less; 700 000 000 (approximately USD 10 million) Special Drawing Rights for aircraft having a maximum 
mass of more than 500 000 kilograms (art.4(1) of the General Risks Convention and art. 4(1) of the Unlawful Interference 
Convention).  
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negligence or other wrongful act or omission of a claimant, or the person from whom 
he or she derives his or her rights, the operator shall be wholly or partly exonerated 
from its liability (art. 10 of the Gen. Risks Convention and art. 20 of the Unlawful Int. 
Convention). One of the merits of the Convention is that it centralizes actions for 
compensation: actions for compensation may be brought only before the courts of the 
State Party in whose territory the damage occurred and judgments shall, when they are 
enforceable in the State Party of the competent court, be automatically enforceable in 
any other State Party11. 

- The Convention on Compensation for Damage to Third Parties Resulting from 
Acts of Unlawful Interference Involving Aircraft (The Unlawful Interference 
Convention) establishes a supplementary compensation mechanism for any damage 
exceeding the liability limits set forth by the Convention.  
After the 9/11 tragedy, where terrorists used an aircraft as a weapon of mass 
destruction, causing immeasurable damage to third parties on the surface of the Earth, 
the International Civil Aviation Compensation Fund (ICACF) was set up. The 
Fund shall, at its own discretion, cover the liability of the operator, in case of damage 
caused by an act of unlawful interference, to the extent that the total amount of 
damage exceeds the limits of its liability covered by insurance. The maximum amount 
of compensation available from the International Fund shall be 3 000 000 000 
(approximately USD 4.5 billion) Special Drawing Rights for each event12.  
 

However, air law conventions do not take into consideration liability for damage caused to 
space objects during the period of time, albeit short, in which a supersonic aircraft flies 
through outer space. On the contrary, the opposite situation, that is to say liability for damage 
caused by a space object to aircraft in flight while passing through airspace is regulated by the 
1972 UN Convention on International Liability for Damage Caused by Space Objects 
(Liability Convention), establishing absolute objective liability. This is certainly a problem 
that must be resolved, at least by those countries deploying these aircraft. 
 
2.  Reusable means of transport 
In order to cut costs of access to outer space, many space players are planning different types 
of reusable means of transport having different technological features, as well as traditional 
non-reusable launchers. These spaceplanes have different functions and must therefore be 
treated differently from a legal standpoint. 
Aerospace 

2.a.Aerospace Spacecraft  
 
This group of planes includes those craft having features more similar to space objects: 
vertical take-off, launch from ground-based launchers, placement in orbit – where their 
mission is carried out – and return to Earth performing a horizontal landing, sometimes in 
another State (it takes off like a rocket, orbits the Earth like a satellite and lands like an 
airplane). The US Space Shuttle is the first spacecraft of this kind. It is used to carry space 
labs and other payloads into outer space and, in its re-entry phase, it lands like a glider in a 

                                                
11  See: http://www.dirittoestoria.it/7/Contributi/Comenale-Responsabilit-danni-urtoaeromobili.htm 
 And on extending the Convention to damage caused by aircraft collisions, see ZAMPONE, Le nuove norme sulla 
responsabilità del vettore nel trasporto aereo internazionale dei passeggeri, http://www.fog.it/articoli/00-0007.htm 
12  See: ABEYRATNE, The Unlawful Interference Compensation Convention of 2009 and Principles of State 
Responsibility in: 
 http://www.aviationdevelopment.org/eng/2010090702_publication	  
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designated landing site in the US. The United States has defined its Shuttle as a space object; 
therefore, it is governed by space law. There is a functional reason behind this: due to the fact 
that its mission is mostly carried out in outer space and due to its limited maneuverability 
during the re-entry phase, the Shuttle is considered like a typical spacecraft. The first Space 
Shuttle to be successfully launched was Columbia, on April 12, 1981. Due to the wave of 
enthusiasm that swept over the space sector in 1983, the joint NASA-ESA Spacelab program 
was launched. European-built Spacelab was designed to be carried in the Shuttle cargo bay. 
Moreover, the deployment of reusable launchers has become necessary with the advent of 
large manned space stations. Unfortunately, a series of accidents compromised the 
development of the program.  
The United States’ new space program, called “Constellation”, envisages building new space 
shuttles to replace the retiring shuttle fleet. The entire space program, though, has been 
cancelled by President Obama’s administration, also in light of the recent global financial 
crisis. Flying shuttle fleet past its scheduled 2010 retirement date would cost 3 billion dollars 
per year and would increase the risk of potential accidents13. 
NASA now has to pay to use Russian spacecraft or rely on private space providers, such as 
Space X, which successfully launched its privately-built Falcon 9 rocket designed to transport 
astronauts and cargo to and from the ISS.  
Moreover, a new reusable launch vehicle called ORION is currently being designed: it is an 
Apollo-like capsule that will carry cargo and crew to and from the ISS. However,  its purpose 
is still a secret – it is not yet known whether it’s a military or dual use program14. The X-37B, 
instead, is another ongoing project for a new reusable launch vehicle, but, for the time being, 
its mission is still classified. X-37B is launched using an Atlas V rocket and is equipped with 
advanced state-of-the-art technology. Its main goal is to demonstrate reusable space 
technologies and test new devices in orbit15.  
The Progress freighter spacecraft was derived from Soyuz and is used for servicing the ISS.  
Due to the US shuttle fleet retirement, Russian spacecraft have become increasingly important 
and Russia is increasingly carrying out research in the field. In 2004, the Russian Space 
Agency announced that it intended to replace Soyuz with the new Kliper spacecraft of the 
RSC Energia company. Due to the lack of funds, the lack of support from the Russian 
government and the lack of agreement with the European Space Agency that refused to 
participate in development costs, the Kliper project has never entered the construction phase, 
leaving the Soyuz (currently the only connection between the Earth and the ISS)16.  
Of the ten countries, that managed on their own, to launch a satellite into orbit, six are Asians: 
China, India, Iran, Israel, Japan and North Korea. China has favored  the birth of private 
launchers and the development of heavy launchers (Long March 5B) and super-heavy 
launchers (Long March 9). 
The Space Shuttle and the other vehicles included in this group, which carry out their function 
in outer space, must be considered space objects and shall therefore be subject to the rules of 
international space law governing registration, liability for damage, rescue and return of 
astronauts and space objects17. 
                                                
13  See: http://www.mystars.it/EraSpaziale/Era_Spaziale_Navette_Spaziali_Shuttle_Buran.aspx 
14  See: http://it.wikipedia.org/wiki/Orion_(veicolo_spaziale) 
15  See: http://www.lastampa.it/_web/cmstp/tmplrubriche/giornalisti/ grubrica.asp? 
      ID_blog=69&ID_articolo=3667&ID_sezione=138&sezione= http://www.corriere.it › Scienze 
 
16	   	  

17 For a broad discussion of the Conventions and their application, see  See CATALANO SGROSSO, International 
Space Law, Florence, 2011, LoGisma ed.	  
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Today, most agencies tend to rely on private agreements signed between government agencies 
or between States and private companies to regulate such cases, i.e. that of a spacecraft 
performing suborbital flights and then landing in another State’s spaceport.  
The US Space Shuttle and other future craft start their re-entry phase at approximately 8,000 
Km from the landing site, passing through the atmosphere for 14-15 minutes and flying at an 
altitude that is less than 60 km. Therefore, measures must be taken to avoid collisions with 
other aircraft. 
The security and traffic organization rules of the State, whose territory an aircraft flies, must 
be mandatorily complied with; an agreement among the States involved in a certain space 
plane mission seems to be the most feasible option18.  
  
 2.b. Applicable Law - International Space Law 
 
A brief reference should be made to the Corpus Juris Spatialis, including the 5 Conventions 
of the U.N. , which can be applied to recently treated aircraft19. 
 
1. Treaty on Principles Governing the Activities of States in the Exploration and Use of 
Outer Space, including the Moon and Other Celestial Bodies, (OST) signed in 
Washington, London and Moscow on January 27, 1967, is largely based on the principles 
contained in the resolution of General Assembly20, which forms the basis of space law. 
It was ratified by 109 nations21, provides the basic legal framework on space law. It has been 
defined as a Framework Treaty or Convention. 
The OST sets out coexistence and cooperation principles. The former allow States to perform 
their activities, but at the same time impose limits upon them, enabling States to coexist. The 
cooperation principles set forth by the OST allow the progressive development of 
international law. The provisions contained in the OST have been further elaborated and 
clarified in subsequent implementation agreements. According to a broadly accepted theory, 
there are at least four coexistence principles, which may be defined as constitutional 
                                                
18  An example of such case is the MOU signed between Sweden and Virgin Galactic concerning suborbital flights 
landing in Kiruna, Sweden, requesting the adoption of a regulatory regime modeled on what the U.S. Federal Aviation 
Administration (FAA) did in the United States. See: NILSDOTTER, Spaceport Sweden – Your next Adventure: International 
Perspective, paper at FAA Commercial Spacecraft Transportation Conference, 7 Feb., 2013; JAKU &NYAMPONG, 
International Regulatory Standards for Spaceports, paper at Proc. 3Nd IAASS Conference, Rome Oct. 2008; the author 
insists on compliance with Annex 14 of the Chicago Convention.  	  

19  For the text of the following agreements in English, see: United Nations Treaties and Principles on Outer Space, 
New York 2000, A/AC.105/572/Rev.3.; BOCKSTIEGEL BENKO (ed.), Space Law Basic Law Documents, vol. 1 part A, 
Principal Instruments, A I; for the Italian version, see DURANTE, Lezioni di Diritto Aerospaziale, 1988; MASTRONARDI, 
Codice di Diritto Internazionale dello Spazio – documentation collection – Miscellaneous, Firenze 2014. For the current state 
of signatures and ratifications, updated on an annual basis, see ANNUAL REPORT, Standing Committee on the Status of 
International Agreements Relating to Activities in Outer Space,  Chairman Terekhov, Executive Director Office of 
Administration of Justice, United Nations, in: Proceedings of the Colloquium on the Law of Outer Space, AIAA (pub), 
CONTANT JORGENSON (ed.). 

 

20 Declaration of Legal Principles Governing the Activities of States in the Exploration and Use of Outer Space, On the 
codification of space law, see: POCAR, La codificazione del diritto dello spazio ad opera delle Nazioni Unite, in 
FRANCIONI  POCAR (editor), Il regime internazionale dello spazio, Milan 1993, p. 23 ff. 	  
21	   	  	  	   	   	   	   	   	   	   	   	   	  
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principles and deduced from a common practice among space-faring nations which justifies, 
at least as regards the first three principles, the existence of a communis opinio regarding the 
legal need for such conduct. These principles are the following: 1) the exploration and use of 
outer space, including the Moon and other celestial bodies, shall be carried out for the benefit 
and in the interest of all mankind and States shall facilitate international cooperation in the 
scientific investigation of outer space (art. I of the OST); 2) all areas of outer space shall be 
free for exploration and use by all States without discrimination of any kind, on a basis of 
equality and in accordance with international law (arts. I and III of the OST); 3) outer space, 
including the Moon and other celestial bodies, shall not be subject to national appropriation 
by claim of sovereignty, by means of use or occupation or by any other means (art. II of the 
OST); 4) States shall be held liable for damage caused by space objects even if damage is 
caused as a result of a lawful activity (arts. VI and VII of the OST). 
These fundamental principles provide the basic legal framework governing the activities of 
States in outer space. 
The OST also sets out cooperation principles, which have been individually developed in 
subsequent agreements. 
 
2. Agreement on the Rescue of Astronauts, the Return of Astronauts and the Return of 
Objects Launched into Outer Space 1968  (Rescue Agreement - ARRA) 
The Rescue Agreement was ratified by 98 countries. reasserts the launching State’s sovereign 
right over the space object it registered and any personnel thereof while in outer space or on a 
celestial body. The first part of the Rescue Agreement (arts. 1-4) is dedicated to cooperation 
among States in the rescue, assistance and return of the crewmembers of a spacecraft who 
have suffered an accident or are experiencing conditions of distress or have made a forced or 
unintended landing in a territory under the jurisdiction of a State or on the high seas or 
elsewhere not under the jurisdiction of any State (art. 1).  
The second part deals with the recovery of a space object or its component parts which have 
“returned to Earth in territory under its jurisdiction or on the high seas or in any other place 
not under the jurisdiction of any State” (art. V.1). Expenses incurred shall be borne by the 
launching authority 
.  
3. Convention on International Liability for Damage Caused by Space Objects 1972 
First of all, we must say that the responsibility regime envisaged by art. VI of the Outer Space 
Treaty is a unique feature of space law with respect to general international law. Derogating, 
in fact, from the general international rule according to which States shall only be held liable 
for acts or omissions of public bodies or officials of any type and level, space law 
significantly broadens the scope of chargeable behaviors as regards space matters. In addition 
to a “commissive” liability regime for space activities carried out by governmental entities, as 
set out in art. VI of the OST, international liability is envisaged for activities carried out by 
non-governmental entities, for which States are to be held liable. This is also a result of a 
State’s right to exercise its jurisdiction and control over such private entities, in accordance 
with specific obligations set forth by the same article, whose ultimate purpose is to prevent 
damage (Article VI of the OST).The Convention on International Liability for Damage 
Caused by Space Objects (Liability Convention) was signed in London, Moscow and 
Washington on March 29, 1972; as of January 2009, 96 States had ratified it. Articles II and 
III of the Liability Convention identify two different cases: a) the first regards damage caused 
to a third State on the surface of the Earth or to aircraft in flight; b) the second regards damage 
caused to a space object of a third State or to persons or property on board such a space object 
in outer space. In the first case there is an objective absolute liability, notwithstanding the 
launching State’s fault. The existence of damage and the causal connection with the space 
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object are sufficient legal grounds for liability and compensation for damage.  As regards the 
second case, where damage is caused to another space object in outer space, the launching 
State shall be held liable only if damage is due to its fault or the fault of persons for whom it 
is responsible.  
 
4. Convention on Registration of Objects Launched into Outer Space 
The Convention, signed in New York on January 14, 1975, recalls the provisions set forth by 
art. VIII of the OST; as of January 2009, 69 States had ratified it. Implementing the legal 
regime established by the previous conventions on outer space necessarily entailed the 
identification of space objects and therefore, the registration of launches. The Convention on 
Registration of Objects Launched into Outer Space (Registration Convention) establishes that 
the launching State shall register a space object by means of an entry in an appropriate 
national registry and shall provide the Secretary-General of the United Nations with all the 
relevant information concerning all the space objects it has registered (art. II). The 
Registration Convention also aims to introduce the flag State regime for space objects and 
prevent severe damage from being caused by unidentified objects.  
 
5. Agreement Governing the Activities of States on the Moon and Other Celestial Bodies 
(Moon Agreement) 
The Agreement Governing the Activities of States on the Moon and Other Celestial Bodies 
(Moon Agreement) was signed in New York on December 18, 1979 but only entered into 
force on September 11, 1984, following the deposit of the fifth instrument of ratification; 
moreover, as of January 2009, only 18 countries had ratified it .This Agreement represents 
one of the best examples of international cooperation and establishes principles that, rather 
than simply recalling and specifying the provisions set out in the OST and the agreements 
executed before activities were carried out on the Moon, pave the way for significant 
advances in the field. First of all, it is worth underlining art. 11.1, which sets out that the 
Moon and its natural resources are the common heritage of mankind. This article reintroduces 
the concept of Common Heritage of Mankind as regards the exploitation of depletable 
resources and the need to manage them at the international level. 
However, the fact that States Parties undertake, under paragraphs 3 and 7 of art. 11, to 
establish an international regime to govern the exploitation of the Moon’s resources, 
represents a de negotiando  
We briefly illustrated the contents of the five multilateral agreements on space law signed 
under the aegis of the United Nations thanks to the work done by the Legal Subcommittee of 
COPUOS. However, we must make some final remarks regarding the fact that, since the 
drafting of the unsuccessful Moon Agreement, it has become impossible for States to reach an 
agreement and create legally binding instruments, i.e. conventions, aimed at governing new 
situations produced by the activities of States in outer space 
 
3. Reusable means of commercial transport 
 
The commercial suborbital flight sector -  which poses various problems in determining the 
applicable law, i.e. whether air or space law should apply - has not yet grown to the same 
extent as air transportation, but it is growing fast.  
Presently, space tourism is viewed as a money-making proposition by several companies. 
Apart from Space Adventures, other companies are engaged in the sector, including the 
following: Virgin Galactic, Starchaser, Blue Origin, Armadillo Aerospace, XCOR Aerospace, 
Rocketplane Limited, the European “Project Enterprise”, and others. 
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Most are proposing vehicles that make suborbital flights peaking at an altitude of 100-160 
kilometers. Passengers would experience three to six minutes of weightlessness, a view of a 
twinkle-free starfield, and a vista of the curved Earth below. Costs are expected to be about 
$200,000 per passenger. 
Several companies are already planning the first commercial spaceflights. Currently, Virgin 
Galactic is designing the VSS Enterprise (SpaceShipTwo), a new type of commercial 
spacecraft. A citizen astronaut will only require three days of training before spaceflight, and 
the spacecraft will peak at an altitude of 130,000 meters. SpaceShipTwo flights will last two 
and a half hours, carry six passengers and reach a speed of Mach 3. 
As regards spaceflights carrying paying passengers, further requirements are necessary to 
ensure safety of the crew and of space flight participants. 
For each mission, operators must inform space flight participants, in writing, of the known 
hazards and risks that they are taking and obtain full written and “informed consent” from 
them. The issue sparked widespread debate among the legal community over the meaning and 
value of “informed consent”. Informed consent cannot be considered a waiver of the right to 
claim compensation for any damage that may be caused by an accident. It only serves to 
enhance transparency: operators have a duty to inform SFPs of the risks that they are taking in 
participating in such activity22. 
However, to streamline the commercial suborbital flight sector, the licensee could make a 
reciprocal waiver of claims with its contractors and subcontractors. 
Commercial suborbital flights include two phases: the pre-launch and launch phases. There 
are two types of launch vehicles performing such flights:  
- A single-stage-to-orbit (SSO) vehicle reaches orbit from the surface of a body without 
jettisoning hardware, expending only propellants and fluids and using a rocket propulsion 
system. Once in orbit it releases its payload, then returns to Earth. In this case, the payload is 
an integral part of the launch vehicle, which carries out its mission in outer space and is to be 
considered a space object. Therefore, it shall be subject to the rules of international space law, 
including those governing registration, jurisdiction and liability for damage. 
- A multistage rocket (e.g. Space Ship One and Space Ship Two)) carries a second stage on 
its back that is left behind in orbit. The first stage then returns to Earth, landing back at the 
launch base, or, in the future, also at other launch bases. In this case, a distinction must be 
made: before the second stage is released from its carrier craft, the vehicle shall be considered 
an aircraft and shall therefore be subject to air law (even in the re-entry phase). The send 
stage, instead, that after the release carries out its mission in orbit, shall fall within the scope 
of space law23.  As previously mentioned, however, air and space law differ greatly. 
. 
 
4. Italian-American cooperation    
 
The Blue Origin of Bezos is preparing a reusable rocket, the New Shepard. The rocket carries 
a capsule, with large windows and can carry 6 passengers, it can float at zero gravity and then, 
with the help of three parachutes, he can descend in a controlled manner 24. 

                                                
22  See: KNUTSON, What Is “Informed consent” For Space Flight Participants in The Soon-to-Launch Space 
Tourism Industry, 2007, 33 Journal of Space Law, 105 	  

23  See HOBE, MEISHAN GOH, NEUMANN, Space Tourism Activities, cited, note 14, p. 364 ff 
24	   	  Anche la  cinese CALT (China Academy of Launch Vehicle Technology) sta sperimentando una serie di navette 
spaziali a decollo verticale, che possono trasportare fino a 20 turist 	  
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Virgin Galactic has carried out a project of a space plane, Space Ship Two, a shuttle that will 
take up  six  tourists  to 100 km, to experience zero gravity for a few minutes. 
The shuttle is transported, up to the higher part of the atmosphere, by a basic aircraft, the 
Scaled Composites White Knight Two, then it is released at 15 thousand m from the ground to 
be pushed by a rocket engine over the Karman line. The shuttle, which cannot enter the orbit, 
re-enters the atmosphere and lands in a conventional manner. 
A new collaboration agreement between Italy and the United States, signed at the 
headquarters of the Embassy of Italy in Washington, further consolidates relations between 
the two countries in the aerospace sector25. 
Two strategic agreements were signed at Mola di Bari, in the Pertosa group plant, by Sitael26: 
one with Virgin Orbit for launching satellites in space; the other with Virgin Galactic and 
Altec, a company controlled by the Italian Space Agency, for suborbital flights. 
The aim is to identify an Italian space port  (Grottaglie in the province of Taranto) for 
suborbital experimental operations with the Space Ship Two shuttle for training pilots and 
astronautics for space tourism and transform the Puglia Region into one of the main European 
centers for commercial transport in space. 
Altec (a company owned by ISA and the French company Thales Alenia Space) and Sitael 
have signed an agreement with Virgin Galactic to found an Italian company that will produce 
spaceships in southern Italy. The new infrastructure could also be the gateway to the space for 
other types of activities, beyond tourism, such as the launch of small satellites, astronaut 
training, science in microgravity or testing of new technologies27. 
 
4. US legislation, European legislation, Italian legislation 
 
In the US, such flights fall within the scope of US air transportation law and specific 
regulations of national law were implemented by the Federal Aviation Administration (FAA). 
Such regulations include the following acts: 
- the 1986 Commercial Space Launch Act (Title 49 of the US Code, chapter 701); 
- the Commercial Space Transportation Reusable Launch Vehicle and Reentry Licensing 
Regulations, Final Rule; 
- the 2004 Commercial Space Launch Amendments Act (amending Chapter 701 of Title 49 
U.S.C.): the US Government released a set of proposed rules to promote commercial 
spaceflights28.  
Under current US law, any company proposing to launch paying passengers from American 
soil on a suborbital rocket must receive a license from the Federal Aviation Administration’s 
Office of Commercial Space Transportation (FAA/AST). The licensing process imposes 

                                                
25	  	  See:http://www.meteoweb.eu/2018/10/voli-suborbitali-aeroporto-grottaglie-accesso-umano-
spazio/1164955/#b5pelsvsX3vuXMB5.99	  

26	  	  SITAEL is the largest privately-owned Space Company in Italy leading the development of the Small Satellites sector. 
With over 350 employees and state-of-the-art facilities, SITAEL covers all the processes needed for the Design, 
Development and Production of Small Satellites, Advanced Propulsion Systems, Instruments and Avionics: 
www.sitael.com/about-us/organization	  

27	  	  https://www..it/brindisi/voli_suborbitali_l_aereo_e_made_in_puglia-3842665.html 

 
28  See: Commercial Space Launch Amendments Act 
      http://www.space.com/news/congress_spacetourism_041209.htm	  
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safety requirements, and the details can be found in the Code of Federal Regulations, Title 14, 
Chapter III. As always, he tends to make regulations uniform.  
To date, the US is the only country to have implemented a specific regulatory framework for 
commercial suborbital flights. Other countries have issued domestic space regulations, such 
as Australia’s Space Activities Regulations 2001, no. 186 – which requires launch and re-
entry permits and authorizations but does not take the human element into account, i.e. the 
presence of passengers aboard an RLV. Other examples include the 2007 Dutch Space 
Activities Act, the United Kingdom’s Outer  Space Act 1986 and the Swedish Act on Space 
Activities 1982. All these regulations, however, fail to specifically address commercial 
suborbital flights. This seems to indicate that such flights should fall within the scope of 
domestic air law29.  
Recently, in a cooperative framework, the ENAC (National Agency for Civil Aviation), on 
March 14, 2014, signed with the FAA (Federal Aviation Administration) a "Memorandum 
for the development of subspace commercial transport" in order to elaborate adequate 
legislation with the support of American sector legislation30. 
Although the EU Regulation does not expressly state that EASA shall also regulate 
commercial suborbital flights – unlike the US law – if vehicles performing commercial 
suborbital flights are considered aircraft, such flights shall also fall within the scope of EASA. 
While in the US FAA grants a license, in the EU EASA grants an authorization. Some 
authors claim that while under a license an operator is to be held fully liable for operations, a 
certification entails that the certifying authority shall also be held partly liable31.  
The above mentioned suborbital flights are subject to EU regulations (Treaty on European 
Union) and international transportation law and fall within the scope of ICAO. 
If there were an agreement between the parties,  the license, released from the Federal 
Aviation Administration’s Office of Commercial Space Transportation(FAA/AST), for  the 
American suborbital aircrafts could be considered automatically recognized, thanks to the 
specific and detailed American legislation.  
As far as ports are concerned, Italy cannot renounce its own legislation that regulates the new 
phenomenon on the Italian territory. In a short time the relevant authorities (ENAC in 
collaboration with the USA, according to the Memorandum ) should enact a legislation about 
the characteristics of the port space and the indispensable safety criteria. As the phenomenon 
of suborbital flights widens, specific legislation should be adopted at national and European 
level. 
 
 
5. Conclusions 
 

                                                
29 For a detailed analysis of national and international law, see: LANGSTON, Suborbital Flights: A Comparative Analysis of 
National and International Law, in Journal of Space Law 2011, no. 2, vol.37, p. 299; FANEMA, Suborbital Flights and 
ICAO, (2005) 36 Air and Space Law, issue 1, p.87 ff.	  

30 The agreement to cover the suborbital flight sector, between the Italian Air Force, ENAC and the involvement of ASI, 
signed at the Casa del'Aviatore, in Rome, on June 30, 2016, with the United States, is part of the economic development 
policy, the cd Space Economy	  

31  See: HOWARD, Points of connection: relating ICAO Annex 14 to Spaceport, in Annals of Air and Space Law 2013, vol. 
38, p.281.  The author also addresses the issue of aerodrome certification, which may differ from airport certification, and 
suggests that regulations should be made uniform. For the application of national and international law, also see: UPASANA 
DASGUPTA, Legal Issues on Sub-orbital Space Tourism: International and National Law Perspectives, in Annals of Air and 
Space Law 2013, vol.38, p. 237	  
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Among the spatial, functional and the specific regime approach, the functional approach 
seems to be preferable, although it needs to be adjusted in order to meet the specific needs of 
a different type of aircraft, i.e. aerospace planes.  
Moreover, it would take too much time to draft new legal instruments or amend existing ones. 
Therefore, signing specific cooperation agreements among the parties and applying private 
law, which is increasingly regulating the transportation and insurance sectors, seems to be the 
solution to this problem.  
Specific situations regarding aerospace planes, such as flying through the airspace of another 
country or landing in areas subject to the sovereignty of a State other than the launching State, 
will likely be regulated by special agreements between the States involved. 
 As far as Italy is concerned, the agreement between ALTEC SpA and Virgin Galactic 
emphasized the need to adopt legislation, even in the long term, that is capable of adapting to 
new needs. 
The position of our country, the easy access to the sea and the areas of low population 
density, make it an ideal launching country.. 
There is no specific legislation in Italy for these suborbital aircraft, at present, considering 
them a means of transport beyond the Karman line, we must consider them subject to the 
discipline of air law. Discipline to be reviewed tomorrow for the Blue Origin New Shepard, 
which has the characteristics of the space object, which takes off and lands vertically without 
gliding like an airplane. 
The air traffic law also involves the application of all the international regulations of the 
sector and the Regulation (EC) n. 216/2008 of the European Parliament and of the Council of 
20 February 2008, laying down rules in the civil aviation sector and establishing a European 
Aviation Safety Agency (EASA), which is in charge of civil aviation safety in the EU, 
The Regulation provides for standard rules to guarantee the security of civil aviation and 
environmental protection. The safety problem much interests the sector of suborbital flights 
which have a higher level of risk than normal flights. More than ever, the discipline of the 
Regulation must be applied, nor the opinion, of those who would like to remove them, can be 
considered as experimental airplanes envisaged by Annex II of the Regulation32.  
This road does not seem viable and because it does not seem that these aircrafts have the 
characteristics required by the annex II and because the experimental aircrafts are not 
authorized to carry out commercial operations. Finally, in the absence of specific legislation, 
it is not possible to avoid the security checks and guarantees of European legislation, 
EASA is an independent EU agency engaged in implementing and monitoring safety rules, 
giving type-certification of aircraft and components, authorizing foreign operators and giving 
advice for the drafting of EU legislation33.  
Finally, as previously mentioned, with the advent of private operators also in the field of 
space transportation, the matter is likely to be regulated by private law; clauses will be 
contained in transportation and insurance contracts to cover the different cases of liability for 
damage, without prejudice to the ad hoc internal provisions issued by the States responsible 
for space activities carried out by private parties. 
 

                                                
32	   	  “Aircraft specifically designed or modified for research, experimental or scientific purposes and likely to be 
produced in a very limited number". II Aircraft pursuant to art. 4, paragraph 4 of Reg. (CE) n. 216/2008 of 20 February 2008	  

33  The issue regarding certification for operations, crew and passengers was also addressed at the European level. See: 
ESA General Studies Programme: 
http://www.esa.int/out_Activities/Preparing_for_the_Future/GSP/ESA_to_help_Europe_prepare_for_space_tourism 

    For an overview of the situation in Europe, see: MASSON ZWAAN, Regulation of Suborbital Space Tourism in 
Europe -A role for EU/EASA, 2010/35 Air and Space Law issue 3, p. 263 ff. 
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ABSTRACT 
Nowadays, the comfort study is an important issue in the design process of an airplane. One 
of the major problem to face is the sound transmission and insulation of aeronautical panels. 
In this work higher-order layer-wise models are proposed for the analysis of the passive noise 
reduction of laminated panels. The passive sound insulation is based on the use of 
interlaminar viscoelastic layers. An analytical approach, based on the Navier solution, is 
here presented for the analysis of multi-layered cross-ply composite plate embedding 
viscoelastic layers, taking into account the frequency dependency of the viscoelastic materials 
through a fractional derivative mathematical model. The acoustic insulation of the panels is 
evaluated by computing its sound transmission factor using the Rayleigh integral method. 
Some results are presented to validate and demonstrate the efficiency of the present 
approach, comparing the present solutions with other ones present in literature. 
 
Keywords: Sound transmission; Navier solution; multi-layered plate; Layer-Wise. 

1 INTRODUCTION 
The analysis of the vibration characteristics of layered structures is of primary importance in 
the design process of aerospace, automotive and ship vehicles. The sound radiated by the 
structure vibrations is a practical issue in the study of the aircraft comfort and in the 
improvement of the insulation of aeronautical panels. In order to well determine the vibration 
behaviour of multi-layered structures, designers have to take into account the anisotropy and 
other complex phenomena, i.e. zig-zag displacement distributions trough-the-thickness, or the 
in and out of plane strains coupling. In the open literature several displacement based 
formulation have been developed for isotropic and anisotropic plates and shells [1-3]. A 
comprehensive study on the dynamic analysis of isotropic and composite plate and shell 
structures is given in [4]. Typically, the sources of sound irradiate energy through the action 
of vibrating solid surfaces upon surrounding fluid. Multi-layered structures provide a better 
acoustic insulation with respect to monolayered ones [5]. Several works are devoted to the 
study of the sound transmission through solid surfaces. Experimental evaluation of sound 
transmission through single and multi-glazing can be found in [6,7]. Various theoretical 
approaches are developed to compute the sound insulation of double elastic panels in [8,9]. 
Multifunctional composite materials are studied for their advantage use in many aircraft 
components [10]. A new honeycomb core design has been investigated to reduce the sound 
transmission at low frequencies [11].  A relation between the damping loss factor and the 
sound transmission analysis is studied through a statistical campaign in [12]. The boundary 
element method is used to investigate the sound barrier multi-layered structures in [13]. The 
effects of a viscothermal fluid and the elastic panel vibro-acoustic behaviour is studied with a 
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finite element formulation in [14]. A better acoustic insulation is obtained introducing a thin 
viscoelastic sheet within the multi-layered panel. Commonly, many vibration damping and 
noise control systems are made as sandwich structures with viscoelastic layers. However, the 
accurate modelling of these viscoelastic multi-layered structures is not simple in practice due 
to the difficulty to measure the dynamic properties of the viscoelastic sheets that are 
frequency and temperature dependent. In order to well describe this complex behaviour, 
fractional derivative models have been employed for the definition of real viscoelastic 
materials [15]. This motivated several authors to develop accurate numerical methods for 
modelling the effects of viscoelastic damping mechanism which introduce frequency 
dependence [16,17]. Some experimental results concerning the sound transmission through 
laminated glass with viscoelastic interlayer are given in [18]. A theoretical study with higher-
order plate finite elements and with a design of some stacking parameters, through a particle 
decline swarm optimization process, of multi-layered viscoelastic flat panels is given [19]. 
The sound transmission FEM analysis of multi-layered composite viscoelastic shells is 
investigated in [20]. 
The novelty of the present paper is focused on the development of an advanced analytical 
plate formulation for the sound transmission analysis of viscoelastic composite plate 
structures taking into account a fractional derivative approach for the viscoelastic sheets. To 
the best authors knowledge, very few results on an analytical model based on Goldenveizer-
Novozhilov thin shell theory is used for the active control of the sound transmission of a 
simplified aircraft fuselage [21] and sound transmission through composite shells using 
analytical model neglecting structural damping [22] are present in literature. For the reason 
stated above, an analytical advanced plate formulation for the sound transmission analysis of 
viscoelastic composite multi-layered structures has been developed here. The results are 
obtained with an in-house code, developed by Authors. The governing equations are derived 
from the Principle of Virtual Displacement (PVD) and are solved by the use of the Navier 
method. Orthotropic properties for composite materials and the frequency dependence of the 
viscoelastic material are taken into account. 

2 DYNAMIC PROBLEM FOR PLATES 
The present 2D analytical plate formulation is based on the principle of virtual displacement 
(PVD), defined as follows: 
  

  ஐݖȳ�݀݀��ࣕߜ ��  �ߜ�ߩ ሷ �݀ȳ�݀ݖ���ஐ ൌ �  ���ஐݖȳ�݀݀��ߜ                     (1) 
 

where the variation of the internal work plus the variation of the inertial work must be equal 
to variation of the external work due to the applied loads. The integrals are defined in the 
plate mid-surface domain Ω and the thickness domain A, the internal strain and stress vectors 
are ϵ and σ respectively, ρ is the material density, the mechanical displacements, their 
accelerations and the external traction vectors are u, ሷ  and t respectively. The mechanical 
displacements u = {u,v,w} are defined in the plate reference system {x,y,z}. Taking into 
account the complex elastic material constitutive equations, see [15,17], the linear geometrical 
relations for plate, see [23], and using the mechanical displacement assumptions, the 
governing equations can be derived in a compact form as follows: 
 

ෝߜ  �� ሺ� െ�߱ଶሻෝ ൌ  (2)                                                
 
where K is the complex stiffness matrix, M is the mass matrix, P is the load vector, ෝ is the 
displacement vector in the frequency domain. In order to introduce the displacement 
kinematic assumptions, in this work the generalized Galerkin method is employed, as well 
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described in the book of Washizu [24], and the three-dimensional mechanical displacement 
functions can be expressed as follows: 
 

ሺݔǡ ǡݕ ሻݖ ൌ �σ ሺݔǡ ሻேݖሺሻݕ
ୀ                                           (3) 

 
where the three-dimensional displacements can be approximated by a proper choice of the 
functions in the plate reference surface ሺݔǡ  ሻ and of the functions along the thicknessݕ
 ሻ, moreover the accuracy depends also on the number of terms N. In this work theݖሺ
attention is focused on advanced plate kinematic models well-known in literature as Layer-
Wise models (LW). In order to easily implement this modelization, the Legendre polynomial 
are used and, in particular, an higher-order cubic expansion LW3 has taken into account: 
 

ሺݔǡ ǡݕ ሻݖ ൌ � ቀଵାଶ ቁሺ�ǡ �ሻ � ቀଵିଶ ቁଵሺ�ǡ �ሻ ��ቂ
ଷሺమିଵሻ

ଶ ቃ ଶሺ�ǡ �ሻ � �ቂ
ହሺమିଵሻ

ଶ ቃ ଷ(x,y)     (4) 
 
where k denotes that this polynomials are defined for each layer k of a generic multilayered 
structures, and ζ is defined in the local layer domain as: -1≤ ζ ≤1. 
The Navier-type solution is employed to approximate the solution field within the structure 
mid-surface domain. According to the Navier approach, the generalized displacement can be 
expressed as a linear combination of a double trigonometric (Fourier) series [23]. The 
boundary conditions lead to the choice of the trigonometric functions. Moreover, the specially 
orthotropic material case, in which the material coefficients ܥଵ ൌ ଶܥ� ൌ ଷܥ� ൌ ସହܥ� ൌ Ͳ, is 
considered. For a simply-supported plate structure, the generalized displacement array is 
defined as follows: 

ǡݔሺݑ ሻݕ ൌ �σ σ ܷ ��� ቀగ௫

ቁ ��� ቀగ


ቁஶ

ୀଵ
ஶ
ୀଵ   

�
ǡݔሺݒ ሻݕ ൌ �σ σ ܸ ��� ቀగ௫


ቁ ��� ቀగ௬


ቁஶ

ୀଵ
ஶ
ୀଵ                                 (5) 

 
ǡݔሺݓ ሻݕ ൌ �σ σ ܹ ��� ቀగ௫


ቁ ��� ቀగ௬


ቁஶ

ୀଵ
ஶ
ୀଵ   

 
where m and n are the half-waves defined on the whole plate domain (x,y), a and b are the 
domain dimensions in the x and y directions respectively, Umn, Vmn, Wmn are the displacement 
unknowns. For a practical and computational purpose, a truncated Fourier series is used. As it 
is well known from the literature [23], the solution accuracy increases with the number of the 
trigonometric series terms. 

2.1 Sound transmission for plates 
The sound insulation property of the multi-layered plate structures can be evaluated through 
some indicators such as the emitted acoustic pressure p obtained using the Rayleigh Integral 
[25]: 
 

ǡݔሺ ǡݕ ǡݖ ߱ሻ ൌ � ఘೌఠ
ଶగ  Ԣǡݔሺݒ Ԣǡݕ Ͳǡ ߱ሻ

షೕೖೃ

ோ
݀ȳஐ                          (6) 

 
where ρair is the mass density of the acoustic domain, k is the wave number defined as 
k=ω/cair, cair is the acoustic sound speed, vn is the normal vibrating velocity of the external 
plate surface, R is the distance between the vibrating surface element at (x’,y’,0) and the point 
(x,y,z), where the sound pressure is estimated. Moreover, another acoustic indicator is the 
sound power Πt radiated or transmitted by the plate surface Ω, which is defined as follows: 
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ȫ௧ሺ߱ሻ ൌ � ଵ

ଶ
ॉ�൫ ǡݔሺ ǡݕ Ͳǡ ߱ሻݒ�ҧሺݔǡ ǡݕ Ͳǡ ߱ሻஐ ݀ȳ൯                              (7) 

 
where the sound power is calculated taking into account only the real part ॉ of the surface 
integral. It has to be noticed that the sound pressure and the plate vibrating velocity are 
evaluated on the plate surface z = 0, and ݒҧ is the complex conjugate of the normal vibrating 
velocity.  

3 RESULTS 

3.1 Isotropic plates 
In order to validate the present analytical approach, a rectangular simple panel is considered, 
taking the data from the work of Larbi et al. [26]. The geometrical dimension are: a = 350 
mm, b = 220 mm, h = 1 mm. The material properties are E = 71 GPa, ν = 0.33, ρ = 2814 
kg/m3. The complex shear modulus is defined as G = G0 ( 1 + jη ), where  G0 = 26.69173 GPa 
is the static shear modulus, and η = 0.01 is the damping coefficient. A normal incident plane 
wave excites the bottom surface of the plate with a pressure amplitude of 1 N/m2. The 
sound pressure and its transmitted acoustic power are evaluated from the top plate surface 
where the air has the following properties ρair = 1.21 kg/m3, cair = 340 m/s. The results are 
given in terms of normal incidence sound transmission (nSTL), varying on the frequency, 
defined as follows: 

ܮܶܵ݊ ൌ ͳͲ� ൈ� ���ଵ ቀ
ஈ
ஈ
ቁ�����������ȫ ൌ � ȁȁ

మ�ௌ್
ଶఘೌೌ

                              (8) 
 

where Πi is the incident sound power, Pinc is the normal incident sound pressure amplitude, Sb 
is the bottom plate surface. The present results are compared with a FEM LW4 solution taken 
from the work of Valvano et al. [19]. A convergence analysis is performed on the number of 
half-waves m and n employed for the in-plane trigonometric functions, see Figure 1 and Figure 
2. In order to obtain a convergence on the transmitted sound power accuracy, in the 
considered frequency range f = [10:1000] Hz, the half-waves number has to be set to m=n=9. 
 

 
 

Figure 1 Convergence analysis on the half-waves number in the range f = [10:1000] Hz, with a LW3 
kinematic model. 
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Figure 2 Convergence analysis on the half-waves number in the range f = [400:1000] Hz, with a LW3 

kinematic model. 

Moreover a 3D representation of the sound pressure emitted, at different frequencies f = 30 
Hz and f = 300 Hz, from the top plate surface to a distance of 0.5 m is given in Figure 3Figure 
3. As expected, the near field distribution has a similar shape with respect to the structure 
mode shape, while the far field tend to assume a constant pressure distribution. 
 

            
(a)                                                                      (b) 

Figure 3 Three-dimensional sound pressure representation (a) at f = 30 Hz, (b) at f = 300 Hz, from the 
top plate surface to a distance of 0.5 m. 

3.2 Composite plates 
A rectangular multi-layered composite plate, with a lamination [0°/90°/visco/90°/0°], is 
considered as second assessment, taking the data from the work of Valvano et al. [20]. The 
geometrical dimension are: a = 1.5 m, b = 0.66 m, htotal = 0.05 m. The composite material 
properties are E1 = 130.8 GPa, E2 = E3 = 10.6 GPa, G12 = 5.6 GPa, G13 = 4.2 GPa, G23 = 3.0 
GPa, ν12 = ν13 = ν23 = 0.36, ρcomp = 1543 kg/m3. The viscoelastic core material properties are 
defined through a fractional derivative law [15], where the complex shear modulus is defined 
as G(jω) = G0 + G0 ( d - 1)( jωτ)α/(1+ jωτ)β, where  G0 = 0.8 MPa, d = 1570.0, τ = 7.23 X 10-10 
s, α = 0.566, β = 0.558, and the material density is ρvisco = 1300 kg/m3. The viscoelastic core 
thickness is hvisco = 0.01 m, and each composite layer thickness is hcomp = 0.01 m. A normal 
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incidence plane wave excites the bottom surface of the plate with a pressure amplitude of 1 
N/m2. The sound pressure and its transmitted acoustic power are evaluated from the top 
plate surface where the air has the following properties ρair = 1.21 kg/m3, cair = 340 m/s. The 
results are given in terms of Sound Power Level (SPL), evaluated at the top plate surface as 
follows: 

ܮܲܵ ൌ ͳͲ� ൈ ���ଵ ቀ
ஈ

ଵషభ
ቁ                                                 (9) 

Some results are plotted in Figure 4 for the composite plate with viscoelastic core taking into 
account different kinematic models, from a linear layer-wise LW1 to a fourth-order 
polynomial expansion LW4, moreover a trigonometric expansion with m=n=9 is considered. 
It has to be noticed that in the frequency range f = [0:1000] Hz a parabolic expansion LW2 is 
sufficient to get the same accuracy of higher-order kinematic models. 
 

 
Figure 4 Composite viscoelastic plate with lamination [0°/90°/visco/90°/0°] for different kinematic 

models. 

 

4 CONCLUDING REMARKS 
In this work and advanced analytical formulation with higher-order layer-wise through the 
thickness polynomial expansion is developed for the sound transmission analysis of multi-
layered composite plates. The present analytical formulation permits to include in the 
variational principle the effects of frequency-dependent viscoelastic materials through the use 
of fractional derivative models. In order to assess the present formulation various example are 
considered from isotropic rectangular plates to multi-layered composite laminates with 
viscoelastic core. The results have been compared with those from the literature and higher-
order FEM solutions whenever possible, and the following  conclusions can be drawn: 
 

x The radiated sound power results, obtained by the proposed analytical approach, are in 
good agreement with the FEM results taken from the literature. 

x A limited number of half-waves (m=n=9) are necessary to correctly reproduce the 
radiated sound power engendered by a constant uniform incident pressure. 
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x As expected, higher-order through the thickness kinematic models are necessary to 
well describe the dynamic behaviour of multi-layered composite structures with 
viscoelastic core. 

x Future development will be devoted to the extension of the present analytical 
formulation to the sound transmission analysis of multi-layered shell structures. 
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Ground electronics noise
Antenna mechanical noise

Wet tropospheric noise
(highly unpredictable)
Dry tropospheric noise
(stable and predictable)
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Ionospheric
noise
(dispersive)

Solar and 
interplanetary plasma 
noise (dispersive, 
scales with Sun-Earth-
Probe angle)

Transponder 
electronics noise
Spacecraft
antenna 
mechanical noise
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ABSTRACT
This paper illustrates a VR Interiors Simulator developed by the VR Lab @ CIRA, the Italian
Aerospace Research Centre, leveraging the immersive approach and first-person interaction
by an immersed user so that he/she be able to check out reachability, habitability and comfort
issues.
As in a typical comparison application, more than one scene configuration is loaded in the app
preparation phase in order to setup a switch logic among them. At test execution, a user is thus
allowed to switch from an environment configuration to another in order to compare them
against his/her subjective comfort parameters by simply pressing a button on his/her handheld
controller so to give them a preference score.
The protocol followed by CIRA for the human-in-the-loop subjective assessment of innovative
design of business jet interiors thus included two user questionnaires: the first one specific for
the purposes of the core evaluation i.e. the comfort aspects, the second one aiming at validating
the user acceptance of VR, of the immersive approach, and of the specific VR application itself.
In this paper, the results of the latter kind of evaluation are presented for a subjective test
campaign made up of #23 testing subjects.

Keywords: subjective comfort assessment, immersive VR, Unreal Engine 4, aircraft interiors.

1 INTRODUCTION
The immersive VR application has been developed within the CASTLE project framework
(CAbin Systems design Toward passenger welLbEing) in order to carry out subjective tests of
an innovative design concept for cabin interiors of a future business jet proposed by ACUMEN
DESIGN ASSOCIATES. In the workflow envisaged in CASTLE, design concepts undertake a
user-centered evaluation process when still at electronic design stage in order to let sample
passengers judge design choices, so to send designers feedbacks on how comfortable their
solutions have been perceived [1].
User tests regard various aspects of the comfort relevant to designers’ interests: visual comfort
(style, pleasantness), and ergonomic comfort (spaciousness, objects and command reachability)
[2]. The most relevant environment for such kind of comfort tests is, of course, a real passenger
cabin or a physical mockup of it built up for the purpose. A virtual alternative before building
up anything physical can give designers a good flavor of future user acceptance, assuming the
virtual representation and the related experience are of a very good level of representativeness
(the graphics representation is a credible virtual counterpart of the designed interiors in terms
of 3D models and material rendering, and the sensory experience is not misleading for the
testing persons) [3].
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2 THE IMMERSIVE VR APPLICATION USED FOR SUBJECTIVE TESTS
The Virtual Interiors Immersive Simulator, based on the Unreal Engine 4 (UE4) game engine
software developed by Epic Games, offers a high fidelity graphics experience that takes into
account all lighting parameters and materials characteristics. The immersive visualization,
achieved through a head-mounted helmet (HMD), best fits to the immersive approach because
it maximizes the sense of “being at the center of the virtual scene” [4] for the user thanks to the
whole coverage of its field of view by the graphic scene visualized.
The aircraft interiors layout suggested using an Oculus Rift headset, that is a Virtual Reality
HMD developed and manufactured by Oculus VR, a division of Facebook Inc. for standing and
sitting evaluation session of ergonomics since its touch system is mostly oriented to reachability
analysis thanks to the vibration feedback returned.
The VR runtime application, whilst devoted to real-time rendering for keeping up with
interactive frame rates (target frame rate for the Oculus Rift is 90Hz), presents the users a quite
good rendering quality even with a non neglectable number of lights and expensive rendering
effects (per pixel lighting, smooth shadows, #2 mirrors, one reflective surface for the central
deployable table to name a few).
The application employed CAD data supplied by the designer of the business jet interiors test
case (Acumen Design Associates). In particular, the models were sent to CIRA by Acumen in
STEP format for the 3D model part of the environment, while images were passed aside as
material textures along with a comprehensive document describing the mapping of materials to
interiors surfaces (Figure 1).

Figure 1. STEP model and colours, materials and finishes definition for VR model.

The user assessment of comfort aspects of the passenger cabin of a business jet aircraft requires
the best lifelike rendering quality possible at immersive VR rates. Interactivity requirements
include freely moving within the whole cabin environment, switching among different interiors
configuration (materials a/o furniture models) to be rated for preference, interacting with
objects and movable parts of furniture in the cabin interiors, and, finally, the ability to perform
tests wrt. his/her own body size [5][6][7][8].
The developed application allows a number of interactive mechanism for switching between
two material configurations (material set 1 “dark” – material set 2 “clear”), for manually
interacting with objects in the environment (laptop, dishes, towel, cutlery, glasses, etc.) by
means of the hand controllers, for activating animations (the central area deployable table and
the reclining seat), and for quickly teleporting to other areas in the virtual cabin. The first
contact force feedback gives to the virtual passenger the ability for testing reachability and
usability of the features of the virtual objects to be tested all around him/her (Figure 2) [9][10].



324

Comfort of Aircraft Interiors in VR Guida, Leoncini

Figure 2. Manual interaction with dishes in different interiors configuration.

The movement of the head, in terms of position and orientation (six degrees of freedom, 6-DoF)
is connected to the virtual camera; the movement of the hands controls their virtual counterparts
in the 3D scene. Furthermore, by only using head and hands HMD tracking data and the
blending of predefined full body avatar animations, whole body movements are reproduced
resembling user’s actual ones (Figure 3).

Figure 3. Lavatory mirrors reflecting male and female user's avatar mannequins.

Other commands are activated by an operator under tester request (all the user-activable ones,
teleport to specific zones, initial calibration of avatar mannequin size).

3 THE CONCEPT DESIGN UNDER EVALUATION
The immersive VR test campaign on Business Jet Aircraft Interiors involved 23 people aged
between 32 and 63 years with an average age of 47 years.
The questionnaire submitted after the test in immersive VR mainly concerned general design
considerations on the proposed model but also the ability to use arms and hands to do
reachability tests, and to roughly measure spaciousness by relating to oneself avatar.
The gender of participants was almost equally distributed between males and females, with a
slight prevalence of men (60.9% vs. 39.1%) and a high or very high school education
(University degree or PhD).
Flight experience, even not in business/private jet, measured in number of flights performed,
was higher than 10 times for almost the 80% of them.
The experimenters were subdivided into groups of 5-6 components that have been subjected,
first, to a general training concerning the type of experience to carry out and the aspects to be
evaluated as well as the operating mode of the immersive virtual experience.
After the actual virtual experience, lasting about 10 minutes, in which users-testers were
subjected to two different interior configurations in which it was possible to test the various
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environments of the aircraft by activating animations (of tables, seats, screens) and manually
interacting with the objects of the scene, an evaluation questionnaire has been proposed to them.

Figure 4. The various areas of the whole cabin, and corresponding aspects of the comfort to evaluate.

The general style of the cabin in terms of material and colors has been rated at least good by
more of 85% of the users and even excellent by more of 65% of them.
The users agreed to associate luxury and homely feelings to the cabin interiors for more than
90% and 80% respectively. The two configurations proposed A, named white marble table and
B, named black marble table, were almost equally considered overall pleasant (59% vs. 41%).

Figure 5. The two configurations proposed. Material set A and B.

4 RATIONALE OF THE IMMERSIVE VR-BASED SUBJECTIVE
EVALUATION PROCESS

Subjective tests – i.e. tests done by humans by their senses as their own personal
unchallengeable judgment, strongly depend on how each single tester actually perceive the
submitted stimuli. In the case of comfort tests in an immersive virtual environment, test results
are mostly dependent on how “good” is the virtual environment built to represent the design to
give a rate. Stimuli are constituted by the 3D graphics rendered of the cabin environment to the
HMD at interactive rate, by the interactions allowed to users within the cabin environment, and
by the feedbacks the application has set up to alert the user [11].
By these considerations, a strong pre-condition for taking in the right consideration the results
of a user’s subjective test campaign is that the simulating virtual environment can be considered
a valid synthetic representation of the proposed design from several point of views: the
correspondence (adherence) to the designer’s intentions (the VE well represents the designer’s
project), the way to leverage user senses to convey the project. Simply put, a very good design
could be possibly judged negatively due to the poor way for the representing virtual
environment to “present” it to human testers.
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When building up a VE application, several source of errors could lead to a “bad” virtual
representation, either of technical/technological nature (poor interface devices such as the
HMD, its tracking capabilities, hand controllers, bad computer performances hitting the
application frame rate and rising latency, low graphics rendering quality too far from reality,
etc.), or dealing with a possible mis-correspondence of the 3D virtual model of the environment
with the one the designer has modelled (3D shapes, materials, lights, external lighting
conditions, etc.). The latter problem can arise when the design software and the one used for
the VR are not the same or a data/format conversion has been needed for interfacing them, a/o
when data passed from design to VR are possibly not complete or just “described” rather than
hardcoded in data files. Other than doing the same work twice, this possibly leads to doing the
same thing in different ways – e.g. a material could be characterized in different ways in two
different software, not to mention that insufficient input could leave the VE implementer an
“interpretation” freedom error prone [12].
Yet, while the data-related source of badness of a VR representation of a design can be worked
around by a verification of the final VE by the designers, the application-related ones must be
checked by submitting the VR application to a larger audience in order to be somehow
“certified” by a sufficient number of judgments.
Thus, side by side the comfort test of the new-generation interiors proposed for the business jet
a subjective test of the immersive VR application itself must be done with the idea that it
constitutes the transfer medium of the design to be evaluated to the testers, and that a bad VE
application ends up to invalidate results of the subjective tests regarding the design.
The protocol followed by CIRA for the subjective testing of the Acumen’s innovative design
of a business jet included two user questionnaires, based on Likert five-points scales [13]. The
first one specific for the purposes of the core evaluation i.e. the comfort aspects, a second one
aiming at validating the user acceptance of VR, of the immersive approach, and of the VR
application just experience.

5 RESULTS OF THE SUBJECTIVE TESTS REGARDING THE IMMERSIVE VR
APPROACH AND THE VR APPLICATION

Finally, more than 95%of the users enjoyed, in general, the VR Experience. As anticipated, the
same #23 persons that tested the design against comfort aspects were asked to evaluate the
application used for the VR experience, and, in general, the immersive VR approach for the
purposes of the tasks. In the following a synthesis of the user considerations and related rates.
The Virtual Reality experience has been fascinating (charming), fine, good, warm, nice, active,
predictable, funny, and neither frightening nor sad for a large part of the audience.
A 70% of testers were able to control events. The environment responded to the actions nearly
80% of the testers have undertaken. Experiences done in the virtual environment have seemed
very to quite conforming with those of the real world to 70% of users, and just partially to the
rest.
More than 78% of them were very or quite able to explore and actively inspect the environment
with sight, only 22% partially. The feeling of moving within the virtual environment resulted
very or enough convincing for a bit less of 75% of testers, partially to 13% of them. Regarding
examining objects from multiple points of view, more than 80% could do it. Almost all the
subjects have felt involved in the virtual environment experience.
An 87% of the testers quickly adapted to the virtual environment experience, 13% neither
quickly nor slowly. A 56% of the testing sample felt competent in moving and interacting with
the virtual environment at the end of the experience, 35% was medially competent.
The quality of the head-mounted display interfered or distracted the performance of the
assigned tasks or the activities required a little or not at all of the large majority of them.
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Almost all answered that the quality of the graphics rendering affected positively the execution
of the assigned tasks or the required activities. Instead, the interface devices (HMD, the
connecting cable, hand controllers) have interfered little or not at all with the execution of the
assigned tasks or the required activities for just the 50% of users - for the rest, devices interfered
partially or even much (maybe in particular referring to the cable of the Oculus Rift used).
The small tracked area partially limited a little or not at all the performance of the required
activities of about 50% of the subjects, 43% were satisfied instead.
63% of testers have been able to concentrate on the tasks assigned or on the tasks required rather
than on the mechanisms used to perform these tasks or activities, 23% only partially.
Almost all the audience rated the Virtual Reality experience as a whole positive or very positive.
Their performance in the Virtual Reality environment was satisfactory for almost all the
participants.
Among the sensory aspects of Virtual Reality that could be improved, most rated were:

• the audio related ones (sound/noise as manipulation feedback, the congruence between
the movement of objects and the sound associated with it, and an environment audio
relevant to the specific application);

• the manipulation related ones (perception of object dimensions related to their
manipulation, and the sensation of having touched objects).

Practical aspects of Virtual Reality tested that could be most improved by the testers’ opinion,

• the tracked area;
• the area where the VR experience has been held;
• the hand controllers.

More than 80% of them could actually reproduce in real the operations performed in Virtual
Reality.
Almost all of the testers could explore the environment by moving with their head, while a total
of 70% could actually explore the environment by moving with their whole body. The large
majority of them felt comfortable in the virtual environment.
During the Virtual Reality experience they felt:

• little disoriented;
• neither little nor much excited;
• very little troubled and indifferent;
• enough happy;
• very little embarrassed;
• quite satisfied;
• very little frustrated;
• neither clearly relieved nor the contrary (maybe the question has not interpreted

correctly, though);
• very little disappointed.

At the end, they resulted a bit happier and more satisfied than during the experience.
During the Virtual Reality experience, they have experienced very little of all these sensations:
nausea, disgust, stress, dizziness, tension, anxiety, boredom (being annoyed), while at the end
they zeroed almost all these negative sensations.
As to users’ opinion, performance that can be obtained in Virtual Reality mostly depends on
the functionality of a Virtual Reality application and on technological capabilities of Virtual
Reality rather on individual skills or person’s mood.
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A 78% of the interviewed think it is possible to make a visual quality assessment in Virtual
Reality, while 82% of them think it is possible to carry out an assessment of the reachability of
commands and accessibility of objects.
Finally, 65% of the samples think the presence of environment noise perceived in the cabin
would have positively influenced the required evaluations, for the 26% it is irrelevant.
Thus, by concluding, this comprehensive additional questionnaire has pointed out that both
immersive VR and the specific VR application have largely passed the acceptability threshold
to be considered reliable for the task of subjective comfort tests.

6 CONCLUDING REMARKS
In this paper, the immersive VR set up realized for carrying out the user evaluation of the
passenger cabin of the business jet case study has been described, and results of the subjective
tests have been discussed.
The test campaign has been held at the Virtual Reality Lab of CIRA on July 18-19, 2018, and
has involved a tester jury of #23 subjects that have been first introduced to the virtual cabin
environment, and to the navigation and interaction mechanisms available in the immersive,
HMD-based VR app. Then testers have performed the VR evaluation experience, and, finally,
have responded to answers of two questionnaires – one aiming at evaluating the design choice,
one aiming at evaluating the immersive VR approach and the application in itself.
Results of user evaluations of the design choices have validated very positively the innovative
concepts that Acumen has proposed for the business jet test case of the CASTLE project, with
a clear preference of the “white marble” material set.
User answers collected for the second questionnaire have, in turn, validated in a very positive
way the VR application used, and the immersive VR approach for subjective comfort tests. This
gives more confidence to results of the subjective tests of the design concepts that were
primarily under assessment.

7 FUTURE WORKS
This work will continue by also dealing with a regional aircraft case. The experimental activity
will be focused to the seating zone of the passengers cabin. Regarding ergonomics, the activity
that is about to do on the regional aircraft case will be more focused on the manual interaction,
which is an enabling capability of VR. Overall cabin assessment, with the user standing in the
cabin (including navigation, seat row ingress/egress and embarkment/disembarkment) and with
the user in a seating position (PSU and try table reachability and usability tests) will be carried
out in order to improve and optimize the features of the aircraft interiors.
In the field of visual comfort, the use of new graphics hardware allowing real-time ray tracing
and VR HMDs with higher visual quality (more resolution, field-of-view, and display+lens
system quality, and less screen-door effect and God’s rays), should guarantee better
visualization characteristics and an improved sense of presence into the immersive virtual
environment, so that the realism of the scene can make it, to some extent, comparable to real
world.
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ABSTRACT
Women empowerment is becoming a weighty topic of discussion in development and economics.
The aerospace sector is significantly acting in this regard as the presence of the Women in
Aerospace (WIA) association and the EMPOWA Horizon 2020 organization prove.
In this context, the private sector is a key partner in efforts to advance gender equality and
empowering women.
Kayser Italia (KI) is a SME working in the space sector for more than 30 years and within its
team boasts the presence of experienced women, with different academic background, acting
as Project Managers and / or Technical Specialists.
KI’s core business is in the space life science field with remarkable participation to scientific
investigations on the International Space Station (ISS) to which strongly contributes by
developing hardware (several types of Bioreactors and Experiment Containers) and providing
services (payload integration, logistics and operations processes, included mission support at
launch site) to Scientists.
Driven by the current demand in the commercialization of space investigations, KI is launching
a commercial service called “BIOREACTOR EXPRESS”, which aims to establish an “express”
way to perform experiments on board the ISS exploiting the KUBIK facility of the European
Space Agency, with a roadmap for the Post-ISS era.

Keywords: Bioreactors, commercial service, life science, women.

1 INTRODUCTION
The role of women in space companies is changing over the last years, with a particular attention
also from the Space Agencies who offer them high level job positions, recognizing the real
attitudes and skills of the candidates (regardless their gender as was in the past) and the value
of increasing gender equality in their teams. Indeed, it is becoming more and more clear that a
good balance between women and men is a force-point in working environments (companies,
academia, institutions, etc.), still a big effort is needed to pave the way for a full recognizance
of adequate women employment.
In this context, the private sector is a key partner in efforts to advance gender equality and
empowering women.
Kayser Italia in the last years has employed a good percentage of women covering both
managerial and technical positions.
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Particularly, in the Company’s life science department two over three employees are women
with an academic background in food technologies and mechanical engineering.
Two women are Senior Project Managers leading projects funded by both the Italian and the
European Space Agencies in the space life science field as well as in the research and
technological / development fields.
Even though the Company cannot still boast a gender balance, it is true the current gender
diversity’s percentage reflects in a good team play. A major result from this efficient team play
is the upcoming BIOREACTOR EXPRESS service which enters the Company in a new market
[3]. Next figure shows the BIOREACTOR EXPRESS service’s logo.

Figure 1 – The BIOREACTOR EXPRESS service logo.

2 ADVANCED RESEARCH AND DEVELOPMENT IN SPACE LIFE SCIENCE
Kayser Italia has developed, in the last two decades, tens of bioreactors supporting scientific
investigations promoted by the Space Agencies [1]. The bioreactors are composed by
Experiment Units (EUs) and Experiment Containers (ECs) allowing the execution of a wide
typology and number of experiments in a dedicated environment, which makes possible these
investigations occurring in microgravity conditions.
Bioreactors are electro-mechanical devices that host biological sample material and chemicals
necessary for the execution of the scientific protocol in space (EU) and provide an additional
Levels of Containment (LoC), the needed electronics for power supply and the interface to the
hosting incubator facility (EC). The experiment is autonomously performed and electrically
controlled by a timeline pre-loaded on the microcontroller, making the bioreactor fully
autonomous.
The EUs designed and manufactured by Kayser Italia have been hosted different model
organisms ranging from human and rodent cells to bacteria, yeasts and plant seeds cultures.
That means this hardware (HW) can be ad-hoc designed to adapt to different scientific
requirements; this flexibility reflects in a large portfolio of bioreactors since the available
hardware is in continuous evolution and can be used on board several facilities/incubators for
microgravity research. Incubators are employed when a specific temperature is required during
the experiment execution, which happens almost any time with biological investigations.
Kayser Italia has a long heritage in the development of bioreactors to be hosted by the KUBIK
incubator which is a European Space Agency (ESA) facility permanently installed on-board the
ISS from many years. KUBIK, besides the temperature control, offers different g-level
(hypergravity) conditions thanks to the centrifuge insert. In a recent project funded by ESA, KI
has developed a new electronic for improving the KUBIK capabilities adding telemetry and
telecommand features to / from Ground. In near future, KI intends to further enhancing its
capabilities with special inserts to allow widening the possible investigation categories covered.
Kayser Italia has a leadership position in Europe for the design and development of experiment
hardware dedicated to microgravity experiments in the field of Life Sciences. Moreover, the
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Company has been the Italian Space Agency’s prime contractor for the industrial support to ISS
integration, operations and logistics services for 6 years (UTISS). Lately, the Company has
finalized together with ESA the “Bioreactor Express” partnership agreement to exploit the
KUBIK incubator offering the possibility to any potential user to directly perform experiments
in microgravity, taking advantage of commercial, effective and not expensive services.

2.1 Hardware description
In the last fifteen years Kayser Italia has developed a number of experiment units and
experiment containers (i.e. bioreactors), mostly under ESA contracts, that have been used to
successfully perform many experiments in space. All items manufactured until now are ESA or
ASI property.
Figure 2 below shows some available bioreactors from Kayser Italia catalogue [3].

Figure 2 – Experiment Hardware provided by the BIOREACTOR EXPRESS service.

These units and containers are fully qualified for the ISS for different launchers in LEO orbit
(including Russians and Chinese, and KI is the unique European aerospace company having
this expertise on experiment hardware) and have already flown several times.
This means the Company is familiar with other platforms and the perspective for the program
beyond Kubik on ISS is well supported by competence. A further improvement of the current
hardware portfolio is foreseen by adding new hardware, which can be designed basing on
building blocks already developed by the Company and thus making their design very low risky
and quick to develop.

3 THE BIOREACTOR EXPRESS SERVICE
Experimentation in space is certainly limited by the high costs of the projects, launch
opportunities and funding availability for the researchers. The scientific needs of studying the
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effects of microgravity and/or radiations on biological systems can be partially covered by
different ground-based facilities. However, these latter (parabolic flights, sounding rockets,
Zarm drop tower, Random Positioning Machine (RPM)) can deliver microgravity regimes for
really short time (few seconds to 15 minutes), whereas a high number of biology experiments
requires long-term exposure to microgravity in order to fully understand the cellular and
molecular mechanisms of such physical environment. Therefore, it is straightforward the
understanding of the competitive landscape of performing biological investigations in Space
where samples can experience high quality and long-term microgravity and space radiation
exposure, thus allowing scientists to obtain high-quality data.
Investigations in the Life Sciences field and lately in the fields of Education, Human
Physiology, Physical Science, Food Production and Preservation, is increasingly attractive and
the space environment has shown to be unique in understanding the phenomena behind the
observed effects.
In Europe, access to microgravity research is very limited. Experiments are performed on the
ISS or orbital capsules, exploiting few existing on-board facilities or developing custom
payloads. Access to the microgravity resources is so far only granted through the European
Space Agency or national agencies, however several factors limit the access to such type of
investigations as, for example (not exhaustive), the limited number of public tenders issued by
the Agencies and then the long procedure for the investigations’ selection from the Agencies
themselves.
The market’s state-of-the-art in the addressed research fields is restricted to a niche of few
Industries and two types of facilities categories are offered:

a) Facilities capable to perform a wide spectrum of experiments, especially in the area of
life science. Their main characteristic is the provision of thermal control and/or
simulated gravity levels;

b) Facilities capable to accommodate standard cubelab units, without thermal control nor
simulated gravity levels.

Most life science experiments in microgravity fall down in category a), because thermal control
and simulated gravity levels are essential conditions for these types of investigations.

In this framework, Kayser Italia has developed the idea to propose a commercial service,
namely BIOREACTOR EXPRESS, to academic / research / industrial / educational institutions
and/or organizations, for providing a time- and cost- effective access to Space. This service
represents an innovation in Europe with respect to the market’s state-of-the-art since it is based
on Kubik, which is a facility falling in category a) and intends to improve the capabilities of the
current Kubik with special inserts to allow widening the possible investigation categories
covered. Moreover, it allows to introduce also in the European market a service falling in
category a), which is to date not covered at all.
Kayser Italia, besides the hardware availability (Bioreactors as per Figure 2), has already an
infrastructure - at its premises in Livorno - for supporting the crew operations on-board the
Station; it is the ASI “ICARO” - International space Centre for Advanced Research and
Operations – facility (see Figure 3), which is the combination of KI’s User Support Operations
Centre (USOC) and Experiment Support Centre (ESC) for experiments and operations support.
It was established roughly 6 years ago following the industrial support contract with ASI
(namely “UTISS”). The USOC, certified by NASA, allows for live video channels, space-to-
ground audio link (voice loop), facilities/experiment data monitor and hardware remote control;
the ESC is a combination of laboratories and equipment allowing to test the flight hardware for
space certification, train the investigators with the experiment hardware and fine tuning the
scientific protocols and on-board procedures thanks to the execution of the so-called
Experiment Sequence Test (EST).
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Figure 3 – ICARO structure and services.

In this scenario, it has been crucial having an agreement with ESA since the Agency put at
disposal the needed resources, i.e. ISS on board equipment like the KUBIK incubator, crew
time, upload/download mass & volume, etc., in order to offer direct access to space to the
interested investigators. The combination of these three elements (hardware, facilities, on-board
resources) shapes up the BIOREACTOR EXPRESS to be a full (at 360°) service, where Kayser
Italia acts as a single point of reference for potential users interested to perform an experiment
in microgravity, providing everything is needed from the scientific idea to the experiment
launch, on-orbit operations and return. In details, the service covers:

Assessment of user scientific/technologic requirements
Feasibility analysis of the experiment (on which platform, facility, etc.) & Experiment
definition
Project planning, implementation, coordination of all involved parties
Development and qualification & acceptance (by test) of custom experiment hardware
«ready for launch»
Support providing ground-experiment hardware to verifying in the lab and fine tuning the
experimental protocol
Support to Investigators in setting and tuning their protocols by performing the so-called
on-ground Experiment Sequence Test (EST) in the Kayser Italia Experiment Support
Center – ESC which is a complex of laboratories for scientific activities and hardware
integration, where scientists can develop their ideas and be trained to implement them into
a successful space program
Implementation of the Safety process, interacting with ESA board
Logistics related to people and materials/equipment (travels and shipment to launch site)
Mission support at launch site with a team of specialists for experiment integration in the
experiment hardware and, if needed, in the hosting platform (specialists including PA, QA
& Safety personnel)
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Definition of the operational aspects of investigation and payloads through their
development life-cycle
Support to crew operations on-board from Kayser Italia Payload Operations Control
Centre (POCC), and from Investigators’ labs providing User Home Bases
Retrieval of experiment specimens after their re-entry on Earth, and their delivery to the
Investigators
Distribution of experimental and housekeeping data to the Investigators.

Depending on the customer needs, expectations and of course budget, KI can offer the above-
mentioned services in a single package or they can be provided at different phases and partially,
covering a subset of the above listed single services. The customer can choose the work
packages he needs (e.g. feasibility study, support to protocol tuning and personnel training,
payload integration and certification, etc.). The goal of this approach is to support the customer
in the areas where he is not autonomous, providing all the complementary support services
needed to implement his space research activity. Therefore, BIOREACTOR EXPRESS is a
flexible service tailored on customer’s demand.

KI has identified three different application areas for research with the BIOREACTOR
EXPRESS service:

BIOSCIENCE: experiments in the domain of biology, biotechnology, life science;
TECH&DEMO: experiments in the domain of material science, physical science, in
orbit technology demonstration and validation;
EDUCATIONAL: experiments with educational and dissemination purposes;

4 CONCLUDING REMARKS
We propose BIOREACTOR EXPRESS as unique service in Europe, with the potential to attract
public and private customers in an innovative way of doing research or business in space. As
explained, our offer to the market relies on the availability of 1) unique capabilities on board
the Space Station (provided by Kubik, a single facility having thermal control, simulated
gravity, data communication with the customer payload); 2) flight-ready hardware the customer
can exploit to accommodate its requirements; 3) a fully equipped  Experiment Support Centre
managed by skilled personnel facilitating the familiarization of the Customer with the flight
hardware and the relevant operations; 4) a Payload Operations Control Centre, providing  real
time connection to the ISS on-board operations; 5) a wide technical, managerial and logistic
experience of the staff personnel, to provide the customer with an end-to-end portfolio of
services, from the support to the development of the idea to its implementation with an
experiment in space.
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ABSTRACT
Italian Science is significantly present on the International Space Station thanks to the
ASI/NASA Memorandum of Understanding which grants Italy having access to the ISS
utilization resources. Besides, ASI got the right for six flight opportunities for Italian
Astronauts, consisting in three Shuttle missions and three long-duration ISS missions. The last
one has been the VITA mission assigned to Paolo Nespoli in Increment 52/53 (2017).
A great work has been carried out by ASI to complement the VITA mission, with the industrial
support services for the payload integration process, operations and logistics provided by
Kayser Italia. Following a call for research opportunities, ASI financed a total of 11
investigations involving 30 different institutions and 40 investigators.
A nice balance between technology demonstration payloads and science life experiments has
been reached having 5 vs 6 investigations, respectively. At successful complement of the
mission, an educational activity has been carried out by Nespoli, consisting in one school
contact making use of the audio/video transmitter HAMVIDEO, developed by Kayser Italia and
uploaded to ISS on August 2013.
This paper presents the investigations relevant to the VITA mission, describing the flight
hardware and the integration services provided, with a focus on the post-flight phase.

Keywords: VITA, ISS, payloads, experiments.

1 INTRODUCTION
The VITA Mission has been the last one fully sponsored by the Italian Space Agency who,
according to the MoU with NASA (for the MPLM/PMM), had the right for the sixth (and last)
Italian Astronaut flying to the ISS. Therefore, Paolo Nespoli was assigned to Expedition 52/53
for his third visit to the Station in the timeframe July 2017-January 2018.
In order to complement his mission, the ASI Human Spaceflight and Microgravity Office
announced a public call for research opportunities and finally funded 11 investigations
involving more than 30 different institutions and about 40 investigators.
In this sense, ASI coordinated a pool of scientists, industries leader in the innovative
technological fields and academic researchers who jointly worked from the scientific idea to
the payload realization for carrying out experiments and scientific protocols in different
research areas as human physiology, cell biology, countermeasures, physical science,
technological demonstrations and educational activities. In this framework, ASI has been



337

VITA Mission Carrubba

strongly assisted by Kayser Italia, its prime contractor for the ISS utilization industrial support
services for the new payload integration process, operations and logistics to be faced with
NASA. Besides this industrial support and the role to coordinate the different investigators with
their respective industrial partners (where any), Kayser Italia in some cases played also the role
of Payload Developer (PD), both putting at disposal previous KI’s flown hardware (refurbished
for the new upload and use) and realizing new hardware ad-hoc designed for the specific
scientific requirements.
Figure 1 below shows the stem of the VITA (“Life” in Italian) mission whose meaning is
“Vitality, Innovation, Technology, Ability”.

Figure 1 – Stem of the VITA Mission.

2 VITA MISSION TEAM STRUCTURE
As introduced, the VITA mission team structure composed of several players: Principal
Investigators (PI) from academic world, Industries from different application fields and Space
Agencies (ASI, ESA, NASA). In this context, Kayser Italia has acted as coordinator, both
facilitating the development and integration of the new payloads for the selected investigations
and ensuring the availability of infrastructures and human resources to monitor and control the
ground and on-board operations. This last feature has been made possible thanks to its ASI User
Support Operations Center (USOC), hosted at Kayser Italia’s premises (in Livorno).
Besides, for several investigations, Kayser Italia has acted as PD, having the responsibility to
designing, developing and certifying new hardware responding to specific scientific
requirements from the different PIs.
A Joint Implementation Plan (JIP) has been signed between ASI and ESA, defining shared
utilization resources and objectives and setting the operational modalities of the cooperation
between the two agencies.

3 ASI CONTRIBUTION TO THE VITA MISSION
Most of the investigations assigned as Italian contribution to the VITA Mission were taken from
the pool of proposals selected in May 2013 in response to the public call of April 2012 for the
FUTURA Mission of Samantha Cristoforetti (Expedition 42/43).
A nice balance between technological demonstration and life science investigations,
respectively, was reached, with the add-on of two educational experiments (see Figure 2 below).
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Figure 2 – ASI Investigations for the VITA Mission.

It is worth underlining that all the investigations, with the exception of ARTE, Isspresso and
the educational ones, have required the NASA and ESA Medical Boards approval and crew
briefed consent to perform the proposed experiments.
All the on-board operations of the VITA experiments (except ARTE and Isspresso) have been
followed by Kayser Italia from its ASI USOC in Livorno, through direct interaction with the
NASA controllers in the voice loop. A real-time video connection was also established to better
support the astronaut during the operations. A great number of hours have been spent in console
by the Kayser Italia team, with the participation of the Principal Investigators.

3.1 Technology Development & Demonstration Payloads

3.1.1 In Situ Bioanalysis (IN SITU)
Scope of the project was developing an in situ portable bio-analyser for real-time saliva
analysis, checking the crew health status (with focus on the cortisol as bio-marker for stress
level). The PI was Prof. Aldo Roda from University of Bologna - Department of Chemistry,
assisted by Prof. Mara Mirasoli, Prof. Massimo Guardigli and Dr. Martina Zangheri. ALTEC
SpA (Turin) was a partner project for the engineering of the COTS analyser device.
The hardware was composed of a Chemiluminescence Reader (CLR) equipped with a dedicated
software (COTS) for data processing, launched with SpX-11 in June 2017, and a set of
disposable Lateral Flow Immuno Assay (LFIA) cartridges for salivary cortisol analysis and a
set of Oral Fluid Sampling Equipment (OFSE) for saliva collection and transfer to the LFIA
cartridge (see Figure 3), launched with SpX-12 in August 2017.

(d)
Figure 3 - (a) CL Reader; (b) LFIA Cartridge; (c) OFSE; (d) Astronaut Paolo Nespoli working on

sample collection for the investigation In Situ Bioanalysis on the ISS.



339

VITA Mission Carrubba

On-orbit, Paolo Nespoli successfully performed five (5) measurements sessions. The acquired
chemiluminescence images were immediately downloaded to ground via computer remote
connection, recovered by Kayser Italia and delivered to the PI for data analysis.
This investigation demonstrated the feasibility of performing sensitive LFIA analysis of
salivary cortisol down to 0.4 ng/mL directly onboard the ISS. It could be easily adapted for the
analysis of other clinical biomarkers [1], thus enabling the early diagnosis of diseases and the
timely activation of appropriate countermeasures during long-term spaceflights. Further
improvements are possible as miniaturization of the cartridges (lab-on-a-chip technologies) and
reusability of the same with disposable LFIA fluidic elements which are the ones requiring cold
stowage. Finally, CMOS smartphone cameras might be used as an alternative to CCD cameras.

3.1.2 Radiation Shield Demo (PERSEO)
PErsonal Radiation Shielding for intErplanetary missiOns (PERSEO) has proposed the use of
water as shielding material from cosmic radiations. The PI was Prof. Andrea Ottolenghi assisted
by Dr. Giorgio Baiocco from University of Pavia – Department of Physics and Co-PI was Ing.
Cesare Lobascio assisted by Dr. Martina Giraudo from Thales Alenia Space Italy. Other
partners were involved in the project: SMAT (Società Metropolitana Acque Torino) for
realization of water bags, pipes and water interfaces, AVIOTEC for the jacket designing and
manufacturing, ARESCOSMO for ground leakage validation test and UNIROMA2 (Tor
Vergata) for radiation shielding analysis.
The hardware was made of a wearable jacket composed of five (5) inner pockets which were
filled by the crew with water available on-board, taken from the Potable Water Dispenser
(PWD) facility. Besides evaluating the comfort of the wearable radio-protection system, the
astronaut was asked to evaluate also the filling and draining tasks and feedback was positive.
Another 0,5 liters flexible container was uploaded filled with water and returned back to Earth
for water analysis; this gave good results in terms of chemical parameters and bacteriologic
content, both under the American Standard threshold.
Figure 4 below shows the PERSEO hardware uploaded with SpX-12 in August 2017.

(a) (b) (c)
Figure 4 – (a) PERSEO wearable jacket with inner water bags and PERSEO logo; (b) 0,5 liters
flexible water container; (c) Astronaut Paolo Nespoli wearing the PERSEO jacket filled with 40 liters
water.

The successful experiment performance has assessed the feasibility of a personal radiation
protection strategy using resources already present in any space habitat (i.e. water), paving the
way for integration of the PERSEO concept in innovative spacesuits also for EVA and
interplanetary missions [2].

3.1.3 Augmented Reality (ARAMIS)
The Augment Reality for Application for Maintenance, Inventory and Stowage (ARAMIS)
protocol aimed to demonstrate technology to validate use of Augmented Reality (AR) in hostile
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environment as the ISS can be. The protocol was developed as an on-board iPad application for
reducing crew time during maintenance and stowage activities.
The PI was Ing. Giuseppe Lentini from Thales Alenia Space Italy and Co-PI was Ing. Elena
Afelli from ALTEA SpA.
Paolo Nespoli has performed two sessions: one for maintenance tasks in Node-2 (bacteria filter
and smoke detector inspect and clean) and one for stowage tasks in Node 3/PMM with the aim
to clear some items from the PMM1D2 ZSR; in this latter scenario also the Wi-Fi connection
to the IMS database has been tested. The AR application also made use of fiducial markers (for
the maintenance scenario) installed by the astronaut in pre-defined locations (see Figure 5 a)
and aimed to provide additional information for the execution of the activities in a most efficient
way.

(a) (b)
Figure 5 – (a) Nespoli during the maintenance activity with ARAMIS; (b) Nespoli during the stowage
activity with ARAMIS.

ARAMIS has proven that thanks to the AR, this kind of operations can be performed saving
crew time which is a valuable on-board resource that need to be optimized in favor of scientific
experimentation.

3.1.4 Orthostatic Tolerance (OT)
Orthostatic intolerance is a major health issue after long-term space mission and consists in a
temporary loss of consciousness and posture.
The OT investigation is a study proposed by Prof. Ferdinando Iellamo of the IRCCS San
Raffaele Pisana - Rome, based on specific physical exercise protocols to prevent dysfunctions
related to gravitational stress. In details, the experiment consisted in the execution of a pre- and
post-flight OT test (active standing) and in the on-orbit execution of individually-tailored
treadmill exercises, planned on the basis of a pre-flight incremental treadmill exercise test. The
program used the TRIMPi (Training IMPulse individualized) training methodology which
allows continuous updating of training load accounting for increments in aerobic fitness with
training progression. Analysis heart rate (HR), blood pressure (BP) variability and baroreflex
sensitivity (BRS) have been used as a consolidated methodology to assess the neural control of
the cardiovascular system during orthostatic stress before and after flight.

3.2 Life Science Investigations – The ASI Biomission
Four investigations were carried out in the field of cell biology and, due to their commonalities,
were performed in a single mission called ASI Biomission. All of them used Kayser Italia
hardware, which are Experiment Units (EU), Experiment Containers (EC) and passive
transportation containers (Biokit). Besides, thanks to an ASI/ESA Joint Implementation Plan,
the KUBIK facility was used on-board for incubating the experiments. At the end of the
incubation time, the different biological samples were fixed by RNA Later and transferred to
the MELFI facility for conservation at -80°C.
The mission sequence of these experiments is complex and involved a considerable amount of
manpower and logistics since the very beginning of the projects. The ground support to crew
operations involved the ASI USOC at Kayser Italia, coordinated with Biotesc who is in charge
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of all the experiments running in KUBIK, the Columbus Control Centre at Munich and the
NASA POIC in Huntsville (Alabama).

3.2.1 Retinal Lesion Study (CORM)
CORM investigated the protective role of Coenzyme Q10 (CoQ10) in retinal lesions, induced
by radiations and microgravity in Space environment. The PI of the experiment were Dr. Matteo
Lulli and Prof. Sergio Capaccioli from the University of Florence. Co-Investigator was Dr.
Monica Monici from the University of Florence.
The experiment consisted in the cultivation of three samples of retinal cells with the presence
or not of the CoQ10 to study (1) apoptosis, (2) cytoskeleton damage, (3) DNA damage and (4)
alteration of gene expression.
Preliminary data show that the Coenzyme Q10 may have a protective role against damage
induced by radiations and microgravity on retinal epithelial cells [3].

3.2.2 Muscle Cells (MYOGRAVITY)
MYOGRAVITY investigated the molecular, cellular and functional modifications induced by
microgravity exposure, both in primary human skeletal muscle satellite cells (the muscle’s adult
stem cells), and in murine muscle cells, overexpressing the insulin growth factor 1 protein (IGF-
1). The PI was Prof. Stefania Fulle from the University of Chieti. Co-Investigators were Prof.
Guglielmo Sorci from the University of Perugia and Prof. Antonio Musarò from the University
of Rome Sapienza.
The investigation studied two different biological samples: (1) cells derived from a pre-flight
biopsy of the astronaut (Nespoli), compared with the post-flight biopsy and (2) murine cells.
In total, six samples were cultivated on-board inside the KUBIK facility.
Preliminary results from this experiment have shown that the effects of the space flight on the
muscle cell culture in terms of differentiations can be mitigated by the activation of specific
cellular pathways.

3.2.3 Oxidative Stress (NANOROS)
Another issue resulting from long-term spaceflight missions is the skeletal muscle alterations
and functional deficiencies caused by oxidative stress.
NANOROS studied the effect of cerium oxide nanoparticles (nanoceria) as possible
countermeasure for such health issue. The PI of the experiment was Dr. Gianni Ciofani from
the Italian Institute of Technology, Pontedera. Co-Investigator was Dr. Arianna Menciassi from
Scuola Superiore Sant’Anna, Pisa.
Three samples of H9c2 rat myoblasts (Fig. 10) were cultured in presence or not of nanoceria
particles for a total of 3 samples.
Results from the experiment have shown a modulation of key genes regulating oxidative stress
in the cell culture, in particular nanoceria has been shown to exert a protective role against
oxidative stress induced by the microgravity environment [4].

3.2.4 Reprogramming Stem Cells (SERiSM)
SERiSM aimed to investigate the role of endocannabinoids in the alterations of bone
metabolism, using an innovative cellular model based on human-derived stem cells (hBDSCs).
The PI was Prof. Mauro Maccarrone from the Campus Bio-Medico University of Rome. Dr.
Natalia Battista from the University of Teramo and Dr. Monica Bari from the University of
Rome “Tor Vergata” are co-Investigators.
Stem cells, isolated on ground from healthy blood donors, were cultivated in microgravity while
treated with the differentiating agent Rapamycin and then fixed by RNAlater incubation.
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Results from the experiment have identified new biomarkers and possible therapeutic targets to
treat osteoporosis, in Space and perhaps on Earth [5].

(a) (b)
Figure 6 – (a) STROMA Experiment Unit (EU) used for CORM, NANOROS and MYOGRAVITY
experiments; (b) ROALD/RESLEM EU used for SERiSM experiment.

3.3 Educational Payload

3.3.1 Root Growth (MULTI-TROP)
Root Growth is the educational investigation winner of the ASI call YISS “Youth ISS Science”
announced for the VITA mission.
The PI was Prof. Giovanna Aronne from University of Naples Federico II – Dep. of Agriculture
and Co-PI was Prof. Pina Russo from Liceo Scientifico Statale Filippo Silvestri of Naples.
Payload Developer was Kayser Italia.
The experiment aimed to investigate the role of the three main external stimuli (gravitropism,
hydrotropism and chemotropism) on root tip orientation and to clarify the interactions between
different attractive factors in microgravity conditions.
The hardware, designed and developed by Kayser Italia for previous missions was refurbished
to host the biological sample (carrot seeds) and the culture substrate (OASIS Grower). The
experiment was completely autonomous with the activation, trough manual switch-on, of the
chemical fixative, according to a pre-programmed timeline (loaded on the electronics
microprocessor) finally tuned on Earth.
MULTI-TROP launched with SpX-13 in December 2017 and returned back to Earth 1 month
later.

(a) (b)
Figure 7 – (a) BIOKON container; (b) YING-B2 Experiment Unit settled with culture substrates and

carrot seeds.

Interest results have come out with this simple educational experiment [6].
The chosen species has turned out to be perfectly fitting with the culture chamber dimensions
and compatible with both the environmental and temporal mission conditions. The germination
percentage as well as the root growth behavior have been seen to be completely equivalent to
the ones experienced on Earth with the Ground Reference Experiment, therefore Dacus Carota
is certainly an optimum species for further investigations in microgravity.
The reached goals have allowed to conclude that, in reduced gravity conditions, the
chemotropism effect prevails on the hydrotropism.
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3.3.2 HAMVIDEO
At successful complement of the mission, an educational activity has taken placed, consisting
in one school contact making use of the audio/video transmitter HAMVIDEO, developed by
Kayser Italia and uploaded to ISS on August 2013 [6].
The contact between a school in Livorno and P. Nespoli on-board the ISS was established in
November 2017 thanks to the technical contribution of the Italian radio amateur association
(ARI) section of Livorno and Versilia and the collaboration with AMSAT Italy.

4 CONCLUDING REMARKS
All the performed investigations have reached satisfying results, on the basis of which further
improvements - also in view of long-term exploration missions (Moon Gateway, Mars) - have
been identified and encouraged the scientists to continue their research. Besides, most of the
results allowed technological enhancement in the corresponding Earth applications.
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ABSTRACT
Eringen nonlocal layer-wise models for the analysis of multilayered plates are formulated in
the framework of the Carrera Unified Formulation and the Reissner Mixed Variational Theorem
(RMVT). The use of the layer-wise approach and RMVT ensures the fulfilment of the trans-
verse stress equilibrium at the layers’ interfaces and allows the analysis of plates with layers
exhibiting different characteristic lengths in their nonlocal behaviour. A Navier solution has
been implemented and tested for the static bending of rectangular simply-supported plates. The
obtained results favourably compare against available three-dimensional analytic results and
demonstrate the features of the proposed theories.

Keywords: Nonlocal advanced plate theories, Carrera Unified Formulation, Reissner Mixed
Variational Theorem

1 INTRODUCTION
Size effects in structural behaviour play a fundamental role at the micro- and nano- scales and
size-dependent theories of continuum mechanics have been introduced to account for the related
phenomena in the modeling. In this framework, the Eringen’s nonlocal elasticity model assumes
that the stress at a point is function of the strains at all points in the structure [9, 7] providing
differential stress-strain relationships which take the material microstructure into account via a
characteristic length.
Plate theories have been reformulated for Eringen’s nonlocal elasticity (e.g. [12, 1, 15]) with
models for the multilayer configuration based on the equivalent single layer (ESL) approach. The
ESL models suffer from an unreliable and not accurate evaluation of the through-the-thickness
distribution of the stresses; moreover, their implementation for nonlocal elasticity considers an
unique value of the characteristic length, common to all of the layers, whereas this parameter
can exhibit meaningful variability for different materials [13]. These observations suggest the
development of refined nonlocal plate models that use a layer-wise (LW) description of the
unknown fields and are able to overcome the mentioned limitations. A powerful tool for the
systematic formulation and implementation of LW higher order theories is the Carrera Unified
Formulation (CUF), whose underlying ideas, principles and implementation strategies can be
found in Refs. [4] and [5].
Here, in the framework of the CUF, layer-wise models for multilayered plates are formulated
considering nonlocal elastic material behaviour for the layers. The proposed formulation uses
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the Reissner Mixed Variational Theorem (RMVT) variational statement ensuring interface conti-
nuity of the out-of-plane stresses and enabling generality concerning the layer material nonlocal
properties. To illustrate the features and performances of the proposed approach, a Navier
solution for simply-supported rectangular plates is used to obtain representative results, which
are compared with 3-D solutions available in the literature.

2 BASIC EQUATIONS
Consider a body, referred to a Cartesian coordinate system x1x2x3, that undergoes loads applied
to its domain V and external boundary ∂V and that is suitably kinematically restrained.
The body kinematics is described by the displacements components ui, which are collected
within the displacement vector u =

{
u1 u2 u3

}T . The strain-displacements relationships can
be compactly written as

ε = ∂pu (1a)

γ = ∂nu+∂i
∂

∂x3
u (1b)

where ε =
{
ε11 ε22 ε12

}T andγ =
{
ε23 ε13 ε33

}T are the in- and out-of-plane strain vectors,
respectively. The operators involved in Eqs. (1) are defined as

∂p =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∂

∂x1
0 0

0 ∂

∂x2
0

∂

∂x2

∂

∂x1
0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, ∂n =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

0 0 ∂

∂x2

0 0 ∂

∂x1
0 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎦
, ∂i =

⎡⎢⎢⎢⎢⎣
1 0 0
0 1 0
0 0 1

⎤⎥⎥⎥⎥⎦
(2a)

Correspondingly to ε and γ, the in- and out-of-plane stress vectors σ =
{
σ11 σ22 σ12

}T and
τ =

{
σ23 σ13 σ33

}T are introduced. Assuming that the body behaves as a nonlocal elastic
solid, the stress components σi j are defined as [8]

σi j(x) =
∫

V
α (|x′ − x |) σ̃i j (x′)dV (x′) (3)

where α (|x′ − x |) is the non-local kernel function and the superimposed tilde denotes local
quantities. For the Eringen’s nonlocal elasticity model [6, 8], the integral relationship of Eq. (3)
corresponds to the following equivalent differential form

Lσi j = σ̃i j (4)

where L = 1− ℓ2 ∇ being ∇ the Laplace operator and ℓ a material parameter depending on the
lattice characteristic length [13]. Thus, the nonlocal magneto-electro-elastic constitutive law is
written as {

Lσ
Lτ

}
=

[
Cpp Cpn
Cnp Cnn

] {
ε
γ

}
(5)

where the matrices Cpp, Cpn, Cnp and Cnn contain the classic Hooke’s law elastic coefficients.
Assuming the displacements u and the out-of-plane stresses τ as primary variables and taking
the essential boundary conditions, the gradient equations and the constitutive law as guaranteed,
the problem governing equations are obtained via the Reissner Mixed Variational Theorem
(RMVT) [16, 3], whose stationarity statement reads as

δΠ =

∫
V

(
δεTσ+ δγTτ

)
dV +

∫
V
δτT (γ− γ̄)dV −

∫
V
δuT f dV −

∫
∂V
δuT t d∂V = 0 (6)
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where δ denotes variations and the superimposed bar indicates quantities evaluated via consti-
tutive equations. In Eq. (6), f =

{
f1 f2 f3

}T is the body forces vector and t =
{
t1 t2 t3

}T is
the tractions vector. After integration by parts, from Eq. (6), the equilibrium equations and the
compatibility equations for the out-of-plane generalized strains are obtained in the domain V:

∂T
pσ+∂

T
nτ +

∂

∂x3
τ + f − ρ !u = 0 (7)

γ− γ̄ = 0 (8)
together with the associated natural boundary conditions holding on the boundary ∂V:

∂̂
T
pσ+ ∂̂

T
nτ +n3τ = t (9)

where the boundary operators ∂̂(·) are obtained from the differential operators ∂(·) by substituting
the partial derivatives ∂/∂xi with the corresponding boundary normal direction cosines ni.

3 MULTILAYERED PLATES MODELS
Consider now the elastic body configuration as a multilayered plate with N homogeneous layers,
subjected to pressure loads applied on the top and bottom surfaces. The k-th layer has planform
occupying the domain Ω in the x1x2 plane and it has constant thickness hk = zk − zk−1 being
zk−1 and zk the x3 coordinates of its bottom and top faces, respectively. In the following, the
superscript ⟨k⟩ is used to refer to quantities of the k-th layer.

3.1 Primary variable assumptions and gradient equations
According to the CUF, the primary variables for the k-th layer, namely the displacements u⟨k⟩

and out-of-plane stresses τ ⟨k⟩, are written as the expansion of known thickness functions [5]:

u⟨k⟩(x1,x2,x3) =
Mu∑
α=0

u⟨k⟩
α (x1,x2) F ⟨k⟩

α (x3) (10a)

τ ⟨k⟩(x1,x2,x3) =
Mτ∑
µ=0

τ ⟨κ⟩
µ (x1,x2) G⟨k⟩

µ (x3) (10b)

The thickness functions F ⟨k⟩
α and G⟨k⟩

α are suitable combinations of Legendre polynomials Pi(ζk)
of i-th order and read as

F ⟨k⟩
0 = G⟨k⟩

0 =
P0(ζk)−P1(ζk)

2 (11a)

F ⟨k⟩
α = Pα+1(ζk)−Pα−1(ζk) α = 1, ...(Mu −1) (11b)

G⟨k⟩
µ = Pµ+1(ζk)−Pµ−1(ζk) µ = 1, ...(Mτ −1) (11c)

F ⟨k⟩
M = G⟨k⟩

N =
P0(ζk)+P1(ζk)

2 (11d)

where ζk = (2x3 − zk − zk−1)/hk is the layer normalized thickness coordinate.
Applying Eqs. (1), the strain vectors expressions become:

ε =
Mu∑
α=0

Fα∂puα (12a)

γ =
Mu∑
α=0

Fα∂nuα +
Mu∑
α=0

∂Fα
∂x3

∂iuα (12b)
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3.2 Layer constitutive law
The k-th layer obeys the nonlocal constitutive law given by Eq. (5) in which partial nonlocality
along x1 and x2 is assumed as usual for plate theories [12, 10, 11] leading to

L ⟨k⟩ = 1− ℓ⟨k⟩2∇ = 1− ℓ⟨k⟩2
(
∂2

∂x2
1
+
∂2

∂x2
2

)
(13)

To the present formulation aims, the layer constitutive law is written in mixed form as{
L ⟨k⟩σ⟨k⟩

γ̄⟨k⟩

}
=

[
A⟨k⟩

pp A⟨k⟩
pn

A⟨k⟩
np A⟨k⟩

nn

] {
ε ⟨k⟩

L ⟨k⟩τ ⟨k⟩

}
(14)

where A⟨k⟩
pp = C

⟨k⟩
pp −C ⟨k⟩

pn C
⟨k⟩
nn

−1
C ⟨k⟩

np , A⟨k⟩
pn = C

⟨k⟩
pn C

⟨k⟩
nn

−1
, A⟨k⟩

np = −C ⟨k⟩
nn

−1
C ⟨k⟩

np and A⟨k⟩
nn = C

⟨k⟩
nn

−1
.

3.3 Layer governing equations
The Eq. (6) is specialised for the the k-th ply of the plate obtaining

δΠ ⟨k⟩ =
∫
Ω

∫
hk

[
δε ⟨k⟩Tσ⟨k⟩ + δγ⟨k⟩Tτ ⟨k⟩

]
dx3dΩ+

∫
Ω

∫
hk

[
δτ ⟨k⟩T

(
γ⟨k⟩ − γ̄⟨k⟩

)]
dx3dΩ−

∫
Ω

[ (
δu⟨k⟩Tτ ⟨k⟩

)999
zk
−
(
δu⟨k⟩Tτ ⟨k⟩

)999
zk−1

]
dΩ = 0

(15)
where the notation ·|z denotes evaluation at x3 = z. It is remarked that τ ⟨k⟩ |zk−1 and τ ⟨k⟩ |zk are
the interlaminar stresses applied on the bottom and top face of the layer; for the first and last
layers they correspond to the load applied on the bottom and top plate surfaces, respectively.
Substituting the formula for γ̄⟨k⟩, obtained from Eq. (14), and the expressions of δε ⟨k⟩, δu⟨k⟩,
δτ ⟨k⟩, γ⟨k⟩, u⟨k⟩ and τ ⟨k⟩ given by Eqs. (10) and (12), into Eq. (15), after integration by parts,
the stationarity conditions are obtained as:

∂T
p

(∫
hk

F ⟨k⟩
α σ⟨k⟩ dx3

)
+

Mτ∑
λ=0

u
τK̂

⟨k⟩
αλ τ

⟨k⟩
λ +

Mτ∑
λ=0

Q̂
⟨k⟩
αλ τ ⟨k⟩

λ = 0 α = 1,2, ...Mu (16a)

Mu∑
β=0

τ
uK

⟨k⟩
αλ u⟨k⟩

β +

Mτ∑
λ=0

τ
τK

⟨k⟩
αλ τ ⟨k⟩

λ = 0 µ = 1,2, ...Mτ (16b)

where the involved fundamental nuclei [5] are defined in APPENDIX A –. It is worth to note that
Eqs. (16) correspond to the layer equilibrium and congruence equations. More details on the
procedure followed to infer Eq. (16) can be found in Ref. [2].
By application of the operator L ⟨k⟩ and use of Eq. (14), Eq. (16a) becomes

Mu∑
β=0

u
uK

⟨k⟩
αβ u

⟨k⟩
β +

Mτ∑
λ=0

u
τK

⟨k⟩
αλ τ

⟨k⟩
λ +

Mτ∑
λ=0

Q⟨k⟩
αλ τ ⟨k⟩

λ = 0 α = 1,2, ...Mu (17)

whose fundamental nuclei are given in APPENDIX A –. Thus, the k-th layer governing equations
are written as⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

Mu∑
β=0

u
uK

⟨k⟩
αβ u

⟨k⟩
β +

Mτ∑
λ=0

u
τK

⟨k⟩
αλ τ

⟨k⟩
λ = −

Mτ∑
λ=0

Q⟨k⟩
αλ τ ⟨k⟩

λ α = 1,2, ...Mu

Mu∑
β=0

τ
uK

⟨k⟩
αλ u⟨k⟩

β +

Mτ∑
λ=0

τ
τK

⟨k⟩
αλ τ ⟨k⟩

λ = 0 µ = 1,2, ...Mτ
(18)
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3.4 Multilayered plate
The multilayered plate resolving system is obtained by coupling the governing equations of the
isolated layers, namely Eqs. (18) for k = 1, 2, ..., N , via the perfect bonding interface continuity
conditions:

u⟨k⟩
999
zk
= u⟨k+1⟩

999
zk
, τ ⟨k⟩

999
zk
= τ ⟨k+1⟩

999
zk

k = 1, 2, . . . , (N −1) (19)

which, because of the properties of Legendre polynomials used to build the thickness functions,
provide

u⟨k⟩
Mu
= u⟨k+1⟩

0 , τ ⟨k⟩
Mτ
= τ ⟨k+1⟩

0 k = 1, 2, . . . , (N −1) (20)
Accounting for the relationships of Eqs. (20), the multilayered plate governing equations can be
written as { Kuu U +Kuτ T =QuτT

Kτu U +Kττ T = 0 (21)

where U and T are vectors collecting the the unknown coefficients of the generalized dis-
placements and out-of-plane stresses expansions u⟨κ⟩

α and τ ⟨κ⟩
λ , and the operator matrices Krs

(r,s = u,τ) and Quτ are obtained via an assembly procedures of the fundamental nuclei which
is described in Ref. [5, 2].

4 NUMERICAL RESULTS
A Navier solution for simply-supported rectangular plates, with layers having the principal
material axes directed as the plate reference system, has been implemented to validate the
proposed approach. Thus the variables are expressed as

(
u⟨κ⟩
α ,τ

⟨k⟩
λ

)
=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

∑
r

∑
s

(
U1

⟨k⟩
α rs ,T1

⟨k⟩
λ rs

)
cos rπ

L1
x1 sin sπ

L2
x2∑

r

∑
s

(
U2

⟨k⟩
α rs ,T2

⟨k⟩
λ rs

)
sin rπ

L1
x1 cos sπ

L2
x2∑

r

∑
s

(
U3

⟨k⟩
α rs ,T3

⟨k⟩
λ rs

)
sin rπ

L1
x1 sin sπ

L2
x2

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭

(22)

where the Ui
⟨k⟩
α rs and Ti

⟨k⟩
α rs are unknown coefficients and L1 and L2 are the plate dimensions

along the x1 and x2 axis, respectively. Substituting Eqs. (22) into the governing equations
and applying the Bubnov-Galerkin method an algebraic resolving system is obtained for the
unknown coefficients associated with each of the approximation terms.
Representative results are presented and compared with data calculated via the three-dimensional
nonlocal solution proposed in Ref. [14]. They refer to a square plate with dimensions L1 = L2 =
50nm and a [0/90/0] layup of layers whose stiffness coefficients in the material reference system
(Voigt notation) are: C11 =C33 = 7.380GPa , C22 = 173.406GPa, C12 =C23 = 2.312GPa, C13 =
1.868GPa, C55 = 1.378GPa. The plate is loaded on the top surface by a transverse bisinusoidal
pressure q = q0 sin (πx1/L1) sin (πx2/L2) with q0 = 1N/m2. Plate thicknesses varying as h/L1 =
0.05, 0.1, 0.2 and nonlocal characteristic lengths varying as ℓ/L1 = 0.0, 0.02, 0.04 have been
investigated by different plate theories with through-the-thickness expansion order up to the
fourth. The same expansion order has been assumed for both displacements and out-of-plane
stresses, i.e. Mu = Mτ. The considered theories are labeled by the acronym LWn where n is the
order of the employed thickness expansion.
Figs. 1, 2, 3 and 4 show results in terms of the through-the-thickness distribution of the
displacements u2 and u3, the normal stress σ11 and the shear stress σ13 at the point of midplane
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coordinates (0.25L1,0.25L2). These results are representative of the approach features and
indicate that the proposed models are able to describe the plate behaviour with better accuracy
for higher order theories and lower charactheristic lenghts. The last feature can be associated
with the assumption of partial nonlocal behaviour, as proved by the results shown in Fig. 5
where the present results are compared with those calculated via the 3D solution in which local
behaviour along the x3 direction was enforced.

5 CONCLUSIONS
Nonlocal layer-wise advanced higher order theories for multilayered plates have been formulated.
They ensure the interface continuity and equilibrium conditions and do not present any restriction
on the variability of the nonlocal characteristic length through the layers. A Navier solution for
rectangular simply-supported plates with orthotropic layers has been implemented and used to
demonstrate the features of the approach and its limitations, principally related to the assumption
of nonlocal behaviour restricted to in-plane directions.

REFERENCES
[1] R. Aghababaei and J.N. Reddy. Nonlocal third-order shear deformation plate theory with

application to bending and vibration of plates. Journal of Sound and Vibration, 326(1-
2):277–289, 2009.

[2] I. Benedetti and A. Milazzo. Advanced models for smart multilayered plates based on
reissner mixed variational theorem. Composites Part B: Engineering, 119:215–229, 2017.

[3] E. Carrera. Developments, ideas, and evaluations based upon reissner’s mixed variational
theorem in the modeling of multilayered plates and shells. Applied Mechanics Reviews,
54(4):301–328, 2001.

[4] E. Carrera. Theories and finite elements for multilayered plates and shells: A unified com-
pact formulation with numerical assessment and benchmarking. Archives of Computational
Methods in Engineering, 10(3):215–296, 2003.

[5] E. Carrera and L. Demasi. Classical and advanced multilayered plate elements based upon
pvd and rmvt. part 1: Derivation of finite element matrices. International Journal for
Numerical Methods in Engineering, 55(2):191–231, 2002.

[6] A. C. Eringen. On differential equations of nonlocal elasticity and solutions of screw
dislocation and surface waves. Journal of Applied Physics, 54:4703–4710, September
1983.

[7] A.C. Eringen. On differential equations of nonlocal elasticity and solutions of screw
dislocation and surface waves. Journal of Applied Physics, 54(9):4703–4710, 1983.

[8] A.Cemal Eringen. Nonlocal Continuum Field Theories. Springer, 2002.

[9] A.Cemal Eringen and D.G.B. Edelen. On nonlocal elasticity. International Journal of
Engineering Science, 10(3):233 – 248, 1972.



350

-2 -1 0 1 2
10-10

-0.5

-0.25

0

0.25

0.5

-2 -1 0 1 2
10-10

-0.5

-0.25

0

0.25

0.5

-2 -1 0 1 2
10-10

-0.5

-0.25

0

0.25

0.5

-5 0 5
10-11

-0.5

-0.25

0

0.25

0.5

-5 0 5
10-11

-0.5

-0.25

0

0.25

0.5

-5 0 5
10-11

-0.5

-0.25

0

0.25

0.5

-2 -1 0 1 2
10-11

-0.5

-0.25

0

0.25

0.5

-2 -1 0 1 2
10-11

-0.5

-0.25

0

0.25

0.5

-2 -1 0 1 2
10-11

-0.5

-0.25

0

0.25

0.5

Figure 1: Through-the-thickness distribution of u2 at the point of coordinates (0.25L1,0.25L2)
of the [0/90/0] simply supported square plate.
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Figure 2: Through-the-thickness distribution of u3 at the point of coordinates (0.25L1,0.25L2)
of the [0/90/0] simply supported square plate.
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Figure 3: Through-the-thickness distribution of σ11 at the point of coordinates (0.25L1,0.25L2)
of the [0/90/0] simply supported square plate.
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Figure 4: Through-the-thickness distribution of σ13 at the point of coordinates (0.25L1,0.25L2)
of the [0/90/0] simply supported square plate.
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Figure 5: Through-the-thickness distribution of u3 at the point of coordinates (0.25L1,0.25L2)
of the [0/90/0] simply supported square plate.
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APPENDIX A – FUNDAMENTAL NUCLEI
The fundamental nuclei appearing in the layers governing equations are defined as

u
τK̂

⟨k⟩
αλ =

(∫
hk

F ⟨k⟩
α G⟨k⟩

λ dx3

)
∂T

n −
(∫

hk

∂F ⟨k⟩
α

∂x3
G⟨k⟩
λ dx3

)
∂i (23a)

τ
uK

⟨k⟩
µβ =

(∫
hk

G⟨k⟩
µ F ⟨k⟩

β dx3

) [
−A⟨k⟩

np ∂p+∂n

]
+
CD
E
∫

hk
G⟨k⟩
µ

∂F ⟨k⟩
β

∂x3
dx3

FG
H
∂i (23b)

τ
τK

⟨k⟩
µλ = −

(∫
hk

G⟨k⟩
µ G⟨k⟩

λ dx3

)
A⟨k⟩

nn ∇⟨k⟩ (23c)

u
uK

⟨k⟩
αβ =

(∫
hk

F ⟨k⟩
α F ⟨k⟩

β dx3

)
∂T

p A
⟨k⟩
pp ∂p (23d)

u
τK

⟨k⟩
αλ =

(∫
hk

F ⟨k⟩
α G⟨k⟩

λ dx3

) [
∂T

p A
⟨k⟩
pn ∇⟨k⟩ +∂T

n∇⟨k⟩
]
−
(∫

hk

∂F ⟨k⟩
α

∂x3
G⟨k⟩
λ dx3

)
∇⟨k⟩ (23e)

Q̂
⟨k⟩
αλ =

(
F ⟨k⟩
α G⟨k⟩

λ

999
zk
− F ⟨k⟩
α G⟨k⟩

λ

999
zk−1

)
∂i (23f)

Q⟨k⟩
αλ = Q̂

⟨k⟩
αλ∇⟨k⟩ (23g)

where

∇⟨k⟩ =
(
1− ℓ⟨k⟩2∇

)
∂i =

[
1− ℓ⟨k⟩2

(
∂2

∂x2
1
+
∂2

∂x2
2

)]
(24)
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ABSTRACT
Formation Flying  Synthetic Aperture Radar (FF-SAR) is defined as a SAR in which the signal 
emitted by the transmitter and scattered from the area of interest is not collected by a single 
receiver but by many, conveniently distributed, formation flying, receivers. The concept of 
distributed aperture can enable new SAR working modes, but more important, thanks to passive 
operations, can achieve very high performance through a series of very compact, low weight, 
agile, satellite platforms. Such a distributed space system can be regarded as a system in which 
the payload functionality is broken apart and distributed among the different elements of the 
system. While fractionation and formation flying may lead to many advantages, distributed 
space systems pose a number of technological and operational issues at system and subsystem 
level. Signal modeling, radar processing, system operations and formation flying aspects are 
analyzed in this paper and an end-to-end space system demonstrator concept is also proposed 
including 3 satellites working in X-band, flying in a LEO close formation. Mission operations 
and system budgets are performed at a preliminary level showing the possibility to achieve 
mission objective by platforms of micro-satellite class (<100 kg). 

Keywords: Synthetic Aperture Radar; Distributed Space System; Formation Flying; Small 
Satellites

1 INTRODUCTION
A distributed space system can be regarded as a system in which the various members can be 
heterogeneous, and the payload functionality is broken apart and distributed among the different 
elements of the system. Fractionation may lead to many advantages, including overall system 
reliability, flexibility and modularity as well as enhanced responsiveness and decreased 
vulnerability. Indeed, single members of the system can be replaced in case of failure, thus 
guaranteeing graceful performance degradation and preserving mission goals. In addition, the 
geometry of the distributed system could be partially changed while in orbit to accommodate 
for additional or varying scientific objectives and requirements. In contrast, distributed space 
systems pose a number of technological and operational issues at system and subsystem level. 
At a system level, formation acquisition, control and maintenance are the biggest challenges, 
especially when the various satellites operate with short separations and the formation includes 
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many members. In this case, indeed, the collision risk among the satellites of the formations 
shall be properly considered in system design and operation. Moreover, if from one hand the 
access to space for a distributed space system may benefit from a reduced-risk multiple launch 
approach, on the other hand formation geometry acquisition after launch may require increased 
propulsion and operations effort. 
The distributed system concept is naturally coupled with the use of small space platforms, since 
the system overall cost is lower, the replacement of a failed satellite is easier and faster, and 
finally it is possible to gradually update on board technologies by incrementally replacing 
elements of the formation, which is generally an issue for large space systems. Actually, small 
satellite-based missions offer the opportunity to fast and flexibly react to new technology 
developments in spaceborne solutions.  
Among different distributed system ideas and proposals, the concept of Distributed Synthetic 
Aperture Radar (DSAR) has received increasing attention during the last years [1],[2].
Formation Flying Synthetic Aperture Radar (FF-SAR) is a specific case of DSAR and it is 
defined as a synthetic aperture radar in which the signal emitted by the transmitter and scattered 
from the area of interest is not collected by a single receiver but by many conveniently 
distributed formation flying receivers. The concept of distributed aperture is a generalization of 
the conventional synthetic aperture radar (SAR) principle [3],[4], and of standard 
interferometric SAR (InSAR) techniques [5],[6], towards a highly flexible system able to 
implement a wide range of different working modes and hence to adaptively modify its 
characteristics to enhance the overall system performance and the quality of the delivered 
products. When both cross-track/radial and along-track separations are available the coherent 
processing approach can be adaptively modified to enhance the desired imaging feature to the 
current scene and the observation requirements. In addition, the separations among the receivers 
can be modified during the mission to further improve system capabilities.
A FF-SAR system may pose challenging requirements in terms of electrical power, orbit 
control, communication link and payload synchronization, which could be not compatible with 
using small platforms. However, in recent years, technology upgrades have been conducted 
relatively quickly, with limited costs, leading to the development of small satellites with 
increasing capabilities, thus opening the way for using distributed space systems also for 
operational, public and commercial services. In this respect, ongoing technology developments 
leading to miniaturization of engineering components, development of micro-technologies for 
sensors, instruments, and spacecraft bus components, as well as the integration of 
microelectromechanical systems (MEMS) with microelectronics for data processing, signal 
conditioning, power conditioning, and communications will play a relevant role. Since these 
smaller units are cheaper, the use of a constellation of distributed systems to significantly update 
satellite revisit times may be more cost effective than using monolithic systems.
This paper presents the most promising working modes and applications of FF-SAR principles. 
Signal modeling, radar processing, system operations and formation flying aspects are 
investigated and an end-to-end space system demonstrator concept is proposed including 3 
satellites working in X-band, flying in a LEO close formation. System budgets are carried out 
at a preliminary level showing the possibility to achieve mission objective with formation flying 
platforms of micro-satellite class (<100 kg). 

2 OVERVIEW OF DSAR PRINCIPLE AND APPLICATIONS  
Performance improvements made possible by FF-SAR deal with both new working 
modes/applications and system design, development, and operations. The former aspect is 
analysed herein. Expected FF_SAR working modes and applications can be classified as 
follows: 
• Signal-to-Noise Ratio (SNR) improvement 
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• Resolution Enhancement 
• Pulse Repetition Frequency (PRF) reduction 
• 3D Imaging
• GMTI
• miscellaneous 
SNR improvement deals with the property that the coherent combination of N SAR images, 
collected by identical receivers flying in a close formation, results in an increased signal power, 
by a factor of N, without altering noise power.  
Coherent resolution enhancement is a FF-SAR technique which can be used to enhance the 
resolution with respect to a monostatic SAR working with the same parameters. The technique 
is based on coherent combination of data collected by spatially separated receivers. The concept 
of resolution enhancement by FF-SAR was first quantitatively analysed in [7]. The idea is that 
the synthetic aperture, either monostatic or bistatic, represented by a single receiver of the 
formation, is completed by the physical array realized by all the receivers in the formation. 
Azimuth resolution can be thus improved if the half-power beamwidth of the physical array in 
the azimuth direction is narrower than that of the synthetic aperture. Beamforming algorithms 
can be applied to achieve azimuth resolution enhancement. The same idea can be exploited in 
the cross-track/vertical plane to improve ground range resolution. Specifically, as noted in [8], 
resolution enhancement in ground range is a mixture of slant range resolution with angular 
resolution, and this combination can generate conceptual errors if interpreted as a pure 
beamforming. Therefore, range resolution enhancement is typically presented and analysed in 
the range frequency domain, where it is referred to as super-resolution [9]. Super-resolution in 
range relies on the coherence combination of the range spectra of the data collected by each 
receiver. Those spectra can be assumed to show spectral shifts depending on the effective 
baselines. Hence the relevant combination increases the overall total range bandwidth thus 
enhancing the resolution. The technique requires the total effective baseline realized by DSAR 
system to be a significant fraction of the critical value, that is in the order of 1 km for X-band 
operation in LEO. 
With reference to PRF reductions, when more than one receiver is available, the PRF of the 
transmitter can be relaxed to values that are significantly lower than the Doppler bandwidth of 
the illuminated scene. This allows FF-SAR system to increase the swath width which can be 
observed without range ambiguities, i.e. to implement high-resolution wide-swath (HWRS) 
techniques. At the same time, unambiguous reconstruction of the Doppler history is achieved 
in processing combining the data collected by each receiver. The required algorithm shows 
similarities with azimuth beamforming for azimuth resolution enhancement, but additional 
constraints must be set to achieve null-steering thus suppressing azimuth ambiguities resulting 
from the use of a low PRF. Differently from coherent resolution enhancements, limited 
separations are required in the along-track direction. Again, for X-band operation, good 
performance can be obtained if all the receivers are within a 500 m long azimuth envelope. 
Moreover, regular separations among the receivers are not strictly necessary. In other words, 
with the only requirements of reducing collision risks, drifts among receivers are allowed, 
which are compensated by the beamforming algorithm.
As far as 3D imaging is concerned, XTI is the standard technique used to generate three-
dimensional radar images. The vertical information associated to each pixel is derived from 
phase differences of two different images of the same region. On the other hand, the vertical 
detail within the single pixel cannot be evaluated by cross-track interferometry, whereas it can 
be obtained by means of 3D imaging techniques derived from the principle of SAR tomography 
[10]. This technique relies on several receivers covering the target scene with slightly different 
observation geometries. Vertical structures are thus identified using a vertical aperture synthesis 
and following array theory, i.e., again, by digital beamforming. The technique poses 
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requirements in terms of total effective baseline that are very similar to those of coherent range 
resolution improvement. 
FF-SAR can also achieve GMTI capabilities. This is because the satellite formation realizing 
the considered FF-SAR system can be interpreted as a multi-channel receiver composed of 
more than two Rx channels (at least 3). This means that suitable combinations of ATI and 
Displaced Phase Center Antenna (DPCA) techniques can be exploited to gain advantage of their 
complementary characteristics while simultaneously solving the major related drawbacks. 
Indeed, on one side, ATI allows removing false moving-target detections caused by the 
presence in the scene of strong stationary scatterers (which may be characterized by a residual 
magnitude in the GMTI map even after DPCA is applied). On the other side, DPCA allows 
neglecting in the moving-target search those regions in the GMTI map, located in the shadow 
of strong scatterers, which can cause false moving-target detections if only ATI is used (since 
the ATI phase would be dominated by random noise in absence of moving targets). With more 
detail, a 3-Rx configuration can ensure satisfying performance in terms of moving-target 
detection and velocity estimation provided that the along-track baseline between the Rx 
channels is not too large (e.g., in the interval 100 m - 200 m). If more receivers are available, 
operations constraints dealing with PRF selection, DPCA blind velocities, and wrapped 
ambiguities of ATI phase are relaxed notably.
Concluding this section, the term miscellaneous is referred to FF-SAR applications able to 
accomplish different goals simultaneously (i.e. more than one application at the same time and 
over the same areas) exploiting system redundancy. Assuming a formation composed of N 
platforms, such a system has got N degrees of freedom which can be exploited. So, M degrees 
of freedom can be used to enable an application and the remaining N-M degrees of freedom 
can be exploited for a different one. As an example, if the selected PRF is about M times smaller 
than that required to correctly sample the Doppler bandwidth of the scene, residual redundancy 
is available to improve SNR or equivalently to reduce the required Tx power. 

3 SIGNAL MODEL AND RADAR PROCESSING
In a linear FF-SAR, both transmitting and receiving platforms observe the same area on the 
ground (see Figure 1a). Consequently, for each transmitted pulse such a sensor receives a 
number of N pulses at azimuth-displaced positions. This means that N samples are gathered at 
N Rx positions for each Tx position along the synthetic aperture. 
These N additional samples can be exploited in different ways. If the PRF of each receiving 
platforms meets the Nyquist criterion, then the coherent combination of N unambiguous signals 
allows higher geometric resolution or higher unambiguous swath width or a reduced antenna 
area of receivers. Otherwise, one can exploit the coherent combination of N signal to cancel 
each other the ambiguous parts of the Doppler spectra, allowing the reconstruction of a signal, 
free of azimuth ambiguities. This means that the effective sampling rate of the azimuth signal 
is increased to N·PRF while the transmit PRF remains unaltered. Compared to a monostatic 
system, transmit PRF and effective sampling rate are "decoupled" by a factor of N. 
In principle, the unambiguous recovery of the Doppler spectrum is only possible when the 
additional samples are equally spaced along the synthetic aperture, with a distance between 
successive samples univocally determined as a function of PRF, platform velocity, and number 
of the receivers. Concerning this, two preliminary theoretical examples are investigated in 
which regular, controlled space among FF-SAR components is foreseen: (1) the case in which 
uniform distribution of samples is obtained considering just the sequence of pulses collected by 
all the receivers in the time interval 1/PRF, i.e. corresponding to the same transmitted pulse, 
and (2) the case of uniform sampling, but this is achieved considering also samples 
corresponding to different transmitted pulses. In other words, consecutive samples in space 
correspond, in general, to pulses transmitted in different time epochs. This allows receivers to
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work with larger along-track distance, thus enabling distribution of receivers onboard separated 
platforms. An unambiguous signal recovery can be achieved also for other, irregular, 
distributions of samples, e.g. resulting from orbit dynamics deviating from nominal conditions, 
if appropriate processing steps are applied. Figure 1 b shows the FF-SAR processing schematic:

Each Tx/Rx couple is focused with assessed algorithms for Bistatic SAR processing 
FF-SAR processing is completed by Digital BeamForming (DBF) algorithms to 
coherently combine all the images into a higher quality product. DBF removes or 
notably reduce signal distortions generated by not uniform platform separations, 
provided that relative positions are known with sufficient accuracy (i.e. fractions of 
carrier wavelength)

(a)                   (b)
Figure 1: Example of a figure. (a): FF-SAR operation concept; (b) FF-SAR Processing schematic

4 SYSTEM OPERATIONS AND FORMATION FLYING
The presented signal models and applications can be used to preliminarily identify formation 
geometries of interest for the distributed SAR. In particular, two formation geometries are 
introduced, which can be considered as design examples. In both cases, it is assumed that the 
chief satellite moves on a low inclination orbit (20 degrees), i.e. a near-equatorial one. However, 
the design can be easily tailored for any orbit inclination.  

(a)                   (b)
Figure 2: Example of a figure. (a): Safe Along Track (SAT) formation; (b) Large Effective Baseline 

(LEB) formation
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Some of the identified applications, i.e., HRWS and GMTI, require along-track observation 
geometry with short baselines (see Figure 2 a). Azimuth coherent resolution enhancement 
requires a similar geometry with larger distances among satellites. In all these three 
applications, radial/cross-track baseline basically represents a disturbance effect and has to be 
kept within a limited range in order to be removed at processing level, based on DEM 
knowledge. A formation geometry conceived for these applications is named as “safe along-
track formation” (SAT). The key concept of the conceived formation is to establish a minimum 
radial/cross-track baseline for each couple of satellites, which can be selected on the basis of 
knowledge of satellites configurations and considerations on collision risk mitigation. In other 
words, a “safety tube” is established around each satellite. In absence of active formation 
control, the safety tube is violated only on relatively long timescales. The radius of the safety 
tube is limited by FF-SAR processing constraints, and can thus be of a few fens of meters. If a 
safety tube is established, there is no need of imposing an along-track offset among the different 
satellites in order to limit collision risk. On the other hand, the along-track drift can be tolerated 
for relatively long timescales, until the along-track separation becomes incompatible with 
processing requirements. On the contrary, 3D imaging or tomography and ground range 
coherent resolution enhancement require a relatively large radial/cross-track baseline, at least 
for a single satellite (see Figure 2 b). Both formation geometries, in general, fall within the “safe 
ellipses” category.  

5 END-TO-END SPACE SYSTEM DEMONSTRATOR
End-to-end space demonstration is intended as a demonstration of FF-SAR concept by a 
reduced performance space mission. A precursor demonstrator mission has been investigated 
including 3 satellites working in X-band, flying in a LEO close formation. One satellite embarks 
a Tx/Rx radar, i.e. it is a monostatic SAR. The other two satellites are Rx-only items. The 
system must feature formation flying capabilities: it must be able to guarantee formation control 
and to perform formation reconfiguration manoeuvres.  
From the FF-SAR perspective, starting from the design of a general purpose monostatic SAR 
targeted to achieve 8m x 8m resolution on the ground, together with -24 dB NESZ, from an 
orbit altitude of 550 km, FF-SAR properties are exploited to demonstrate performance 
improvement, namely the achievement of better resolution with the same NESZ requirement, 
testing suitable combinations of FF-SAR techniques like SNR enhancement, PRF reduction, 
CRE in range (see Figure 3).  

Figure 3: Ground Range resolution enhancement with FF-SAR (30° incidence angle)
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Of course in order to get performance enhancement with FF-SAR, specific solutions for time 
and phase synchronization enabling bistatic operations are to be defined, together with the 
individuations of techniques and sensors for accurate absolute and relative positioning and 
pointing.
A preliminary sizing of both Tx/Rx and Rx-only satellites is carried out using basic rules and 
formulas for preliminary mass and power budgets, and the system design requirements
collected in Table 1. Satellite mass budget results are shown in Table 2: it is possible to conclude 
that both Tx/Rx and Rx-only satellites are of micro-satellite class (<100 kg).

TX/RX 
Satellite

RX-only 
satellite

Peak Power during Tx up to 4kW -

Orbit Duty Cycle 5% (5 
min./orbit)

5% (5 
min./orbit)

Average Power (no Tx) 30 W 30 W
SAR Antenna & RF Unit Mass 45 kg 32 kg

Deployable Planar Antenna Size 0.7 m x 4.9 m 0.7 m x 4.9 m
Data volume per orbit 7 GB 7 GB

Orbit Altitude/Inclination 550 km/20° Depending on
FF geometry

Attitude Control/Knowledge Accuracy 0.01°/0.001° 0.01°/0.001°

Absolute Navigation Accuracy (3D, RMS, on-
board) 3 m/3 cm/s 3 m/3 cm/s

Relative Navigation Accuracy (3D, RMS, on-
board) 10 cm /1 mm/s 10 cm /1 mm/s

Radial-Cross/Along Track Rel. Pos. Control 
Accuracy (RMS) 1/10 m 1/10 m

Rel. Pos. Knowledge Accuracy (3D, RMS, on-
ground) 1-10 mm 1-10 mm

Table 1: System Design Requirements. 

Tx/Rx Satellite Rx-only Satellite
Electric Power 10-22 3

Attitude & Orbit Control 5 5
Propulsion 11-13 9-11

TT&C & OBDH 4-9 4-9
Thermal Control & Structure 17-25 12-18

SAR Instrument 45 32
Total Wet Mass 92-119 65-78

Table 2: Satellite Mass Budget.
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6 CONCLUDING REMARKS
This paper focused on principles, basic system requirements and formation flying aspects 
relevant to Formation Flying Synthetic Aperture Radar. Properly designing relative motion 
allows obtaining passively safe and stable trajectories which fulfil distributed payload 
requirements. Key aspects for Formation Flying Synthetic Aperture Radar operation include 
real time and off-line relative navigation performance, formation control, payload
synchronization, and ad hoc radar processing algorithms. A end-to-end demonstration mission 
was investigated showing the possibility of realizing Distributed Synthetic Aperture Radar 
applications with micro-satellite class platforms flying in formation. 
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ABSTRACT  
The PERSEO project (PErsonal Radiation Shielding for intErplanetary missiOns), funded by 
the Italian Space Agency, has led to the development of a first technological demonstrator of 
a radiation shielding garment, to be used in a pressurized space habitat, that can be filled at 
need with on-board water and used for personal protection in case of solar particle events. 
The collaboration, including academic partners and companies active in space research and 
technology development, designed and manufactured the prototype that has been successfully 
tested on board the International Space Station by the European Space Agency astronaut 
Paolo Nespoli in November 2017, during the VITA mission. The effectiveness of the garment 
in terms of reduction of the radiation dose to sensitive organs (subject to the occurrence of 
short-term non-cancer effects following acute exposure) has been evaluated with Monte Carlo 
simulations with an anthropomorphic phantom. The successful outcome of the experimental 
session on board has demonstrated the practicality of use and wearability of the prototype, 
and, in perspective, the feasibility of a personal radiation shielding strategy, complementary 
to habitat shielding and based on the use of available resources, of fundamental importance 
also in view of future manned interplanetary missions.  
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Keywords: space radiation protection, shielding spacesuit, resource optimization, 

International Space Station   

1� INTRODUCTION 
The PERSEO (PErsonal Radiation Shielding for intErplanetary missiOns) project, one of the 

VITA experiments funded and supervised by the Italian Space Agency (ASI), has been 

successfully conducted on board the International Space Station (ISS) by the European Space 

Agency (ESA) astronaut Paolo Nespoli (Expedition 52-53) in November 2017. ASI has been 

granted access to the ISS utilization resources in the framework of the Memorandum of 

Understanding (MoU) with NASA, and completed its sixth flight opportunity with the VITA 

mission. In this framework, ASI availed itself of the industrial support services provided by 

Kayser Italia for the new payload integration process, safety, operations and logistics towards 

NASA. The PERSEO collaboration, coordinated by the University of Pavia and including 

academic partners and companies active in space research and technological development, 

developed the first prototype of a water-filled garment, a technological demonstrator of a 

personal radiation protection device for astronauts, to be used in a pressurized space habitat in 

case of occurrence of solar particle events. The prototype was designed and manufactured in 

compliance with safety requirements and all requirements for use in a space habitat, 

completing all necessary ground verification tests. During the experimental session on board, 

Paolo Nespoli successfully tested the filling of the garment with ISS water, wore the garment 

for ~30 minutes verifying its comfort, and later drained the water back in the on-board water 

recovery system without water waste, demonstrating the feasibility of a personal radiation 

protection strategy based on the use of resources available in the space habitat. The efficacy 

of the prototype in terms of achievable dose reduction to organs subject to the insurgence of 

short-term non-cancer effects has been evaluated based on Monte Carlo simulations with an 

anthropomorphic phantom, exposed to reference solar proton spectra in low-shielding 

conditions, as it could happen in an emergency scenario during a deep-space mission. 

Dedicated measurements at the TIFPA (Trento Institute for Fundamental Physics and 

Application) proton accelerator facility have also been conducted to benchmark simulation 

results. For a complete report on the project see [1]. 

2� COUNTERMEASURES TO SOLAR PARTICLE EVENTS 
The PERSEO garment has been particularly conceived to protect astronauts in case of a Solar 

Particle Event (SPE): SPEs are hardly predictable events, during which a large amount of 

particles (mainly protons) are injected from the Sun into interplanetary space and impact on 

the space habitat. Solar protons are of low energy (up to few hundreds of MeV) with respect 

to galactic cosmic rays - the other main component of the space radiation environment - and a 

radiation protection strategy based on passive shielding is successful: at present, in case of 

SPE alert, astronauts are required to take shelter in dedicated areas of the habitat, with 

increased wall thickness. Nevertheless, also in view of future higher-complexity scenarios for 

deep-space missions, habitat shielding cannot be the ultimate solution: there might be the 

need to exit the radiation shelter and to operate in lower-shielded areas of the habitat when the 

event is in progress, or the risk of being caught by (or alerted for) a SPE without being able to 

immediately get to the radiation shelter. Therefore, innovative solutions based on personal 

shielding have to be envisaged, to avoid the onset of immediate consequences for the 

astronauts’ health, as those following an acute radiation exposure to doses higher than organ-

dependent thresholds. In particular, it is of utmost importance to protect blood forming organs 

(BFO), as the lethality of an acute exposure can be mainly attributed to heavy damages to the 

hematopoietic system. Among possible solutions, those making use of multi-functional 

resources already available in the space habitat have to be preferred, thus avoiding the costs 
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and logistic constraints of adding extra material solely for shielding purposes to the mission 
payload. Water is an excellent candidate material, as it is a necessary on-board resource with 
good shielding properties, provided that its use for shielding does not lead to its waste [2-4]. 

3� THE GARMENT PROTOTYPE: DEVELOPMENT, TEST ON THE ISS AND 
SHIELDING EFFICACY  

3.1� The PERSEO garment prototype  

The prototype (Figure 1a) is a sleeveless Nomex® Garment with 4 embedded water containers 
made of Coretech® (Saint-Gobain), all connected by a circuitry system with valves and a 
single interface to allow for use of ISS water resources. The garment is fillable with ~22 liters 
of water, and, when filled, water bags reach a thickness of ~7 cm. The lateral dimensions of 
the bags have been tailored on the astronaut’s torso: bags protecting the astronaut’s back are 
37 x 37 cm2, while bags protecting the upper chest and abdomen are 25 x 25 cm2. In 
compliance with safety requirements to prevent water leakage when filling, bags were 
designed to resist high differential pressure (24 psig) at the filling interface without leakage or 
rupture. Structural analysis (with LS-DYNA) and dedicated ground-verification tests have 
been conducted to verify this requirement. As the water dispenser system indicated for use by 
NASA delivers iodinated water, break strength measurements after immersion tests have also 
been conducted to verify the compatibility of Coretech® with iodinated water, and choose the 
appropriate size of welded joints used for manufacturing the bags. The release by the material 
of hazardous substances of any kind in the water (both volatile organic compounds and 
polycyclic aromatic hydrocarbons, for all parameters subject to water primary drinking 
regulations) has also been excluded. Bags in the integrated configuration also underwent a 
series of soaking and rinsing steps, to verify the appropriate cleanliness requirement before 
filling (particulate counts in size classes and the absence of non-volatile residue). Finally, the 
system was successfully tested for endurance to vacuum. 
On August 14, 2017, the PERSEO payload (ad-hoc manufactured Nomex® transport bag 
containing the vacuumed PERSEO garment) was successfully launched with the Dragon 
spacecraft within SpaceX twelfth commercial resupply services mission, from NASA 
Kennedy Space Center, Florida. Dragon was captured and successfully docked to the ISS two 
days later, on August 16 [1]. 

3.2� The experimental session on board the ISS  

The PERSEO session on board the ISS took place on November 7, 2017. The scientific 
objectives of the experimental session have been fully achieved and the astronaut carried out 
on-board operations as planned, with no deviation from the procedures. Operations were 
followed real-time both from NASA mission control center and from the Italian team of 
developers. The outcome of the session has been evaluated based on analysis of pictures and 
video recording and on the feedback collected from the astronaut in a dedicated questionnaire 
and in a post-mission debrief session with the developers. The filling (~20 min) and draining 
(~40 min) of the garment have been judged extremely easy to perform, with no water waste, 
the duration of such phases being dictated by the characteristics of the water filling/draining 
interfaces indicated for use by NASA. Once filled, the astronaut wore the garment for ~30 
minutes (Figure 1b), judging it comfortable enough, not significantly hindering his 
movements and not posing major problems because of increased inertial mass. As minor 
discomfort, he reported a slight feeling of cold (due to the temperature of on-board water used 
for the filling being lower than body temperature), which suggests the implementation of a 
thermic insulation for the bags, and the possibility of displacement of bags on the torso, which 
suggest the implementation of further tightening systems [1]. 
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3.3� Shielding effectiveness  
We performed GRAS-Geant4 Monte Carlo simulations with an anthropomorphic phantom, 
exposed to different reference solar proton spectra with and without a simplified software 
replica of the PERSEO garment. The phantom is placed in an Al module, whose wall 
thickness is varied in the range 1.5 to 10 cm, to mimic exposures in different shielding 
conditions. As main indicator of the garment shielding effectiveness, we take the dose 
reduction to blood forming organs, taking into account the importance of different bone 
structures in terms of their content of red bone marrow, the tissue actively producing blood 
cells. Calculations in this simplified simulation setup give a dose reduction value to BFO of 
42 ± 3% for the lowest-shielded condition, which is decreased to ~30% in case of thicker 
shielding, when habitat walls are themselves responsible for the stopping and/or slowing 
down of a part of the spectrum of incoming solar protons. Dose reduction results can be 
translated in terms of increase of the time interval before a given dose threshold for the onset 
of health effects is reached: such dose limit is set to 250 mGy-Eq (physical dose in mGy 
multiplied by a relative biological effectiveness weight of 1.5 for protons) by NASA for BFO. 
Considering a peak dose rate of ~ 100 mGyEq/h for an astronaut caught by a SPE during 
intra-vehicular activities in a low-shielded area of the habitat, the BFO dose limit would be 
reached in ~2.5 hours if the astronaut is not wearing any personal personal protection device, 
or in almost double of this time if he/she is wearing a garment similar to the PERSEO 
prototype. For all details see [1] and references therein. 
 

        
          (a)                   (b) 

Figure 1: The PERSEO garment prototype, (a): during pre-flight inspection at Johnson Space Center 
(JSC) – Houston, USA; (b) worn by ESA astronaut Paolo Nespoli during the experimental session on 

board the ISS. 

4� CONCLUDING REMARKS 
The successful outcome of the PERSEO project demonstrates the feasibility of personal 
radiation shielding using on-board water as a strategy complementary to habitat shielding for 
future deep-space human exploration missions.  
The characteristics of the first PERSEO technological demonstrator are the results of a wide 
variety of constraints (human factors, safety requirements and limitations of available 
resources) and requirements, not least those dictated by the specific characteristics of the 
interfaces for water delivery/recovery on board the ISS, indicated by NASA for use in this 
experimental session. For the development of future models to be used in different space 
habitats, water interfaces with appropriate characteristics should be selected/designed. This 
would certainly allow the design and manufacturing of water containers with more ergonomic 
shapes, while for this prototype a regular “parallelepiped” shape was the preferred option, 
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mainly because of the requirement of resistance to a high differential pressure at filling. This 
would lead to a sure improvement of the garment wearability, that has been already judged 
positively for this first prototype. A new water delivery system could also be thought as faster 
and allowing the filling of multiple garments at the same time. Alternative strategies could 
also be explored: different garments could be kept filled at all time, used for water storage and 
ready to use for personal radiation protection in case of emergency, if the material in contact 
with water is verified to keep water quality unaltered. If the same concept of a garment with 
embedded protection elements is further explored, the same elements could be thought as 
water-storage devices, to be extracted from the garment and used to increase wall shielding at 
need when the garment is not in use.  
Concluding, the know-how acquired by the PERSEO collaboration in the course of the project 
sets a solid basis for the developments of new-generation space radiation shielding garments 
for use in pressurized space habitats. PERSEO paved the way for the consolidation of 
personal radiation shielding using available resources as a fundamental strategy in view of 
future interplanetary missions as the one to Mars [1]. 
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ABSTRACT

In this paper we study active balancing systems tailored to space applications which involve
rotating devices mounted on spacecraft. The behavior of these systems can be severely affected
by the force and torque arising at the interface point from unpredictable inertial asymmetries
of the rotating device. Therefore, a suitable mechanism to counteract unbalance effects must be
envisaged: we suggest using a set of actuated movable masses and sensors and a control law
assigning the position of the masses to cancel the rotor unbalance. The control design that we
propose is based on tools of harmonic control and provides satisfactory performance even in
the presence of parameters uncertainties.

Keywords: Rotating orbital device, Rotational unbalance, Adaptive control

1 INTRODUCTION

Future space missions will increasingly rely on payloads the operation of which will require
them to rotate with respect to the platform. These systems need a careful design, because the
unbalanced force and moment connected to inertial asymmetries can lead to the reduction of
accuracy and stability of the satellite’s attitude and the aroused vibration in the satellite will
directly affect the quality of the collected data. These problems are magnified when the payload
is large and, as a consequence, the working life could become shorter and operational reliability
could degrade. Even worse, the attitude control system may fail to stabilize the spacecraft or the
unbalanced loads may damage the motor sustaining the spin motion, thereby undermining the
outcome of the mission. Accommodation restrictions, whether due to launcher fairing envelopes
or limitations and constraints by the spacecraft, make it necessary to stow for launch and de-
ploy in-orbit the payloads that are exceeding these restrictions due to their required operational
dimensions [1]. For this reason the inertial properties cannot be predicted with high accuracy,
so that the resulting unbalances might have to be corrected at commissioning by means of a
dedicated balancing system [2]. In this paper a concept for such a system, inspired by previous
works [3] on the design of active balancing systems (short, ABS) is presented and discussed.
More precisely, a detailed analysis of the balancing problem is carried out by referring to an
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ABS concept based on actuated movable masses and a set of sensors. Furthermore, an ana-
lytical framework for the design of proposed ABS is briefly outlined. In the last part of the
paper, a simplified benchmark model of the proposed ABS is presented together with dedicated
solutions to the active control problem, based on ideas borrowed from Harmonic Control (short,
HC) [7, 4, 6]. The performance level achieved by the proposed control design is assessed in
a simulation scenario based on a multibody model of the system. We provide results also for
the case in which parametric uncertainties are accounted for in the simulation model and we
show the performance improvement gained when a preliminary identification step is carried out
before applying the control law.

2 PROBLEM STATEMENT

This section is devoted to presenting the problem addressed in this work. We consider a system
made by a rigid body, with uncertain inertial properties, which is rotating about a fixed axis at
constant angular velocity. As mentioned in the Introduction, this case is representative of space
applications in which a rotating device (henceforth called ”rotor”) is mounted on a spacecraft.
To tackle the undesired effects associated with rotor unbalance, we suggest using an active
balancing system made by a set of M movable masses mounted on the rotor and sensors capable
of measuring the inertial components of the joint force and torque to be canceled. We assume
that the rotor is spinning at constant angular velocity about the third axis of the inertial frame1.

In this setting, the rotor configuration is described by R(θ) =
[

cos(θ) sin(θ) 0
−sin(θ) cos(θ) 0

0 0 1

]
, where θ is

the angle of rotation. By definition, R is a rotation matrix that transforms vector components
from the inertial frame (OI,{i1, i2, i3}) to the body frame (OB,{b1,b2,b3}). Due to the joint
constraint, we have the following relationships: OI = OB =: O and i3 = b3. The position of the
i-th balancing mass, resolved in the inertial frame, is a function of the corresponding relative
displacement si ∈ R as follows:

ri = RT (r̄i + sini) (1)

where r̄i = [ x̄i ȳi z̄i ]T ∈ R3 is the zero location (si = 0) of the i-th balancing mass and ni ∈ R3

is the unit vector assigning the corresponding displacement direction. The velocity of the i-th
mass, resolved in the inertial frame, is given by

ṙi = RT (ṡini +ω × (r̄i + sini)) , (2)

where ω = θ̇e3 = [0 0 θ̇ ]T is the (constant) angular velocity of the rotor. In the following, we
use the compact matrix notation S(ω)x = ω × x to represent the cross product operation.
The objective of the ABS is to guarantee that the in-plane components of the reaction force and
torque at joint O, measured by sensors, are ideally canceled. To this end, we first compute the
inertial components of the force and torque ( fO,τO) at joint O by applying Newton’s law:

τ I
O =

dh
dt

, f I
O =

dQ
dt

(3)

where h and q are the angular and linear momentum, respectively, whose expressions are not
reported for space limitations. Herein, JR ∈ R3×3 and mR ∈ R>0 are the inertia matrix with

1Equivalently, we assume that the attitude control system is capable of instantaneously rejecting the distur-
bances associated with rotor unbalance. Future work will address the rotor-ABS coupling problem.
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respect to O and the mass of the rotor, respectively, mi ∈R>0 is the i-th balancing mass, rR
G ∈R3

is the location of the rotor center of mass, resolved in the body frame. Then, the in-plane
components of f I

O and τ I
O can be derived from (3) to obtain

[
f I
O1

f I
O2

τ I
O1

τ I
O2

]T
=

[
R̄(θ(t)) 0

0 R̄(θ(t))

][
f B
O1

f B
O2

τB
O1

τB
O2

]T
, (4)

where R̄(θ(t)) =
[

cos(θ(t)) −sin(θ(t))
sin(θ(t)) cos(θ(t))

]
and, given e1 = [1 0 0 ]T and e2 = [0 1 0 ]T ,

f B
O1

=−θ̇ 2

(
mRxR

G +
M

∑
i=1

mi(x̄i + sieT
1 ni)

)
+2θ̇

M

∑
i=1

mieT
2 niṡi +

M

∑
i=1

mieT
1 nis̈i fO (5)

f B
O2

=−θ̇ 2

(
mRyR

G +
M

∑
i=1

mi(ȳi + sieT
2 ni)

)
−2θ̇

M

∑
i=1

mieT
1 niṡi +

M

∑
i=1

mieT
2 nis̈i fO (6)

τB
O1

=−θ̇ 2

(
JR

23 −
M

∑
i=1

mi(ȳi + sieT
2 ni)(z̄i + sieT

3 ni)

)
+

M

∑
i=1

mi [0 −z̄i ȳi ]nis̈i

+ θ̇
M

∑
i=1

mi

(
[−z̄i 0 x̄i ]ni + eT

1 S(ni) [−ȳi−sieT
2 ni x̄i+sieT

1 ni 0 ]T +[0 −z̄i−sieT
3 ni ȳi+sieT

2 ni ]ST (ni)e3

)
ṡi

(7)

τB
O2

= θ̇ 2

(
JR

13 −
M

∑
i=1

mi(x̄i + sieT
1 ni)(z̄i + sieT

3 ni)

)
+

M

∑
i=1

mi [ z̄i 0 −x̄i ]nis̈i

+ θ̇
M

∑
i=1

mi

(
[0 −z̄i ȳi ]ni + eT

2 S(ni) [−ȳi−sieT
2 ni x̄i+sieT

1 ni 0 ]T +[ z̄i+sieT
3 ni 0 −x̄i−sieT

1 ni ]ST (ni)e3

)
ṡi.

(8)

Without loss of generality, we assume that the rotor and the balancing system can be split in a
nominal balanced configuration and perturbation terms as follows:

mRxR
G +

M

∑
i=1

mix̄i = S̄1 +∆S1 = ∆S1

JR
13 −

3

∑
i=1

x̄iz̄i = J̄13 +∆J13 = ∆J13

mRxR
G +

M

∑
i=1

miȳi = S̄2 +∆S2 = ∆S2

JR
23 −

3

∑
i=1

ȳiz̄i = J̄23 +∆J23 = ∆J23

(9)

where, given i = 2,3, S̄i and ∆Si denote the static moment and the corresponding perturbation
and similarly J̄i3 and ∆Ji3 denote the nominal inertia moment and the corresponding perturba-
tion. For constant perturbations, balanced equilibrium conditions (ṡi = s̈i = f B

O1
= f B

O2
= τB

O1
=

τB
O2

= 0) can be obtained provided that there is a sufficient number of (suitably) placed balancing
masses. Specifically, a basic requirement is that the system

M

∑
i=1

mieT
1 nisi =−∆S1

M

∑
i=1

mieT
2 nisi =−∆S2

M

∑
i=1

mi
(
(eT

2 ni)(eT
3 ni)s2

i ȳi(eT
3 ni)+ z̄i(eT

2 ni)si
)
= ∆J23

M

∑
i=1

mi
(
(eT

1 ni)(eT
3 ni)s2

i x̄i(eT
3 ni)+ z̄i(eT

1 ni)si
)
= ∆J13,

(10)
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derived from equations (25)-(26), admits at least one solution. By defining w= [ f B
O1

f B
O2

τB
O1

τB
O2 ]

T

and by means of (9), equations (25)-(26) can be compactly written as:

w =
M

∑
i=1

Ci
absy

i
a +Dabsd, (11)

with yi
a = [ si ṡi s̈i ]T , d = [∆S1 ∆S2 ∆J13 ∆J23 ]T . The exact expressions of Ci

abs and Dabs can be
derived from (5)-(8) but is omitted here for space reasons. The ABS system includes position-
controlled linear actuators to assign the motion of the balancing masses. Assuming a linear
behavior, we can compactly write the actuators dynamics as

ẋa = Aaxa +Bau, ya =Caxa +Dau (12)

where xa = [ x1
a ··· xM

a ]T ∈ RMna is a vector including all the states of the M actuators, ya =
[ yi

a ··· yM
a ]T ∈RMna is a vector collecting the outputs defined in (11) and u= [u1 ··· uM ]∈RM is the

vector of control variables, i.e., the desired positions of the masses. Finally, Aa = blkdiag(Ai
a),

Ba = blkdiag(Bi
a), Ca = blkdiag(Ci

a) and Da = blkdiag(Di
a) are block diagonal matrices formed

from the quadruples (Ai
a,Di

a,Ci
a,Di

a) characterizing the i-th actuator dynamics, which has order
na. The inertial in-plane torque and force, i.e., the components of vector R̄(θ(t))w, are assumed
to be measured by suitable sensors, for which we assume again a linear behavior, described by:

ẋs = Asxs +BsR̄(θ(t))w = Asxs +BsR̄(θ(t))(CabsCaxa +CabsDau+Dabsd) , ys =Csxs (13)

where Cabs = [C1
abs ··· CM

abs ]. By defining x = [ xa xs ]T and y = ys, the overall system can be written
in state-space form as follows:

ẋ = A(t)x+Bu(t)u+Bd(t)d y =
[
0 Cs

]
x (14)

where

A(t) =
[

Aa 0
BsR̄(θ(t))CabsCa As

]
Bu(t) =

[
Ba

BsR̄(θ(t))CabsDa

]
Bd(t) =

[
0

BsR̄(θ(t))Dabs

]
. (15)

3 CONTROL LAW DESIGN

3.1 Overview of Harmonic Control

A typical non-adaptive Harmonic Control (HC) system is based on a discrete time mathematical
model describing the response of the system to harmonic inputs with the general form

yN(k) = Tu(k)+dN(k), (16)

where k is the rotor revolution index, yN ∈ R2ny is a vector of N/rev harmonics of measured
outputs

yN(k) =
[

yNc(k)
yNs(k)

]
=

[
1
π
∫ (k+1)π

kπ y(ψ)cos(Nψ) dψ
1
π
∫ (k+1)π

kπ y(ψ)sin(Nψ) dψ

]
(17)

u ∈ RN is a vector of control inputs, and T is a 2ny ×N constant matrix. The vector dN ∈ R2ny

contains the N/rev harmonics of the ”baseline” vibrations, i.e., the vibrations in the absence of
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HC. The HC inputs are generally updated at discrete time intervals, for example, once per rotor
revolution. The conventional HC control law is derived by minimizing at each discrete-time
step k the cost function

J(k) = yN(k)T QyN(k)+∆uN(k)T R∆uN(k) (18)

where Q = QT ≥ 0, R > 0 and ∆u(k) = u(k)−u(k−1) is the increment of the control variable
at time k. Differentiating equation (18) with respect to ∆uN(k) yields the T -matrix control law

u(k+1) = u(k)−KyN(k) (19)

where K = (T T QT +R)−1T T Q.

3.2 Harmonic transfer function and T-matrix computation

This section summarizes the main aspects of the development of the Harmonic Transfer Func-
tion (HTF) (see [7] and the references therein). Consider a continuous-time linear periodic
system:

ẋ(t) = A(t)x(t)+B(t)u(t), y(t) =C(t)x(t)+D(t)u(t). (20)

By deriving Fourier expansions for A(t), B(t), C(t) and D(t), it is possible to prove that the
EMP (Exponentially Modulated Periodic) steady-state response of the system can be expressed
as the infinite dimensional matrix equation with constant elements

sX = (A−N )X +BU , Y = CX +DU (21)

where X , U and Y are doubly infinite vectors formed with the harmonics of x, u and y respec-
tively, organized as X T =

[
· · · xT

−2 xT
−1 xT

0 xT
1 xT

2 · · ·
]

and similarly for U and Y . A, B, C and
D are doubly infinite Toeplitz matrices formed with the harmonics of A(·), B(·), C(·) and D(·)
respectively (see [7]). From equation (21), one can define the HTF operator:

G(s) = C[sI− (A−N )]−1B+D (22)

which relates the input harmonics and the output harmonics (contained in the infinite vectors U
and Y respectively). The T -matrix used in the formulation of HC algorithms can be related to
the elements of the HTF of the model, following the procedure presented in [7]:

T = 2
[

Real[GN,0]
Imag[GN,0]

]
(23)

where GN,0 is obtained from the steady state response Y = [ ··· y−2N y−N y0 yN y2N ··· ], given by
Y = G(s)|s=0U , for a constant input u(t) = u0, i.e., UT =

[
· · · 0 0 uT

0 0 0 · · ·
]
.

3.3 Robustness analysis

The implementation of HC control requires the knowledge of matrix T : an erroneous model
of such matrix could result in deteriorated performance and even instability of the closed-loop
system. When an estimate T̂ = T +∆T is given, closed-loop stability is guaranteed [6] if

σmax(∆T )<−σmax(T )
2

+
1
2

√

σmax(T )2 +4
σmin(R)
σmax(Q)

(24)
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where σmin(·),σmax(·) denote the minimum and maximum singular values, respectively. Equa-
tion (24) points out that there is an unavoidable trade-off between robustness and performance
properties of the closed-loop system. As shown in Figure 2 for the simulation scenario reported
in Section 4, the higher the ratio ρ = σmax(Q)

σmin(R)
(usually set as a performance indicator) the lower

is the robustness degree, meaning that a smaller relative uncertainty can be tolerated by the
system [5].

4 SIMULATION RESULTS

4.1 Simulation model: single-plane balancing system

By referring to equations (5)-(8), one sees that the balancing problem can be decoupled in two
sub-problems, one for the xz plane and one for the yz plane, provided that the ABS is made by
a suitable set of strokes directed along the coordinate axes. Therefore, to simplify the testing
of the proposed control design, we refer to an ABS for the xz plane alone consisting of three
movable masses in which the first mass can be moved along the x-axis (n1 = e1) while the other
two along the z-axis n2,3 = e3) (see Figure 1). The two red masses shown in the figure are used
to replicate the effects of inertial asymmetries in the rotor.

Figure 1: Multibody model of the breadboard.
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Figure 2: Robustness-performance trade-off.

For this setup, the reaction force f B
O1

(5) and torque τB
O2

(8) are given by the following expres-
sions:

f B
O1

=−θ̇ 2 (∆S1 +m1s1)+m1s̈1 (25)

τB
O2

= θ̇ 2 (∆JR
13 −m1z̄1s1 −m2x̄2s2 −m3x̄3s3

)
+

3

∑
i=1

mi [ z̄i 0 −x̄i ]nis̈i (26)

where ∆S1 = m4x̄4 +m5x̄5 and ∆JR
13 = −m4x̄4z̄4 −m5x̄5z̄5. The proposed ABS is capable of

balancing the rotor for any perturbation ∆S1 and ∆J13 since the system

[
m1 0 0

m1z̄1 m2x̄2 m3x̄3

]⎡

⎣
s1
s2
s3

⎤

⎦=

[
−∆S3
∆J13

]
, (27)
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derived from equations (25)-(26), admits ∞1 solutions provided that x̄2 and x̄3 are different from
zero. Moreover, the matrices in equation (11) are given by:

C1
abs = m1

[
−θ̇ 2 0 1
−θ̇ 2z̄1 0 z̄1

]
, C2

abs =−m2

[
0 0 1

θ̇ 2x̄2 0 x̄2

]
, C2

abs =−m3

[
0 0 0

θ̇ 2x̄3 0 x̄3

]
. (28)

For simplicity, we consider second order systems for both the actuators and the sensors dynam-
ics with unit DC-gain. Matrix A(t), computed according to (15), can be expanded in a complex
Fourier series A(t) = ∑∞

m=−∞ Ame jmΩt : it can be easily seen from its definition that only the
terms A0,A1 and A−1 are different from the zero matrix for the considered case. Expanding in
the same fashion B(t) and C, the Toeplitz matrices A, B, C are given by:

A=

[
A0 A−1 0
A1 A0 A−1
0 A1 A0

]
, B =

[
B0 B−1 0
B1 B0 B−1
0 B1 B0

]
, C =

[
C0 0 0
0 C0 0
0 0 C0

]
. (29)

Finally, it is possible to derive the T -matrix to apply HC by means of equations (22), (23).

4.2 Control law tuning

As explained in Section 3.3, the selection of the weighting matrices Q,R in the T -matrix algo-
rithm (19) is based on the trade-off between performance and robustness. Indeed, Figure 2
shows that it is impossible to achieve a high level of performance (measured by the ratio
∥y(t f )/y(t0)∥∞) together with a high degree of robustness(10% uncertainty on the T -matrix).
For this reason, an on-board identification is needed in order to have a better estimate of the
system dynamics. The Recursive Least Squares (RLS) algorithm seems the natural choice for
this task, given the linear nature of the model [5].

4.3 Numerical results

In this section a numerical example is reported to illustrate the performance of the proposed
ABS combined with HC. For this purpose, a multibody model written in the Modelica modeling
language has been developed (see Figure 1). The performance of the control law has been
analyzed when the T -matrix is exactly known and when it is T̃ = 0.9T . The results obtained for
the former (ideal) case are plotted in Figure 3: as expected, a satisfactory vibration suppression
is achieved after one update of the control law. The residual oscillations shown at steady state
are related to the selected value of ρ = 3, which guarantees a 99% suppression of the loads (see
Figure 2). In the latter case, the results of the standard HC based on T̃ (erroneous model) are
compared with those obtained when an open-loop identification step is performed to estimate T
prior to the application of HC. In Figure 4 one can appreciate the benefits of the identification
step in achieving a faster and better rejection of the unbalance loads.

5 CONCLUSIONS

In this work we presented preliminary results on the problem of rotor balancing with focus to
spacecraft applications: to mitigate the effect associated with inertial asymmetries, we proposed
an active system made by actuated movable masses and suitable sensors. We showed that such a
concept, combined with a controller based on harmonic control ideas, is capable of significantly
reducing the force and torque induced by the unbalance at the interface between the fixed and
the rotating part, even in the presence of imperfect knowledge of the system parameters.
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Figure 3: Force and torque suppression - ideal
case.
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Figure 4: Force and torque suppression - HC
with/without the identification step.
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A LOST CHANCE: THE HIGH DIRECTORATE FOR STUDIES AND TESTS (1927-1943) 

Lt. Gen. Basilio Di Martino 

 

In 1927, following the establishment of the Regia Aeronautica as an independent service, all 

research and experimental activities were grouped together and placed under the control of a 

specific directorate, Direzione Superiore Studi ed Esperienze (DSSE), or High Directorate for 

Studies and Tests. The location was the airfield existing near Montecelio, not far from Rome, a 

place soon to be renamed as Guidonia, from General Alessandro Guidoni the first chief of the Air 

Force Engineers Corps who died in 1928 at Montecelio testing a new model of parachute. Guidonia 

was intended to be the City of the Air, and the seat of the DSSE, that thanks to the inspiring vision 

of Italo Balbo and his organizing and managing capabilities, in a very short span of time was fully 

manned and equipped at a very high quality standard. Unfortunately, when in 1933 Balbo left his 

position as Minister of the Air Force, and due to the high consuming effort required by the military 

campaigns in Ethiopia and Spain, let alone the lack of a clear and sound industrial strategy, 

Guidonia did not live up to the expectations and the DSSE season was to coincide with the 

beginning of the technical decline of a proud air force. To this extent Guidonia was a lost chance. 

*** 

The rationale behind a decision 

 

When the Regia Aeronautica was created, a center dedicated to study and experimentation in all 

matters related to aeronautics was already active and operating on Montecelio airfield. In 1923 the 

Experimental Aeronautical Institute,  while inheriting the mission and the personnel of the existing 

Central Aeronautical Institute, was organized in a Technical Directorate, a Procurement Directorate 

and an Experimental Directorate for Military Aviation (Direzione Sperimentale dell’Aviazione 

Militare - DSAM). This third directorate, initially entrusted to Lieutenant Colonel Cesare Dal 

Fabbro, four months later was given to Lieutenant Colonel Giulio Costanzi, the Montecelio airfield 

being the designated site for all test activity. From the following year, all the instrumentation and 

the equipment was gradually moved to Montecelio, with the exception of the wind tunnel that 

would have continued to operate for several years in the old Roman headquarters of Lungotevere 

Michelangelo. Meanwhile In 1923 the institute had merged into the Superior Directorate of 

Engineering and Aeronautical Construction but soon the peculiar needs of study and 

experimentation activities suggested separating them from those related to procurement, 

construction and technical management of materials. 
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Italo Balbo, as Undersecretary of State for the Air Force, made himself an interpreter of this need in 

his speech to the Chamber of Deputies on 29 March 1927 in presenting the yearly budget of the 

ministry, which was significantly entitled "The aeronautical policy of fascist Italy" . The new 

organization of the Air Force would have distinguished "the duties and responsibilities inherent in 

the functioning of the services, from those pertinent to the production and procurement of 

materials", attributing the former to a General Directorate for Material, Services and Airports, the 

others to a General Directorate of Construction and Procurement (Direzione Generale delle 

Costruzioni e degli Approvvigionamenti – DGCA). The third pillar of the structure was to be the 

High Directorate for Studies and Experiences (Direzione Superiore Studi ed Esperienze  - DSSE) 

with the task of giving "serious impetus to studies and aerodynamic research and to all the other 

branches of the aeronautics that have direct relevance to the production of aircraft and ancillary 

materials ". These intentions were implemented with Royal Decree No. 1241 of June 23, 1927, with 

which the DSSE was established, clearly distinct from the DGCA created the same year. Major 

General Alessandro Guidoni who in November 1927 was recalled from London, where he was 

serving as air attaché, was to take the lead of both directorates. Guidoni engaged himself in this dual 

task with his usual skill and well-known moral rigor, but his work was abruptly interrupted by his 

death, which occurred on the field of Montecelio on April 27, 1928, while testing a new type of 

parachute. To support the activities of the DSSE, which entered into operation on Montecelio 

airport on February 1, 1928, on May 5, 1928, on the basis of the existing experimental squadrons of 

Montecelio for land aircraft, Vigna di Valle for seaplanes and Furbara for armament, three 

experimental centers with the same mission were established. They were to respond to the DSSE for 

all the experimental, technical and disciplinary issues, while for territorial matters as well as for the 

administration, status and promotion of the personnel they were placed under the Territorial Air 

Zone command, without prejudice to the competence of the General Directorate of Military 

Personnel and Schools regarding assignment and movement of officers, non-commissioned officers, 

ranks and files. This solution, with the three centers as an integral part of a highly technically 

characterized structure, was not in line with the orientation of the Regia Aeronautica regarding the 

organic location and dependence of the flying units, and after a long period of ambiguity and 

uncertainty, on December 10, 1938, the three centers were placed directly under the Air Force 

General Staff and to command them a pilot officer was designated. 

 

Programs and achievements 
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In the meantime, DSSE had become a proper experimental establishment and the new facilities and 

equipment of the directorate were so important in terms of dimensions and technical characteristics 

to give life to a real "City of the Air". Even these developments had been strongly pursued by 

Balbo, who had announced them to the Chamber of Deputies on April 27, 1932, in giving the usual 

year budget speech that was to be published under the title "The future war and the sense of reality". 

His words highlighted a complex of initiatives among which was the creation of a modern study 

and experience center in which to establish permanent headquarters for DSSE. In Balbo's farsighted 

vision, the new Montecelio headquarters, in addition to allowing more appropriate and rational 

activities to be carried out, until then suffocated by the lack of space and the use of existing 

infrastructures that were adapted to the best, would have ensured “the immediate proximity of a 

large aviation field, indispensable for putting abstract science in contact with practical applications, 

without which the former bureaucratizes and becomes almost useless ". The city planning scheme 

had already been studied and Balbo could state that, by that date, "the large hangars for 

experimental equipment and all the facilities related to flight experiences" were already under 

construction, as well as the buildings intended to host studies and research related to "technological 

chemistry, photography, cinematography, optics, weapons, radiotelegraphy and radiotelephony". 

Work was also underway to set up a tank for testing seaplane hulls and a complex of wind tunnels, 

while at the same time it was of paramount importance to provide accommodation for the staff and 

their families: “we need to normalize, from the point of military view, the life of those who work 

with us and for us, including the civilians  and their families”. 

 

Works started on October 23, 1930 and were carried in a timely and regular way according to the 

project conceived by General Gaetano Arturo Crocco, who succeeded Guidoni. On a piece of land  

that flanked the Rome-Pescara railway, facing the existing airfield of Montecelio on the other side 

of the tracks, a complex and rational set of buildings rapidly took shape. Along the Avenue Luigi 

Sella, which ran parallel to the railway, the visitor could find the building of the Radioelectric 

Division, followed by the mess hall, by the directorate headquarters, which hosted the Aircraft 

Division, the Engine and Instruments Division, the Optical-Photographic Section, by the building of 

the Chemical-Technological Division, by the Models Workshop and by the three buildings of the 

Aerodynamic Section, with the large pavilion of  the four small wind tunnels with free horizontal 

vein, for the current type tests on aircraft scale models, propellers, bombs and even torpedoes, with 

a potential wind speed of 70 m/s, and the vertical tunnel, in which the wind blew from the bottom 

upwards, by the impressive close double return tunnel, with the possibility of reaching a 100 m/s 
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wind speed, and finally by the building of the ultrasound stratospheric tunnel, not included in the 

original project but strongly desired by Crocco. The infrastructure of the DSSE was completed by 

the power station, which was the last building along the avenue, by the large covered basin of the 

hydrodynamic tank, in the background behind the other buildings, by the plants of the Motor 

Experiences Department which were located beyond the sloping runway and by the even more 

distant structure for fatigue propeller test. 

The "City of  the Air" was inaugurated by the Prime Minister, Benito Mussolini, on April 27, 1935, 

the anniversary of Guidoni's death, and was named Guidonia to reaffirm the continuity of the 

commitment in scientific and experimental activity. On the same date the first stone of the urban 

nucleus was also placed, subsequently formed in municipality on October 21, 1937. 

The hydrodynamic tank, 436 meters long, 6.50 wide and 3.75 deep, was unique in the world for its 

dimensions, and its two dynamometric wagons, a slow one, which ran centrally with a maximum 

speed of 20 m/s, and a fast one, positioned laterally and capable of a speed of 40 m/s, were designed 

to allow to perform characterization tests on models of floats and hulls. However, the structure was 

used above all for studies and experiences in the field of armament, with particular reference to the 

behavior of bombs and torpedoes on impact with water. In this context, which saw a multiplication 

of initiatives in the years of the Second World War, we can place the definition and the 

development of a system of tail stabilezers aimed to optimize the trajectory of an aerial torpedo and 

to avoiding the phenomenon of porpoising when the weapon entered water, and the testing of 

armament solutions with mixed fortunes such as the bouncing bomb designed by Crocco, which 

remained at the stage of a laboratory model, the similar “hydro-bomb” proposed by the brigadier 

general Federico Zappelloni, which was flight tested in the summer of 1943 but never used in 

operations, and the most famous FFF “motobomba”, or “self propelled bomb” designed by 

Lieutenant Colonel Prospero Freri, chief draftsman Carlo Filpa and by Colonel Amedeo Fiore. This 

peculiar weapon was to be dropped as a regular free fall bomb, slowed down by a parachute which 

detached itself when the bomb entered water to to start a 30-minute spiral run at a depth of one 

meter with a speed between 15 and 20 km/h. It was used by both the Regia Aeronautica and the 

Luftwaffe and proved itself quite worthy against ships in harbour.  

The small galleries of the Aerodynamic Section were designed to be used to support the design and 

development activities of aeronautical companies, it being understood that, thanks to the fact that 

they have identical characteristics, they would have allowed an easy comparison between the 

different models they would present. In reality this did not happen or occurred to a very limited 

extent since the designers preferred to use what they could derive from the literature rather than 
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start a series of  well defined trials at the "City of the Air". The other wind tunnels were used 

according to their characteristics, with studies on the phenomenon of the spin in the vertical tunnel 

and tests carried out in the ultrasonic tunnel on subsonic or supersonic wing profiles. More varied 

were the experiences carried out in the double return tunnel, with tests aimed to a comparison 

between different wing profiles for the MC.200 fighter, the characterization of the S.81 trimotor 

configuration designed for magnetic mines sweeping, with a large octagonal ring suspended on the 

wings and tail fins, tests on engine fairings, aerodynamic brakes, torpedo models, even the 

definition of the aerodynamic regime on the flight deck of an aircraft carrier and design of the 

captain bridge of a cruiser. 

The Motor Experiences Department was the least advanced DSSE component from the point of 

view not only of the plants but also of the contents of the activity, which confirms the unsatisfactory 

situation of this albeit vital sector of aeronautical technique. Of the two test rooms, one for air-

cooled engines, the other for liquid-cooled engines, the second was for a long time little used as a 

result of the choices made by the Regia Aeronautica. It was significantly used only during World 

War Two, and even then not that much for testing national production engines but mostly to 

characterize Daimler Benz engines destined to be produced under license and war prey Rolls Royce 

Merlin engines. The air-cooled engine room was then engaged in testing rather than research, as 

well as the reel room, where endurance tests were performed, and the single-cylinder hall, whose 

equipment was used to determine the octane number. 

The contribution to the war effort of the Radioelectric Division could have been more significant, 

and partly was. The division was initially organized in four sections, transmitters, radio receivers 

and radiogoniometers, special applications and measurements, telephones, then an acoustic 

laboratory was added in 1938 and the outbreak of war the last acquisition was a listening station 

that used the antenna park in Valle Inviolata, two kilometers from Guidonia. The division had 

several routine tasks, such as the transmission of a reference signal to allow the radio centers to 

regulate their oscillators on this, and the execution of comparative tests of capacity and charge-

discharge on batteries intended to be used on board aircraft, but it was distinguished above all by 

the work on new types of equipment. Starting in 1927, the division had developed and supplied 

radio equipment for record-breaking and regular front line, that was then assigned to mass 

production in the industry, and the highest point was reached with the equipment used in both 

Atlantic mass raids.1 The Radioelectric Division also had the task of checking the quality of the 

equipment supplied by the industry, signaling what should have been improved and indicating the 
�������������������������������������������������������������
1 Manisco Giovanni, La radio nei collegamenti e nella guida delle rotte aeree, Rivista Aeronautica, 9/1933. 
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way to follow. Its interventions, however, were conditioned by the fact that his staff, although well 

prepared and with outstanding technical and scientific knowledge, was not familiar with the 

problems of industrial production. The result was a wider and wider gap between the two worlds 

and to make matters worse was the lack of precise directives from the Air Staff about the use of 

radio in aviation. Despite the pioneering use that had been made of it during the Atlantic raids, the 

usefulness of radio, in particular for the fighter component and the air defence duties, was 

recognized by the Regia Aeronautica with an undeniable delay, and the problem was properly 

tackled only from 1941 onwards, even being forced to deal with a series of shortfalls and technical 

problems mostly caused by the lack of industry experience. Among the other activities of the 

Radioelectric Division, it is right to mention the design and the development of the "Saturn", the 

aforementioned S.81 aircraft equipped for the blasting of marine magnetic mines, the development 

of both ground and airborne radiolocalizers, nowadays better known as radars, and the realization of 

an IFF apparatus derived from war prey equipment. Common to these programs was the fact that 

they did not have a real operational impact, a not unusual destiny for the technical solutions studied 

in Guidonia: the production of the 12 "Saturn" aircraft was interrupted in September 1943 and the 

armistice prevented that the "Argo" and "Vespa" radiolocalizers and the IFF apparatus arrived at the 

front line units. The lack of a real understanding of the operational problem, as well as Italian 

isolation in the scientific and industrial field determined both by the economic sanctions and by the 

international political climate of the second half of the Thirties, impacted heavily in this field, even 

more than in ground-to-ground communications, and to make things worse was an unrealistic idea 

of alleged self-sufficiency. 

Parallel to the studies and tests, at Guidonia an intense activity of evaluation and verification of the 

performances and characteristics of aircraft and materials proposed by the industry, considered for 

procurement or already procured by the Air Force was taking place. This work was carried out by 

the Experimental Flight Centers, and the airfield of Guidonia hosted routinely all types of aircraft 

intended to equip the squadrons of the Regia Aeronautica. The list is a long one and includes the 

trimotors S.79, S.81, S.84, Cant Z.1007 bis, S.75, S.82, G.12, the twin-engine BR.20, Ba.88, Cant 

Z.1018, the four-engine P.108, the single-engine fighters MC.200, G.50, IMAM Ro.51, Fiat CR.42, 

Re.2001, MC.202, Re.2005, G.55 , MC.205, and is closed by the four-engine SM.95, which arrived 

in 1943 just a few days before the armistice. 

 

The flaws of the Italian aeronautical "system" 
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At the end of the 1930s the race for records, and the successes achieved in the skies of Spain after 

the good performance provided in East Africa, had the Regia Aeronautica to nurse a feeling of 

excessive security and unjustified optimism that the new Chief of Staff and Undersecretary of State, 

General Francesco Pricolo, designated to replace Giuseppe Valle on October 31, 1939, tried to 

counter, in the belief that in the continuous search for ever new records and prestige targets had 

conjured to make of the air force a building without a solid supporting structure. The quest for 

efficiency should have instead prevailed and such an attitude, marked by an open aversion to those 

façade manifestations that had so much characterized the Regia Aeronautica in the 1930s, was 

reflected in several changes in the leadership of the air force. In this context, Pricolo deemed it 

necessary to replace the general of the Engineer Corps, Cristoforo Ferrari, in charge of the DSSE 

from the spring of 1935, with general Mario Bernasconi, a pilot and not an engineer, in the 

conviction of bringing in this way a "breath of renewal in the activity of the Guidonia Center ".2 Of 

Ferrari, at the same time appointed inspector of Engineer Corps, Pricolo recognized the great 

experience and profound culture, but believed that he had lost grip, letting himself be conditioned 

by the reassuring certainties that came from primates and raids. The celebrated Guidonia 

experimental center had produced rather modest results, and in any case not such as to allow a 

significant qualitative leap, and this despite the high professional level of its staff. The reasons for 

what can be considered a substantial failure should therefore be sought elsewhere, placing the 

experience of DSSE in a context characterized by the difficulties of a rapidly growing organization, 

such as the Regia Aeronautica, and the lack of a clear technical and operational vision, as well as 

the intrinsic weakness of the national industrial apparatus. The Italian aeronautical industry of the 

interwar period enjoyed indeed a prestige higher than its actual capabilities, which suffered a 

sudden meltdown in the 1930s, failing to keep pace with the technological leap of those years. The 

government's attempt to recover the disadvantage while increasing the productive base only made it 

possible to determine a situation in which the poor quality of the products was accompanied by their 

excessive variety, without even succeeding in achieving the goal of mass production, for the which 

the technical and cultural conditions were lacking. The tendering competitions that in the second 

half of the 1930s should have given substance to the air fleet renewal programs, revealed instead the 

difficulties of an industry that was significantly behind the standards of aeronautical technology. If 

the Regia Aeronautica arrived at the supreme test of war with so many flaws, despite the numerous 

records and the organizational success of mass raids, Guidonia certainly had faults, but these must 

�������������������������������������������������������������
2 Francesco Pricolo, La Regia Aeronautica nella Seconda Guerra Mondiale (novembre 1939-novembre 1941), Ed. 
Longanesi, Milano, 1971, pp. 138-139.  
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be seen within the frame of organizational dysfunctions and technical limits which jeopardized the 

effectiveness of the national aeronautical "system". 

Lt. Gen. Basilio Di Martino 

 

 

 

 
Fig. 1 - The hydrodynamic tank of DSSE in a well-known image that highlights the fast 

dynamometer, capable of 40 m/s, with a model of seaplane. (AUSSMA) 

 
Fig. 2 - One of the four free-wind wind tunnels of the Aerodynamic Section of the DSSE during a 

test cycle in September 1936. (AUSSMA) 
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ABSTRACT 

RUDOLPH (Reliable Unbiased Determination Of user Location in Polar and High latitude 

arctic areas) project is presented, investigating the feasibility of a Satellite-Based 

Augmentation System (SBAS) for safe maritime navigation in the arctic region. The project 

has been developed as the result of team-working student activities within the 2019 Space 

Mission Design course at the University of Naples “Federico II”. Based on a system 

engineering approach, trade-offs among user needs, system and mission requirements, and 

constraints have been carried out, considering both measures of performance and figures of 

merit, leading to the selection of the candidate mission concept. 

Keywords: Arctic Region, Maritime Navigation, Global Navigation Satellite System, 
Galileo, Satellite-Based Augmentation System, Mission Concept.

1. INTRODUCTION 

The Arctic Ocean has gained economic attention because of the recession of the Arctic sea ice 
of more than 50% since 1980 and this decrease in sea ice coverage has triggered the 
expansion of many industries in the Arctic. According to estimates from the U.S Geological 
Survey (USGS), the Arctic holds approximately 13% of the world’s undiscovered oil reserves, 
20% of its undiscovered LPG (Liquefied Petroleum Gas) reserves, and 30% of undiscovered 
gas reserves and approximately 84 % of these resources are estimated to be located offshore 
[1]. As a result of this, activities in drilling for oil, gas, and natural minerals are increased in 
this region as these natural resources are becoming available for extraction. In addition to 
increased drilling for oil and gas, both shipping and ecotourism is on the rise as new shipping 
routes are being created. The reason for this increase in Arctic marine traffic is that as polar 
ice caps recede, more waterways are becoming available: traffic along the Northern Sea Route 
along the coast of Russia has increased 20% per year between 2009 and 2013, traffic in the 
Canadian Arctic nearly doubled between 2005 and 2010, with voyages through the Northwest 
Passage more than tripling [2]. Figure 1 illustrates the results of a study at NASA Goddard, 
estimating that the perennial ice extent is shrinking by 12.2% per decade [1]. 
The risks related to the increase of vessel traffic in the Artic regions is clear, in terms of spills, 
pollutants, collisions. Hence there is an ever-increasing need for reliable navigation services 
in the artic regions. Global Navigation Satellite Systems (GNSS), such as GPS, Galileo, 
Glonass, and Beidu, are known to suffer from major limitations when applied to polar areas. 
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The service turns to be unavailable, not enough accurate, or not reliable. The latter point is 
related to the impossibility to generate alerts if the expected accuracy is beyond an assigned 
safety level. Geostationary Augmentation Satellites, e.g. within EGNOS, WAAS programs, 
which support those tasks in low to mid latitudes are not available in the artic regions. There 
is thus the need to extend to artic regions the same level of performance guaranteed to low 
and mid latitude users. In addition to positioning services, it would be desired to provide users 
with information related to the current status of ice, weather data, and whether a specific route 
is available in a given time frame. Moreover, the possibility for the user to rely on standard 
GNSS hardware equipment is of great interest to limit integration issues of this service into 
standard navigation procedures and tools. 

 
Figure 1: Reduction of perennial sea ice from 1980 to 2012 [1]. 

This paper presents RUDOLPH (Reliable Unbiased Determination Of user Location in Polar 
and High latitude arctic areas) project which has been developed as the result of team-
working student activities within the Space Mission Design course at the University of Naples 
“Federico II”. Two alternative mission concepts have been investigated to realize a Satellite-
Based Augmentation System (SBAS) for the arctic region. The first one is based on a 
constellation of LEO satellites orbiting in two different planes whereas the second one 
exploits a satellites constellation of Molniya orbits. Both constellations are completed by the 
relevant network of ground stations as for standard SBAS operations. Based on a system 
engineering approach, trade-offs among user needs, system and mission requirements, and 
constraints have been carried out, considering both measures of performance and figures of 
merit, leading to the selection of the candidate mission concept. 
The paper is organized as follows. Section 2 reports on the analysis of user needs in the 
maritime domain, the applicable constraints and the relevant initial requirements. Two 
alternative mission concepts that are able to cope with those requirements and constraints are 
presented in section 3. Mission budgets are derived in Section 4 for both the investigated 
solutions and were used to support the selection of the candidate mission concept. 

2. USER NEEDS, CONSTRAINTS AND INITIAL REQUIREMENTS 

Artic is defined as the region above 67° latitude in the northern hemisphere (see Figure 2).  
RUDOLPH project is focused on safe maritime navigation. The combination of an 
increasingly ice-free and hostile climatic environment in the arctic demands an improvement 
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in the environmental security strategy: in fact environmental remediation, natural and man-
made disaster response, and search and rescue activity becomes more and more important. All 
these issues and needs are analysed in the Arctic Council [1], which is a meeting between the 
five Arctic coastal states (i.e. Canada, Denmark, Norway, Russia, and the United States) 
together with Sweden, Finland and Iceland. For marine transportation, the highest priority is 
to ensure a safe, secure and reliable navigation. All vessels are required, according to the 
International Maritime Organization (IMO), to carry a GNSS receiver. However, GNSS 
technology is critical in Arctic waters to ensure the safety of the vessels and their crew; it does 
require aid from augmentation systems in order to meet integrity and continuity requirements 
for some GNSS applications, such as dynamic positioning. In addition, an augmentation 
system for the GNSS can enable search and rescue operations that are widely used in response 
to the increasing fishing activities in these areas. This technology will be able to prevent any 
environment disasters and to discover new resources. 

Figure 1: Reduction of perennial sea ice from 1980 to 2012 [3] 

Based on the defined needs, initial requirements are derived: 

Table 1: Functional and Operational Requirements 

Constraints also apply. Key idea is that the investigated augmentation service, similarly to 
EGNOS, is developed and funded in the framework of European Commission so mostly 
European components and existing equipment shall be used and the launcher must be a 

Availability [4] 99,8% per 30 days

Accuracy [4] Horizontal accuracy of 10 m

Integrity [4]

Continuity [4] 99,97% over 3 hours

Coverage [5] Arctic areas (beyond latitude 67°)

Survivability [5] The system must survive

Mission Design Life [5] 15 years

Alert limit of 25 m; Time to Alert of 10 s; Integrity risk of  per 3 
hours

10−5
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European one or a Russian one. The system is expected to be operational in 4 year, and to cost 
at most the fifty percent less than EGNOS [6]. 

3. ALTERNATIVE MISSION CONCEPTS 

Based on a preliminary analysis of needs, constraints and requirements two main architectures 
have been considered and investigated. These two solutions follow different principles based 
on the possibility of dealing with the ground stations. The first architecture, which is analyzed 
in the following section, exploits a network of LEO satellites which are linked together, 
meaning that they communicate each other all the information about the status of the system. 
The second architecture, illustrated in section 3.2 uses Molniya satellites that are always in 
view of both the user and at least one ground station. 

3.1. LEO Constellation 

3.1.1. Architecture

The Rudolph LEO Sats functional 
architecture is shown in Figure 3. In 
order to provide its services to users 
equipped with appropriate receivers, the 
system is made up of two main 
segments: the Space Segment and the 
Ground Segment. The Space Segment is 
composed by 48 LEO satellites while 
the Ground Segment comprises a 
network of RIMS (Ranging Integrity 
Monitoring Station), MCC (Mission 
Control Centres) and NLES (Navigation
Land Earth Stations). 

3.1.2. Data flow

The Rudolph LEO Sats data flow is 
separated in two cycles that shall be 
completed in less than the 10 seconds in 
order to meet the time to alarm 
requirement. These two cycles are the 
Processing cycle and the Check cycle 
[7]. 
The Processing cycle (see Figure 4, 
Black line) elaborates the correction and 
integrity information. The first step, in 
this cycle, is the collection of GNSS raw 
data through the channel A of the RIMS
stations. Then raw data are sent to the 
CPF Processing Set, which is a module 
of the Mission Control Centres, where 

Figure 3 : Rudolph Leo sats architecture.

Figure 4 : Rudolph Leo satellites data flow
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they are processed and corrected. Once the Rudolph Leo sats messages are generated and 
checked, they are sent to the NLES. Then the messages are used to modulate a GNSS like 
signal, which is up-linked to Rudolph Leo satellite in view and, through the network of 
satellites, it is broadcast to users.  
In the Check cycle (see Figure 4, Red line), instead, GNSS raw data collected by the channels 
B and C of RIMS stations are sent to the CPF Check Set. The task of the CPF Check Set is to 
verify, independently from the CPF Processing Set, the user’s positioning integrity and, 
therefore, to verify the correctness of the messages generated by the CPF Processing Set 
(RUDOLPH MESSAGE). In particular, statistical tests are performed to verify the reliability 
of the corrections and the corresponding residual errors. The values computed by the CPF 
Check Set are then compared with the values computed by the CPF Processing Set and 
already broadcast to users. If the difference between these values exceed a certain limit, an 
alarm is sent to the Leo satellite in view. 

3.2. MEO Constellation  

3.2.1. Architecture

The Rudolph Molniya Sats architecture 
is made up by two main segments: the 
Space Segment and the Ground 
Segment. The Space Segment is 
composed by 6 Molniya satellites while 
the Ground Segment is exactly the same 
as in the Leo configuration. 

3.2.2. Data flow 

The Rudolph Molniya Data flow has 
only a difference with respect to LEO 
Sats data flow. In this case, in fact, an
inter-satellite link is not necessary 
because a single Molniya satellite is 
always in view of both the users and the 
Ground stations. 

4. PRELIMINARY MISSION DESIGN AND BUDGETS  

4.1. LEO Constellation 

The LEO constellation includes two orbital planes with 24 satellites for each plane. The 
designed orbits are quasi-circular and sun-synchronous, with an average altitude of 1500 km 
and separated in Right Ascension by 90°. The continuous coverage of the Arctic with a mask 
angle of about 15° and with at least two satellites in view is guaranteed. Based on the selected 
satellite altitude, analyses do not denote the need for substantial orbital corrective maneuvers 
during the satellite lifetime, anyhow three-axis stabilized satellites are assumed, therefore a 
suitable attitude control is required. The sun–synchronicity allows a considerable 
simplification in designing the electrical power subsystems and the mechanisms for 

Figure 5 : Rudolph Molniya satellites data flow 
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controlling them. In fact, the environmental analyses have shown a sustained exposure to 
solar lighting, with a minimum eclipse time of about half an hour and contained variations of 
the sun positions seen from the satellites. Thus, based on the data collected, the strategies for 
electrical sustenance falls on the use of solar arrays as main source and batteries as secondary 
source. The solar arrays can be divided into four solar panels, two per each side, with a sun – 
tracking single-axis rotation deployment mechanism. As regards the Telemetry, Tracking & 
Telecommunications, the broadcast signal is a combination of 1023-bit Pseudo-Random 
Noise navigation code of the GPS family and a 250 bits per second navigations data message 
carrying the corrections and the integrity data elaborated for EGNOS. The band selected to 
transmit the TT&C message is the S-band, choosing a conical log spiral antenna with a 
frequency of 2.2 GHz for the downlink and 2 GHz for the uplink. Instead, for the payload data 
transmission is assumed the use of a phased array antenna, rigidly mounted on the satellite 
and pointing the Earth. But the peculiarity of this configuration lies in the need for a satellite 
crosslink for communicating payload data (250 bit/s). This data communication is guaranteed 
by two parabolic antennas (without considering the redundancies), each one communicating 
with the adjacent satellites, placed front and back the satellite in the sense of its motion. As a 
consequence, this configuration requires pointing systems. At last, from the structural point of 
view, thanks to the data collected during the analysis and by means of statistical instruments, 
a conservative estimation of the launch mass has made possible the final choice for a possible 
launcher, in this case a Soyuz ST. Specifically, 8 launches (4 by 6 sats per orbit) for the total 
number of 48 satellites. 

4.2. MEO Constellation 

As for previous configuration, the MEO constellation develops on two different orbital planes 
but with the undoubted advantage of using just 6 satellites in total, 3 per each orbital plane. 
The designed orbits are two Molniya-like orbits, specular each other with to respect the 
orbital nodes and defined by a semi-Major axis of about 26553 km, an ellipticity of about 0.7, 
and a critical inclination of about 63.4°. The high ellipticity combined with the apogee placed 
for the entire satellite lifetime above the Arctic (argument of the perigee of 270°), allows the 
satellites to reach a maximum altitude of about 38800 km, passing with a moderate speed on 
the top of the orbit and standing for a long time over the area of interest. This causes a 
reduction in the number of satellites required so much so that the continuous coverage of the 
Arctic with at least two satellites in view and a mask angle of 15° is guaranteed. The carried 
out simulations confirmed that there is no need for substantial corrective orbital maneuvers, 
thus guaranteeing the preservation of the unique geometrical features of this configuration. 
Nonetheless two Hohmann maneuvers have been planned, choosing a 10 N bi-propellent 
thrusters: an initial orbital maneuver, for only four of the six satellites, to achieve proper 
satellite phasing the orbit, and another final maneuver, for all the six satellites, to position the 
satellites in a circular disposal orbit with the same inclination, but at an altitude of 300 km 
higher than the typical geostationary one. Also in this case, it is necessary to use three-axis 
stabilized satellite to make possible the antenna pointing, maintaining an estimated accuracy 
of about 0.3° and reacting to the possible perturbations, especially the ones caused by solar 
radiation pressure. Like the previous configuration, the environmental analyses have 
highlighted not too long maximum eclipse period with a maximum duration of about 45 
minutes. But, on the other side, the non sun-synchronicity introduced a complication in the 
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deployment mechanisms. The strategy for the electrical sustenance, also in this case, uses of 
solar arrays as primary source and batteries as secondary source. In this case, the relative 
direction sun to satellite changes a lot during its lifetime, so a sun-tracking solution with a 2 
degree of freedom mechanism is necessary in order to obtain a good angle of incidence 
between the solar light and the solar cells. The solar arrays could be rearranged into four solar 
panels, two per side. The broadcast signal has the same characteristics seen before. The choice 
for the antenna transmitting the telemetry and tracking signal and for receiving the command 
coming from the Ground Stations, fell on a horn antenna, using a channel in C-band and 
pointing toward the Earth. The antenna must be rigidly mounted on the surface of the satellite 
exposed to the Earth. For the Payload data transmission, an L-band Helical Array, rigidly 
mounted on the surface of the satellite, could be the choice. The configuration is simpler with 
to LEO one since no cross-link is required. As regard the mass budget, thanks to a bottom up 
mass distribution based on data collected from other analyses and statistical means, an 
estimation of about 1800 kg has been obtained. The result combined with a satellite 
volumetric estimation led to the choice of a launcher that in this case was identified in the 
Ariane 5. Specifically, 2 launches (1 by 3 sats per orbit) for a total number of 6 satellites. 

4.3. Trade-off 

The selected configurations new designed to achieve comparable performance in terms of 
accuracy, continuity and integrity. Hence selection of the best strategy  was made considering 
parameters like risks and costs. Figure 6 shows the fever chart resulting from the conducted 
risk analysis. High cost and high launch risks must be dealt with in the LEO case.

Figure 6: RiskAnalysis. Fever Chart for the LEO (left) and Molniya (right) case.                      

Cost estimation was performed using the NASA QuickCost model [8]. Table 2 resumes the 
key parameters considered in the trade-off analysis 
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Table 2: Summary table for performance and management parameters. 

In conclusion, the Molniya solution guarantees the same performance as the LEO one at a 

significantly lower costs and risks. Cost saving is related to maintenance and cost of 

fabrication but also to operating cost. 

5. CONCLUSION 

A constellation of 6 Molniya satellites, arranged in two different orbital planes, guarantees the 

delivery of SBAS services for safe maritime navigation at latitudes higher than 67° in the 

northern hemisphere. The system is completed by a suitable network of ground station, i.e. 

RIMS, NLES, and MCC. Preliminary mission budgets were derived supporting the idea that 

the proposed solution is feasible and can cost less than currently operational augmentation 

systems serving mid-/low-latitude users. 

REFERENCES 

1. T. Sundlisaeter, T. Reid, C. Johnson, S. Wan, GNSS and SBAS system of systems: 

Considerations for applications in the arctic, 63rd International Astronautical Congress, 

Vol. 13, pp. 10932-10942, Naples, Italy, Oct. 2012. 

2. T. G. R. Reid, T. Walter, J. Blanch, P. K. Enge, GNSS Integrity in the Arctic, 

NAVIGATION, Journal of The Institute of Navigation, Vol. 63, No. 4, pp. 467-490, 2016. 

3. http://artico.itd.cnr.it/index.php/sezione-1/caratteristiche-geografiche-dell-artico 

4. International Maritime Organization, "Revised Maritime Policy and Requirements for a 

Future Global Navigation Satellite System (GNSS),” A.915(22), 2002. 

5. Eurocontrol Experimental Centre, “EGNOS Operational Test and Validation for Civil 

Aviation”, 1999.  

6. “Galileo: Overcoming obstacles History of EU global navigation satellite systems”, 2017 

7. https://gssc.esa.int/navipedia/index.php/EGNOS_Ground_Segment  

8. James Richard Wertz, David F. Everett, Jeffery John Puschell, Space Mission 

Engineering: the new SMAD

Key Parameters LEO Solution Molniya Solution

Coverage 
Beyond latitude 67°

Guaranteed by 36 Satellites
Beyond latitude 67° 

Guaranteed by 4 Satellites

Horizontal Accuracy
(99% as maximum value)

Min/Max number of 
Satellites in view

RUDOLPH + GPS 
6/14

RUDOLPH + GPS 
7/13

Integrity Guaranteed Guaranteed

Reliability 95,60% 99,43%

Risk No relevant risk High Launcher risk

Average Cost 27187 Millions $ 3720 Millions $

σh = 8,56σh = 9,40



394

IItalian Association of Aeronautics and Astronautics  

XXXV International Congress  

99--112 September 2019| Rome, Italy

 

MATERIAL DESIGN ALLOWABLES FEM PREDICTION OF A TWILL 
WOVEN FABRIC IN A DATA VARIABILITY CONTEXT 

ABSTRACT 
Statistically-derived allowables are representative for the behaviour of a composite material 
system in a given structural context where data variability needs to be contemplated. In 
particular, they define the strength of the material as characterized by various coupon tests 
according to ASTM standard procedure subjected to the actual manufacturing process and 
layup stacking sequences.  
The current paper presents a comparison between virtual allowables predictions obtained 
using MSC Digimat and the experimentally determined values of a certified material backed 
up by a 3x2x3 (batch/panel/specimen) stochastic approach. Tests generate the required data 
for building material model ab initio of carbon fibers reinforced epoxide resin in form of 2x2 
twill woven fabric used for aerospace applications. 
Numerical models of in-plane tension, compression and shear test methods have been 
assembled along with an associated material model allowing numerical predictions to be 
validated with the coupon level experimental results as final purpose. 
Standard statistical model has been adopted in order to include material and manufacturing 
process variabilities to define B-basis allowables. The calibrated statistical FEM method, 
performed for different layup configurations have been used to fully characterize the 
mechanical behaviour of the analysed CFRP material and to predict performances for thicker 
laminates. 

Keywords

1   INTRODUCTION
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2   MATERIALS AND METHOD 
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2.1   Calibration of CRFP lamina 



398

Material design allowables FEM prediction of a twill woven fabric in a data variability context                Starace, Orlando, Guida, Marulo

2.2   Calibration of CRFP laminate 
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2.3   Extrapolation for thicker laminates 
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3   CONCLUSIONS 
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ABSTRACT 
Nano composite epoxy based composites were fabricated with different nano scale additives 
with a commonly used weight percent (wt. %). The candidate additives are Multi-wall carbon 
nano-tubes (MWCNTs), Alumina (AL2O3), and three different types of graphene (G-CD270, 
G-33C and G-24N). Ultra-sonication and homogenization were used to uniformly disperse  
the nano additives into epoxy. Herein, studying the effect of the exposed space threats on the 
candidate nano composite materials, these space threats due to Low Earth Orbit (LEO) was 
characterized by high vacuum (~5x10-5 Torr.), and atomic oxygen (AO), (flux ~1.5x1021 
AO/cm2) in the presence of Vacuum Ultra-Violet (VUV) with a radiation intensity equals 410 
mW/cm2 (around 10 Suns). 
The mass loss (TML), collected volatile condensable materials (CVCM) and water vapor 
regained (WVR) due to mention vacuum condition were measured. In addition, the mass loss 
and erosion rate of the exposure to a synergetic effect of AO and VUV were evaluated, finally, 
the various specimen were studied by Fourier Transmission Infra-Red spectroscopy (FTIR). 
The candidate materials shows an improvement behavior under the LEO threats with the 
nano additives, due to FTIR the released gasses from the materials are not critical so, the 
materials with the nano additives with various values. 

 
Keywords: Nano composite, Epoxy, Atomic Oxygen, Outgassing, Vacuum. 

 
1. INTRODUCTION 
Polymers and polymer matrix composite (PMC) materials are widely used in the space 
structure and space subsystems manufacture because of its high optical, mechanical, thermal 
and electrical properties. These materials are exposed to the space environment threats, 
especially in low earth orbit (LEO) where a large number of spacecraft (SC) included. The 
LEO space environment constituents are very hazardous toward the polymers and PMCs that 
composed of high vacuum, ultraviolet (UV) radiation, thermal cycles, atomic oxygen (AO), 
charged particles, electromagnetic radiation, micrometeoroids, and space debris. [1] [2] [3] 
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Not only reliable understanding of destructive space environment effects but development of 
polymers and PMC in space application for next generation are thus of great concern. 
Recently carbon nanotubes (CNTs) are of great interest in various fields of application such as 
memory devices, electrodes, hydrogen storages, reinforcement of composites, etc. because of 
their excellent mechanical and electromagnetic characteristics [1]. 
Due to the outstanding characteristics of nano particles reinforcement and the ability to be 
dispersed evenly and uniformly in polymeric matrices, the use of different nano particles 
reinforced polymer matrix nanocomposites are regarded herein as a new means to overcome 
the disadvantage of the polymeric materials and PMC against such a destructive space 
environment in space application. [1] 
In this paper, a fabrication of multi-walled carbon nanotube (MWNT)/epoxy, Alumina 
Al2O3/epoxy, Graphene/epoxy nanocomposites with dispersion methods is briefly introduced 
and LEO space environment simulation was set up. Moreover, the synergistic LEO simulation 
effects on nanocomposites in accordance with nano particles content as well as the 
mechanisms of changes in properties are investigated and described. 

 
2. LEO SPACE ENVIRONMENT SIMULATION 
A space environment facility that capable simulating the characteristics of LEO constituents 
such as high vacuum, UV radiation, thermal cycling, and atomic oxygen atmosphere was 
designed and manufactured to study the characteristics and degradation mechanisms of the 
polymer matrix composite materials under LEO space environment. 
The vacuum affected the space structures in LEO is 10-6~10-7 Torr. The vacuum in LEO 
induces outgassing of polymers and PMCs and consequently results in surface contamination 
and materials degradation. [4], [5] 
The tested specimen placed in degreased container that has been previously weighed. After 
this exposure, the boat and specimen are weighed and put in one of the specimen 
compartments in a copper heating plate that is a part of the test apparatus. The copper heating 
plate can accommodate a number of specimens for simultaneous testing. The vacuum 
chamber in which the heating plate and other parts of the test apparatus are placed is then 
sealed and evacuated to a vacuum of at least 5x10−5 mbar. The heating plate is used to raise 
the specimen compartment temperature to 125°C. This causes vapor from the heated 
specimen to stream from the hole in the specimen compartment, collector plate should be 
maintained at 25°C. [3] [6] [7] [8] 
The UV generator is a highly stable mercury-xenon lamp produced by HAMAMATSU 
(model LC8 Lightning Cure). The system have high-intensity UV line spectra with an 
elliptical reflector (UV cold mirror) having reflectivity higher than 90% in the UV range and a 
quartz light guide with UV transmittance. The lamp works in a horizontal position in order to 
have an optical system with low light loss. The spectral emittance field range is 200 to 600 
nm with a maximum emission value of 365 nm. The radiation intensity of the lamp system is 
410 mW/cm2 (around 10 Suns) at 60 mm distance with an aperture size of 20 mm [7] 
All the samples are positioned inside a clean room and conditioned for 48h at a pressure of 
260 mbar as required by ASTM E2089 for atomic oxygen tests. After such treatment the 
samples are exposed to AO, till the final exposition time, expressed in Equivalent Sun Hours 
(EHS) at a maximum effective fluence of 1.5×1021 Ao/cm2 (value based on the witness 
sample erosion of Kapton HN, a material of known in-space erosion yield, as suggested by 
ASTM E2089). The experimental apparatus is equipped by a high precision microbalance 
(Mettler-Toledo, sensitivity 0.002 mg). The sample geometry is of 25x25x10 mm, but it can 
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be adapted to custom requirements. The sample can be oriented at different angles of attack, 
regarding both AO and UV fluxes. [3] [7] [8] 
LEO AO simulation was generated through weakly ionized remote oxygen plasma using a 
radio frequency (RF) plasma source. The plasma source was mainly operated through gas (O2 
and Ar) supply and 600W, 13.56 MHz RF power supply. Plasma parameters such as O2 and 
Ar gas flow rates, RF power (100-400 watt) and orifice hole size (26.55-191.64 mm2 of total 
hole area) were used to determine the maximum AO flux through plasma  discharge 
simulation which was coded based on the rate constants for a restricted set of two body 
reactions of interest in modeling low-pressure oxygen discharges. [9] 

 
3. EXPERIMENTAL 

 
3.1. Samples material 
The Epoxy nanocomposites samples in this research were made using biresin two parts 
matrix; ‘part A’ the resin CR82 and the hardener ‘part B’ with designation name CR80-6. The 
matrix made by German company called “Sika Deutschland GmbH”. The properties of the 
Epoxy will be investigated for different types of additives; these additives will be summarized 
in the following paragraph. 
Multiwall Carbon nanotubes (MWCNTs) were purchased from the Egyptian Petroleum 
Research Institute (EPRI), this MWCNT’s were produced by a high-yield catalytic process 
based on chemical vapor deposition (CVD) with an outer mean diameter of (8-10 nm) and 
inner mean diameter of (4nm) and length from (5-10 μm). The purity of neat MWCNTs was 
greater than 90%. The MWCNTs dispersed in the epoxy with a weight fraction 0.5%. 
Sample made from graphene (G-24N) also called 4NG [please see full characterization in the 
attached reference” Development of High-Performance Super capacitor based on a Novel 
Controllable Green Synthesis for 3D Nitrogen Doped Graphene “]. It is N-doped reduced 
graphene oxide with3D structure. Its atomic composition is 83.3 % C, 13.9 % O and 2.8 % N. 
It is synthesized by thermal dissociation of PET waste bottles with urea at 800˚C for 5 hour. 
Sample made from graphene (G-33C) was prepared as sample 9C [please see full 
characterization in the attached reference” Green synthesis of graphene from recycled PET 
bottle wastes for use in the adsorption of dyes in aqueous solution “] but not in the same 
batch. 
Graphene sample (G-CDB-270) is an N-doped multi-layered graphene Nano sheets. Its  
atomic composition is 89 % C, 7.2 % O and 3.8 % N. The graphene Nano sheets are well 
exfoliated. The doped N has dominated pyloric conformation followed by pyrdinic and lastly 
graphitic. It is synthesized by hydrothermal treatment of glucose solution under mild  
synthesis conditions. Images of the atomic Oxygen and outgassing samples under 
investigation are shown in the following figure. 
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Figure 1 Atomic Oxygen / UV samples before the test 
 

Figure 2 One sample per category for the Outgassing test 
 

3.2. Sample manufacture 
Firstly, the preparation of nanocomposite as mentioned in the previous attachment for the 
production of the sheet. The carbon fiber selected is the fabric with a plain woven fabric with 
the meshed bundles with angle 0/90°. The volume fraction of the composite material 
manufactured for the sheet plate is about (55-60) % epoxy to (45-40) % fabric. 
After laying up four plies with the epoxy resin between them the vacuum gears should be 
used and sealed to evacuate the volume of curing to about -0.8 bar and increase the 
temperature to about 50°C and maintain the vacuum and temperature for 24 hours. 

Figure 3: Carbon fiber lay-up procedure Figure 
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Figure 4: Vacuum bagging during curing process in vacuum oven 

A foam layer was placed over the pre-cured CFRP sheet in order to absorb any excessive 
amount of resin before curing. Plastic bag was located above all the previous to prevent 
vacuum leakage during curing time, and then a vacuum connection was positioned in the 
middle of the sheet approximately to apply the required vacuum. All of this assembly was 
entered the oven and maintained at the temperature about 50°C for 24 hours. 
The mechanical and thermal properties were testes to evaluate the sheet material in 
accordance with ASTM related to the composite based polymeric matrix. 

 
3.3. Tests procedures and characterization 

 
3.3.1. Outgassing 

This test method covers a screening technique to determine volatile content of materials when 
exposed to a vacuum environment. Two parameters are measured: total mass loss (TML) and 
collected volatile condensable materials (CVCM). An additional parameter, the amount of 
water vapor regained (WVR), has also been obtained. The test is always performed in 
compliance with the following reference documents: 

Ô ASTM E-595 "Standard Test Method for Total Mass Loss and Collected Volatile 
Condensable Materials from Outgassing in a Vacuum Environment" 

Ô ECSS-Q-ST-70-02C "Thermal vacuum outgassing test for the screening of space 
materials" 

The acceptance and rejection criteria is determined by the user and based upon specific 
component and system requirements. Historically, TML of 1.00 % and CVCM of 0.1% have 
been used as screening levels for rejection of spacecraft materials. 
The test specimen is exposed to 23°C and 50 % relative humidity for 24 h in a preformed, 
degreased container (boat) that has been previously weighed. After this exposure, the boat and 
specimen are weighed and put in one of the specimen compartments in a copper heating plate 
that is part of the test apparatus. The vacuum chamber in which the heating plate and other 
parts of the test apparatus are placed is then sealed and evacuated to a vacuum of at least 
(1.25x10−5 torr). The heating plate is used to raise the specimen compartment temperature to 
125°C. This causes vapor from the specimen to stream from the hole in the specimen 
compartment. A portion of the vapor passes into a collector chamber in which some vapor 
condenses on a previously weighed and independently temperature controlled chromium- 
plated collector plate that is maintained at 25°C as requested by the mentioned standards. 

a b c 
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Each specimen compartment has a corresponding collector chamber that is isolated from the 
others by a compartmented separator plate to prevent cross contamination. After 24h, the test 
apparatus is cooled and the vacuum chamber is re-pressurized with dry nitrogen gas. The 
specimen and the collector plates are weighed using a Mettler-Toledo XP26DR microbalance. 
The reported values are an average of the three identical samples. 
The specimen was stored for 24 h at 23°C and 50 % relative humidity to permit sorption of 
water vapor. The specimen mass after this exposure was determined. From these results and 
the specimen mass determined after vacuum exposure, the percentage WVR was obtained. 
The facility and microbalance are located in an ISO-7 certified clean room. 

 

3.3.2. Atomic Oxygen and Vacuum Ultra-Violet 

The OS-PREY Plasma Source, which is manufactured by Oxford Scientific Instruments, is a 
radio frequency Inductively Coupled Plasma Source (ICPS); it is a device in which the 
ionization of the oxygen molecules occurs, coupling the energy from a radio-frequency Power 
Source (13.56MHz) to an ionized gas. The energy is transmitted to an inductive circuit 
element (a copper coil) adjacent to a discharge region. The molecular gas changes in a plasma 
and the plasma keeps itself in a limited zone of the chamber because of the high vacuum 
pressure 

 
Figure 7: The plasma chamber simulate the Atox and VUV 

 
  Plasma composition  

Figure 5: Configurations of the facility Figure 6: Sample holders, collectors and 
microbalance 
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Neutral species 99% (60% atoms O - 40% molecules O2) 
Oxygen 1% ions O+ 
Operating conditions  
Working pressure 1E-5 mbar 
Distance between sample and emission 
aperture 50 mm 
Energy of the neutral species  5-25 eV 
Flux 2.5E15 ns/cm2*s 
Atomic oxygen Fluence Up to 1.463E21 atoms/cm2 

Plasma Fluence Up tp 3.11E21 neutral species /cm2 

Beam Temperature  200 °C 

Table 3-1 the plasma composition and the operative conditions 
 

UV lamp and UV controller; the UV generator is a highly stable mercury-xenon lamp 
produced by HAMAMATSU (model LC8 Lightning Cure). The system have high-intensity 
UV line spectra with an elliptical reflector (UV cold mirror) having reflectivity higher than 
90% in the UV range and a quartz light guide with UV transmittance. The lamp works in a 
horizontal position in order to have an optical system with low light loss. The spectral 
emittance field range is 200 to 600 nm with a maximum emission value of 365 nm. The 
radiation intensity of the lamp system is 410 mW/cm2 (≈10 Suns) at 60 mm distance with an 
aperture size of 20 mm. 
Atomic oxygen test; all samples are positioned inside a Clean Room and conditioned for 48h 
at a pressure of 260 mbar as required by ASTM E2089 for atomic oxygen tests. After such 
treatment the samples are exposed to AO, until the final exposition time, expressed in 
Equivalent Sun Hours (EHS) at a maximum effective fluence of 1.5×1021 AO/cm2. For the 
weight measurements, the experimental apparatus is equipped by a high precision 
microbalance (Mettler-Toledo, sensitivity 0.002 mg). The maximum sample geometry is of 
25x25x10 mm, but it can be adapted to custom requirements. The sample can be oriented at 
different angles of attack, regarding both AO and UV fluxes. 

 
3.3.3. Foriour Transfermation Infra-Red (FTIR) 

The candidate materials were analyzed using the FTIR spectrometer "JASCO 4100". In this 
technique, the FTIR spectrometer hits the investigated specimen(s) with the Infra-Red (IR) 
radiation and receives its reflection. Both the chemical bonds and molecular compositions 
could be presented because of the transmitted, absorbed and reflected portions of the IR 
radiation. Because of the difficult recognition of the large number of peaks obtained by the 
FTIR for the investigated composites all the FTIR analysis have been performed on the basic 
constituents of each composite type. The attenuate total reflection (ATR) method was used in 
this analysis all over the available wavelength [400- 4000 cm-1] with the average resolution of 
4 cm-1. To sharpen the peaks profile and to improve the result resolution a Background scans 
were performed to eliminate the spectrum noise. 
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4. RESULTS AND DISCUSSIONS 
 

4.1. Outgassing and Atomic Oxygen / UV test results 
 

 TML% Rejection 
of TML% CVCM% Rejection of 

CVCM% 
Erosion 
rate ER 

Erosion 
Yeld EY 

Rejection of 
Ey [10] 

Neat 0.9103 1 0.0687 0.1 3.23x10-29 6.94x10-25 2.89x10-24 

MWCNT 0.7624 1 0.0765 0.1 3.10x10-29 6.66x10-25 2.89x10-24 

G-33C 0.8380 1 0.0753 0.1 6.26x10-29 1.34x10-24 2.89x10-24 

G-24N 0.6933 1 0.0707 0.1 3.37x10-29 7.23x10-25 2.89x10-24 

G-CD270 0.6130 1 0.0710 0.1 4.05x10-29 8.69x10-25 2.89x10-24 

Al2O3 0.6680 1 0.0660 0.1 2.73x10-29 
5.85x10-25 2.89x10-24 

Table 1: Outgassing and AO test summary with rejection values 
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Studying Table 1 and figures from Figure 8 to Figure 11 it is found that due to adding a 
various additives the materials behavior improved with different percentage and keep in the 
acceptance area. All the candidate materials show a good behavior in accordance with the 
exposure data. Moreover, for the outgassing samples, no modification in shape and color have 
been noticed, testifying the good inner structure of the material samples. 
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Figure 10: The values of mass loss due to 
AO exposure 

Figure 11: The erosion rate due to AO 
exposure 
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Figure 8: The values of the TML of the 
different candidate materials 

Figure 9: The CVCM values of the different 
candidate materials 
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Mention that a change in color (the epoxy turned to a dark yellow color) happened for most of 
the samples as an effect of both UV and Atox exposure of the samples. The images of the 
samples after the test are shown hereafter. 

Figure 3 Samples after Outgassing test 
 
 
 

Figure 4 One sample per category after Atox / UV test. Most of the samples show off a dark 
yellow color due to the exposures 

 
4.2. Foriour Transfermation Infra-Red (FTIR) 

The FTIR spectroscopy analyze the material chemical construction and drown a curve with 
several peaks each peak indicate an individual chemical bond. Shown in Figure 5. This figure 
will be used to clarify the outgassing test results. In accordance with Table 1 the first five 
peaks (3418.21, 2925.48, 1607.38, 1509.03, and 1244.83) have insignificant change as well 
the last three peaks (831.169, 560.22, and 443.547). In addition, two peaks are emerged in the 
addition of MWCNTs to the CF/Epoxy; these peaks are (1182.15 and 1036.55) that indicate 
[C-N] stretching and [-C-O-C-] hydroxyl group respectively). The formation of the new peaks 
can be interpreted as an oxidation reaction. Since the addition of nano-additives occurs in the 
room conditions, the oxidative reaction leads to the air absorption from the atmosphere caused 
by irradiation and the content of the oxidation products increased [6], [11] 
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Peak 
No. 

0  With Additives 
Wavenumber [cm-1] Abs Wavenumber [cm-1] Abs 

1 3418.21 0.307483 3412.42 0.209242 
2 2925.48 0.345855 2925.48 0.323565 
3 1607.38 0.270697 1607.38 0.248327 
4 1509.03 0.333365 1509.99 0.481652 
5 1244.83 0.336984 1245.79 0.468222 
6   1182.15 0.355703 
7   1036.55 0.353 
8 831.169 0.234265 829.241 0.312325 
9 560.22 0.182786 563.112 0.234071 
10 443.547 0.249996 433.905 0.234385 

Table 1 FTIR peaks wavenumber vs. absorptance 
 

The new created peaks changed due to the space vacuum, temperature and exposure to 
the AO in Low Earth Orbit (LEO) to carbon oxides and nitrogen oxides that are not critical 
gasses as per slandered ECSS-Q-ST-70-02C 

 
 
 

Neat 

MWCNT 

G-33C 

G-24N 

G-270 

Alumina 
 
 
 
 
 

 
5. CONCLUSION 

Figure 5 FTIR of the different samples 

In this paper, the experimental characterization of nanocomposite materials by means of the 
atomic oxygen and high vacuum simulator device available at DIAEE LSA-Lab of Sapienza 
University of Rome was presented. The effectiveness of an in-house developed nano- 
reinforced by mentioned types in the epoxy matrix from the combined effects of atomic 
oxygen and ultraviolet radiation was also tested and established. The results obtained 
demonstrate that the proposed materials could be successfully employed for aerospace 
applications, providing the multi-functional behavior required to deal with the severe space 
environment conditions. The high vacuum and combined effect of AO and UV. 
The reported results from FTIR lead to the conclusion that the loss gasses are not harmful for 
the structure materials and the epoxy structure become more stable with the adding of the 
nano-additives. Moreover, as ongoing research, the materials manufacturing process will be 
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upgraded to gain production feasibility; in particular, it would be necessary to monitor the 
dispersion quality of the nano particles inside the epoxy. 

Further investigations will be then carried out in order to perform a full space environment 
characterization of examined materials to be employed for spacecraft components and 
subsystems. 

 

6. REFERENCES 
 
 
 

[1] Joo Hyun Han, Sang Eui Lee, Won Jun Lee, and Chun Gon Kim, "SPACE 
ENVIRONMENT CHARACTERISTICS OF MWNT/EPOXY COMPOSITES". 

[2] K.K. de Groh, B.A. Banks, C.E. McCarthy, R.N. Rucker, L.M. Roberts, L.A. Berger,, 
"ISSE-2 PEACE polymers atomic oxygen erosion experiment on the international space 
station, High Perform," Polym., vol. 20, p. 388–409, 2008. 

[3] A. Vricella, A. Delfini, M. Albano, F. Santoni, R. Pastore, G. Rubini, M. Marchetti, 
"Study and ground simulations of outgassing and hypervelocity impacts on carbon-based 
materials for space applications," in 5th IEEE International Workshop on Metrology for 
AeroSpace, MetroAeroSpace 2018, 31 August 2018. 

[4] Timothy K. Minton, Michael E. Wright, Sandra J. Tomczak, Sara A. Marquez, Linhan 
Shen, "Atomic-Oxygen Effects on POSS Polyimides in Low Earth Orbit," ACS Applied 
Materials and Interfaces, 2012. 

[5] Dever, J.; Banks, B.; de Groh, K.; Miller, S., Degradation of Spacecraft Materials, New 
York: William Andrew, 2005. 

[6] Ahmad Anwar, Dalia Elfiky, Gamal Hassan, Marta Albona, Mario Marchetti, 
"Outgassing Effect on Spacecraft Structure materials," International Journal of 
Astronomy, Astrophysics and Space Science, vol. 2, no. 4, pp. 34-38, 2015. 

[7] A. Delfini, F. Santoni, F. Bisegna, F. Piergentili, R. Pastore, A. Vricella, M. Albano, 
"Evaluation of atomic oxygen effects on nano-coated carbon-carbon structures for re- 
entry applications," Acta Astronautica, vol. 161 , p. 276–282, 2019. 

[8] D. Micheli, C. Apollo, R. Pastore, R. Bueno Morles, P. Coluzzi, M. Marchetti, 
"Temperature, atomic oxygen and outgassing effects on dielectric parameters 
andelectrical properties of nanostructured composite carbon-based materials," 
ActaAstronaut., vol. 76 , p. 127–135, 2012. 

[9] M. Lieberman and A. Lichtenberg, Priciples of Plasma Discharges and Materials 
Processing, New York: JOHN WILEY & SONS. 

[10] Serhan Avcu, Bilgin Celik, "Structural Material Selection and Processing for Low Earth 



421

Influence of Space Environment on the Fiber Reinforced Nano Composite 
Material Performance 

Anwar et al 
 

 
Orbit Spacecraft Regarding Atomic Oxygen Effects," pp. 589-594. 

[11] A. Anwar, M. Osman, D. Elfiky, G. M. Hassan, "Performance Evaluation of Selected 
Irradiated Space Structure Composites Manufactured by the Hand Lay-Up Method," 
International Review of Aerospace Engineering (I.RE.AS.E), vol. 11, no. 4, pp. 155-161, 
2018. 

 



422

IItalian Association of Aeronautics and Astronautics  

XXXV International Congress  

99--112 September 2019| Rome, Italy

BENEFIT ANALYSIS OF METEOROLOGICAL 
TURBULENCE DATA FOR FLIGHT PLANNING 

Alexander Lau1, Benjamin Lührs1and Björn Beckmann2

1German Aerospace Center (DLR), Air Transporation Systems, Hamburg  
2German Weather Service (DWD), Aeronautical Meteorology Department, Offenbach 

Alexander.Lau@dlr.de 

Atmospheric turbulence constitutes a hazard to aviation and has the potential to 
cause injuries to crews and passengers and structural damage to aircraft. For these 
reasons, turbulence avoidance is in focus of operational decision makers alongside other 
safety-relevant aspects. This study represents a benefit analysis for an early flight 
planning application of the Eddy Dissipation Parameter developed by the German 
Weather Service. Plan trajectories from the European network management process are 
applied, which are optimized using a continuous optimal control approach in order to 
avoid turbulence areas exceeding a given intensity. Additionally, fuel consumption is 
compared to costs associated with a flight entry into turbulence. Potential to reduce 
flight time is assessed on the basis of specified intensity levels of moderate, severe and 
extreme turbulence. Benefits of lateral pre-flight re-routing in case of avoidance of 
extreme turbulence are provided. Total residence time of flights in such areas can be 
reduced by about 80% at a fuel increase below 5% in average. 

Keywords: clear air turbulence, flight planning, trajectory optimization, meteorology

1 INTRODUCTION 
Apart from a major decrease of comfort, aviation turbulence can represent safety risks for 

aircraft crews and passengers. There are many studies on the impact on aviation, concerning 
climatological relationships, prediction as well as the application of turbulence information in 
an operational context [7], [8], [1]. Due to complex forecasting of aviation turbulence, in-situ 
turbulence reports play an important role, whereas mostly pilots act on turbulence by 
requesting and reporting in-flight trajectory adaptation. 

The integration of turbulence information into flight planning and flight execution 
today has not yet been fully realised regarding common transparency of intensities and 
location. On the one hand, this is due to the fact that turbulence information is currently not 
available in the required quality and, on the other hand, no standardized process has been 
defined and certified that covers all possible options for the use of turbulence data. The 
German Weather Service (DWD) is therefore developing advanced turbulence information 
which should be made available for improved use. This Clear Air Turbulence (CAT) data is 
calculated based on the Eddy Dissipation Rate (EDR) representing the dissipation rate from 
Turbulent Kinetic Energy (TKE) to internal energy (heat). TKE as a direct measure for 
atmospheric turbulence is computed using an additional prognostic equation in the ICON-
Global model [10]. This equation has been supplemented with additional source terms (e.g. 
wind shear) for improved turbulence prediction. As a result, the Eddy Dissipation Parameter 
(EDP) maps the turbulence intensity in a suitable way, including further meteorological 
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processes. Turbulence areas created on the basis of the EDR will be subjected to a benefit 
analysis within the scope of this study by evaluating possible integration scenarios into the 
flight planning process. The pilot's decision to choose between lateral and vertical flight
around turbulence areas and a combination of both is subject to a variety of influences, such 
as air traffic control boundary conditions, flight performance aspects, individual mission 
parameters and finally the turbulence distribution itself. Within the scope of the present study, 
the avoidance of turbulence areas by lateral bypassing is considered exclusively.

2 EVALUATION FRAMEWORK
The following chapters provide information on operational use of turbulence data, and

moreover the evaluation framework describing the optimization concept developed within this 
study. It is distinguished between qualitative and quantitative aspects for the integration 
within an operational flight planning environment.

2.1 Evaluation Framework
In Germany, the German Weather Service continuously publishes turbulence data in 

order to support flight planning and flight operations. Related weather products are 
continuously updated to cover new aspects of operational application and to be adapted to
individual specifications. Flight planning today demands XML-based as well as GRIB2-based 
turbulence (EDP) and meteorological data and is generally pre-processed in order to 
guarantee consistency with user-operated visualization systems. EDP data is specified to 
specific values on grid resolution, update rate, etc.

Figure 1: Data processing of turbulence/meteorological data.

The provided data service can be called individually to update local databases.
Turbulence data updates are in most cases less frequent than those of meteorological data
types like e.g. wind data. Fig. 1 provides an overview on (turbulence) data processing.
More information on EDP data is provided in ch. 3.1.

2.2 Trajectory Optimization Concept
The optimization concept is based on the lateral flight route optimization during the

en-route flight segment. The focus is not on vertical avoidance, i.e. on tactical changes in
cruising altitude. This is based on two main reasons: i) in highly congested European airspace,
there is usually hardly any possibility of implementing short-term vertical re-routings. Such a
change of the flight profile would increase traffic complexity considerably in some cases, and
ii) the dependence on flight performance requirements, especially when flying over
turbulence, can prevent the feasibility of such a profile change. If necessary, fuel planning
would have to be adapted.

EDP data:
Grid resolution 0.25°

Vertical coverage over 28FL

Update rate 12h

Time granularity 1h

Forecast horizon 36h

Processing: 
Lateral Scaling

Propability density functions

Vertical allignment

XML data

GRIB2 data

Data acquisition

XML-based 

turbulence 

polygons

Met data 

visualization



424

Benefit Analysis of Met. Turb. Data for Flight Planning Lau, Lührs and Beckmann

a) lateral route optimization b) Pareto front 

Figure 3: Schematic visualization of a) lateral route optimization and b) schematic visualisation of expected Pareto results.

Figure 3b) shows the expected results in the form of a Pareto front. The more 
importance is assigned to turbulence avoidance, the higher the corresponding detour and 
therefore also fuel consumption. Since the reference trajectory considers flight planning 
constraints while optimized trajectories are determined using a continuous approach, the 
reference trajectory does not necessarily have to be Pareto-optimal. In the shown case, flying 
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Fig. 2   shows the
vertical section (about FL120 -
FL400) of an exemplary
turbulence field and represents an
example in which a vertical
avoidance would not be possible
due to the large vertical extent of
the turbulence field Lateral.
turbulence avoidance is dependent
from different performance related
parameters during flight operations
like e.g. climb rate. On the cost
side, turbulence mitigation can be
accompanied by an extension of
the mission distance. However, Figure 2: Exemplary vertical turbulence section.

this depends on trajectory design as well as on the extent and shape of the turbulence field. A
corresponding increase in fuel consumption and time is required accordingly. The benefit
side is represented by the reduction of effective flight time in a turbulence field. Within the
context of this study, we speak of "reduced EDP minutes", which in turn can be associated
with increased flight safety, increased passenger comfort and reduced maintenance and repair
costs.

Fig. 3 provides the applied trajectory optimization approach describing thelateral 
routing concept with regard to turbulence avoidance. In an initial step, ToC (top ofclimb) 
and ToD (top of descent) are determined using the reference trajectory from the DDR2 flight 
plan trajectories (see ch. 3.1). Subsequently, a lateral optimization takes place on thecruise 
flight segment between these two points to avoid turbulence areas.

The cost functional used is determined as the weighted sum between fuel consumption
and flight time in turbulence areas (see ch. 2.3). For the analysis of the sensitivities, the
respective weighting factors for fuel consumption and residence time in turbulence areas are
varied within wide limits.
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the great circle between ToC and ToD would lead to both, a reduction of EDP minutes and 
reduced fuel consumption. On the selected days (ch. 3.2), it is not possible to avoid turbulence 
completely and efficiently by lateral re-routing measures due to large areas of low EDP 
intensities. Instead, the EDP value is individually integrated along the trajectory and included 
in the cost functional. The evaluation takes place on the basis of the defined EDP intensity 
levels.

2.3 Trajectory Optimization Model (TOM)  
This chapter describes the modeling of EDP optimized trajectories using the 

Trajectory Optimization Module (TOM). For this purpose, an optimal control problem is 
presented, which is adapted to the scope of this study. Finally, the solution generation of the 
resulting optimization problem is briefly described. More information, e.g. on dynamic 
constraints and additional boundary conditions is described in detail in Lührs et al. (2016) [4].

2.3.1 Optimal Control Problem 
The movement of an airplane is described with the help of state variables x(t) and can 

be influenced by control variables u(t). A trajectory is regarded as optimal if the temporal 
course of the control variable u(t) results in the cost functional J being minimized according to 
eq. (1). At the same time both, the dynamic boundary conditions according to eq. (2) and 
restrictions with regard to the state and control variables (eq. (3) to (6)) have to be satisfied. 
For further adaptation of the optimization problem, additional adjustments of a path vector 
p(t) can be made according to eq. (7).

 ൌ ળ ή ળ ቀǡ ǡ ሺሻǡ ൫൯ቁ  શ ή න શሺሺሻǡ ሺሻǡ ሻ܌



(1)

ሶ ሺሻ ൌ ሺሺሺሻǡ ሺሻǡ ሻሻ (2)

ሺሻ�ࣕ�ሾܠ ǡǢܠǡሿ (3)

൫൯�ࣕ�ሾܠǡǢ ሿǡܠ (4)

ሺሻ�ࣕ�ሾ Ǣ ሿ (5)

ሺሻ�ࣕ�ሾǢ ሿ (6)

Ǣሺሻ�ࣕ�ሾ ሿ (7)

2.3.2 Cost Functional 

The general cost functional ܬ according to eq. (1) contains a penalty function ȯ, which 
can be a function of the start and end time ݐǡ  �as well as the initial and final stateݐ
ሺݐሻǡ ൫ݐ൯�of the aircraft. Furthermore, ܬ depends on the time integral of another penalty 
function Ȳሺሺݐሻǡ ሺݐሻǡ ሻ. Using the scaling factors ܿ�and ܿஏ, the penalty functions ȯݐ and Ȳ
can be weighed against each other. Within the scope of this study, the cost functional 
according to eq (8) and (9) is applied.

 ൌ ܔ܍ܝ۴ ή ൫ െ ൯ᇣᇧᇧᇤᇧᇧᇥ
ܔ܍ܝ

ܖܗܑܜܘܕܝܛܖܗ܋

ή ܔ܍ܝ۴ܖܑܕǡܔ܍ܝ۴
ି  ۾۳۲ ή න ሺሺሻǡ۾۳۲ ሻ܌



ᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥ
۾�۳۲܌܍ܜ܉ܚ܍ܜܖܑ

ή ܔ܍ܝ۴ܖܑܕǡܜܖܑ۾۳۲
ି

(8)
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ܔ܍ܝ۴  ۾۳۲ ൌ Ǣ���� ܔ܍ܝ۴ ǡ ۾۳۲ � א ሾǡ ሿ (9)

2.3.3 Solution of the optimization problem 
The resulting optimal control problem, which is described by the cost functional, the 

dynamic constraints, initial and final boundary conditions and the limitations of the control, 
state and path vectors (see eq. (1) to (7)), is solved using the MATLAB Toolbox GPOPS-II [6].
Based on a direct approach, GPOPS-II transforms the continuous optimal control problem 
into a discrete nonlinear optimization problem and solves it using the solver IPOPT [9].

3 RESULTS AND DISCUSSION 
This chapter describes the selected scenarios including an overview of the applied 

data. Turbulence evaluations and related results on trajectory optimization are presented. 

3.1 Data Base 

3.1.1 Turbulence Data 
The EDP predictions generated from the global ICON model are available globally 

and are updated with a rate of six hours (00:00z, 06:00z, 12:00z and 18:00z). The forecast 
period is 36 hours with one-hour forecast time steps. The vertical coverage comprises 28 
flight levels between 150 hPa and 700 hPa with a vertical resolution of approx. 1200 ft. The 
lateral grid resolution of the EDP map is 0.125°. The output of the EDP product can be either 
in the form of continuous data fields or in the form of polygons. Regardless of this, a 
threshold value definition is required for the application of the data, which allows different 
turbulence intensity levels to be assigned. For this purpose, the EDP was re-scaled to adapt it 
to the climatological "log-norm"- distribution of the EDR of a 5-year period from about 10 
million measurements. This resulted in the following intensity levels:

- EDP for moderate turbulence [m2/3/s]: => 0.22
- EDP for severe turbulence [m2/3/s]: => 0.34
- EDP for extreme turbulence [m2/3/s]: => 0.45

3.1.2 Traffic Plan Data 
Operational flight plan data from the Eurocontrol Demand Data Repository (DDR2) [2] is 
used. It contains mission-relevant information as well as flight profiles. These 4D-plan-
trajectories are divided into individual segments for each of which the corresponding 
boundary points are defined. The data is generally available for network planning for capacity 
control purposes. Principles of European capacity management are described in Lau et al. 
(2014) [3]. Flight plan data of selected flights of the Airbus A320 family departing at 
Frankfurt/Main (EDDF) had been made available for this study. 

3.2 Scenarios  
The selection of representative scenarios is based on both, meteorological and traffic 

information, whereby the evaluation period with the months June, July and August 2016 
refers to the summer season. Due to specific atmospheric properties, there is an increased 
probability of turbulence occurring during this period, which is caused in particular by wind 
shear and air mass movements over mountain ranges. Based on historical Significant Weather 
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Charts (SigWx), five days were qualitatively selected on which turbulence areas exist from a
defined intensity level 4 in the upper airspace. Turbulence areas mainly cover Central Europe
and can reach a lateral extent of several hundred kilometers. Fig. 4 provides flight planroutes 
and turbulence intensity levels on FL360 at 12:00z for two of the selected days.

a) 12.08.2016 b) 19.08.2016

Figure 4: Representative traffic scenarios and turbulence intensities on FL360 at 12:00z

There are hardly any similarities in the occurrence and location of turbulence areas
with high EDP intensities above 0.34 m2/3s-1. Moreover, there is no increased turbulence
activity over mountain regions. A qualitative examination of the EDP distributions suggests 
that turbulence areas occur along atmospheric currents. Circulation areas are recognized,
which correspond in geometric form and scaling to high and low pressure areas.

3.3 Fuel Consumption and Turbulence Conditions
Tab. 1 provides turbulence statistics along the selected routes and days. Each of the 

selected days included approximately 280 flights with about 11.000 cruise flight minutes. The 
time weighted average EDP is between 0.037 and 0.073 m2/3s-1 and thus well below the EDP 
threshold for the classification of moderate turbulence (0.22 m2/3s-1).

Parameter Unit 09.06.2016 16.07.2016 12.08.2016 19.08.2016 20.08.2016

mean EDP [m2/3s-1] 0,037 0,040 0,040 0,054 0,073
EDP standard deviation [m2/3s-1] 0,022 0,042 0,041 0,048 0,061

# total trajectories [-] 293 278 276 276 274
# total trajectories moderate [-] 3 27 11 45 61
# trajectories severe [-] 1 13 7 10 23
# trajectories extreme [-] 0 5 4 1 4

flight time cruise total [min] 11.169 11.187 11.310 11.089 11.422
flight time cruise moderate [min] 3 114 78 201 400
flight time cruise severe [min] 0 26 25 15 44
flight time cruise extreme [min] 0 8 11 0 4

Table 1: Turbulence statistics (cruise)

In addition to tab. 1, fig. 5 shows    detailed   bar charts of a) the relative   number of
trajectories as a function of the maximum EDP value along the trajectories and the associated
cumulative values as well as b) the relative and cumulated flight time within turbulence areas
represented by the EDP value. Both diagrams show results for the selected flights on
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20.08.2016. Compared to the other days, there is a clear shift in EDP distribution towards 
higher EDP maximum values.

a) Rel. no. of trajectories over max EDP b) Rel. flight time over EDP
Figure 5: Exemplary EDP statistics for 20.08.2016

Of the total of 1.397 routes considered, the 14 trajectories with extreme turbulence
along the flight path during  cruise were   optimized. Fig. 6a) provides the results for all  14 
routes optimized in consolidated form, whereas fig. 6b) shows the optimization results for 
a flight  trajectory  between  Frankfurt  and  Rome  on 16.07.2016. According  to  theapplied
optimization concept, the cruise flight segment of the planned route (black trajectory)between
ToC  and  ToD  was  first  identified. To determine  the  maximum  savings  potential  andthe  
savings  efficiency, a group  of optimized  trajectories  is  determined  for  each  flight
connection (blue trajectories). The weighting factors for fuel consumption and turbulence
intensity are varied in small steps between the fuel minimum (ܿ୳ୣ୪ ൌ ͳǡ ܿୈ ൌ Ͳሻ and the
turbulence minimum case (ܿ୳ୣ୪ ൌ Ͳǡ ܿୈ ൌ ͳሻ. Results balance the avoidance of turbulence
and the associated additional fuel consumption (Pareto front, fig. Figure 6b). For each optimized
trajectory, the resulting fuel consumption during cruise and the integrated turbulence intensity
are normalized to the respective value of the reference trajectory with minimum fuel
consumption. Moreover, the corresponding EDP profiles c) to f) are provided.

a) Pareto fronts for all optimized flights b) Exemplary results for route EDDF-LIFR
Figure 6: Trade-off between fuel consumption and EDP impact

In  addition  the fig. 6a), tab. 2 provides consolidated  numerical  values  for
integrated EDP values along all optimized flight trajectories within airspaces exceeding EDP
thresholds. Fig. 6a) shows that a    maximum   savings   potential of   up to  65% of the
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integrated turbulence intensity can be achieved on individual routes (green stars). In contrast, 
an unfavorable location of turbulence-intensive fields relative to the great circle connection 
can lead to very low EDP savings potentials in the order of a few percent on some routes (red 
stars). The saving efficiency also differs greatly between the routes, which are characterized 
by the slope of the Pareto fronts: the flatter the Pareto front (starting from reference point 1/1), 
the higher the saving efficiency. For example, the integrated EDP for the routes considered in 
this study can be reduced between 1% (grey plus) and 27.5% (green stars), depending on the 
route, by accepting an additional fuel consumption of 1%. In the second case, the savings 
efficiency is 27.5 times higher. 

Additional fuel 
consumption

Integrated EDP Flight time in turb.-fields 
with EDP > EDPmod

Flight time in turb.-fields 
with EDP > EDPsev

Flight time in turb.-fields 
with EDP > EDPext

1,0 %  -13,02 % -42,05 % -27,87 % -39,78 %

2,0 % -17,73 % -45,65 % -40,43 % -64,89 %

3,0 % -20,82 % -46,51 % -45,08 % -76,84 %

4,0 % -22,65 % -50,41 % -51,83 % -79,16 %

5,0 % -23,71 % -54,90 % -61,77 % -79,16 %

7,5 % -25,85 % -58,44 % -66,25 % -79,16 %

10,0 % -27,64 % -63,40 % -66,72 % -79,16 %

Table 2: Additional fuel consumption vs. reduced EDP flight time  

In summary, an increase in fuel consumption of around 3 % can reduce flight time by 
almost 80 % in areas with extreme turbulence. The flight time in areas with severe turbulence 
can be reduced by approx. 65 % with an additional fuel consumption of 5.5 %. 

4 CONCLUSION AND OUTLOOK 

The present study provides the quantified efficiency potential for selected flight plan 
routes, evaluated by measuring the relative fuel consumption increase through lateral re-
routing to reduce en-route flight time in turbulence areas. The turbulence measure used for 
this purpose is the EDP provided in the form of a continuous map. 14 turbulence-affected 
flight routes were identified and examined in detail. The results show that the average 
integrated EDP value can be reduced by a maximum of approx. 36% with an additional fuel 
consumption of approx. 60%. The potential for reducing flight time was determined by the 
specified intensity levels of moderate, severe, and extreme turbulence. Great benefit is evident 
for the avoidance of extreme turbulence as the flight time in such turbulence areas can be 
reduced by about 80 % already with a fuel increase of approx. 3 %. The flight time in areas 
with strong turbulence can be reduced by approx. 65 % with an additional fuel consumption 
of approx. 5.5 %. These results show that the use of EDP data permits the calculation of 
detailed fuel saving potentials and can therefore be an essential component of flight planning. 
The possibility of representing defined EDP intensity levels for EFB applications supplements 
an efficient applicability for flight execution. 

In order to exploit the efficiency potential in preliminary planning, it might make 
sense to also apply an optimisation procedure for the three-dimensional adaptation of plan 
trajectories for a larger number of turbulence-affected flights. The continuous optimization 
can be supplemented by the integration of air traffic control boundary conditions in order to 
achieve the most realistic trajectory possible. Such boundary conditions are mainly a result of 
flying at certain pre-defined flight altitudes in the cruise flight segment ('step climbs') in order 
to meet separation requirements. Another possibility is to specify certain cruise flight levels 
along the trajectory, avoiding severe turbulence. However, it would have to be examined to 
what extent flying on these flight levels over longer segments would influence fuel 
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consumption and whether it would make sense to implement such a flight plan adaptation. 
This question must be answered individually, but can only be answered with a larger number 
of trajectories over a longer period of time.  

ACKNOWLEDGEMENT 
This study was carried out as part of the project TeFis - Technologie für Flugverkehrs-
management in großen Strukturen of the German LuFo aviation research programme. The 
authors would like to thank the German Federal Ministry of Economics and Energy and the 
DLR Project Management Agency for Aeronautics Research and Technology. Furthermore, 
the authors would like to thank DWD and Eurocontrol for the provision of EDP and fl ight 
plan data.  

REFERENCES 

[1] Cheung, J. C.: Flight planning: node-based trajectory prediction and turbulence 
avoidance. Meteorological Applications, 25(1), p. 78-85, 2018. 

[2] Eurocontrol: DDR2 Reference Manual for General Users, ed. 2.9.3, 2017. 
[3] Lau, Alexander; Budde, Robert; Berling, Jan; Gollnick, Volker (2014) The Network Flow 

Environment: Slot Allocation Model Evaluation with Convective Nowcasting. 29th 
Congress of the International Council of the Aeronautical Sciences (ICAS), St. 
Petersburg. 

[4] Lührs, Benjamin; Niklaß, Malte; Frömming, Christine; Grewe, Volker; Gollnick, Volker 
Cost-Benefit Assessment of 2D and 3D Climate and Weather Optimized Trajectories. 
16th AIAA Aviation Technology, Integration, and Operations Conference (ATIO), 
Washington. DOI: 10.2514/6.2016-3758, 2016. 

[5] Nuic, A.; Mouillet, V.: User Manual fort the Base of Aircraft Data (BADA) Family 4. ECC 
Technical/Scientific Report No. 12/11/22-58, 2012.  

[6] Patterson, M.A.; Rao, A.V.: GPOPS-II: A MATLAB Software for Solving Multiple-Phase 

Optimal Control Problems Using hp-Adaptive Gaussian Quadrature Collocation Methods 

and Sparse Nonlinear Programming. ACM Transactions on Mathematical Software, 41, 
1-37, 2014. 

[7] Sharman, R.: Nature of aviation turbulence. Aviation Turbulence. Springer, Cham, p. 3-
30, 2016. 

[8] Storer, L. N., Williams, P. D., & Gill, P. G.: Aviation turbulence: dynamics, forecasting, 
and response to climate change. Pure and Applied Geophysics, 176(5), p. 2081-2095, 
2019. 

[9] Wächter, A.; Biegler, L. T.: On the implementation of an interior-point filter line-search 

algorithm for large-scale nonlinear programming. In: Mathematical Programming 106, 
25-57, 2006. 

[10] Zängl, G., Reinert, D., Rípodas, P., & Baldauf, M.: The ICON (ICOsahedral Non-
hydrostatic) modelling framework of DWD and MPI-M: Description of the non-
hydrostatic dynamical core. Quarterly Journal of the Royal Meteorological Society, 
141(687), p. 563-579, 2015. 



431

� 

����������������������������������������������������

����
�������������	���������

�������������������!�������
��� 

�

�

�
�(6(-01,/*�$/�,/4(2/$4,0/$-�2(*,.(�)02�31$&(�2(3052&(3�4+205*+�4+(�-(/3(3�

0)�4+(��$7�0)�4+(��($��2(&(/4�-(330/3�)20.�4+(��/4(2/$4,0/$-��($%('�
54+02,48�

�
�9?F1>>9��B49D?	�

79?F1>>9�1B49D?�E>9B?=1	�9D�

	��5@1BD=5>D�?6�$?<9D931<�'395>35C��'1@95>J1�)>9F5BC9DI�?6�&?=5��$�<5��<4?�!?B?���&?=5��
�D1<I�

� �

��������
�()3�0!0%2�!)-3�!4�3(%$$).'�,)'(4�/.�4(%�,%'!,�#/.42)"54)/.�/&�4(%�$%%0�3%!"%$�-).).'�4/�4(%�
$%6%,/0-%.4�/&�!�2%')-%�&/2�30!#%�2%3/52#%3�%.6)3!'%$�"9�
24)#,%����/&�4(%��//.�
'2%%-%.4��
�(%� 34!24).'� 0/).4� )3� !� "2)%&� 2%&,%#4)/.� /.�7(%4(%2� 4(%� #/.#%04� /&� 4(%��/--/.� (%2)4!'%� /&�
-!.+).$��7()#(�(!3�"%%.�!00,)%$�4/�30!#%�2%3/52#%3�� )3�34),,�35)4!",%���/2%/6%2�� 4!+).'�).4/�
!##/5.4�4(%�02/6)3)/.3�/&�4(%��������!.$�)43��-0,%-%.4).'�
'2%%-%.4��4(%�0!4(�&/,,/7%$�).�
4(%�&)%,$�/&�4(%��!7�/&�4(%��%!�#!.�3500/24�4(%�!$/04)/.�/&�!�02/0%2�2%'5,!4)/.�&/2�30!#%�-).).'��
�()3�)3�0!24)#5,!2,9�425%�&/2�"/4(�4(%�2/,%�0,!9%$�"9�4(%��.4%2.!4)/.!,��%!"%$�
54(/2)49��7(/3%�
).34)454)/.!,� !22!.'%-%.43� #!.� "%� %!3),9� #/.3)$%2%$� !3� !� -/$%,�� !.$� &/2� 4(%� 2%#%.4� 2!&4�
2%'5,!4)/.�/.��80,/)4!4)/.�/&��).%2!,��%3/52#%3��7()#(�#/.34)454%3�!�#(!.#%�4/�$2!7�53%&5,�
().43�&/2�!�&5452%�30!#%�-).).'�2%')-%���(),%�3/-%�!30%#43�#!.�!,2%!$9�"%�$%!,4�7)4(�"9�4(%�
%8)34).'�30!#%�42%!4)%3��)335%3�,)+%��,!.3�/&�7/2+��,)#%.3).'�-%#(!.)3-3�!.$�&).!.#)!,�4%2-3�!2%�
34),,�4/�"%�3%44,%$���()3�0!0%2�7),,�4(53�02/6)$%�%8!-0,%3�/&�(/7�!�-/$%2.�5.$%234!.$).'�/&�4(%�
�/--/.�(%2)4!'%�/&�-!.+).$��4/'%4(%2�7)4(�4(%�3(!2).'�/&�"%34�02!#4)#%3�7)4(�4(%��.4%2.!4)/.!,�
�%!"%$�
54(/2)49��#!.�"//34�&5452%�!22!.'%-%.43�&/2��54%2�30!#%��
�
�(8702'3���?==?>� 85B9D175� ?6� =1>;9>4�� C@135� B5C?EB35C��  1G� ?6� D85� '51�� �>D5B>1D9?>1<�
'51254��ED8?B9DI��
�

�������������
�>�D85�<1CD�65G�I51BC��D85�<571<�9=@<931D9?>C�?6�D85�5H@<?9D1D9?>�?6�C@135�B5C?EB35C�81F5�455@<I�
1DDB13D54�D85�1DD5>D9?>�?6�D85�3?==E>9DI�?6�C@135�<1G�C38?<1BC��+89<5�D85�@B?69D129<9DI�?6�C@135�
=9>9>7�9C�CD9<<�E>45B�49C3ECC9?>��D85�B535>D�14?@D9?>�?6�>1D9?>1<�@9535C�?6�<579C<1D9?>�B57E<1D9>7�
D85�5H@<?9D1D9?>�?6�C@135�B5C?EB35C�.	/�81C�@B?=@D54�B56<53D9?>C�?>�8?G�D?�9>D5B>1D9?>1<<I��B1D85B�
D81>�4?=5CD931<<I��144B5CC�D85�D?@93�D8B?E78�5H9CD9>7�?B�>5G�=E<D9<1D5B1<�<571<�9>CDBE=5>DC��

�<D8?E78� D85��7B55=5>D��?F5B>9>7� D85��3D9F9D95C�?6�'D1D5C�?>� D85�!??>�1>4�#D85B�
�5<5CD91<��?495C��!??>��7B55=5>D��1D�1BD93<5�		�	��453<1B5C�D85�!??>�1>4�9DC�>1DEB1<�B5C?EB35C�
D85��?==?>�85B9D175�?6�=1>;9>4��P@5>49>7�D85�1335@D1>35�?6�D85�!??>�(B51DI�2I�D85�C@135�
B5C?EB35C�'D1D5C�� D85�2%3�#/--5.)3�@B9>39@<5�?6� D85�	����$B9>39@<5C�(B51DI�G9<<�7?F5B>� D859B�
B5C@53D9F5�B978DC�1>4�4ED95C�3?>35B>9>7�D85�B5=?F12<5�?2:53DC�3?>CD9DED9>7�D85�>1DEB1<�B5C?EB35C�
?6�D85�!??>Q��.
/�'?�61B��D85�!??>��7B55=5>D�?><I�B513854�1�<9=9D54�>E=25B�?6�B1D96931D9?>C�
=19><I� 2531EC5� ?6� D85� 49C3B549D� ?6� D85� �?==?>� 85B9D175� ?6� =1>;9>4� 3?>35@D�� G8938� G1C�
3?>C945B54�496693E<D�D?�9=@<5=5>D�1>4�?@@?C54�D?�D85�9>D5B5CDC�?6�C@135�61B9>7�>1D9?>C���?G5F5B��
D85�5H@5B95>35�6B?=�D85�	��
�)>9D54�"1D9?>C��?>F5>D9?>�?>�D85� 1G�?6�D85�'51��)"� #'��



432

%6%,/0).'�!.�).4%2.!4)/.!,�2%')-%�&/2�30!#%�2%3/52#%3� 
2$)4/�
� �

C8?GC� D81D� D85� �?==?>� 85B9D175� @B9>39@<5� 31>� CD9<<� 25� CE335CC6E<<I� 9=@<5=5>D54�� (85�
�>D5B>1D9?>1<� '51254��ED8?B9DI� ��'���� D85� 9>D5B7?F5B>=5>D1<� ?B71>9J1D9?>� 3B51D54� E>45B� D85�
)"� #'�6?B�D85��B51��81C�9>�613D�CE3355454�9>�C5DD9>7�1�3?=@<5D5�B1>75�?6�B57E<1D9?>C�6?B�D85�
5H@<?B1D9?>��1>4�9>�D85�F5BI�>51B�6EDEB5��5H@<?9D1D9?>�?6�=9>5B1<�B5C?EB35C���

(89C�@1@5B�G9<<�D8EC�1>1<IC5�D85�29BD8�1>4�5F?<ED9?>�?6�D85��?==?>�85B9D175�?6�=1>;9>4�
@B9>39@<5� 9>� D85�@1B1<<5<�>57?D91D9?>C�?6� D85�)"� #'�1>4� D85�!??>��7B55=5>D�� 9>�?B45B� D?�
945>D96I�D85�B51C?>C�2589>4�9DC�=9C6?BDE>5�9>�D85�695<4�?6�#ED5B�C@135��(8B?E78�1�2B956�9>C978D�
9>D?�D85�	�����7B55=5>D�&5<1D9>7�D?�D85��=@<5=5>D1D9?>�?6�$1BD�,��?6�D85�)"� #'��"5G�-?B;�
�7B55=5>D��9D�G9<<�25�C8?G>�D81D�D85��?==?>�85B9D175�@B9>39@<5�31>�CD9<<�25�81B=?>9C54�9>�1�
G1I�1335@D12<5�D?�2?D8�C@135�61B9>7�1>4�45F5<?@9>7�3?E>DB95C����F95G�?>�D85��'��9>CD9DED9?>1<�
@B?69<5�G9<<�1<C?�25�@B?F9454�D?�C854�<978D�?>�D85�@?CC92<5�1B389D53DEB5�?6�1>��>D5B>1D9?>1<�'@135�
�ED8?B9DI�1>4�9DC�B?<5�9>�7B1>D9>7�D85�?B45B<I��C165�1>4�B1D9?>1<�ED9<9C1D9?>�?6�C@135�B5C?EB35C��
+9D8�D85�19=�D?�945>D96I�1�@B?@5B�B579=5�6?B�D85�5H@<?9D1D9?>�?6�=9>5B1<�B5C?EB35C�1>4�4B1G9>7�
6B?=� D85� B535>D� �'��5H@5B95>35�� D89C�@1@5B�G9<<�7?� D8B?E78� D85�=19>� 651DEB5C�?6�1� <935>C9>7�
=5381>9C=�6?B�C@135�=9>9>7�13D9F9D95C��

��������������������������������������������������������
������������
+85>�?>�	���535=25B�	����D85�!??>��7B55=5>D�G1C�?@5>54�6?B�C97>1DEB5��D85�3?>35@D�?6�D85�
�?==?>�85B9D175�?6�=1>;9>4�814�<?>7�255>�49C3ECC54�2I�D85�9>D5B>1D9?>1<�3?==E>9DI���

�33?B49>7�D?�D85�)>9D54�"1D9?>C�B53?B4C��.�/�9>�	�����=21CC14?B��?331�69BCD��9>�D85�
695<4�?6�#ED5B�C@135��1>4�C??>�16D5B��=21CC14?B�$1B4?��6?B�D85� 1G�?6�D85�'51��CE775CD54�D?�
453<1B5�D85�DG?�1B51C�25I?>4�>1D9?>1<�:EB9C493D9?>�D85��?==?>�85B9D175�?6�=1>;9>4��.�/��
�5>5B1<<I�C@51;9>7��D85��?==?>�85B9D175�?6�=1>;9>4�31>�25�4569>54�1C�1�4%24)5-�'%.53��./�
49CD9>3D� 6B?=� D85� B579=5C� ?6� C?F5B597>DI� 1>4� 2%3� #/--5.)3� /-.)5-�� D81D� 81C� 255>� <1B75<I�
9>6<E5>354�2I�D85�C?<941B9CD93�@B9>39@<5C�?6�D85�453?<?>9C1D9?>��D85�DB1>C9D9?>�6B?=�3?5H9CD5>35�
D?�3??@5B1D9?>�9>�9>D5B>1D9?>1<�<1G�1>4�D85�"5G��>D5B>1D9?>1<��3?>?=93�#B45B��.�/�

�C�1�=1DD5B�?6�613D��=?CD�?6�D85�3?>CD9DED9F5�651DEB5C�?6�D85��?==?>�85B9D175�?6�=1>;9>4�
1<B514I�6?B=54�@1BD�?6�D85�G5<<�;>?G>�3?>35@D�?6�D85�2%3�#/--5.)3�/-.)5-��G8938�81C�1<G1IC�
6?E>4�1@@<931D9?>�D?�D85��978�C51C���?G5F5B��G89<5�D85�DG?�3?>35@DC�C81B5��1��D85�@B?8929D9?>�
?6� 13AE9C9D9?>� ?6� C?F5B597>DI� B978DC�� 2�� D85� B5C5BF1D9?>� 6?B� @51356E<� @EB@?C5C� ?><I�� 3�� D85�
5AE9D12<5�C81B9>7�?6�B5C?EB35C�G9D8�@1BD93E<1B�B571B4�D?�D85�9>D5B5CD�?6�@??B5B�1>4�45F5<?@9>7�
3?E>DB95C��1>4�4��@B5C5BF1D9?>�6?B�6EDEB5�75>5B1D9?>C��D85�3?>35@D�?6�D85��?==?>�85B9D175�?6�
=1>;9>4�1<C?�6?B5C55C�D85�3B51D9?>�?6�1�DBECD�9>�381B75�?6�9DC�14=9>9CDB1D9?>��?>�2581<6�?6�D85�
=1>;9>4�1C�1�G8?<5��.�/�

�>�D85�4?=19>�?6�#ED5B�C@135��C9>35�G85>�9>�	���D85��5>5B1<��CC5=2<I�?6�D85�)>9D54�
"1D9?>C�G9D8�B5C?<ED9?>�	�����,�����5CD12<9C854�1��?==9DD55�?>�D85�$51356E<�)C5C�?6�#ED5B�
'@135���#$)#'���D85B5�G1C�1�G945C@B514�25<956�D81D�9DC�EC5�G1C�9>D5>454�6?B�D85�25>569D�?6�
=1>;9>4���>�D85�6?<<?G9>7�>57?D91D9?>C��<5149>7�D?�D85�14?@D9?>�?6�D85�	����(B51DI�?>�$B9>39@<5C�
�?F5B>9>7�D85��3D9F9D95C�?6�'D1D5C�9>�D85��H@<?B1D9?>�1>4�)C5�?6�#ED5B�'@135�� 9>3<E49>7�D85�
!??>�1>4�#D85B��5<5CD91<��?495C��#ED5B�'@135�(B51DI���D85�D5B=�P�?==?>�85B9D175Q�G1C�?6D5>�
D9=5C�EC54�9>D5B381>7512<I�G9D8�P$B?F9>35�?6�=1>;9>4Q��D?�B565B�D?�D85�C1=5�3?>35@D��.�/�(85�
69>1<� D5HD� ?6� D85�#ED5B�'@135�(B51DI�� 8?G5F5B�� @B9F9<5754� D85� @B?F9>35� ?6�=1>;9>4� 6?B=E<1�
G8938�� 133?B49>7� D?� <1B75� @1BD� ?6� D85� 4?3DB9>5�� .�/� 4?5C� >?D� 6E<<I� B5C5=2<5� D?� D85��?==?>�
85B9D175�?6�=1>;9>4��1C�D85>�14?@D54�9>�D85�)"� #'�1>4�D85�!??>��7B55=5>D���.	�/�

#>�CE38�21C5C��1D�D85�51B<I�CD175C�?6�D85�>57?D91D9?>C�?6�D85�!??>�17B55=5>D��?>����E<I�
	�����D85��B75>D9>91>�45<571D9?>�81>454�?ED�D85�69BCD�@B?@?C1<�133?B49>7�D?�G8938�9D�AE1<96954�
D85�!??>�1>4�?D85B�35<5CD91<�2?495C�1C�D85��?==?>�85B9D175�?6�=1>;9>4��.		/��5G�I51BC�<1D5B��
4EB9>7� D85� (89B4� �?>65B5>35� ?>� D85�  1G� ?6� D85� '51� �	����	��
�� 3?>F5>54� 2I� D85� )>9D54�
"1D9?>C��D85��?>65B5>35���D85�>5G<I�9>45@5>45>D�3?E>DB95C�CE@@?BD54�1>�945>D931<�@B?@?C1<�6?B�
D85��B51��(85�B513D9?>�?6�+5CD5B>�3?E>DB95C�G1C�DG?6?<4���?B�9>CD1>35��G89<5�G9D8�B571B4�D?�D85�
 1G�?6�D85�'51�D85��=5B931>�14=9>9CDB1D9?>C�G5B5�@1BD93E<1B<I�B5<E3D1>D�D?�1335@D�D85�@B9>39@<5�



433

%6%,/0).'�!.�).4%2.!4)/.!,�2%')-%�&/2�30!#%�2%3/52#%3� 
2$)4/�
� �

?6�D85��?==?>�85B9D175�?6�=1>;9>4��D89C�G1C�>?D�D85�31C5�6?B�D85�#ED5B�C@135��G85B5�D85I�65<D�
12<5�D?�C81@5�9D�9>�1�G1I�C9=9<1B�D?�D85�3?>35@D�?6�2%3�#/--5.)3�/-.)5-��.	
/��>�?D85B�G?B4C��
D85I�494�P>?D�49C17B55�G9D8�D85�21C93�@B9>39@<5�D81D�1<<�>1D9?>C�C8?E<4�C81B5�D85�25>569DC� D81D�
G?E<4�133BE5�G85>�9D�253?=5C�3?==5B391<<I�651C92<5�D?�?2D19>�>1DEB1<�B5C?EB35C�6B?=�D85�!??>�
?B� ?D85B� 35<5CD91<� 2?495CQ�� .	�/� 2ED� D85I� 3?E<4� >?D� 1335@D� D85� 3B51D9?>� ?6� 1� DBECD� 6?B� D859B�
=1>175=5>D���
�?B�9DC�@1BD��D85�'?F95D�)>9?>�85<4�1�3B9D93�F95G�1C�G5<<���1F9>7�B53?7>9C54�D81D�D85B5�G1C�>?�
9>D5B65B5>35�25DG55>�D85�@B9>39@<5�?6�>?>�1@@B?@B91D9?>�<194�?ED�9>�D85�#ED5B�'@135�(B51DI�1>4�
D85�5H@<?9D1D9?>�?6�>1DEB1<�B5C?EB35C��9DC�B5@B5C5>D1D9F5C�=19>D19>54�D81D�C@135�B5C?EB35C�814�D?�
25�@B?D53D54�6B?=�D85�9BB1D9?>1<�EC5�?6�+5CD5B>�=?>?@?<9CDC��.	�/��
�6D5B� D85� CE2=9CC9?>� ?6� 1� 3?>C9CD5>D� >E=25B� ?6�G?B;9>7� @1@5BC� D?� D85��#$)#'�� .	/� 1>4�
>?DG9D8CD1>49>7�D85�?@@?C9D9?>C�1E7=5>D54�2I�D85��?<4�+1B��9>�	����49F5B75>35C�C55=54�D?�
49C1@@51B�1>4�D85� D5HD�?6� D85�!??>�17B55=5>D�G1C�14?@D54�2I�#/.3%.353���?G5F5B�� 9D�C??>�
2531=5�5F945>D�D81D�C@135�@?G5BC�G5B5�?F5BD<I�9>�49C17B55=5>D�G9D8�D85�G?B49>7�?6��BD93<5�		���

�C� 9D�CD1>4C� D?41I��81F9>7�@B5C3B9254�D81D� D85�!??>�1>4�9DC�>1DEB1<� B5C?EB35C�1B5� D85�
�?==?>� 85B9D175� ?6� =1>;9>4�� 9D� =1;5C� 3<51B� D81D� D85� !??>� 9C� >?D� CE2:53D� D?� >1D9?>1<�
1@@B?@B91D9?>�1>4� D81D�>?>5�?6� 9DC�@1BD� C81<<�253?=5� D85�@B?@5BDI�?6�1>I�'D1D5�� 9>D5B>1D9?>1<�
9>D5B7?F5B>=5>D1<� ?B� >?>�7?F5B>=5>D1<� ?B71>9C1D9?>�� >1D9?>1<� ?B71>9C1D9?>� ?B� >?>�
7?F5B>=5>D1<�5>D9DI�?B�>1DEB1<�@5BC?>���<<�D85�'D1D5C�@1BD95C�81F5�D85�C1=5�B978D�?6�1335CC�D?�D85�
!??>��2ED�@1B17B1@8��5CD12<9C85C�1�$%�#/.42!(%.$/�?2<971D9?>�D?�C5D�E@�1>�9>D5B>1D9?>1<�B579=5�
6?B�D85�?B45B<I�1>4�C165�45F5<?@=5>D�?6�D85�>1DEB1<�B5C?EB35C��D859B�B1D9?>1<�=1>175=5>D�1>4�
5AE9D12<5�C81B9>7�?6�25>569DC�1B9C9>7�6B?=�D859B�EC5��.	�/��5C@9D5�259>7�3?>C945B54�PD85�=?CD�
61B�B51389>7�9>D5B>1D9?>1<�17B55=5>D�5F5B�GB9DD5>Q��.	�/�D85�3B51D9?>�?6�CE38�B579=5�D?�7?F5B>�
C@135�=9>9>7�13D9F9D95C�494�>?D�3?>F9>35�C@135�@?G5BC�D?�B1D96I�D85��7B55=5>D�G8938��1<D8?E78�
9>�6?B35��?><I�3?E>DC�	��B1D96931D9?>C��

�5G�I51BC�<1D5B��+5CD5B>�3?E>DB95C�C8?G54�1�F5BI�C9=9<1B�B5<E3D1>35�G9D8�B571B4�D?�$1BD�
,��?6�D85�)"� #'��5CD12<9C89>7�1>�9>D5B>1D9?>1<�B579=5�6?B�D85�=1>175=5>D�?6�D85��?==?>�
85B9D175�?6�=1>;9>4�?6�D85��B51��.	�/�'E38�?@@?C9D9?>�B5CE<D54�9>�D85�2B5138�?6�D85�#/.3%.353�
BE<5�� 14?@D54� 1C� D85� 4539C9?>�=1;9>7� =5381>9C=� 9>� 1<<� D85� CD175C� ?6� D85� �?>65B5>35�� 1>4�
@B5F5>D54�=?CD�?6�D85=�6B?=�C97>9>7�1>4�B1D96I9>7�D85�)"� #'�9>�	��
���>�@1BD93E<1B��45C@9D5�
=?CD�?6� D85�+5CD5B>�45<571D9?>C�G5B5�?6� D85�?@9>9?>� D81D� C?=5�@B?F9C9?>C� �5C@5391<<I� D8?C5�
B5<1D54� D?� D85� DB1>C65B� ?6� D538>?<?7I�� ?F5B<I� @B9F9<5754� 45F5<?@9>7� 3?E>DB95C� 1>4� 5H@?C54�
45F5<?@54�'D1D5C�D?�1�49C@B?@?BD9?>1D5�2EB45>��3?>DB1BI�D?�1>I�C?E>4�9>4ECDB91<�1>4�3?==5B391<�
@B9>39@<5�� (85� 49F5B75>35C� G5B5� C?� 455@� D81D�� >?DG9D8CD1>49>7� D85� -/2!4/2)5-� ?>� D85�
5H@<?9D1D9?>�?6�>1DEB1<�B5C?EB35C�25I?>4�>1D9?>1<�:EB9C493D9?>��.	�/�D85�)>9D54�'D1D5C�?6��=5B931�
494�>?D�C97>�D85��?>F5>D9?>�1>4�494�>?D�381>75�D859B��55@�'51�254��1B4�!9>5B1<�&5C?EB35C�
�3D���'�!&���.
�/��
�51B9>7�D81D�1<<�D85�5>451F?EBC�D?�3?>3<E45�1�>5G�DB51DI�?>�D85� 1G�?6�D85�'51�3?E<4�F1>9C8��
D85� '53B5D1BI� �5>5B1<� ?6� D85� )>9D54� "1D9?>C� �?EDB?C� �?EDB?C��81<9� E>45BG5>D� <?>7�
3?>CE<D1D9?>C�?>�$1BD�,��?6�D85�)"� #'��G8938�B5CE<D54�9>D?�D85�	����"5G�-?B;��7B55=5>D��
+89<5�9D�CE3355454�9>�9=@B?F9>7�D85�>E=25B�?6�B1D96931D9?>C�D?�D85�)"� #'��C?=5�C38?<1BC�
1B7E54�D81D�D85�?B979>1<�3?>35@D9?>�?6�D85��?==?>�85B9D175�?6�=1>;9>4�<?CD�=E38�?6�9DC�9>9D91<�
381B13D5B9CD93C�1C�1�B5CE<D�?6�1�21B719>9>7�25DG55>�D85�9>D5B5CDC�?6�45F5<?@9>7�1>4�45F5<?@54�
3?E>DB95C��G8938�69>1<<I�<54�D?�D85�DB9E=@8�?6�1�<925B1<�1@@B?138��.
	/��?B�9>CD1>35��9D�5<9=9>1D54�
1>I�B565B5>35�D?�D85�DB1>C65B�?6�D538>?<?7I�D?�@??B5B�3?E>DB95C�2I�B59>DB?4E39>7�D85�?@5>�=1B;5D�
1@@B?138��?><I�@1BD91<<I�=9D971D54�2I�D85�4EDI�?6�3?==5B391<�619B>5CC���

"?DG9D8CD1>49>7� D85� C194�=?496931D9?>C�� D85��?==?>� 85B9D175� @B9>39@<5�� 9>� 9DC�=?CD�
@B?=9>5>D�651DEB5C��G1C�C1657E1B454�.

/�1>4�D85�"5G�-?B;��7B55=5>D�CE3355454�9>�3B51D9>7�
1�=5381>9C=�G8938��1<?>7�D85�I51BC��B5F51<54�6E>3D9?>1<�1>4�5669395>D�1>4�G8938�31>�G5<<�25�
B565BB54�D?�1C�=?45<�6?B�D85�B57E<1D9?>�?6�C@135�=9>9>7�13D9F9D95C��

�



434

%6%,/0).'�!.�).4%2.!4)/.!,�2%')-%�&/2�30!#%�2%3/52#%3� 
2$)4/�
� �

�����������������������������#��������������������������
���������������������������
(85� "5G� -?B;� �7B55=5>D� 1<C?� B54569>54� D85� 9>CD9DED9?>1<� CDBE3DEB5� ?6� D85� �'��� +9D8� 1�
=5=25BC89@� ?6� 	��� 'D1D5� @1BD95C�� D85� �'�� 81C� 255>� 3?>65BB54� D85� @?G5B� D?� 14=9>9CD5B� D85�
�?==?>��5B9D175�?6�D85��B51�?>�2581<6�?6�8E=1>;9>4��.
�/��>�?B45B�D?�31BBI�?ED�9DC�=1>41D5��
D85� �ED8?B9DI� 9C� 5AE9@@54�G9D8� C5F5B1<� ?B71>C�� >1=5<I� D85� �CC5=2<I�� D85� �?E>39<� 1>4� D85�
'53B5D1B91D�� (85� �CC5=2<I� 9C� 3?=@?C54� 2I� 1� B5@B5C5>D1D9F5� ?6� 5138� 'D1D5� $1BDI� 1>4� 9C� D85�
CE@B5=5�2?4I�?6�D85�?B71>9C1D9?>��.
�/�(85�D5B=�PCE@B5=5Q��1C�3?>D19>54�9>��BD93<5�	����C81<<�
>?D�25�9>D5B@B5D54�9>�D85�C5>C5�D81D�D85�=?CD�B5<5F1>D�4539C9?>C�B5<1D9>7�D?�D85�=1>175=5>D�?6�
D85��B51�1B5�D1;5>�2I�D85��CC5=2<I��9>CD514��C9>35�D85��CC5=2<I�9C�D85�?><I�@<5>1BI�2?4I�?6�
D85��'���9D� 9C�D85�C?<5�?B71>�D?�G8938�1<<� D85�?D85BC�1B5�133?E>D12<5���=?>7�D85�@?G5BC�1>4�
6E>3D9?>C�?6�D85��CC5=2<I��.
/�D85�=?CD�B5<5F1>D�1B5�D85�5<53D9?>�?6�D85�=5=25BC�?6�D85��?E>39<�
1>4�D85�'53B5D1BI��5>5B1<��D85�1CC5CC=5>D�?6�D85�53?>?=93�3?>DB92ED9?>�?6�5138�!5=25B�'D1D5�
1>4� D85� 69>1<� 1@@B?F1<�� E@?>� B53?==5>41D9?>� ?6� D85� �?E>39<�� ?6� D85� BE<5C�� B57E<1D9?>C� 1>4�
@B?354EB5C�B5<1D9>7�D?�@B?C@53D9>7��5H@<?B1D9?>�1>4�5H@<?9D1D9?>�?6�>1DEB1<�B5C?EB35C�9>�D85��B51��
�33?B49>7�D?�D85�"5G�-?B;��7B55=5>D��D85��CC5=2<I��G8?C5�=5=25BC�81F5�?>5�F?D5�5138��
C8?E<4�?@5B1D5�2I�#/.3%.353��2ED�96�9=@?CC92<5��D85�
���=1:?B9DI�CICD5=�1@@<95C�6?B�CE2CD1>D9F5�
AE5CD9?>C�1>4�	�
�6?B�@B?354EB1<�=1DD5BC��.
�/�

�C�6?B�D85��?E>39<��9D�3?>C9CDC�?6����=5=25BC�5<53D54�2I�D85��CC5=2<I��.
�/�D8B?E78�1�
3?=@<5H�=5381>9C=�G8938�D1;5C�9>D?�133?E>D�D85�3?>DB92ED9?>�D?�D85�3?>4E3D�?6�13D9F9D95C�9>�
D85��B51�� D85� B1D5�?6�5H@?BD�?6� <1>4�21C54� B1G�=1D5B91<C�� D85� C@5391<� 9>D5B5CDC�?6�45F5<?@9>7�
'D1D5C��1>4�D85�@B9>39@<5�?6�5AE9D12<5�75?7B1@8931<�49CDB92ED9?>���=?>7�9DC�D1C;C��D85�1@@B?F1<�
?6� $<1>C� ?6� G?B;� 6?B� 5H@<?B1D9?>� 1>4� 5H@<?9D1D9?>� ?6� B5C?EB35C�� D85� CE@5BF9C9?>� ?>� 1<<� D85�
13D9F9D95C� D1;9>7� @<135� 9>� D85� �B51�� D85� 14?@D9?>� ?6� 1>I� B57E<1D9?>� 6?B� D85� @B?C@53D9>7��
5H@<?B1D9?>� 1>4� 5H@<?9D1D9?>� 9>� D85��B51�� D85� 9CCE9>7� ?6� 5=5B75>3I� ?B45BC�� D85� @B?@?C1<� ?6�
31>4941D5C�6?B�D85�'53B5D1BI��5>5B1<�1B5�D85�=?CD�@B?=9>5>D��.
�/�(85�4539C9?>�=1;9>7�CICD5=�
?6�D85��?E>39<�9C�21C54�?>�#/.3%.353�1C�G5<<��1>4�?><I�9>�31C5�?6�9=@?CC929<9DI�D?�B5138�9D��D85�

���=1:?B9DI�CICD5=�1@@<95C��.
�/�'9>35�D85��?E>39<�=?CD<I�451<C�G9D8�D538>931<�9CCE5�1B9C9>7�
6B?=�D85�B57E<1D9?>�?6�D85�13D9F9D95C�9>�D85��B51��1� 571<�1>4�(538>931<��?==9CC9?>�� (��?B�
D85��?==9CC9?>��9C�5CD12<9C854�1C�9DC�?B71>���D�3?>C9CDC�?6����=5=25BC�5<53D54�6?B�1��I51BC�
@5B9?4�?>�D85�21C9C�?6�D859B�@5BC?>1<�AE1<96931D9?>��.��/�(85� (��9C�F5CD54�G9D8�C5F5B1<�6E>3D9?>C�
1=?>7�G8938�D85�B5F95G�?6�1@@<931D9?>C�6?B�$<1>C�?6�G?B;��CE@5BF9C9?>�?>�5H@<?B1D9?>�?B�=9>9>7�
13D9F9D95C�1>4�1CC5CC=5>D�?6�D85�5>F9B?>=5>D1<�9=@13D�?6�CE38�13D9F9D95C��.�	/�'9>35�9DC�3B51D9?>��
9D�81C�255>�5>DBECD54�D?�45F5<?@�D85�4B16DC�?6�D85�&57E<1D9?>C�?>�$B?C@53D9>7�1>4��H@<?B1D9?>�
6?B�$?<I=5D1<<93�"?4E<5C�9>�D85��B51�1>4�D85�&57E<1D9?>C�?>�$B?C@53D9>7�1>4��H@<?B1D9?>�6?B�
$?<I=5D1<<93�'E<@8945C�1>4��?21<D�&938��5BB?=1>71>5C5��BECDC�9>�D85��B51��G8938�81F5�D85>�
255>�14?@D54�2I�D85��?E>39<��.�
/�

�9>1<<I��D85�'53B5D1B91D�?6�D85��ED8?B9DI�3?=@B585>4C�D85�'53B5D1BI��5>5B1<�1>4�9DC�CD166�
G8938�9C�>55454�6?B�D85�@B?@5B�6E>3D9?>9>7�?6�D85�?B71>9J1D9?>��(85�'53B5D1BI��5>5B1<�9C�5<53D54�
6?B� 1� �� I51BC�D5B=� 2I� D85� �CC5=2<I� 1=?>7� D85� 31>4941D5C� @B?@?C54� 2I� D85� �?E>39<�� �5�
9>D5B>1D9?>1<<I�B5@B5C5>DC�D85��ED8?B9DI�1>4�9C�9>�381B75�?6�1<<�9DC�14=9>9CDB1D9F5�6E>3D9?>C��.��/�

(85� )"� #'� 1<C?� 6?B5C1G� D85� 3B51D9?>� ?6� D85� �>D5B@B9C5�� D85� =9>9>7� 1B=� ?6� D85�
�ED8?B9DI��G8938�G1C�5H@53D54�D?�253?=5�D85�=1:?B�?@5B1D?B�9>�D85�C51�254�1>4�D8EC�B5@B5C5>D�
D85�=1D5B91<�1@@<931D9?>�?6�D85�9451�?6�D85��?==?>�85B9D175��.��/��?G5F5B��9D�=?CD<I�CE665B54�
D85�=?496931D9?>C�2B?E78D�12?ED�2I�D85�"5G�-?B;��7B55=5>D�1>4�D85��>D5B@B9C5�81C�C?�61B�>?D�
255>�B5>45B54�?@5B1D9F5��45C@9D5�D85�B535>D�B5AE5CD�2I�C?=5�3?E>DB95C�9>�D89C�B5C@53D��.�/�

+89<5� 4EB9>7� 9DC� F5BI� 69BCD� I51BC� D85� �'��G1C� 3?>C945B54� 9>5669395>D� 2531EC5� ?6� D85�
C<?G>5CC� ?6� 9DC� @B?354EB5C� 1>4� D85� <9=9D54� >E=25B� ?6� 5H@<?B1D9?>� 3?>DB13DC� 3?>3<E454��
>?G141IC�D85B5�9C�75>5B1<�17B55=5>D�?>�9DC�@B?@5B�6E>3D9?>9>7��(?�D89C�5HD5>D��B5@B?4E39>7�9DC�
CDBE3DEB5�1>4�=5381>9C=C�6?B�D85�=1>175=5>D�?6�D85�C@135�B5C?EB35C�G?E<4�35BD19><I�81F5�1�
@?C9D9F5�9=@13D��'9>35�D85�'51254�1>4�#ED5B�C@135�C81B5�1�F5BI�C9=9<1B�<571<�CD1DEC��1C�1B51C�
25I?>4�>1D9?>1<�:EB9C493D9?>��C5F5B1<�@B?@?C1<C�9>�D89C�B571B4�81F5�255>�14F1>354�2I�<5149>7�



435

%6%,/0).'�!.�).4%2.!4)/.!,�2%')-%�&/2�30!#%�2%3/52#%3� 
2$)4/�
� �

C38?<1BC��.��/�+9D8?ED�7?9>7�9>D?�D85�45D19<C�?6�1�@?CC92<5�9>CD9DED9?>1<�CDBE3DEB5��1�8I@?D85D931<�
�>D5B>1D9?>1<� '@135� �ED8?B9DI� C8?E<4� 25� 6?B=54� 1D� <51CD� 2I� 1� @<5>1BI�� 1>� 5H53ED9F5� 1>4� 1�
D538>931<�2?4I�1>4�C8?E<4�25�F5CD54�G9D8�D85�<1G�=1;9>7�@?G5B�G8938�9C�>535CC1BI�D?�14?@D�
B57E<1D9?>C��9CCE5�<935>C5C�6?B�=9>9>7�?@5B1D9?>C��@B?=?D5�3??@5B1D9?>�1=?>7�'D1D5C�1>4�7B1>D�
D85�@B?D53D9?>�?6�D85�C@135�5>F9B?>=5>D��.��/�(85�5CD12<9C8=5>D�?6�D85��ED8?B9DI�3?E<4�D1;5�
@<135�D8B?E78�1�$B?D?3?<�D?�D85�!??>��7B55=5>D��?>�D85�=?45<�?6�D85�"5G�-?B;��7B55=5>D�
G9D8�1�F95G�D?�B569>5�D85�?B979>1<�3?>35@D�?6�D85��?==?>�85B9D175�?6�=1>;9>4��?B�D8B?E78�1�
>5G�DB51DI�G8938��81F9>7�9>�=9>4�D85�53?>?=93��@?<9D931<�1>4�D538>?<?7931<�5F?<ED9?>C�?6�D85�
<1CD�453145C��G?E<4�45C97>�D85�=5381>9C=�6?B�D85�=1>175=5>D�?6�C@135�B5C?EB35C��+81D5F5B�
G9<<�D85�9>CD9DED9?>1<�1BB1>75=5>D�?6�D85��ED8?B9DI�1>4�9DC�6E>49>7�9>CDBE=5>D�25��9D�G?E<4�25�
14F9C12<5�>?D�D?�B5>?E>35�D?�D85�AE1<96931D9?>�?6�D85�35<5CD91<�2?495C�1>4�D859B�B5C?EB35C�1C�D85�
�?==?>�85B9D175�?6�=1>;9>4�� .��/�(89C�G?E<4�35BD19><I� <514� D?� B54E35�C?F5B597>DI�3<19=C��
6?CD5B� 3??@5B1D9?>� 1=?>7� 'D1D5C� 1>4� 7B1>D� D85� B1D9?>1<� 1>4� 5AE9D12<5� EC5� ?6� B5C?EB35C� 1>4�
B5F5>E5C��G8938�9C�>?D�C53EB54�E>45B�D85�2%3�#/--5.)3�/-.)5-�1@@B?138���

�����"������������������������������������������������������
�!������������������������������������������������������
�������#�
�>�?B45B�D?�3?E>D5B�1DD5=@DC�D?�E>9<1D5B1<<I�B57E<1D5�C@135�=9>9>7�13D9F9D95C��D85�=?CD�9=@?BD1>D�
D1C;� ?6� 1>� �>D5B>1D9?>1<� '@135��ED8?B9DI�G?E<4� 25� D85� 14?@D9?>� ?6� 1� C5D� ?6� B57E<1D9?>C� 1>4�
7E945<9>5C�?>�D85�5H@<?9D1D9?>�?6�C@135�B5C?EB35C���
�>�D89C�B5C@53D��D85��B16D�?6�D85��'���G8?C5�1@@B?F1<�9C�9>�D85�175>41�?6�D85�>5HD�C5CC9?>�?6�D85�
�?E>39<� �	�	�� �E<I� 
�	���� B5@B5C5>DC� 1� F1<E12<5� =?45<� 6?B� D85� 3?=@B585>C9F5>5CC� ?6� 9DC�
3?>D5>DC��.��/�

�B?=�1�CE2CD1>D91<�@5BC@53D9F5��D85��B16D�5CD12<9C85C�D81D�D85�AE1<96954�1@@<931>DC�6?B�1�
$<1>�?6�G?B;�6?B�5H@<?9D1D9?>�1B5�D85��>D5B@B9C5��'D1D5�@1BD95C��'D1D5�5>D5B@B9C5C�?B�>1DEB1<�1>4�
:EB94931<�@5BC?>C�81F9>7�D85�>1D9?>1<9DI�?6�D81D�'D1D5�?B�56653D9F5<I�3?>DB?<<54�2I�9D���>�D85�31C5�
?6� 'D1D5� 5>D5B@B9C5C�� D859B� 1@@<931D9?>� C81<<� 25� 133?=@1>954� 2I� 1� 35BD96931D5� ?6� C@?>C?BC89@��
D8B?E78�G8938� D85�C@?>C?B9>7�'D1D5� B53?7>9C5C� 9DC�4EDI� D?�5>CEB5� D85� B5C@53D�?6� D85� B5<5F1>D�
)"� #'�@B?F9C9?>C�9>�7??4�619D8�1>4�G9D8�4E5�49<975>35��.��/��1F9>7�B5359F54�D85�>535CC1BI�
4?3E=5>DC�1DD13854�D?�D85�$<1>�?6�G?B;C��.�	/�D85��?==9CC9?>�9C�31<<54��G9D89>�	
��41IC��D?�
9CCE5� 1� B5@?BD� 1>4� C?=5� B53?==5>41D9?>C�� #>35� 1CC5CC54� D85� D538>931<� 1>4� 69>1>391<�
31@129<9D95C�?6�D85�1@@<931>D��D85��?==9CC9?>�C81<<�5F1<E1D5�9DC�31@139DI�D?�CECD19>�D85�2EB45>C�
?6�3?=@<I9>7�G9D8�D85�D5B=C�?6�D85�3?>DB13D��$1BD93E<1B�1DD5>D9?>�C81<<�25�@194�D?�D85�31@139DI�?6�
31BBI9>7�?ED�5H@<?9D1D9?>�13D9F9D95C�G9D8�4E5�B571B4�6?B�D85�@B?D53D9?>�?6�=1B9>5�5>F9B?>=5>D�
1>4�6?B�1>I�?D85B�13D9F9DI�D1;9>7�@<135�9>�D85�C5<53D54�1B51��.�
/�#>35�D85��?E>39<�81C�1@@B?F54�
1�$<1>�?6�G?B;�� 9D� 9C� 6?B� D85�'53B5D1BI��5>5B1<� D?�@B5@1B5�1>��H@<?9D1D9?>�@<1>� 9>� 6?B=�?6�1�
�?>DB13D��1�@E2<93�4?3E=5>D�D?�25�@E2<9C854�9>�D85�'51254�!9>9>7�&579CD5B���>I��?>DB13D�9C�
CE2:53D� D?� 1�=1H9=E=� 9>9D91<� D5B=� ?6� ��� I51BC�� .��/� 2ED� ?>5� I51B� 256?B5� 9DC� 5H@9B1D9?>�� D85�
1@@<931>D�31>�1C;�6?B�1�6EBD85B�	��I51BC�@5B9?4�7B1>D��@B?F9454�D81D�D85�5H@<?9D54�B5C?EB35�9C�CD9<<�
B53?F5B12<5�9>�3?==5B391<�@B?69D12<5�AE1>D9D95C���D�<51CD�	
�=?>D8C�256?B5�D85�3?==5>35=5>D�
?6�D85�@B?4E3D9?>��D85��?>DB13D?B�C81<<�@B?F945�D85�'53B5D1BI��5>5B1<�G9D8�1��51C929<9DI�CDE4I��
�6� >?� =?496931D9?>� 9C� >55454�� D85� �?>DB13D?B�� 3?>C9CD5>D� G9D8� 7??4� 9>4ECDBI� @B13D935C� C81<<�
3?==5>35�1>4�=19>D19>�9DC�3?==5B391<�@B?4E3D9?>�1D�D85�B1D5�3?>D5=@<1D54�2I�D85��51C929<9DI�
CDE4I��.��/�(85�=9>9>7�13D9F9DI�C81<<��8?G5F5B��25�9>D5BBE@D54�G85>5F5B�9DC�3?>D9>E1D9?>�9C�1D�
B9C;�?6�31EC9>7�?B�3?>DB92ED9>7�D?�1>�9>3945>D���>�CE38�31C5C��D85��?>DB13D?B�C81<<�>?D96I�2?D8�D85�
C@?>C?B9>7�'D1D5�1>4�D85��ED8?B9DI��9=@<5=5>D�D85�@B5F9?EC<I�1@@B?F54��=5B75>3I�B5C@?>C5�
1>4�3?>D9>75>3I�@<1>C�1>4�E>45BD1;5�1>I�9>CDBE3D9?>�B5359F54�2I�D85�'53B5D1BI��5>5B1<��.�/�

(8B?E78?ED�D85�5H@<?9D1D9?>�13D9F9DI��D85��ED8?B9DI��C@?>C?B9>7�'D1D5C�1>4��?>DB13D?BC�
C81<<�5138��1C�1@@B?@B91D5��@<1>��9=@<5=5>D�1>4�=?496I�1<<�D85�>535CC1BI�=51CEB5C�D?�5>CEB5�D85�
56653D9F5�@B?D53D9?>�?6� D85�=1B9>5�5>F9B?>=5>D� 6B?=�81B=6E<�56653DC� 9>�133?B41>35�G9D8� D85�
BE<5C��B57E<1D9?>C�1>4�@B?354EB5C�14?@D54�2I�D85��ED8?B9DI���>�@1BD93E<1B��D85I�C81<<�7B1>D�D85�



436

%6%,/0).'�!.�).4%2.!4)/.!,�2%')-%�&/2�30!#%�2%3/52#%3� 
2$)4/�
� �

1@@<931D9?>�?6� D85�@B531ED9?>1BI�1@@B?138�� D85�25CD�1F19<12<5� D538>?<?795C�1>4�1>I�C395>D9693�
5>F9B?>=5>D1<�@B13D935�1>4�5F945>35��.��/��C�1�6EBD85B�3?==9D=5>D�D?�7B1>D�D85�@B5C5BF1D9?>�
?6� D85� 5>F9B?>=5>D�� D85��ED8?B9DI� 6?B5C55C� D85� 3B51D9?>�?6� 1>��>F9B?>=5>D1<��?=@5>C1D9?>�
�E>4��19=54�1D�9=@<5=5>D9>7�1>I�>535CC1BI�=51CEB5�D?�@B5F5>D��<9=9D�?B�B5=5491D5�1>I�41=175��
D?�@B?=?D5�B5C51B38�1>4�61F?EB�D85�B51<9C1D9?>�?6�54E31D9?>�1>4�DB19>9>7�@B?7B1==5C��.��/��
�>� 31C5� ?6� 453?==9CC9?>9>7� 1>4� 3<?CEB5� ?6� 13D9F9D95C� ?6� 5H@<?9D1D9?>�� 5138��?>DB13D?B� C81<<�
5>CEB5� D85� 1@@<931D9?>� ?6� D85��<?CEB5� @<1>���D� <51CD� 	
�=?>D8C� @B9?B� D?� D85� @<1>>54� 5>4� ?6�
3?==5B391<� @B?4E3D9?>�� ?B� 1C� C??>� 1C� B51C?>12<I� @B13D9312<5� 9>� 31C5� ?6� 1>I� E>5H@53D54�
35CC1D9?>��9D�C81<<�CE2=9D�1>�E@41D54�1>4�69>1<��<?CEB5�@<1>�D?�D85�'53B5D1BI��5>5B1<��6?B�D85�
3?>C945B1D9?>� ?6� D85��?==9CC9?>��G8938� 31>� 1@@B?F5�� B5:53D� ?B� CE775CD� 1=5>4=5>DC� D?� D85�
�<?CEB5�@<1>��.��/�

�F5BI��?>DB13D?B��6B?=�D85�41D5�?6�3?==5>35=5>D�?6�3?==5B391<�@B?4E3D9?>��C81<<�@1I�
1�B?I1<DI�9>�B5C@53D�?6�D85�=9>5B1<�251B9>7�?B5�C?<4�?B�B5=?F54�G9D8?ED�C1<5�6B?=�D85��?>DB13D�
�B51�� 133?B49>7� D?� D85� =5381>9C=� @B?F9454� 6?B� D85� &57E<1D9?>C�� (85� CICD5=� ?6� @1I=5>DC�
14?@D54�E>45B�D85C5�B57E<1D9?>C�1>4�@EBCE1>D�D?�@1B17B1@8�	��3��?6�C53D9?>���?6�D85��>>5H�D?�
D85��7B55=5>D�C81<<�25�B5F95G54�2I�D85��?E>39<�69F5�I51BC�6B?=�D85�69BCD�41D5�?6�3?==5>35=5>D�
?6�3?==5B391<�@B?4E3D9?>�9>�D85��B51�1>4�1D�9>D5BF1<C�D85B516D5B�1C�45D5B=9>54�2I�D85��?E>39<��
D1;9>7�9>D?�133?E>D�D85�<5F5<�?6�=1DEB9DI�1>4�45F5<?@=5>D�?6�5H@<?9D1D9?>�13D9F9D95C�9>�D85��B51��
.��/�

�>�?B45B� D?�5>CEB5� D85� B5C@53D�?6� D85�&57E<1D9?>C�1>4� D85��?>DB13D�� D85��?E>39<� C81<<�
5CD12<9C8�1@@B?@B91D5�=5381>9C=C�6?B�9>C@53D9?>��9>3<E49>7�D85�C5>49>7�?6�9>C@53D?BC�81F9>7�D85�
@?G5B� D?� B5AE9B5� 1>4� 5H1=9>5� B5<5F1>D� 4?3E=5>DC�� D5CD� =1389>5BI� 5AE9@=5>D� E>45B� D85�
CE@5BF9C9?>� ?6� D85� �?>DB13D?B�� B5=?F5� C1=@<5C�� 79F9>7� 9>CDBE3D9?>C� ?>� D85� CEC@5>C9?>��
3?>D9>E1D9?>�?B�14:ECD=5>D�D?�D85�=9>9>7�?@5B1D9?>C���>�5<53DB?>93�=?>9D?B9>7�CICD5=��9>CD1<<54�
?>�=9>9>7�F5CC5<�1>4�3?<<53D?BC��C81<<�B53?B4�41D5��D9=5�1>4�@?C9D9?>�?6�5F5BI�=9>9>7�13D9F9DI��
�6�6B?=�D85C5�1>4�?D85B�5F945>35C��9D�1@@51BC�D?�D85�'53B5D1BI��5>5B1<�?>�B51C?>12<5�7B?E>4C�
D81D�1��?>DB13D?B�9C�9>�2B5138�?6�D85�D5B=C�1>4�3?>49D9?>C�?6�9DC�5H@<?9D1D9?>�3?>DB13D��85�C81<<�
9CCE5� 1� 3?=@<91>35� >?D935� D?� D85� �?>DB13D?B� B5AE9B9>7� 89=� D?� D1;5� CE38� 13D9?>� 1C� =1I� 25�
C@5396954�9>�D85�3?=@<91>35�>?D935���6�1��?>DB13D?B��9>�C@9D5�?6�G1B>9>7C�2I�D85��ED8?B9DI��619<C�
D?�9=@<5=5>D�D85�=51CEB5C�C5D�?ED�9>�1�3?=@<91>35�>?D935�1>4�3?>D9>E5C�9DC�13D9F9D95C�9>�CE38�1�
G1I�1C� D?� B5CE<D� 9>� C5B9?EC��@5BC9CD5>D� 1>4�G9<6E<�F9?<1D9?>C�?6� D85� 6E>41=5>D1<� D5B=C�?6� D85�
3?>DB13D��$1BD�,��?6�D85��?>F5>D9?>�1>4�D85�BE<5C��B57E<1D9?>C�1>4�@B?354EB5C�?6�D85��ED8?B9DI��
D85��?E>39<�=1I�CEC@5>4�?B� D5B=9>1D5� D85�5H@<?9D1D9?>�3?>DB13D�2I�@B?F949>7�GB9DD5>�>?D935��
.�/��
�C�D85�G8?<5�5H@<?9D1D9?>�CICD5=�?6�D85��B16D�9C�1>38?B54�D?�D85�9>CD9DED9?>1<�CDBE3DEB5�?6�D85�
�'��� D85� DB1>C@?C9D9?>� ?6� D85C5� @B?F9C9?>C� D?� D85� 695<4� ?6� D85�#ED5B� C@135�G?E<4� 9=@<I� D85�
3B51D9?>�?6�C9=9<1B�?B71>C�6?B�1>��>D5B>1D9?>1<�'@135��ED8?B9DI�1<?>7�G9D8�D85�9>DB?4E3D9?>�?6�
C5F5B1<�14:ECD=5>DC�D?�D85�B57E<1D9?>�9DC5<6����>�@1BD93E<1B��6?B�D85�5H@<?9D1D9?>�B579=5�?6�35<5CD91<�
2?495C��D85�9CCE9>7�?6�1�35BD96931D5�?6�C@?>C?BC89@�4?5C�>?D�C55=�>535CC1BI���BD93<5�*��?6�D85�
#ED5B� '@135� (B51DI�� 9>� 613D�� 1<B514I� B53?7>9C5C� D81D� 'D1D5� $1BD95C� 251B� 9>D5B>1D9?>1<�
B5C@?>C929<9DI�6?B�D85�13D9F9D95C�3?>4E3D54�2I�D859B�>1D9?>1<C��D8EC�9>3<E49>7�1>I�C@135�=9>9>7�
?@5B1D9?>�� �>� 31C5� ?6� :?9>D� F5>DEB5C�� 1<<� D85� 9>F?<F54� 'D1D5C� C8?E<4� 25� B5C@?>C92<5� 6?B� D85�
5H@<?9D1D9?>�13D9F9D95C�?6�D859B�>1D9?>1<C��#>�D85�3?>DB1BI��C9>35�5H@<?B1D9?>�?6�C@135�B5C?EB35C�
81C�C?�61B�>?D�255>�3?>4E3D54�?>�1�<1B75�C31<5��D85�@B?354EB5�D?�?2D19>�1>�5H@<?9D1D9?>�<935>C5�
C8?E<4� 6?B531CD� 1� 3?=@E<C?BI� @B5�5H@<?9D1D9?>� @5B9?4� 9>� G8938� D85� 1@@<931>D� 9C� B5AE9B54� D?�
3?<<53D�B5<5F1>D�9>6?B=1D9?>�?>�D85�651C929<9DI�?6�D85�=9>9>7�@B?:53D��(89C�5F945>D<I�5>D19<C�DG?�
=19>� 3?>C5AE5>35C�� (85� 69BCD� ?>5� B5<1D5C� D?� D85� >535CC9DI� 6?B� <935>C5C� D?� 25� 9CCE54� 16D5B� 1>�
1>1<IC9C�?6��1D�<51CD��1�!9>9>7�G?B;@<1>��1>��>F9B?>=5>D1<�9=@13D�CD1D5=5>D�1>4�1��<?CEB5�@<1>��
81C�255>�3?>4E3D54�2I�1>�!$�(/#�C395>D9693�3?==9DD55�D?�5>CEB5�D85�3?=@<91>35�G9D8��BD93<5��,�
?6�D85�#ED5B�'@135�(B51DI��(85�C53?>4�3?>C5AE5>35�9C�D81D�D85�3?>35CC9?>�?6�5H@<?9D1D9?>�B978DC�
C8?E<4�3?F5B�1�@5B9?4�?6�D9=5�<1B75�5>?E78�D?�<5D�1@@<931>DC�CD1BD�651C929<9DI�CDE495C��81F5�D85=�
1@@B?F54�2I�1�C395>D9693�2?4I��9=@<1>D�D859B�13D9F9D95C�1>4�CD1BD�D85�3?==5B391<�@B?4E3D9?>����



437

%6%,/0).'�!.�).4%2.!4)/.!,�2%')-%�&/2�30!#%�2%3/52#%3� 
2$)4/�
� �

=1H9=E=�@5B9?4�?6�D9=5�1>4�1�=1H9=E=�1B51�?6�B579CDB1D9?>�C81<<�25�@B5F9?EC<I�C5D�D?�1F?94�
=?>?@?<9C1D9?>�?6�B938�=9>5B1<�C9D5C��#>35�D85�<935>C5�9C�9CCE54���?>DB13D?BC�G?E<4�5>:?I�D85�
B978D�?6�3?>D9>E54�1>4�5H3<EC9F5�5H@<?9D1D9?>�?6�D85�1CC97>54��B51��G8938�G?E<4�25�21<1>354�
2I� D85� 4EDI� 6?B� �?>DB13D?BC� D?� @1I� 1� B?I1<DI� D?� D85� �ED8?B9DI�� 9>� 133?B41>35� G9D8� C@539693�
69>1>391<�3B9D5B91���>�D89C�B5C@53D��9D�C81<<�25�>?D9354�D81D��BD93<5�		�����?6�D85�!??>��7B55=5>D��
G8938�9>�1>I�31C5�9C�>?D�D85�5H@B5CC9?>�?6�1�C81B54�/0).)/.�*52)3�5H@B5CC<I�@B?8929DC�D81D�@B9F1D5�
?B�'D1D5�5>D9D95C�1B5�79F5>�@B?@5BDI�B978DC�?6�D85�!??>�1>4�9DC�>1DEB1<�B5C?EB35C��.	/�(85�25>569D�
C81B9>7� CICD5=� C8?E<4� 1<C?� D1;5� 9>D?� 133?E>D� D85� 9>F?<F5=5>D� ?6� 45F5<?@9>7� 3?E>DB95C� 9>D?�
DB19>9>7�@B?7B1==5C��9>35>D9F5C�6?B�:?9>D�F5>DEB5C�1>4�D85�5CD12<9C8=5>D�?6�1�6E>4�D?�CE@@?BD�
D85�@1BD939@1D9?>�?6�1<<�D85�3?E>DB95C�D?�C@135�=9>9>7�13D9F9D95C���
+9D8�B571B4�D?�D85�9>C@53D9?>�CICD5=��C9>35�@5BC?>1<�9>F5CD971D9?>C�G?E<4�>?D�25�651C92<5��D85�
�?>DB13D?B�C8?E<4�25�B5AE9B54�D?�DB1>C=9D�5<53DB?>93�B51<�D9=5�41D1�?6�D85�=9>9>7�13D9F9D95C��G9D8�
@1BD93E<1B�B571B4�D?�D85�B1D5�?6�@B?4E3D9?>�1>4�D?�5>F9B?>=5>D1<�9>6?B=1D9?>���>�1>I�31C5��D85�
@B?F9C9?>C� ?6� 1BD93<5� ,��� ?6� D85� #ED5B� '@135� (B51DI� C8?E<4� 25� 1@@<9312<5� D?� C@135�=9>9>7�
13D9F9D95C��

�C�1�6EBD85B�B5AE9B5=5>D�6?B�D85�<935>C9>7�=5381>9C=�D?�@B?@5B<I�G?B;��D85��ED8?B9DI�
C8?E<4�=1;5�CEB5�D81D�'D1D5C�E>45B�G8?C5�3?>DB?<�D85��?>DB13D?B�?@5B1D5C��1B5�@1BD�D?�D85�#ED5B�
'@135�(B51DI��D85��?>F5>D9?>�?>��>D5B>1D9?>1<� 9129<9DI�6?B��1=175C��1EC54�2I�'@135�#2:53DC�
� �����1>4�D85��?>F5>D9?>�?>�&579CDB1D9?>�?6�#2:53DC� 1E>3854�9>D?�#ED5B�'@135��&�����(85�
1@@<931D9?>�?6�D85� ����D?�D85�5H@<?9D1D9?>�?6�B5C?EB35C�3<51B<I�45@5>4C�?>�D85�5HD5>D�D?�G8938�
D85� CD1D9?>� 1>4� 9>CDBE=5>DC� EC54� D?� 5HDB13D� B5C?EB35C� 1B5� 3<1CC96954� 1C� C@135� ?2:53DC� 9>� D85�
=51>9>7� ?6� �BD93<5� ��� �<D8?E78� D85I� 1B5� 3?=@?C54� 2I�=?B5� D81>� ?>5� C9>7<5� C@135� ?2:53D��
@B?212<I�1CC5=2<54�?>�D85�35<5CD91<�2?4I��D85I�C8?E<4�25�3?>C945B54�1C�1�>5G�1>4�E>9AE5�C@135�
?2:53D�� (89C�� ?6� 3?EBC5�� G?E<4� 1<C?� 45=1>4� 1� B59>D5B@B5D1D9?>� ?6� D85� &��� G8938�� D?� 41D5��
133?B49>7�D?�9DC�1BD93<5�����G?E<4�B5AE9B5�'D1D5C�D?�B579CD5B�5F5BI�?2:53D�<1E>3854�9>D?�?ED5B�C@135��
�9>1<<I��G89<5�9CCE5C�B5<1D9>7�D?�<9129<9DI�6?B�41=175C�31EC54�2I�C@135�?2:53DC�3?E<4�5F5>DE1<<I�
25� 451<D� G9D8� 2I� D85�  ����� D85� C1=5� 9C� >?D� 9==5491D5<I� DBE5� 6?B� 41=175C� D?� D85� C@135�
5>F9B?>=5>D���>�D89C�B571B4��D85�5H@<?9D1D9?>�3?>DB13D��9>�D85�<978D�?6�D85��>F9B?>=5>D1<�9=@13D�
CD1D5=5>D��C8?E<4�3?>D19>�C@539693�@B?F9C9?>C�D?�=1;5�CEB5�D81D�1>I�41=175�31EC54�9>�2B5138�?6�
�BD93<5��,�?6� D85�#ED5B�'@135�(B51DI�C8?E<4�25�3?F5B54�2I� D85��?>DB13D?B�?B� 9DC�C@?>C?B9>7�
'D1D5��

�����������
(89C�2B956�%8#52353�81C�C8?G>�D81D�9>�D85�3?>D5=@?B1BI�9>D5B>1D9?>1<�C?395DI�D85B5�9C�CD9<<�5>?E78�
C@135�6?B�D85��?==?>�85B9D175�?6�=1>;9>4�@B9>39@<5�D?�69>4�1@@<931D9?>�9>�D85�695<4�?6�#ED5B�
C@135�1>4�9D�9C�35BD19><I�@?CC92<5�D?�3?=29>5�D85�G9<<9>7>5CC�?6�45F5<?@54�3?E>DB95C�D?�9>6?B=�
=9>9>7� ?@5B1D9?>C� D?� C?E>4� 9>4ECDB91<� @B9>39@<5C� 1>4� D85� >554� ?6� 45F5<?@9>7� 'D1D5C� D?� 25�
9>3B51C9>7<I�9>F?<F54�9>�D85�25>569D�C81B9>7��
(85�9=@<5=5>D1D9?>�?6�D85��?==?>�85B9D175�?6�=1>;9>4�D8EC�B5@B5C5>DC�1�F1<E12<5�5H1=@<5�
?6�3??@5B1D9?>�1>4�E>45BCD1>49>7�1=?>7�3?E>DB95C��3?>DB1BI�D?�D85�B535>D�1DD5=@DC�D?�E>9<1D5B1<�
B57E<1D5�=1DD5BC�?6�1�7<?21<�9>D5B5CD���

+89<5�D85�2%3�#/--5.)3�/-.)5-�@B9>39@<5�G9<<�3?>D9>E5�D?�7E945�C@135�61B9>7�>1D9?>C�
9>�D85�5H@<?B1D9?>�1>4�5H@<?B1D9?>�?6�D85�#ED5B�C@135�9>�D85�F5BI�>51B�6EDEB5��D85�5H@5B95>35�
6B?=�D85� 1G�?6�D85�'51�C8?E<4�25�31B56E<<I�D1;5>�9>D?�133?E>D�G85>�49C3ECC9>7�D85�3?>3<EC9?>�
?6� 29>49>7� ?B� >?>�29>49>7� 9>CDBE=5>DC� B5<1D54� D?� C@135�=9>9>7� ?@5B1D9?>C�� '9>35� =9>5B1<�
B5C?EB35C�1B5�CE38�2?D8�9>�D85��B51�1>4�9>�D85�#ED5B�C@135��D85�14F1>D175C�?6�<??;9>7�1D�D85��'��
=?45<�1B5�=1>I���9BCD�?6�1<<��45C@9D5�259>7�F5BI�I?E>7��9D�C8?GC�D?�G?B;�@B?@5B<I��B1@94<I�1>4�
5669395>D<I��9DC�=19>�?B71>C�3?E<4�25�D1;5>�1C�1�=?45<�6?B�D85�3B51D9?>�?6�1>�5AE9F1<5>D��ED8?B9DI�
6?B�35<5CD91<�2?495C��(85>��D85�B57E<1D9?>C�9CCE54�2I�D85��ED8?B9DI��G8938�2I�<1B75�3?E<4�69>4�
1@@<931D9?>� 6?B� C@135� B5C?EB35C�� 81F5� 1<B514I� E>45B7?>5� CE38� 1>� 9>�45@D8� C3BED9>I� D81D�
DB1>C@?C9>7�D85=��G9D8�D85�>535CC1BI�=?496931D9?>C��D?�D85�#ED5B�C@135�G?E<4�25�61B�B51389>7�
1>4�3?CD�56653D9F5���9>1<<I��6B?=�2?D8�D85�<571<�1>4�@?<9D931<�@5BC@53D9F5C��D85�5H@5B95>35�719>54�



438

%6%,/0).'�!.�).4%2.!4)/.!,�2%')-%�&/2�30!#%�2%3/52#%3� 
2$)4/�
� �

9>�D85�695<4�?6�D85� 1G�?6�D85�'51�6B?=�D85�51B<I�41IC�G?E<4�35BD19><I�@1F5�D85�G1I�6?B�1�@B?@5B�
E>45BCD1>49>7� ?>� D85� 9>CD9DED9?>1<� 1BB1>75=5>DC� ?6� 1� 6EDEB5� �ED8?B9DI� 1>4� ?>� 1� @?CC92<5�
=5381>9C=�6?B�5H@<?9D1D9?>�?6�=9>5B1<�B5C?EB35C���

�

�����������
.	/�'55��6?B�D85�)>9D54�'D1D5C�?6��=5B931���?==5B391<�'@135� 1E>38��?=@5D9D9F5>5CC��3D��$E2<93� 1G�		�����
�		�
�
�	��1>4�6?B� EH5=2EB7�� ?9�4E�
��:E9<<5D�
�	��CEB�<R5H@<?B1D9?>�5D�<RED9<9C1D9?>�45C�B5CC?EB35C�45�<R5C@135��
�?EB>1<�?669395<�4E��B1>4�4E38L�45� EH5=2?EB7��"?��������E<I�
���
�	����
.
/���%���8B9CD?<��(85�"1DEB1<�&5C?EB35C�?6�D85�!??>��(85�!1>175=5>D��CCE5��9>�$B?35549>7C�?6�D8%��/249��)234�
�/,,/15)5-�/.�4(%��!7�/&��54%2��0!#%��!5<2?EB>5���ECDB1<91���	�����@�����
.�/�'55�� 1=?>7� D85�?D85BC��)>9D54�"1D9?>C��5>5B1<��CC5=2<I��#669391<�&53?B4C��(G5>DI�C53?>4� C5CC9?>���9BCD�
�?==9DD55��		D8�=55D9>7������	�$*�		��
.�/� '�!��+9<<91=C�� (85�  1G� ?6� #ED5B� '@135� 1>4�"1DEB1<� &5C?EB35C�� 9>� �.4%2.!4)/.!,� !.$� �/-0!2!4)6%� �!7�
�5!24%2,9�� 0-5.(��	��@@��	�
�		��@��	���	������
./�'��!1B389C9?���?BC?�49�49B9DD?�9>D5B>1J9?>1<5���91@@9385<<9��(?B9>?��@��
	���
�	���1>4�'��!1B389C9?��$1DB9=?>9?�
3?=E>5�45<<RE=1>9DK��9>��,�$)2)44/	�%.#)#,/0%$)!�')52)$)#!�$%,��/,%����/2%�� 0-5.(�����@@���
����	��
������
.�/�&��+?<6BE=��(85�$B9>39@<5�?6�D85��?==?>��5B9D175�?6�!1>;9>4��9>� %)43#(2)&4�&=2�!53,;.$)3#(%3�<&&%.4,)#(%3�
�%#(4�5.$��<,+%22%#(4��60-5.(�����@@���	
������@���	���	������
.�/�'�!��+9<;91=C��/0�#)4���@��	���1>4������"?I5C��(85��?==?>��5B9D175�?6�!1>;9>4��$1CD��$B5C5>D��1>4��EDEB5��
9>�%.6%2��/52.!,�/&��.4%2.!4)/.!,��!7�!.$��/,)#9�� 0-5.(�����@@���������	��@������
�	
���
.�/� &��+?<6BE=�� �?==?>��5B9D175� ?6�!1>;9>4�� 9>��8&/2$� �5",)#� �.4%2.!4)/.!,� �!7�� 
����� M� 1>4���� (1>��
(?G1B4C�1�"5G�&579=5�6?B�D85�$B?D53D9?>�?6�#ED5B�'@135�1C�D85�P$B?F9>35�?6��<<�!1>;9>4Q��9>��!,%��/52.!,�/&�
�.4%2.!4)/.!,��!7��60-5.(�����@@��	���	����@��	�
��
������
.�/����(1>��/0�#)4���@��	����
.	�/��D�9C�D?�25�>?D9354��8?G5F5B��D81D�D85�5H@B5CC9?>�P@B?F9>35�?6�1<<�=1>;9>4Q�1<C?�1@@51BC�9>��BD93<5��*�?6�D85�
!??>��7B55=5>D��
.		/�'55�)"��#$)#'���B16D��7B55=5>D��?F5B>9>7��3D9F9D95C�9>�D85�)C5�?6�"1DEB1<�&5C?EB35C�?6�D85�!??>�1>4�
#D85B��5<5CD91<��?495C��	�����������	����
� ��	�1>4�����?331��(85��4F1>35C�9>��>D5B>1D9?>1<� 1G�(8B?E78�
(85� 1G�?6�#ED5B�'@135��9>��/52.!,�/&��0!#%��!7�� 0-5.(����@@��	��
	�	��	���
.	
/����+?<D5B��(85�$51356E<�$EB@?C5�'D1>41B4�?6�D85��?==?>��5B9D175�?6�!1>;9>4�$B9>39@<5�9>�#ED5B�'@135�
 1G��9>�
-%2)#!.��/#)%49�/&��.4%2.!4)/.!,��!7��/52.!,�� 0-5.(����@@��		��	����@��	
��	�����
.	�/�'�"���?C5>21<<���EBB5>D��CCE5C�?6�'@135� 1G��56?B5�D85�)>9D54�"1D9?>C��9>��/52.!,�/&��0!#%��!7�� 0-5.(�
���@@���	���@����	������
.	�/� '�� �BF9>��  1G� 9>� 1� *13EE=�(85� �?==?>� �5B9D175� �?3DB9>5� 9>� #ED5B� '@135�  1G�� 9>� �/34/.� �/,,%'%�
�.4%2.!4)/.!,� !.$��/-0!2!4)6%��!7��%6)%7�� 0-5.(�
�� @@�� ����� ��	�� @�� �
�� �	������(85��ED8?B�GB9D5C� D81D�
P
2'5).'�4(!4�./.!002/02)!4)/.�$/%3�./4�02%#,5$%�%80,/)4!4)/.��4(%��/6)%4�$2!7�!.�!.!,/'9�4/�4(%�#/-0!4)"),)49�
/&�./.!002/02)!4)/.�/&�4(%�()'(�3%!3�7)4(�4(%�&2%%$/-�4/�53%�)43�2%3/52#%3���(),%�4(%��/6)%43�"%,)%6%�4(!4�4(%2%�
3(/5,$�"%�&2%%$/-�/&�%80,/)4!4)/.�/&�30!#%�2%3/52#%3��4(%9�!2'5%�4(%2%�)3�!�.%%$�4/�02/4%#4�30!#%�2%3/52#%3�&2/-�
)22!4)/.!.!,�!.$�2!0!#)/53�54),):!4)/.3��0!24)#5,!2,9�"9�7%34%2.�-/./0/,)343Q��
.	/��?B�1�3?=@<5D5�9>C978D�9>D?�D85�CE2=9DD54�G?B;9>7�@1@5BC��C55���%���8B9CD?<��/0��#)4��
.	�/�����1C<1B��(85��?>35@D�?6�D85��?==?>��5B9D175�?6�!1>;9>4�9>��>D5B>1D9?>1<� 1G���B9<<�� 0-5.(�����@��	���
�	������
.	�/�����E<1���B55��>D5B@B9C5C�1>4�D85�$B?@?C54�!??>�(B51DI��9>��/534/.��/52.!,�/&��.4%2.!4)/.!,��!7�� 0-5.(�
���@@��	�		��@�	��	������
.	�/�$�$�����11>1@@5<���?=@1B9C?>C��5DG55>� D85� 1G�?6� D85�'51�1>4�#ED5B�'@135� 1G�� 9>��2/#%%$).'3���4(�
�/,,/15)5-�/.�4(%��!7�/&��54%2��0!#%��'D?3;8?<=��'G545>��@@�	��	����	�����
.	�/�)>9D54�"1D9?>C��5>5B1<��CC5=2<I��&5C?<ED9?>�
����,,�*��?6�	D8��535=25B�	�����
.
�/�)>9D54�'D1D5C�?6��=5B931��(85��55@�'51�254��1B4�!9>5B1<�&5C?EB35C��3D��>�$E2<93� 1G���O
�����@@B?F54�
�E>5�
���	��������'D1D����D85>�1=5>454�D8B?E78�$E2<93� 1G�	��O
����5>13D54�?>�"?F5=25B�
��
��
��
.
	/�����1C<1B��/0��#)4���@�����������
.

/�'��!1B389C9?�� ?�C6BEDD1=5>D?�45<<5�B9C?BC5�=9>5B1B95�459�3?B@9�35<5CD9�>5<�49B9DD?�9>D5B>1J9?>1<5��9>�)!,/'()�
#/.��'/��),,!.)���13E339�549D?B5��@@����	������@����
���
�	����
.
�/�)>9D54�"1D9?>C��?>F5>D9?>�?>�D85� 1G�?6�D85�'51��3?>3<E454�9>�!?>D57?��1I�?>�	���535=25B�	��
�1>4�
5>D5B54�9>D?�6?B35�?>�	��"?F5=25B�	������BD93<5�	����
���
.
�/��2945=���BD93<5�	���
.
/��2945=���BD93<5�	����
.
�/��7B55=5>D�B5<1D9>7�D?�D85�9=@<5=5>D1D9?>�?6�$1BD�,��?6�D85�)>9D54�"1D9?>C��?>F5>D9?>�?>�D85� 1G�?6�D85�'51�
?6�	���535=25B�	��
��3?>3<E454�?>�
���E<I�	����1>4�5>D5B54�9>D?�6?B35�?>�	��"?F5=25B�	������>>5H��'53D9?>�
���



439

%6%,/0).'�!.�).4%2.!4)/.!,�2%')-%�&/2�30!#%�2%3/52#%3� 
2$)4/�
� �

.
�/�)>9D54�"1D9?>C��?>F5>D9?>�?>�D85� 1G�?6�D85�'51���BD93<5�	�	��

.
�/��2945=���BD93<5�	�
��

.
�/��7B55=5>D�B5<1D9>7�D?�D85�9=@<5=5>D1D9?>�?6�$1BD�,��?6�D85�)>9D54�"1D9?>C��?>F5>D9?>�?>�D85� 1G�?6�D85�'51�
?6�	���535=25B�	��
���>>5H��'53D9?>����
.��/�)>9D54�"1D9?>C��?>F5>D9?>�?>�D85� 1G�?6� D85�'51���BD93<5�	���1C�1=5>454�2I��7B55=5>D�B5<1D9>7�D?� D85�
9=@<5=5>D1D9?>�?6�$1BD�,��?6�D85�)>9D54�"1D9?>C��?>F5>D9?>�?>�D85� 1G�?6�D85�'51�?6�	���535=25B�	��
���>>5H��
'53D9?>�	��
.�	/��2945=���BD93<5�	���
.�
/� '55�� �539C9?>� ?6� D85� �CC5=2<I� ?6� D85� �>D5B>1D9?>1<� '51254� �ED8?B9DI� B5<1D9>7� D?� D85� &57E<1D9?>C� ?>�
$B?C@53D9>7�1>4��H@<?B1D9?>�6?B��?21<D�B938��5BB?=1>71>5C5��BECDC�9>�D85��B51���'���	����		���539C9?>�?6�D85�
�CC5=2I�?6� D85� �>D5B>1D9?>1<� '51254��ED8?B9DI� B5<1D9>7� D?� D85� B57E<1D9?>C� ?>� @B?C@53D9>7� 1>4� 5H@<?B1D9?>� 6?B�
@?<I=5D1<<93�CE<@8945C�9>�D85��B51���'���	����	
�&�*��	���539C9?>�?6�D85��?E>39<�?6�D85��>D5B>1D9?>1<�'51254�
�ED8?B9DI�B5<1D9>7�D?�1=5>4=5>DC�D?�D85�&57E<1D9?>C�?>�$B?C@53D9>7�1>4��H@<?B1D9?>�6?B�$?<I=5D1<<93�"?4E<5C�9>�
D85��B51�1>4�B5<1D54�=1DD5BC���'���	����	���
.��/�)>9D54�"1D9?>C��?>F5>D9?>�?>�D85� 1G�?6�D85�'51���BD93<5�	���	����
.��/��2945=���BD93<5�	����
.�/��?B�?>5�?6�D85�=?CD�B535>D�@B?@?C1<C�9>�D89C�B571B4��C55�����7545��!��$1<������81B<5C��
��45$9�/.��335%3��%,!4%$�
4/�4(%��0%2!4)/.!,):!4)/.�/&�4(%��.4%202)3%�).�0!24)#5,!2�/.�4(%��%'!,���%#(.)#!,�!.$��).!.#)!,��-0,)#!4)/.3�&/2�
4(%��.4%2.!4)/.!,��%!"%$�
54(/2)49�!.$�&/2��4!4%3��!24)%3�4/�4(%��.)4%$��!4)/.3��/.6%.4)/.�/.�4(%��!7�/&�4(%�3%!��
1F19<12<5�?>�D85��>D5B>1D9?>1<�'51254��ED8?B9DI�G52C9D5��
.��/��=?>7�D85�?D85BC��C55����(B?>385DD9��(85�5H@<?9D1D9?>�?6�>1DEB1<�B5C?EB35C�?6�D85�!??>�1>4�?D85B�35<5CD91<�
2?495C��1�@B?@?C1<�6?B�1�<571<�B56<53D9?>��!1BD9>EC�"9:8?66��(85�"5D85B<1>4C��
������
.��/��?B�D85�B5<5F1>35�?6�D85�<1G�=1;9>7�@?G5B�9>�D85�695<4�?6�5H@<?9D1D9?>�?6�=9>5B1<�B5C?EB35C�6B?=�1B51C�25I?>4�
>1D9?>1<�:EB9C493D9?>��C55�����1BB9C?>���!+).'�4(%��!7�/&�4(%��%!	�!��45$9�).�4(%�%6%,/0-%.4�/&��.4%2.!4)/.!,��!7��
�1=2B9475�)>9F5BC9DI�$B5CC���1=2B9475��
�		���
.��/�'��!1B389C9?���/�3&2544!-%.4/?��/0��#)4���@�������
.��/��?B�1>�9>C978D�9>D?�D85�69BCD�CD175C�?6�D85�5<12?B1D9?>�?6�D85��B16D��C55�'D1D5=5>D�?6�D85�$B5C945>D�?6�D85��?E>39<�
?6�D85��>D5B>1D9?>1<�'51254��ED8?B9DI�?>�D85�G?B;�?6�D85��?E>39<�4EB9>7�D85�C5F5>D55>D8�C5CC9?>���'���	����
	�
1>4� +?B;@<1>� 6?B� D85� 6?B=E<1D9?>� ?6� B57E<1D9?>C� 6?B� D85� 5H@<?9D1D9?>� ?6� @?<I=5D1<<93� >?4E<5C� 9>� D85� �B51��
�'���	�������
.��/��B16D�B57E<1D9?>C�?>�5H@<?9D1D9?>�?6�=9>5B1<�B5C?EB35C�9>�D85��B51���'���
���+$�	��&57E<1D9?>���'55�1<C?��
'51254��9C@ED5C��81=25B�?6�D85��>D5B>1D9?>1<�(B92E>1<�6?B�D85� 1G�?6�D85�'51���%30/.3)"),)4)%3�!.$�/",)'!4)/.3�/&�
�4!4%3��0/.3/2).'�0%23/.3�!.$�%.4)4)%3�7)4(�2%30%#4�4/�!#4)6)4)%3�).�4(%�
2%!���4F9C?BI�#@9>9?>���1C5�"?��	���	�
�52BE1BI�
�		��
.�	/��2945=��&57E<1D9?>���1>4����
.�
/��2945=��&57E<1D9?>�	
��
.��/��2945=��&57E<1D9?>�
���
.��/��2945=��&57E<1D9?>�
��
.�/��2945=��&57E<1D9?>��
�1>4�����
.��/��2945=��&57E<1D9?>�����
.��/��2945=��&57E<1D9?>����
.��/��2945=��&57E<1D9?>����
.��/��2945=��&57E<1D9?>��������
.�/��2945=��&57E<1D9?>�����
.	/�'��!1B389C9?���/�3&2544!-%.4/?��/0��#)4���@������



440

IItalian Association of Aeronautics and Astronautics  

XXXV International Congress  

99--112 September 22019| Rome, Italy

ACTIVE FLUTTER SUPPRESSION FOR PRANDTL PLANE 
CONFIGURATION

ABSTRACT 
In this work an active flutter suppression technique for a Prandtl Plane configuration is 
presented. The Prandtl Plane aeroelastic model is based upon a modal approach, where the 
natural modes of vibration of the structure are numerically evaluated through an accurate 
FEM model of the wing, and the aerodynamic loads are evaluated through a doublet-lattice 
method, suited for the analysis of translating bodies on compressible flows. The flutter is 
controlled through actuation of the front wing control surfaces (aileron and/or elevator), and 
an optimal control algorithm is applied to synthesize their control laws. Numerical 
investigation is aimed at assessing the effectiveness and robustness of the proposed control 
approach, as well as to compere the performances of different control strategies. 

Keywords: 

1 INTRODUCTION
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3 OPTIMAL CONTROL THEORY
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4 SYNTHESIS AND VALIDATION OF CONTROL LAW FOR FLUTTER 
SUPPRESSION 
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4.1 Synthesis and verification of the control law: simplified aircraft model
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4.2 Assessment of the control law robustness to the model variation

4.2.1 Robustness of control law to the inclusion of the flap dynamics
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4.2.2 Robustness of control law with the number of elastic modes
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4.2.3 Robustness of the control law to measurement errors and system characteristics 
uncertainties
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4.2.4 Control law sensitivity to non-observable states

i.e.
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4.3 Synthesis of control law using two control surfaces



448

ACTIVE FLUTTER SUPPRESSION D. Sacchetti, R. Bombardieri, J. Serafini, 
FOR PRANDTL PLANE CONFIGURATION             R. Cavallaro, G. Bernardini

ܸ ܸ

5 CONCLUSION

REFERENCES



449

ACTIVE FLUTTER SUPPRESSION D. Sacchetti, R. Bombardieri, J. Serafini, 
FOR PRANDTL PLANE CONFIGURATION             R. Cavallaro, G. Bernardini

.



450

The Theory of Connections: Current Summary.

Daniele Mortari

Aerospace Engineering, Texas A&M University, College Station TX, U.S.A.

E-mail: mortari@tamu.edu

ABSTRACT

This talk summarizes what the Theory of Connections (ToC) is (functional interpo-
lation) and summarizes the most important applications found (so far) on this research
area. ToC can be considered a general analytical framework to obtains constrained ex-
pressions, that is, analytical expressions describing all possible functions satisfying a set of
constraints. Constrained expressions are provided for a wide class of constraints, including
points and derivatives constraints, relative constraints, linear combination of constraints,
and components and integral constraints. The first application of ToC was to obtain least-
squares solutions of linear and nonlinear ordinary differential equations. Specifically, they
have been obtained with the following features: 1) analytical approximate solutions (this
allows easy subsequent analysis and further manipulation with derivative and integral), 2)
the proposed approach solves initial, boundary, or multi-value problems in the same way
(unified method), 3) the approach is very robust, with low condition number, 4) the solu-
tions are usually provided at machine error accuracy, 5) the complexity is very low (solution
obtained at msec level, suitable for real-time applications), and 6) the constraint range
is independent from the integration range: solution accuracy is well maintained outside
the constraints range. The ToC has been recently extended to n-dimensions (Multivari-
ate ToC). For instance, in 2-dimensional space the ToC provides all surfaces connecting
Dirichlet and Neumann boundary conditions. The main purpose of this extension is to
derive efficient methods to solve partial and stochastic differential equations.

Keywords: Functional interpolation, Ordinary differential equations, and Linear op-
timization.

1 INTRODUCTION

The idea of the Theory of Connections (ToC) was originated while teaching Numerical
Analysis at Texas A&M University. The line passing through two points, [x1, y1] and
[x2, y2], can be written using Lagrange polynomials formalism,1

y(x) =
x− x2
x1 − x2

y1 +
x− x1
x2 − x1

y2. (1)

The key idea of this equation is that the coefficients of y1 and y2, become 0 or 1 when x
becomes x1 or x2, and viceversa. This property can be actually obtained using any generic
function,

y(x) =
g(x)− g(x2)

g(x1)− g(x2)
y1 +

g(x)− g(x1)

g(x2)− g(x1)
y2, (2)

1The “Lagrange polynomials” formula was first discovered in 1779 by Edward Waring, then rediscovered
by Euler in 1783, and then published by Lagrange in 1795.

IItalian Association of Aeronautics and Astronautics  

XXXV  IInternational Congress  

99--112 September 2019| Rome, Italy



451

and the main difference between these two formulations is, while Eq. (1) describes just a
line passing through the two points, Eq. (2) represents any function passing through the
two points!, provided that g(x1) and g(x2) are defined, and g(x1) ̸= g(x2).

Three different formulations were found to describe all function passing through a
single point [1]. These are,

Linear : y(x) = g(x)(x− x1) + y1, where g(x1) ̸= ∞,
Additive : y(x) = g(x) + [y1 − g(x1)], where g(x1) ̸= ∞,

Rational : y(x) =
g(x)

g(x1)
y1, where g(x1) ̸= [0,∞].

In particular, the additive formulation has been generalized to describe all functions satis-
fying a set of n constraints given in terms of points, derivatives, or any linear combination
of them [1]. The resulting analytical formulae are called constrained expressions as they re-
strict the space of all functions to the subset of functions complying with the n-constraints.
These expressions can be derived using the following formalism,

y(x) = g(x) +
n∑

k=1

ηk pk(x)

where the pk(x) are n assigned linearly independent functions, where g(x) is a free function,
and where the coefficients ηk are derived by imposing the n constraints. The resulting
constrained expression always satisfies all the constraints, as long as g(x) is defined and
nonsingular where the constraints are defined. In general, the ηk coefficients are expressed
in terms of the independent variable and in terms of the g(x) function evaluated where the
constraints are defined. Note that, g(x) can be discontinuous, partially defined, and even
the Dirac delta function, as long as no constraint is specified where the delta function is
infinite.

1.1 Application to ODEs

Linear [2] and nonlinear [4] ODEs can be solved by least-squares using the Theory of
Connections. ToC allows to remove the constraints from the problem. This means, that
ToC reduces the entire search space to the search space made of admissible solutions,
only. This space is made of functions that are fully satisfying the constraints, only. The
flowchart of Fig. 1 describes the approach.

Figure 1: Using Theory of Connections to solve ODEs

Consider integrating the n-order (linear or nonlinear) ODE, L
(
y(n), · · · , y, x

)
= 0,

subject to n constraints. These constraints can be absolute [e.g., y(x1) = y1 or y′′(x2) =
y′′2 ], relative [e.g., y(x0) = y(xf )], linear [e.g., πy(x1) + x1 = e y′(x2)], or integral [e.g.,∫ tf

t0

y(τ) dτ = −2], see Ref. [3]. Using a set of n linearly independent functions pk(x),
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k = 1, n, the Theory of Connections allows to derive the constrained expression, y(x) =

g(x)+
n∑

k=1

ηk pk(x), where the n coefficients, ηk, are functions of the independent variable,

x, and of the free functions, g(x), evaluated where the constraints are defined. Substituting
this expression in the original differential equation, L

(
y(n), · · · , y, x

)
= 0, we obtain a new

differential equation of the same order and in terms of the free function, L
(
g(n), · · · , g, x

)
=

0. This new differential equation has two important features: 1) it is not subject to any
constraints (the constraints, actually, are embedded into the differential equation), and 2)
it has a unique solution. The free function, g(x), is then expressed as a linear combination
of m linearly independent basis functions2, g(x) = ξTh(x). By doing this, the differential
equation becomes an equation of the independent variable and of the coefficient expansion
vector, ξ, only. This equation must be satisfied at any values of x ∈ [x0, xf ], where x0 and
xf define the integration range. Therefore, specifying this equation using N collocation
points (discretization) we obtain an over-determined system of equations in the unknown
vector, ξ, that can be solved using linear or nonlinear least-squares, depending whether
the initial differential equation is linear or nonlinear, respectively.

1.2 Application to Optimal Control

The indirect methods in optimal control, where the Pontryagin’s minimum principle (first-
order necessary conditions) is applied to the Hamiltonian dynamics, leads to a system of
differential equations written in terms of state and costate (Lagrange multipliers). The
constraints in this system of ODEs connect state and co-state through boundary-value
problems. Motivated by this important application the Theory of Connections has been
applied to ODEs subject to component constraints [12].

As example, the energy-optimal intersect problem is solved [13] by Applying the Pon-
tryagin Minimum Principle and ToC. In this specific case, the optimal control is a function
of the velocity costate, only, and the following system of ODEs,

⎧
⎪⎨

⎪⎩

ṙ =
∂H
∂λr

= v

v̇ =
∂H
∂λv

= g − λv

and

⎧
⎪⎨

⎪⎩

λ̇r = −∂H
∂r

= 0

λ̇v = −∂H
∂v

= −λr

connecting state and costate equations is then subject to a two-point boundary problem,

r(t0) = r0, v(t0) = v0, r(tf ) = rf , and v(tf ) = vf .

ToC derives the following constrained expressions

r(t) = gr(t) +
t− tf
t0 − tf

[r0 − gr(t0)] +
t− t0
tf − t0

[rf − gr(tf )]

v(t) = gv(t) +
t− tf
t0 − tf

[v0 − gv(t0)] +
t− t0
tf − t0

[vf − gv(tf )]

λr(t) = gλr(t)
λv(t) = gλv(t).

These expressions always satisfy the constraints, no matter what the free vectorial func-
tions, gr(t), gv(t), gλr(t), and gλv(t), are.

Reference [14] also apply ToC to constrained guidance in relative motion and Ref. [15]
solves the fuel-optimal landing problem, which is more complicate that the energy-efficient
problem due to discontinuity of the dynamics equation (bang-bang type of control).

2These basis functions can be Fourier, Chebyshev or Legendre orthogonal polynomials, monomials, etc.
or a combinations of different types.
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1.3 Extension to n-dimensions

The extension of the Theory of Connections to n-dimensions is based on a consideration
that is here explained for the 2-dimensional case. Consider c(x, y) be a function defining
the four boundary (Dirichlet) constraints in the (0, 1) × (0, 1) domain, that is, the four
functions c(0, y), c(1, y), c(x, 0), and c(x, 1). Coons in Ref. [16] proved that the function

f(x, y) =
{
1, 1− x, x

}
⎡

⎣
0 c(x, 0) c(x, 1)

c(0, y) −c(0, 0) −c(0, 1)
c(1, y) −c(1, 0) −c(1, 1)

⎤

⎦

⎧
⎨

⎩

1
1− y
y

⎫
⎬

⎭ ,

which can be written as,

f(x, y) = vT(x)M(c(x, y))v(y),

where

M(c(x, y)) =

⎡

⎣
0 c(x, 0) c(x, 1)

c(0, y) −c(0, 0) −c(0, 1)
c(1, y) −c(1, 0) −c(1, 1)

⎤

⎦ and v(z) =

⎧
⎨

⎩

1
1− z
z

⎫
⎬

⎭ .

satisfies all four boundaries constraints, that is

f(0, y) = c(0, y), f(1, y) = c(1, y), f(x, 0) = c(x, 0), and f(x, 1) = c(x, 1).

This means that the following relationship

g(x, y)− vT(x)M(g(x, y))v(y) = 0,

is certainly true at the boundaries for any g(x, y) function. Therefore, the following
function

f(x, y) = vT(x)M(c(x, y))v(y) + g(x, y)− vT(x)M(g(x, y))v(y),

is the generalization of Coons surface by representing all possible surfaces satisfying the
four boundary constraints.

Reference [5] describes the generalization of this concept by providing all possible
manifolds satisfying a set of constraints (on function and partial derivatives of any degrees
defined at any coordinates) along any orthogonal axis. This is done using n-dimensional
tensor formulations. Reference [6] provides examples clarifying how to derive such con-
strained expressions.

1.4 Application to QP and NLP

ToC has been applied to analytical linear optimization. In particular, a closed form
solution has been found to solve the Quadratic Programming (QP) subject to equality
constraints [7, 17]. This problem consists of finding the extreme of the quadratic function,
f(x), subject to m < n linear constraints,

QP : min
x∈Rn

{
f(x) =

1

2
xTQx+ cTx

}
, subject to: Ax = b, (3)

where f(x) : Rn → R1, Q = QT ∈ Rn×n, c ∈ Rn, A ∈ Rm×n, and b ∈ Rm, are all
assigned, and rank(A) = m3. The classic approach to solve this problem uses the Lagrange

3If rank(A) = r < m, then Ref. [17] shows how to reduce the system, Ax = b, to an equivalent systems,
A′ x = b′, made of linearly independent rows, that is, with a full rank A′.
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multipliers technique4. This leads to the Karush-Kuhn-Tucker linear system,

[
Q AT

A 0m×m

]{
x
λ

}
=

{
−c
b

}
, (4)

where λ is a vector of Lagrange multipliers. This linear system provides a unique solution
(matrix in Eq. (4) is nonsingular) if and only if: 1) matrix rank(A) = m (full rank) and
2) the reduced Hessian NTQN is positive definite, where N = null(A).

For the constraint given in Eq. (3) the Theory of Connections provides the constrained
expression.

x = g +H η, (5)

where H ∈ Rn×m is an assigned matrix with rank(H) = m, and η ∈ Rn is a vector of m
unknowns that are function of g. The expression of vector η is obtained by imposing the
equality constraints to Eq. (5). That is,

A(g +H η) = b → AHη = b−Ag → η = (AH)−1b− (AH)−1Ag.

Substituting this form of η for the one in Eq. (5), the constrained expression becomes

x = x0 +D g where

{
x0 = H(AH)−1b

D = In×n −H(AH)−1A.

This expression shows that matrix H can be any matrix making the m × m matrix,
AH, nonsingular. This condition is satisfied, for example, if rank(A) = rank(H) = m.
Therefore, matrix H can simply be set as

H = AT or HT =
[
Im×m, 0m×(n−m)

]
.

Substituting this expression of x for the one in Eq. (3), we obtain

f(g) =
1

2
(x0 +D g)TQ(x0 +D g) + cT(x0 +D g),

The problem of finding the extreme of Eq. (3) is now an unconstrained optimization
problem. Stationary condition implies

A g + d = 0n×1 where

{
A = DTQD

d = DTQx0 +DTc.
(6)

The resulting matrix A is singular. However, the linear system given in Eq. (6) is con-
sistent. Therefore, the solution can be found in the null space of A. This is provided
by the Moore-Penrose inverse matrix (pseudo-inverse). Let, A = C ΛC T, be the spectral
decomposition of A, where the eigenvector matrix, C, is orthogonal because matrix A is
symmetric. Therefore, the solution of the problem given in Eq. (3) is

x = x0 −DCΛ∗C T d, (7)

where the diagonal matrix Λ∗ contains the inverse of the nonzero eigenvalues and zero for
zero eigenvalues. Note that, the analytical solution provided by Eq. (7) does not require
Q to be symmetric, or positive definite, or the Hessian NTQN be positive definite, where
N = null(A).

Reference [17] provides an iterative least-squares procedure to solve the Non-Linear
Programming (NLP) subject to equality constraints. This is based of expanding the non-

4The numerical algorithms implemented in MATLAB, the “trust-region-reflective” and the “interior-
point-convex”, represent the current state-of-the-art to solve QP subject to equality and inequality con-
straints.
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linear function to minimize/maximize by Taylor series to 2nd order and use the closed-form
solution already developed for QP to initiate the iterative process. Studies are currently
performed to include inequalities constraints to QP and NLP.

1.5 Application to Calculus of Variations

One typical problem in the Calculus of Variations is to find the extreme of the integral

I(fs) = min

∫ b

a
F (x, f(x), f ′(x)) dx (8)

where x ∈ [a, b], f(x) is an unknown function (the solution to find) satisfying some con-
straints, like f(a) = fa and f(b) = fb, and F (x, f(x), f ′(x)) is the functional. One extreme
of the integral given in Eq. (8), f0(x), is represented by the solution of the Euler-Lagrange
equation,

∂F

∂f

(
x, f0(x), f

′
0(x)

)
=

d

dx

[
∂F

∂f ′
(
x, f0(x), f

′
0(x)

)]
. (9)

Note that, the solution f0(x) of Eq. (9) is an extreme of Eq. (8). This means that the
solution of Eq. (9) is not necessarily the solution of Eq. (8). In other words, being a
solution of Eq. (9) is a necessary condition that may be not sufficient. In fact, f0(x) can
be associated with some local minima, maxima, or saddle points. In order for f0(x) to be
a solution of Eq. (8) the condition,

∫ b

a
F (x, f0(x), f

′
0(x)) dx ≤ min

∫ b

a
F (x, f(x), f ′(x)) dx, ∀ f(x)

must be verified. This can be done, for example, by evaluating the second derivative
(Hessian) of F (x, f(x), f ′(x)).

Reference [7] has solved using polar coordinates the two-point boundary problem aris-
ing from the Euler-Lagrange differential equation associated to the most classic problem
in Calculus of Variation: the Brachistochrone problem. The functional associated to the
Brachistochrone problem is

F (x, y, y′) =

√
1 + y′2

2gy
,

{
y(0) = 0

y(x1) = y1

and the associated Euler-Lagrange equation is

2 y y′′ + y′2 + 1 = 0.

2 CONCLUDING REMARKS

The Theory of Connections (ToC) was introduced in Ref. [1] as a general analytical frame-
work to obtains univariate constrained expressions, f(x). The constrained expressions are
functions containing a free function, g(x), and they always satisfy a set of constraints,
no matter what g(x) is. The only requirement is: g(x) must be defined and nonsingu-
lar where the constraints are specified. Beside this, g(x) can be any function, including,
discontinuous, delta, and also functions that are partially defined.

ToC provides constrained expressions for a wide class of constraints, including con-
straints on points and derivatives, relative and linear combination of constraints, as well
as integral constraints. Example of applications are solving differential and integro-
differential equations (e.g., RLE circuits with time-varying parameters). In addition,
weighted constraints [8] and point constraints on continuous and discontinuous periodic
functions with assigned period, can also be obtained [1]. How to extend ToC to inequality
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and nonlinear constraints is a current work in progress [9].
ToC framework is, indeed, functional interpolation: rather than obtaining a class of

function (e.g., monomials) satisfying a set of constraints it provides all possible expressions
satisfying a set of constraints by spanning all possible g(x) functions. Constrained expres-
sions allow to transform constrained optimization problems into unconstrained problems
or, equivalently, to reduce the search space to the space of admissible solutions, the space
of function fully complying with the constraints. Using these expressions fast least-squares
solutions of linear [2] and nonlinear [4] ODEs have been obtained at machine error ac-
curacy and with low (or very low) condition number. Initial direct comparisons against
Chebfun have been performed on a small test of ODEs. ToC results are obtained with
order(s) of magnitude faster for the same level of required accuracy. In particular, ToC
approach to solve ODEs is a unified framework with no differences for initial, boundary,
and multiple-values problems.

A recent extension to solve differential equations subject to component constraints
[12] has open the possibility for ToC to solve, in real-time, some direct optimal control
problems, such as optimal landing or optimal intercept problems [13, 14, 15], where the
constraints connect state and co-state. Direct applications to classic astrodynamical prob-
lems provide already interesting results [10, 11].

Recently, ToC has been extended by tensor formulation to multivariate (n-D) case
[5]. The bivariate (2-D) extension, which generalizes the Coons surface [16], provides ana-
lytical constrained expressions, representing all possible surfaces with assigned boundary
constraints in terms of function and/or derivatives of any order on rectangular domain.
Similarly to the univariate case, these expressions contain a free function, g(x), and they
satisfy all constraints no matter what the g(x) is, where x is an n-dimensional vector.

Recently, ToC constrained expressions have been developed on triangular domains
under Dirichlet boundary conditions [7]. The application of ToC on triangular domains
is done to investigate the potential ToC contribution to finite elements methods. ToC
has been already applied in calculus of variations [7] to minimize functional where the
unknown function, f(t), satisfies fixed endpoint problems. This is done by solving the
boundary value problem associated to the Euler-Lagrange equation to obtain an extremal
solution. In addition, analytical, closed-form, solutions of some constrained analytical
optimization problems have been obtained using ToC and without using the Lagrange
multipliers technique [17]. This paper provides a current picture of the research done on
the Theory of Connections, by including the most important applications
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2 GUIDANCE MODEL

2.1 Methodology description 
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steer
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ത்࣬ሺሻ

2.2 Simplified conservative model 
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ABSTRACT

A novel boundary element formulation for the evaluation of the effective properties of three-
dimensional polycrystalline aggregates with piezoelectric coupling is presented. The aggre-
gates are modelled at the scale of their constituent crystals and are artificially generated
through Voronoi-Laguerre tessellations. The electro-mechanical behaviour of each crystal is
represented upon introducing an ad-hoc mesh of its boundary and a generalised integral repre-
sentation of the governing equations of the piezoelectric problem. The behaviour of the whole
aggregate is then retrieved upon introducing a suitable set of electro-mechanical interface con-
ditions at the grain boundaries. With respect to classic FE formulations, the present approach
has the advantages of: i) expressing the problems in term of boundary values only, thus allow-
ing a natural expression of the interface conditions; ii) requiring the grain boundary mesh only,
thus reducing the meshing effort; iii) reducing the number of degrees of freedom of the problem,
which is highly desirable in three-dimensional problems. Numerical analyses are performed to
study the effect of the statistical distribution of the grains’ orientation on the effective properties
of BaTiO3 aggregates. The obtained results are consistent with theoretical estimates and the
results available in the literature, showing the potential and accuracy of the proposed formula-
tion.

Keywords: Piezoelectric materials, Polycrystalline materials, Micromechanics, Boundary Ele-
ment Method

1 Introduction

Piezoelectric materials are today frequently employed for the manufacturing of transduc-
ers and micro-electro-mechanical systems (MEMS) to be used in several engineering applica-
tions, including smart structures [7], structural health monitoring [21, 23] and energy harvesting
[20], thanks to their inherent coupling between mechanical and electrical behaviour.

In the design of effective piezoelectric devices, it is often important to understand and
consider the link between the material microstructure and the macroscopic materials properties:
such knowledge can be profitably exploited for the optimisation of the transducers performances
through the control of those microstructural features correlated with the relevant macroscopic
properties of interest [15].



467

In the last few decades, remarkable advancements in microscopy and high performance
computing (HPC), have favoured enhanced experimental characterisation and computational
modelling of materials from the smallest to the largest application scales. Computational ma-
terials micro-mechanics, fed by experimental characterisation, is today a flourishing field of
investigation [14, 22].

The finite element method (FEM) is today one the most popular methods for micro-
mechanical problems that can be adequately addressed through continuum mechanics [22]. In
this work, we describe a framework for continuum micro-mechanics based on the boundary el-
ement method (BEM) [2, 1]. In several applications the BEM allows computational savings due
to the fact that only the boundary of the analysed domain needs to be discretised, thus inducing
a reduction in the number of degrees of freedom necessary for the numerical treatment of a
given problem. This aspect may be attractive in computational micro-mechanics, which gener-
ally incurs in heavy computational costs, due to the need of retaining detailed morphological
and constitutive descriptions.

The BEM has been extensively employed for the analysis of problems involving piezo-
electric solids see e.g. [16, 8, 19]. Recently, the method has been effectively used for poly-
crystalline micro-mechanics, both in 2D [18, 10, 11] as well as in 3D [3, 12, 4, 13, 6, 5].
Considering that piezoelectric ceramics present a polycrystalline microstructure, it may be of
interest to develop a BEM tool for the analysis of piezoelectric materials at the grain scale.

In this work, we describe the development of a boundary integral framework for the
computational homogenization of polycrystalline piezoelectric materials, i.e. for the computa-
tion of the effective properties of piezoelectric aggregates from the features of the individual
piezoelectric crystals. The framework is based on different key items. The artificial micro-
morphologies are generated through Voronoi-Laguerre tessellations. The piezoelectric crys-
tals are modelled through generalised 3D boundary integral equations, numerically addressed
through a multi-region BEM. The continuity of the aggregate is enforced through suitable inter-
granular generalised displacements continuity and tractions equilibrium equations. Volume av-
erages on aggregates subjected to generalised periodic boundary conditions eventually provide
the estimate of the effective properties. The obtained results were validated against available
literature.

2 Boundary element computational homogenization of piezoelectric polycrystals

In this study, the homogenization of piezoelectric polycrystalline materials is consid-
ered. The key items of the formulation are: a) the artificial representation of the micro-
morphology; b) the constitutive model for the bulk piezoelectric grains; c) the set of boundary
integral equations governing the electro-mechanics of the individual crystals; d) suitable inter-
face continuity conditions; e) suitable macro boundary conditions, periodic in this work; f ) the
computation of volume averages of the micro-fields; Such key items are described in this Sectio

2.1 Artificial morphology generation

In this work, artificial 3D polycrystalline morphologies are generated resorting to Laguerre-
Voronoi tessellations, see e.g. Refs.[12, 5]. It is to be noted that, for computational homoge-
nization purposes, we employ non-prismatic periodic 3D unit cells, as discussed in Ref.[12].
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2.2 Piezoelectric materials modelling

Linear piezoelectric materials can be modelled employing the constitutive laws

σi j = ci jklγkl − eki jEk

Di = eiklγkl +κi jE j
(1)

where i, j = 1,2,3, σi j and γkl are components of the stress and strain tensors, Di and Ei are
components of the electric displacement and electric field vectors and ci jkl , κi j and ei jk are
stiffness, dielectric and piezo-electric constants, respectively.

The strains γi j and the electric field Ei are linked with the mechanical displacements ui
and the electric potential φ by

γi j =
1
2
(
ui, j +u j,i

)
, Ei =−φ,i, (2)

where the comma in the subscripts denotes differentiation with respect to the coordinate identi-
fied by subsequent subscript.

The mechanical stresses σi j and the electric displacement Di fulfil the indefinite equa-
tions

σi j, j = 0, Di,i = 0, (3)

where repeated subscripts imply the Einstein’s summation convention.
For the solution of the piezoelectric problem, the above equations must be comple-

mented by suitable mechanical and electrical boundary conditions, see e.g.
The form of Eqs.(1-3) suggests the definition of generalised piezoelectric quantities. In

particular, the components of generalised piezoelectric displacements Ui and tractions Ti are
defined by

Ui =

{
ui, i ≤ 3
φ , i = 4 , Ti =

{
ti, i ≤ 3
ω, i = 4 , (4)

while the components of generalised piezoelectric stresses Σi j and strains Γi j are given by

Σi j =

{
σi j, i ≤ 3
D j, i = 4 , Γi j =

{
γi j, i ≤ 3
−E j, i = 4 . (5)

The definition of generalised quantities is the basis for the boundary integral formulation of the
piezoelectric problem.

2.3 Boundary integral equations

For each grain g of the aggregate the generalised displacements boundary integral equa-
tions can be written, in absence of body forces and free electric charge density, as

cg
i j (x)U g

j (x)+
∫

Sg
T̂ g

i j (x,y)U g
j (y)dS (y) =

∫

Sg
Û g

i j (x,y)T g
j (y)dS (y) i, j = 1, ...,4 (6)

where g = 1, ...,Ng identifies the considered grain, bounded by the surface Sg, x,y ∈ Sg denote
the boundary collocation and integration points respectively, U g

j and T g
j are components of the

generalised displacements and tractions defined in Eq.(4), cg
i j are constants stemming from the

limiting boundary collocation process [2, 1] and Û g
i j and T̂ g

i j are components of the generalised
three-dimensional fundamental solutions. In Eqs.(6), Sg = Sg

e ∪ Sg
c is the boundary of the g-

th grain, which is given by the union of external regions Sg
e , over which boundary conditions

may generally be applied, and contact regions Sg
c , over which suitable inter-granular interface

conditions, must be enforced.
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2.4 Inter-granular continuity interfaces

In this model, the initial pristine interface Iab between a and b can be thought as a zero-
thickness surface; the generic geometric point x ∈ Iab is thus shared between the grains and it
is simultaneously coincident with the two phisically distinct points xa ∈ Sa and xb ∈ Sb, which
identify an interface pair.

For a pristine interface pair, the generalised displacements continuity and generalised
tractions equilibrium equations are given by

{
δ ũ i =−ũa

i − ũb
i = 0

δφ =+φ a −φ b = 0
and

{
t̃ a

i − t̃ b
i = 0

ω̃a + ω̃b = 0
, (7a,b)

with i = 1,2,3. Eqs.(7a) express both mechanical and electrical continuity, so that the two phys-
ical points xa and xb share the same spatial location and exhibit the same electrical potential.
Eqs.(7b), on the other hand, express both mechanical and electrical equilibrium, which implies
that the two grains exchange the same mechanical tractions t̃ a

i = t̃ b
i through the interface at the

point x ∈ Iab and that no net free electric charge localises at the interface upon loading. It is
worth stressing that the over-tilde refers to quantities expressed in a reference system defined
over the individual interfaces, which motivates the signs in the above interface conditions.

2.5 Macro boundary conditions

We estimate the effective properties of piezoelectric aggregates using computational ho-
mogenization algorithms based on the developed multi-field grain-boundary formulation. For
the computation of the polycrystalline micro-fields, we employ non-prismatic periodic 3D unit
cells, as discussed in Ref.[12]. Different kinds of boundary conditions can be enforced on the
polycrystalline morphology. Here, periodic boundary conditions are considered as they provide
faster convergence to the effective properties with respect to Dirichlet or Neumann boundary
conditions. Considering two opposite and coupled external grain faces of the aggregate (also
in non-prismatic aggregates, couples of opposite conjugate grain faces can be identified), one is
assumed as the master face m while the other is denoted as the slave face s; the mechanical and
electric periodic boundary conditions are the implemented, in global coordinates, as follows

{
us

i −um
i = ⟨γi j⟩

(
xs

j − xm
j

)

ts
i + tm

i = 0
,

{
φ s −φ m =−⟨E j⟩

(
xs

j − xm
j

)

ωs +ωm = 0
, (8)

where ⟨γi j⟩ and ⟨E j⟩ are the prescribed components of macro- strain and electric field, respec-
tively and the superscripts m and s denote field components of points belonging either to the
master or slave face.

2.6 Volume averages

Once the aggregate boundary value problem is solved, the homogenized stress and elec-
tric displacement components can be estimated by using the relationships

⟨σi j⟩=
1
V

∫

S
ti x j dS, ⟨Di⟩=

1
V

∫

S
ω xi dS, (9)

which, being expressed in terms of integrals over the external surface S of the aggregate, can be
conveniently computed within the context of the developed framework. Once these quantities
are available, they can be matched with the applied macro boundary conditions to identify the
corresponding apparent macro constitutive properties. The apparent properties converge to the
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effective ones, as the unit cell attain representativity. In this work, the procedure employed in
Ref.[3] is used for computing the effective properties: volume averages are computed over sets
of many (100) morphological realisations, each realisation being provided by random Laguerre-
Voronoi tessellations. Ensemble averages are then computed over the apparent properties corre-
sponding to individual realisations. The procedure configures a statistical homogenization, see
Ref.[3] for a deeper discussion.

3 Numerical experiments

We perform the computational homogenization of aggregates of BaTiO3 crystals. Ma-
terial properties for BaTiO3 single crystals are reported in Table 1.

The analysis explores the role of poling on the effective properties of BaTiO3 aggregates.
Poling is enforced by constraining the angle β̂ formed between the material poling axis of the
individual crystals and a reference direction for the overall aggregate. The grains orientation
is defined by the Euler angles

(
α̂, β̂ , γ̂

)
, according to the ZXZ convention: α̂ and γ̂ represent

rotations around the Z axis, which is assumed coincident with the grain poling axis, and are
assumed to be uniformly distributed in the [0,2π) interval; on the other hand, to account for the
either unpoled, partially poled or fully poled aggregates, the angle β̂ is assumed to be distributed
over the interval [0,βmax) according to the following probability density function

p(x) =
sinx

2sin2 (βmax/2)
(10)

where βmax denotes the maximum angle allowed between the poling axis and the x3 reference
direction. The condition βmax = π identifies unpoled aggregates, whereas βmax = 0 defines a
fully polarised state.

Fig.(1) reports the effective material properties of BaTiO3 aggregates versus βmax. The
computed material properties, computed following the above mentioned procedure (ensemble
averages over 100 realisations of volume averages computed over the individual realisations)
always fall in the are within the Voigt and Reuss bonds, shaded in the figure. It is interesting to
observe how isotropic macroscopic properties are retrieved when βmax = π , which corresponds
to unpoled aggregates.

Table 1: Material constants for barium titanate BaTiO3 [9] and transversely isotropic lead zirconate
titanate (PZT-4) [17].

Material property Component BaTiO3 PZT-4
Elastic constants c1111, c2222 275.1 139.0

c3333 164.9 115.0
c1122 179.0 77.8

[109 N/m2] c1133, c2233 151.6 74.3
c2323, c1313 54.3 25.6
c1212 113.1 (c1111 − c1122)/2

Piezoelectric constants e113, e223 21.3 12.7
[C/m2] e333 3.7 15.1

e322, e311 -2.7 -5.2
Dielectric constants κ11, κ22 16.9 6.5
[10−9 C/(V ·m)] κ33 0.9 5.6
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(a) (b)

(c)

Figure 1: Macroscopic constitutive properties of BaTiO3 piezoelectric polycrystals as a function of the
maximum polarisation angle βmax: (a) selected elastic constants, (b) selected piezoelectric constants, (c)
selected dielectric constants. The shaded regions around the curves are bounded by Voigt and Reuss
averages as a function of βmax. Dotted lines denote the single crystal constants and ε0 = 8.854 · 10−12

Fm−1 is the vacuum permittivity constant. Constants’ subscripts are given according to Voigt notation.

4 CONCLUSIONS

A framework for computational homogenization of three-dimensional piezoelectric polycrys-
talline aggregates has been described in this work. It is based on a boundary integral represen-
tation of the electro-mechanical problem for the individual grains of the aggregates and on the
employment of generalised intergranular continuity conditions. The method has been imple-
mented and tested for the computation of the macroscopic properties of piezoelectric BaTiO3
polycrystals, providing accurate estimates.
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2 DYNAMICAL MODEL

2.1 Circular restricted three-body problem
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2.2 First order term of the circular restricted three-body problem

ߤ ՜ Ͳ

�ଵȀଷߤ

ߤ

ܪ  ൌ ଵ
ଶ
ቀሺ௫  ሻଶݕ݊  ൫௬ െ �൯ଶቁݔ݊ െ ଷ

ଶ
݊ଶݔଶ െ ఓ

మ
 మ


ݔ ቀݔଶ െ ଷ

ଶ
ଶቁݕ

 ൌ ଵ
ఓభȀయ

3 PERTURBATION APPROACH

ܪ ଵܪ

ܪ  ൌ ܪ  ଵܪߝ ՜ ቐ
ܪ ൌ

ଵ
ଶ
൫௫ଶ  ௬ଶ൯ െ ௬ݔ݊  ௫ݕ݊ െ ݊ଶݔଶ  ଵ

ଶ
݊ଶݕଶ

ଵܪ ൌ െ ఓ
మ
 మ


ݔ ቀݔଶ െ ଷ

ଶ
ଶቁݕ

ߝ ଵܪ
ܪ

3.1 Canonical transformation

൫ݔǡ ǡݕ ௫ǡ ௬൯ ൌ ࣮ሺ߶ǡ ǡݍ ǡߔ ܳሻ

 ଵ
ଶ
ቀడௐ

డ௫
ቁ
ଶ
 ቀడௐ

డ௬
ቁ
ଶ
൨  ݕ݊ డௐ

డ௫
െ ݔ݊ డௐ

డ௬
െ ݊ଶݔଶ  ଵ

ଶ
݊ଶݕଶ ൌ ࣥሺߔǡܳሻ

ǡߔ ܳ

 ܹ ൌ ௫ିଶொ
ଶ

ඥʹ݊ߔ െ ሺ݊ݔ െ ʹܳሻଶ  ሺܳݕ െ ሻݔ݊  ߔ ���ିଵ ൬ ௫ିଶொ
ඥଶఃିሺ௫ିଶொሻమ

൰



477

 

ە
ۖ
۔

ۖ
ۓ ௫ୀೂశೖξమ౩ഝ

ೖ

௬ୀଶାଶටమ
 ୡ୭ୱథ

ೣୀିଶିξଶః ୡ୭ୱథ

ୀ
షೂషమೖξమ౩ഝ

మೖ
݇ ൌ ͵ȀͶ

3.2 Perturbed solution

 ቊ ݔ ൌ
ொ


ݕ ൌ ݍ݇ʹ
ݍ

 
߯ ൌ ௬


ߛ ൌ ଵ

ః
ܤ ൌ ܾ݊

ߪ ൌ ௫
ଶ

ܽ ൌ ʹܾ ܾ ൌ ටଶః


ܾ ܽ

 ࣥ ൌ ࣥ�ு  ߝ ଵࣥ

 

ە
ۖ
۔

ۖ
ۓ ࣥ ൌ ሺͳߔ݊ െ ଶሻߪ͵

ଵࣥ ൌ ቐ
െ ሺఃሻఊ

ඥఙమାఞమାఙ ୱ୧୬థାଶఞ ୡ୭ୱథାοమ

ሺଶఙାୱ୧୬థሻ


ሺͺߪሺߪ  ���߶ሻ െ ͷ െ ͳʹ߯ሺ߯  ʹ ���߶ሻ െ  ��� ʹ߶ሻ



478

߯ ՜ Ͳ ߪ ൌ ܱሾ߯ଶሿ
ݔ

߯

ߛ ൌ ܱሾ߯ସሿ

 ൜ߪ ൌ ଶ߯ߝ
ߛ ൌ ସ߯ߝ

ܾȀ� ൌ ܱሾ߯ଶሿ
ۄࣥۃ

ۄࣥۃ  ൌ ߔ݊ െ ଵ
ଶ
ܳଶ െ ට 

ଶః
෩ܭ  ଵ

ସ
ට య

ଶఃయ ൫ܧ෨ െ ଶݍ෩൯ܭ  ଵିଶ෩
଼ఃమ  ሺଵସா෨ିଵଵ෩ሻ

ଵଶ଼
ට ఱ

ଶఃఱ ସݍ 
෩ିସா෨

ଽగξଶఃయ ܳଶ 
ଵ

ସଷଶరξః
ቂͶͲξ͵ଷܳ൫ξʹ݊൫ͳ͵ܭ෩ െ ʹʹͳܧ෨൯  ͳʹξߔሺͺܳଶ െ ʹ݊ଶݍଶሻ െ ʹͳ݊ξߔଷ൯ െ

ଶ ൬ͷξʹ݊ܭ෩ሺʹͳͺ݊ݍଶ െ ͷͷ͵ͻߔሻ  Ͷξߔ ቀͷͷͷͷʹξʹ݊ܧߔ෨  ͶͲͷሺʹ݊ଷݍସ  ͳͺͲ݊ଶݍଶߔ െ

ͳͶ݊ߔଶͷͶͶܳଶߔሻቁ൰  ͻʹͲξ͵ܳξߔଷሺ͵݊ݍଶ െ ͷͲͻߔሻ  ͺͳͲξߔହሺͻͳͺͷͶ݊ݍଶ െ

͵ͻͳͻͳߔሻቃ

෩ܭ ൌ ൫మ൯
గ

෨ܧ ൌ ா൫మ൯
గ

ሺ݇ଶሻܭ ሺ݇ଶሻܧ
ݍ ǡߔ ܳ

 ቐ
థሶ ୀሚഝషೌାሚഝష್మାሚഝషరାሚഝషொమ

ሶୀሚషೌொାఌ�ሚషೌഄொ
ఃሶ ୀ

ொሶୀሚೂషೌାఌ�ሚೂషೌഄయ

 ቊ
ሻݐሺݍ ൌ ଽǡሺͳݍ  ߱ଵݐሻ  ଽǡଵሺͳݍ  ߱ଵݐሻ
ܳሺݐሻ ൌ ܳଽǡሺͳ  ߱ଵݐሻ  ܳଽǡଵሺͳ  ߱ଵݐሻ

4 MODEL VALIDATION



479



 ߳௦ǡሾͲǡ ܶሿ ൌ ฮݎሾͲǡ ܶሿ െ ௧௨ሾͲǡݎ ܶሿฮ



 ߳ǡሾͲǡ ܶሿ ൌ
ఢೌ್ೞǡሾǡ்ሿ

ฮሾǡ்ሿିೠሾǡ்ሿฮ



 ߳ି௫ǡ ൌ ൫߳ǡሾͲǡݔܽ݉ ܶሿ൯

4.1 Results for the model with the assumption ሾሿ

ܾȀ ൌ ܱሾ߯ଶሿ

ߤ

௫ܣ ൌ 
௫ܣ ൌ  ௫ܣ ൌ ͳͳ

ܾȀ ൌ ܱሾ߯ଶሿ

4.2 Comparison between different assumptions

ܾȀ ൌ ܱሾ߯ହሿ ܾȀ ൌ ܱሾ߯ଷሿ ܾȀ ൌ ܱሾ߯ଵሿ



480

ߤ
ͳͲି ͳͲିଽ ߤ ൌ ͳͲିଵଶ

ܾȀ ൌ ܱሾ߯ሿ
௫ܣ ݉

ܾȀ ൌ ܱሾ߯ሿ

݆
ܱሾ߯ሿ

ܾȀ ൌ ܱሾ߯ሿ
௫ܣ

5 CONCLUSION

ܾȀ ൌ ܱሾ߯ଶሿ

ܾȀ



481

6 ACKNOWLEDGEMENTS

REFERENCES

ts : Volume

s : V  2 :



482

IItalian Association of Aeronautics and AAstronautics  

XXXV International Congress  

99--112 September 2019| Rome, Italy

DEVELOPMENT OF A VIRTUAL REALITY REAL TIME 
HELICOPTER FLIGHT SIMULATOR   

*matteo1.daniele@mail.polimi.it, andrea.zanoni@polimi.it, pierangelo.masarati@polimi.it,
giuseppe.quaranta@polimi.it

ABSTRACT

Keywords: 

1. INTRODUCTION



483

1.1. Virtual Reality approach 

2. SIMULATION TEST CASE

2.1. Ship model 



484

2.2. Helicopter model 

Ʌ௧௪ ൌ െͷι

ஞஞܥ Ɍ

ܭ ൌ ͳͲଽܰȀ݉ ܥ ൌ ͳͲଶܰݏȀ݉



485

2.3. AFCS model 

2.4. Trim 

2.5. Contact model 



486

2.6. Visualization module



487

3. EXPERIMENTS AND RESULTS 



488

3.1. Considerations on real-time performance 

� ଶڄ
ஐొڄౚ౪

ௗܰ௧ ൌ ͳͳͲ

4. CONCLUSIONS



489

REFERENCES
 



490

IItalian Association of Aeronautics and Astronautics  

XXXV International Congress  

99--112 September 2019| Rome, Italy



491

߱ ൌ ඥܩሺ݉ா ݉ெሻȀܴாெଷ

݉ா�����݉ெ
݉ா ݉ெ ݉

݉ா  ݉ெ ݉ ൎ Ͳ
Z� 

ߤ ؔ
݉ெȀሺ݉ெ ݉ாሻ

ாߤ ൌ ͳ െ ߤ� ெߤ ൌ ߤ
ாݔ ൌ െߤ ெݔ ൌ ሺͳ െ ሻߤ

� �L

� �Z P PZ Z Z
V U

�w w w
�  �    �  � �

w w w

V U

� �
{ � � � �L{

� �L

Z Z �  �  

ܥ ؔ ʹܷ െ ൫ݔଶሶ  ଶሶݕ  ଶሶݖ ൯
ଵ�ሺൌܥ ͵Ǥͳͺͺ͵

ܥ ൌ ଵܥ
� � �

o ாை߂
o ெை߂

ܬ ൌ ாைݒ߂  ெைݒ߂ '  ' '  'v v



492

' ߜ L

G G �  

� � � � � �Z G Z G P� � �  �  � '

ݐ � �
ǡெ ߠ ǡெ L

� �T T  � � �� �

� �P T Z P T Z� � �  r � �

ט േ
� �� �

� � � �� � � �'  � � �

� �G'

͵ǤͲʹͷ ��
�
 ாைݒ߂  ͵Ǥͳʹ ��

�
ԛԛԛԛԛԛͲ  ߜ  ʹS

ாைݒ߂ ܥ ൌ ଵܥ

ሺݒ߂ாைǡ ሻߜ ாைݒ߂ ߜ



493

۸ሺઢ۽۳ۺܞǡ ઼ሻ

ாைݒ߂
ߜ

ߜ

ாைݒ߂
ߜ

� �L

ܬ ாைݒ߂ ��ሺ���ሻߜ



494

� �

� � � � � �� � � � � �

� �G  

� � � � � � � �> @Gª º  �¬ ¼

� �F F

h

h
� �

� � � � \ G

� �

� � � � � � � � � �� �> @G \ª º  ¬ ¼

� � � �\  �

G  \
� �\ ൫ ܰெǡܯெǡ ݄ெ൯

ܰெ ݄ெ
ቀ Ƹܿଵ

ሺாሻǡ Ƹܿଶ
ሺாሻǡ Ƹܿଷ

ሺாሻቁ

� � � � � � � � � �ª º ª º : ¬ ¼¬ ¼



495

� �L ൫ ܰெǡܯெǡ ݄ெ൯

� �Z �

� �S Z � �

ாைݒ߂ : ߙ

� �L ൫ ܰெǡܯெǡ ݄ெ൯

� �D Z{ �

൫ ܰெǡܯெǡ ݄ெ൯ � �

� �� � �

r

� � � � � � � �D G \ G ª ºª º � :¬ ¼ ¬ ¼r

D D Z � ' '

:

�  r h h :

� �� � �

� �� � �

� � � � � �� � � � � �'  � � � � �

� �D' :

S D Sd ' d d : d d d

ாைݒ߂ ܥ ൌ ଵܥ



496

ሺݒ߂ாைǡ ǡߙ ாைሻǤߗ

ாைݒ߂

� �L

� �L



497

݅ெை ܬ ாைݒ߂ ாைߗ ��ሺ���ሻߙ



498

IItalian Association of Aeronautics and Astronautics  

XXXV International Congress  

99--112 September 2019| Rome, Italy



499

݇ ௦ܶ௬ ௦ܶ௬

ሺ�ሻ�ܴா ൌ ܽሺͳ െ ݁ ή �ሻ�������������ሺ�ሻ�ܴெܧ�� ൌ ܽሺͳ െ ݁ ή ��� ଵሻܧ ሺͳሻ

ଵݐ ൌ ඨܽ
ଷ

ߤ
ሾሺܧଵ െ ݁ ή ଵሻܧ��� െ ሺܧ െ ݁ ή ሻሿܧ��� ሺʹሻ

݇ ή ௦ܶ௬ ൌ ඨܽ
ଷ

ߤ
ሾʹɎ݉ െ ʹሺܧ െ ݁ ή ሻሿܧ��� ൌ ඨܽா

ଷ

ߤ
ሾʹɎ݈ െ ʹ ݂ሿ ሺ͵ሻ

ሺ�ሻ����
ܧ
ʹ ൌ ඨͳ െ ݁

ͳ  ݁ ���
݂

ʹ �������������ሺ�ሻ����
ଵܧ
ʹ ൌ ඨͳ െ ݁

ͳ  ݁ ���
ଵ݂

ʹ
ሺͶሻ

ߤ � � � �{ {



500

ܧ ݂

x ݂ ௦ܶ௬
x ܧ ݂
x ܧ
x

ଵܧ ଵ݂ ଵݐ
[

[ P �

 �

݇ ௦ܶ௬



501



502

ሺ�ሻ�ܴா ൌ ܽሺͳ െ ݁ ή �ሻ�������������ሺ�ሻ�ܴெܧ�� ൌ ܽሺͳ െ ݁ ή ��� ଵሻܧ ሺͷሻ

ܴா ൌ ܽଶ�ሺͳ െ ݁ଶ ή ��ସሻܧ�� ሺሻ

ଷݐ ൌ ඨܽଵ
ଷ

ߤ
ሾʹɎሺ݉  ͳሻ െ ʹሺܧ െ ݁ଵ ή ሻሿܧ��� ൌ ඨܽா

ଷ

ߤ
ሾʹɎሺ݈ଵ  ͳሻ െ ʹ ݂ሿ ሺሻ

݇ ή ௦ܶ௬ െ ଷݐ ൌ ඨܽଶ
ଷ

ߤ
ሾʹɎݏ  ʹሺܧସ െ ݁ଶ ή ସሻሿܧ��� ሺͺሻ

݇ ή ௦ܶ௬ െ ଷݐ ൌ ඨܽா
ଷ

ߤ
ሾʹɎ݈ଶ  ʹ ସ݂ሿ ሺͻሻ

ሺ�ሻ����
ܧ
ʹ ൌ ඨ

ͳ െ ݁ଵ
ͳ  ݁ଵ

��� ݂

ʹ �������������ሺ�ሻ����
ଵܧ
ʹ ൌ ඨ

ͳ െ ݁ଵ
ͳ  ݁ଵ

��� ଵ݂

ʹ
ሺͳͲሻ

���
ସܧ
ʹ ൌ ඨ

ͳ െ ݁ଶ
ͳ  ݁ଶ

��� ସ݂

ʹ
ሺͳͳሻ

ሺܽଵǡ ݁ଵሻ ሺܽଶǡ ݁ଶሻ
ܧ ݂



503

݁ଵǣ
x ܽଵ ݁ଵ ܧ
x ݂ ݁ଵ ܧ
x ܽଵ ݂ ܧ ݁ଵǢ
x ଵܧ ݁ଵ ଵ݂
x ଷݐ ݁ଵ
x ସ݂ ସܧ ݁ଶ ݁ଵ
x ସሺ݁ଵǡܧ ݁ଶሻ ܽଶ ݁ଶ ݁ଵ
x ସሺ݁ଵǡܧ ݁ଶሻ ܽଶሺ݁ଵǡ ݁ଶሻ ଷሺ݁ଵሻݐ ݁ଶ ݁ଵ

݁ଵ
݁

݁௫

G G� �  � � ሺͳʹሻ

G G

G G ݁ଵ
ሾ݁ǡ ݁௫ሿ

݁ଵ
ଵݐ

[



504

݇ ௦ܶ௬

ܽଵ ܽଶ

݁ଵ ݁ଶ



505



506

IItalian Association of Aeronautics and Astronautics  

XXXV International Congress  

99--112 September 2019| Rome, Italy

LONG-TERM ORBIT EVOLUTION OF DECOMMISSIONED 
GEOSTATIONARY SATELLITES

ABSTRACT
This work investigates the long-term orbit evolution of decommissioned geostationary 
satellites, under the assumption that the final disposal maneuver does not occur, due to 
failure of the propulsion system. Orbit dynamics is modeled by including all the major orbit 
perturbations, i.e. (i) a relevant number of Earth gravitational harmonics, and (ii) Sun and 
Moon gravitational pull as third bodies. For geostationary satellites the J22 term, related to 
ellipticity of the Earth equator, has a dominant effect due to resonance of the orbital motion 
and the Earth rotation. In addition, the third body perturbation due to Sun and Moon is 
proven to be responsible of two major effects: (a) precession of the orbit plane, and (b) 
chaotic longitudinal dynamics. This work proposes an analytical approach for prediction of 
the overall precession motion. Moreover, this research demonstrates the existence of a 
chaotic longitudinal dynamics (effect (b)). In fact, repeated and unpredictable migrations 
toward different longitudinal regions are proven to occur, and this is in contrast with what 
would take place with the only perturbative effect due to J22.  

Keywords: 

1 INTRODUCTION 
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2.1 Average effect of harmonic J2
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4.3 Migration effect
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ABSTRACT 

As part of the "product development" activities, Telespazio proposes the strategic expansion 
of its infrastructures for the management of space assets. In this scenario, Telespazio has 
identified lines of action to strengthen its space centres and allow the creation of an 
innovative networks and services targeted to customers in the research and commercial 
sectors. In particular, the U-DRAGON project is the Telespazio's answer to the emerging 
micro-satellite market, able to meet the needs of the institutional sector and to intercept the 
demands of new commercial and scientific trends. In this project, TPZ proposes the creation 
of a network of satellite mini-stations to be offered, on a commercial basis, as a 
communication infrastructure for the control of microsatellites and cubesat. U-Dragon is 
therefore the first step for TPZ in defining a Ground Segment no longer dedicated to single 
missions, but capable of satisfying in parallel multiple users with different requirements. 
Therefore a Ground Segment capable of modulating its services on commercial requests, 
without the need for ad-hoc developments or major upgrades, but using the existing 
infrastructure with a plug and play approach. This paper provides an overview on the project 
objectives, status and outlook.  
 
Keywords: Cubesat, Ground Segment, Ground As A Service, Satellite Services 

1 INTRODUCTION 

As response to a large-scale R&D projects call of the Italian Minister for Economic 
Development (MISE) in 2016 related to "Digital Agenda" Telespazio created a new project 
aimed to supply communication services to the emerging nano/micro satellites market, 
through the development of a dedicated distributed ground stations network, called U-Dragon. 
The reference market is different from the classic institutional and governmental one, which is 
usually looking at big missions, big satellites and requires big investments not only on the 
satellite side, but also on the ground infrastructures for satellite operations, that are developed 
ad hoc and are mission specific. On the contrary, small satellites (< 50 kg) are usually cheap 
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objects, developed as university research items with the objective to demonstrate/validate 
space technologies. Also in this case the ground infrastructure is usually developed ad hoc, 
but is composed of few small ground stations (one or two depending on the available budget) 
usually installed at the research team site and providing limited satellite access possibility. 
U-Dragon wants to overcome this limitation, having as long term goal the provision of an 
infrastructure composed of a large number of ground stations, world-wide distributed, to be 
made available on commercial basis to the nano/micro satellites players at a price of the 
development or the acquisition of one single dedicated station. 
The main objectives of the U-DRAGON project are to: 
• Facilitate the access of the nano/microsatellite owner to the satellite operations with the 

introduction of the ground network worldwide distributed accessible with a simply plug-
and-play approach. With this approach, the satellite owner does not need to 
procure/develop its ground station (and even the s/w for satellite monitoring and control), 
but rather he has access to his satellite through a virtual ground segment accessible via a 
simply internet access; 

• Increase the satellite visibility and therefore the interactions possibility with the satellite. 
In fact, being connected to U-Dragon means being potentially able to use all the stations 
regardless of where they are located. U-Dragon ensures the temporary and timely 
assignment of the ground station to the customer by means of an optimization process 
managed by one of its subsystems. 

• Optimize and enhance the satellite control, monitoring and communication functions 
using the capabilities of the broadband connectivity of the last generation of the new 
terrestrial networks and the diffusion of the concept of “full Internet”; 

In addition U-Dragon will propose also new paradigm for satellite communication by means 
of the development of a low data rate communication on board unit (named Space Twitter) 
that is able to automatically and autonomously send to ground a short message using the U-
Dragon network. 
Having said that, U-Dragon stands as a research and development project having the objective 
to develop a first part of the infrastructure, with a limited number of ground stations, as test 
platform to verify the requirements of the new space actors, identify criticalities and collect 
lesson learned in view of the implementation of the entire ground infrastructure. 
In other words, U-Dragon represents a first step toward the integration of a wider Distributed 
Ground Station Network, and a first step toward the development of new commercial services 
based on the concept of Ground as a Service (GaaS) 

2 THE U-DRAGON CONCEPT 
The idea of U-Dragon is to provide a "ground segment service" to several users in parallel, 
and able to cope with many missions, each of them with different requirements. Using this 
new Communication Service the User could control its own spacecraft/payload without the 
need to procure or build up a dedicated and expensive infrastructure. To do that, the system 
will be based on a network of micro/mini stations instead of a single small ground station, 
geographically distributed, and conceived to satisfy the requirements of the nano-micro 
satellites markets, in terms of bands and frequencies, protocols, data-rates, etc. 
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Figure 1: The U-DRAGON Concept 

The core of the system is the Network Control Center implementing the most part of the 
functionalities required by the U-Dragon network, as for example the customer connection 
and management, as well as the management of the network itself. One of the main function 
is the dynamic assignment of the ground stations to the satellite players by using a specific 
scheduler tool. The U-Dragon system is able to elaborate the request of several customers in 
parallel and, considering the satellite and ground stations specifications, it is able to define the 
so-called ground stations assignment plan, which define the daily tasks of each U-Dragon 
component. Based on this plan, the U-Dragon system is able to dynamically configure the 
ground stations and the ground network to correctly interact with the satellite, and receive and 
forward the mission data as required.  
U-Dragon also provides a tool for TM/TC management. This tool is intended to provide a 
Human Computer Interface (HCI) for the visualization of the satellite telemetries and for 
sending tele-commands. It is a designed to be a flexible tool to be easily customized on the 
user needs. However, to provide even more flexibility, the access to the satellite will be also 
allowed with the tools developed by the customer for other activities, as for example the 
EGSE SW developed to support ground testing activities. Dedicated interfaces will be 
provided to the customer, supporting pre-defined protocols. Protocol adapters will be 
developed ad hoc for those customers’ applications not immediately connectable to the U-
Dragon network. 
Finally, the U-Dragon network will provide two additional features.  
 
• The possibility to federate ground stations of other satellite services providers or even of 

the customer. Such possibility will allow the improvement of the service (as for example 
in terms of frequencies and or communication protocols covered, or in terms of satellite 
visibility increase) without the need to deploy new stations. 

• the provision of additional and complementary data to the customer. In its final 
configuration U-Dragon will be part of the Telespazio network, and that will allow for 
data exchange within this platform. For example a customer that is doing EO with his 
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cubesat could be interested in comparing his images with other images taken by other 
satellites managed by Telespazio. 

2.1 Subsystems description 

The following subsystems are foreseen in the U-Dragon infrastructure: 
NCC Network Control Centre 

• Network Protocol Management (NPM) 
• U-Dragon Monitoring and Control (UMC) 
• Scheduler (SCH) 

NMS Network Management System 
MCC Mission Control Centre 
GSF Ground Stations Fixed Antennas  
GST Ground Stations Tracking Antennas 
STW Space Twitter 

Table 1: U-DRAGON Subsystems 

The Network Control Centre represents the core of U-Dragon, able to manage all the 
information needed to establish a link between each User and the requested satellite to access 
the data/telemetry and to send commands. It hosts the Service Management Platform and the 
System Management Platform. 
The Service Management Platform is the system that manages the customer connection and 
activities. It provides the capability to interact with the U-Dragon network, in terms of 
services and/or change requests, ground stations assignment plan visualization, ground station 
status, statistics provision (like for example data traffic, connection duration, etc.) 
The System Management Platform is the system that manages the operability of the 
network, in terms of activities scheduling and system configuration and monitoring. It is 
composed of several components: 
• Network Protocol Management System. It represents the system in charge of ensure the 

proper data flow from the User via the NCC up to the Ground station and vice versa 
taking care of the different protocols used for each specific links the data have to pass 
through. It shall contain also protocol conversion capabilities to allow, from one side, the 
User to connect to U-Dragon using its own MCC and, on the other side, the federation of 
existing ground stations. 

• U-Dragon Monitoring and Control System. It is the system in charge of centralizes the 
Monitor and Control of all the ground station (including their own internal systems) and 
provides automatically the availability/unavailability of ground station services. 

• Scheduler. The scheduler is the system used to assign, on a temporary basis, each station 
to a certain satellite requesting the service available in the visibility cone. The algorithm 
running into the scheduler shall maximize the overall throughput considering the 
requirements and constraints. The algorithm used by the Scheduler foresees the same 
contact result at any different running that maintains the same characteristics. 

Network Management System. The NMS is dedicated to establish the secure links, via 
internet through VPNs, between the ground stations and the different users, performs the 
traffic routing, analyse the data flow, monitors all the equipment in each network. 
Mission Control Centre it’s the tool managed by the User to interact with the Satellite. It is 
used to acquire, store and display the data, provide threshold analysis, provide alarm 
signalling and plot the data. It is also used to build and send commands to the satellite. The 
MCC Software suite is a software platform provided by U-Dragon to the User and usually 
installed at their home basis. 
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Ground Stations. The Ground station is the element used to establish the communication link 
between ground and the satellite. It is equipped with all the components to modulate the tele-
command received by the users and demodulate the telemetry and send it to the users. The 
Ground Station will be equipped with Fixed Antenna (GSF) for low data rate communication 
or Tracking Antennas (GST) for high data rate links using different antennas to cope with the 
different bands requested. 
A sketch of the U-Dragon Architecture is illustrated in Figure 2 

 
Figure 2: U-DRAGON Architecture Concept 

3 SPACE TWITTER 

In addition to the ground infrastructure, the development of a flight communication element 
has been included in the program as a way to simplify the communication with the micro-
satellite. Space Twitter is therefore a flight communication system, with low bit rate 
capabilities able to operate in automatic mode using the dedicated ground network (which is 
the fixed antenna micro-stations part of U-Dragon). On the basis of the satellite position, 
acquired via its own internal 
navigation board, and the location 
of the dedicated ground stations, 
stored into its system memory, it 
elaborates the visibility slots and 
it activates the bi-directional link 
at the appropriate time. Space 
Twitter system is therefore a bi-
directional space-to ground 
communication system and on the 
basis of the information 
transferred it could provide 
several types of services. For 
instance if it sends the telemetry 
could be used as a secondary 

Figure 3 : The Space Twitter Concept 
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communication channel, if it transmits Health & Status data could be an efficient satellite 
beacon, because it is activated only when the station can receive the signal, if it send satellite 
alarm and warning messages could be considered an early failure detection system, if it 
transmits a message containing satellite identification, position and orbital data could be used 
as "Space Transponder" similar to the "Aeronautical" one and so on. A sketch of the Space 
Twitter unit and related data flow is illustrated in Figure 3. 

4 THE PROJECT TIMELINE 
U-DRAGON has the intermediate objective to develop a platform to test and validate the 
concept. This platform in its final configurations will be composed of 5 fixed VHF/UHF 
stations and 3 Motorized station in the VHF/UHF and S-Band. The project follows an 
incremental approach that foresees several phases as described below: 
 

• Phase_1: Design, development, testing and validation of the U-Dragon system with basic 
functionality for new services of automatic short messages transmitted by the satellite to 
micro-ground stations equipped with fixed antennas using only UHF / VHF Bands. 
Available cubesat with beacon could be used in passive mode to test the services of 
stations and of Network The same stations also have the ability to transmit commands to 
the satellites identified by the received messages (agreement with sat owner are required o 
test this service)  
 

• Phase_2: Design, development, testing and validation of the U-Dragon system by adding 
the scheduler, the planning functions, optimization of sat passes and tracking stations to 
increase the duration of the link. Some of the developed stations will also be equipped 
with additional bands such as S-band
 

• Phase _3: Integration of the network and Ground station developed in phase_1 and 
Phase_2. In this case many stations have their visibility cone overlapped with other 
stations and this feature could be used to test new services as the reconstruction of 
telemetry stream 

 
Phase 1: Ground Network for short message service 
 
Period: 2018-2019  
 
Elements to be developed:   
• Automatic ground stations with 

fixed antenna   
• Orbital propagation station for 

calculating the steps on the stations   
• NCC with basic functions: or 

message acquisition from the 
stations or message transfers to the 
end user or command request 
acquisition or sorting required at 
active stations   

• Prototype of the on board 
communication board (whose 
launch could exploit IOV / IOD 
opportunities offered by EC and 
ESA  

Figure 4: UHF/VHF network with possible localization 
of automatic ground station at European TPZ sites 
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• Number of stations to be developed: 5 and identification of their location 
 
Possible services provided by the network of short message land stations:   
 
• Automatic primary communication for cubesat 
• Secondary communication for micro-sat and small-sat in LEO   
• Self-identification and auto-tracking systems for satellites (defined as “Space 

Transponder”) 
• Command to change orbit (propulsion or braking) for collision avoidance   
• Event communications (scientific event, malfunction, interference, jamming, etc.) 

The Figure 4 summarizes a possible location of the stations installed at TPZ centres 
distributed in Europe. While awaiting the launch of the satellite communication prototype, 
which could certainly, take advantage of various IOV / IOD opportunities provided by ESA 
and EU, for the test phase it will be possible to use the UHF / VHF beacons installed on many 
cubesat operating in orbit. 
 
Phase 2: Ground network UHF-VHF-S   
 
Period: 2019-2020  
 
Elements to be developed:  
• UHF-VHF and S (or even upper bands) ground stations with broadband SDR 
• Orbital propagation station for the calculation of precision of the passages on the stations  
• NCC with standard functions:  
o telemetry and data acquisition from 
the stations  
o telemetry and data transfers to the 
end user  
o request acquisition of commands  
o sorting of requests at the stations of 
the next pass 
o Planning system with optimizer  

Number of stations to be developed: three 
and identification of their location  
 
Possible services provided by the ground 
stations system:  

• Primary communication for cubesat 
and micro-sat  

• Network for demonstration reception of systems for VHF services (e.g. VDES)  
• Network for micro-sat secondary communication systems (Platinum, Pioneeer, etc.) 
• Possible demonstration Ground segment for small constellation of small sat for IOD/IOV 

services 
The Figure 5 summarizes a possible location of the stations installed at TPZ centres 
distributed in Europe. 
  

Figure 5: UHF/VHF/S network with possible localization 
of mini ground station at European TPZ sites 
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Phase 3: Ground Network Integrated Service 

Period: 2020-2021  
 
Elements to be developed:  
• Extend Orbital propagation 

capabilities for the precision 
calculation of transitions over 
the stations 

• NCC with advanced functions:  
o Insertion into the network of 

all existing stations as a 
single network  

o Management of several 
stations on a single site  

o Acquisition of telemetries 
with overlapping from 
micro- and mini-stations  

o Merging of the data acquired 
to consolidate the telemetry  

• Scheduler system with 
optimizer able to manage of several stations (with fixed and tracking antennas) located on 
the same site 

• NMS access to other public and TPZ-owned networks to inject queries and 
derive/extract/collect complementary data to be provided to the User as additional service 

Number of stations to be developed: none  
Possible services provided by the ground stations system:  
• Primary/secondary communication for micro-sat   
• Network for demonstration reception for micro-sat services at standard (9K6) data rates 
• Network for secondary communication systems for mini-sat  
• Network for sat requiring extended communication on several stations even contiguous  
• New Capabilities: new services generated by simultaneous acquisition of sat telemetries 

by different sites (complementary acquisition by other stations in case of unavailability or 
bad-meteo conditions)  

The Figure 6 summarizes a possible location of the stations installed at TPZ centres 
distributed in Europe integrated for the phase 3. 
5 CONCLUSIONS 

U-Dragon represents a first step in the development of a ground network for the nano/micro 
satellite market to be offered on commercial basis to this new class of operators with an easy 
plug and play approach. This infrastructure has higher performance than those obtainable with 
a single owned ground station, at a cost that is comparable with that required for the 
procurement of one of these ground station. The project objective is to realize a test platform 
for requirement verification and lesson learned collection in view of future development of 
the complete infrastructure to provide the service. An incremental approach is foreseen in 
order to gradually increase the complexity of the system, and to have preliminary network 
ready and operative since the beginning to be offered to the operators that would want to try 
it. Both the U-Dragon project and the sat operator could benefit from that. The first having the 
possibility to carry out realistic tests in real environment, the second increasing the number of 
contacts of their satellite and the overall data exchanged with the space platform. 

Figure 6: Phase 3 - Combined Network formed by merging of 
the Phase1 (micro-stations) & Phase2 (mini-stations) networks 
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ABSTRACT 
For long duration missions energy balance maintenance is a crucial point to preserve 
astronaut’s wellness and quality of life in Space. Human spaceflight highlights the relevance of 
nutritional intervention to counteract the microgravity detrimental effect on skeletal muscle mass 
and metabolism.  
NutrISS (Nutrition monitoring for the International Space Station) is an Italian Space Agency 
(ASI) biomedical experiment investigating patho-physiology of changes in body composition 
during long-term spaceflight. The goal of this proof-of-concept is to monitor the body 
composition of astronauts and, if needed, to provide nutritional advices during the mission. It 
will be executed on the ISS (July-January 2019) and sponsored by ESA. 
The payloads selected for the mission “BEYOND” are funded and coordinated by ASI, resulting 
from a public call open to the industrial and scientific research communities. ASI, in the frame of 
its national mission of promoting and fostering the culture of space across the Country, provides 
access to the ISS as a laboratory in space to the Italian research community. The utilization 
support services is ensured by Argotec/Telespazio (UTISS Team) providing supports to safety 
evaluation, to payload manifesting, to qualification process, leading towards a safe and efficient 
delivery, utilization, integration on board the ISS, and recovery of the payload. 
The Italian astronaut Luca Parmitano will be subjected to baseline data collections. Body 
composition, anthropometric evaluation and energy and metabolic assessment will be performed 
by the scientific team. Body composition will be assessed with a Bio-Impedance Analyser (BIA) 
device manufactured by Akern and modified by Kayser Italia. It can estimate Fat-Free Mass 
(FFM) considering resistance/reactance to low intensity current. 
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In order to maintain crew in near neutral energy balance, the science team will monitor monthly 
the astronaut body mass during the entire space flight period. Changes will trigger advices to the 
astronauts for changing the energy intake, discussed with the nutritional community. 

Keywords: Body Impedance, BIA, ISS, Nutrition in Space, 
 

Acronyms/Abbreviations 
BioImpedance Analysis (BIA); Body Mass Measuring Device (BMMD); Commercial Off The 
Shelf (COTS); European Nutritional Assessment (ENA);  Fat-Free Mass (FFM); Fat Mass (FM); 
Phase Angle (PA);  

1. INTRODUCTION 

1.1 Aims and key objectives 
This scientific and operational proof of concept aims to shed light on pathophysiology of changes 
in body composition during long-term spaceflight. This study aimed at:  

• Defining programs to implement timely nutritional suggestions during the long-term 
spaceflights, based on body composition values 

• The time course of in-flight musculoskeletal changes will allow an evaluation of the 
effectiveness of such feedback 

• Optimization of astronauts’ performance and quality of life 
• Speed-up and improve the astronaut re-conditioning phase 

1.2 Background 
Long term space-flight induces relevant changes in body composition and almost invariably 

leads to a 1-to-5 % loss of body mass. Results from bed rest research, a model simulating the 
microgravity condition in space, and from a few studies during human spaceflight, showed the 
importance and the efficacy of nutritional intervention to counteract or limit the detrimental effect 
of microgravity on metabolism and skeletal muscle [1-3]. Changes in fat mass (either loss or 
deposition) can accelerate muscle atrophy in microgravity [1,2]. 

A diet maintaining a near-neutral energy balance and/or increasing protein intake can limit 
microgravity-induced bone and muscle loss [1,2] and insulin resistance [3]. Moderate protein 
supplementation is currently prescribed to ISS crew while energy requirements are typically 
estimated using standard equations, including the World Health Organization (WHO) [4] and 
Dietary Reference Intake (DRI) [5], using a “moderately active” or “active” adjustment for 
activity level for these 2 equations, respectively. Monitoring changes in musculoskeletal fitness 
and body composition during spaceflight is crucial to optimize feedback nutritional suggestions 
aimed to counteract microgravity negative effects. 

To the best of our knowledge the literature about this topic is limited to few experiences. The 
bio-impedance analysis has been utilized by a Russian research group [6-8] to monitor the 
modification of body fluids compartment and dynamics and body composition during an ISS 6-
month spaceflight. This technology, however, was never used to monitor and prescribe 
countermeasures during spaceflight. 

Optimal monitoring and feedback tuning of nutrition would allow a sustainable metabolic 
control of microgravity drawbacks on musculoskeletal systems in astronauts. 
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1.3 Relevance to future explorations 
The achievements that will stem from this study will improve physical performance and 

quality of life of the astronaut during spaceflight and optimize the astronaut recovery-phases on 
Earth after landing. Moreover, the obtained experimental data could implement clinical 
management of malnourished and/or obese immobilized patients, therefore improving quality of 
human life on Earth. 

2. MATERIAL AND METHODS 

2.1 Mission Scenario and Study Design 
The proposed research would involve 1 astronaut of the ISS. In the pre and post- flight phases we 
will evaluate astronaut body composition, energy expenditure and anthropometrics as well as 
baseline determination of insulin, glucose and lipid pattern, oxidative stress and inflammation. A 
diet interview will be assessed by an expert dietician. 
Monthly, during flight, a regular and personalized monitoring of mass and body composition will 
be performed on the selected ISS crew member in order to maintain energy balance during the 
whole long-term spaceflight. 
The periodical assessment of body mass (1 measurement per month) will be acquired by using 
the Russian Body Mass Measuring Device (BMMD) already present on the ISS while the 
periodical assessment of body composition (i.e. Fat Mass – FM, Fat-Free Mass – FFM and phase 
angle - PA) will be carried out with a Bio-Impedance Analysis (BIA) device. 
Bio Impedance Analysis (BIA) is a reliable tool to assess changes in body composition (see 
Figure 1). Basically, FFM can be estimated by appropriate equations considering 
resistance/reactance to low intensity current, delivered by electrodes and passing through the 
human body. FM is derived by subtracting FFM from total body weight.  
 

                         
(a)                                                                                (b) 

Figure 1: Body Impedance Analysis Device used for NutrISS (courtesy from Akern):  
(a) the Flight Unit; (b) the transportation bag with device electrodes and cables 

 
The BIA device will be used following the manufacturer operative manual; the astronaut will be 
trained on ground. The device will be a commercial-off-the-shelf (COTS) that uses 4 electrodes 
to be applied 2 (positive and negative) on the right hand and 2 (positive and negative) on the right 
foot, according to the manufacturer specification, to measure body resistance and reactance to be 
analysed through a specific software on ground. The device (NutriLab from Akern) has been 
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modified for its utilization on board ISS; the screen has been protected by a special film, the 
internal batteries has been replaced by AA high energy batteries available on ISS pantry has been 
Figure 2 depicts the astronaut's posture during the measurement.  
 
 
 

Figure 2: Astronaut during the BIA measurement 
 
Data from body composition will be transmitted to the nutritional study team on Earth via the 
ESA EveryWear application. Data from body mass will be transmitted to the NutrISS team via 
ESA Med Ops. Transmitted data will allow to calculate Fat Mass and Fat-Free Mass (in kg and %) 
during the flight. Changes in crew member energy intake will be recommended when there is a 
significant difference in fat mass. Changes will be made in order to maintain a neutral energy 
balance. Diet adjustment will be triggered by a difference in fat mass equal or greater than 1000g 
(in agreement with manufacturer instructions) from the baseline. 
Assuming 1g of body fat �7 Cal, then 1000g of body fat �7000 Cal. Therefore, a 
reduction/increase of 7000 Cal/month equals to �230 Cal per day adjustment. 
Based on these data, the nutritional team will provide energy intake change recommendations (if 
needed) to the crew member, in order to maintain his/her energy balance. The strategy for 
nutritional plan will be discussed and harmonized with the nutritional community and the flight 
surgeons. The crew will perform monthly ESA Nutritional Assessment (ENA) session providing 
the team all the data related to the Crew diet during the entire week (6 sessions of which 3 
associated to the NutrISS experiment and the other three via data sharing with ESA MedOps) 
The new nutritional recommendations for energy intake, if needed, will be made through changes 
of the energy delivering macronutrients such as carbohydrates and lipids initially supplied to the 
astronauts in the EveryWear app running on the iPad. Updated nutritional recommendations will 
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be mentioned within a pop-up window on the main page of the Everywear application once it was 
updated. 
In case nutritional recommendations need to be updated, a list of potential food items with which 
the new recommendations could be achieved will be provided to the crew, on one hand to help 
find adequate food items and on the other hand to fulfil personal preferences. 
If needed, a change in the nutritional recommendations shall be provided to the crew within 5 
working days after Body Mass and BIA measurement, via the Everywear App.  
The crew exercise prescription and exercise log during the scheduled ENA sessions (i.e. the 
schedule of the exercise actually performed) are requested to correlate the experiment data with 
crew energy daily consumption. It is planned to carry out 6 sessions of measurements during the 
entire astronaut mission, one every month and each of them will be combined with an ENA 
session. The overall NutrISS Experiment Time plan is illustrated in Figure 3. 
 

 

Figure 3: NutrISS Experiment Time Plan 

2.2 Statistics 
Statistical analysis is not applicable for such a protocol involving just one observation. Area 
Under the Curve of both composition (i.e. Fat Mass, FM; Fat Free Mass, FFM, Body Mass, BM; 
etc.) and energy intake data will be calculated. These data will be eventually compared with data 
obtained from previous study of experimental bed-rest on Earth. 
A comparison between pre, during and post flight data will be evaluated.  

3. RESULTS  
This scientific and operational achievement would be important especially during re-conditioning 
phases on Earth, after long term spaceflight 
Results from this pilot study could be the base for future guidelines for the management of 
individualized dietary suggestions during long-term spaceflight 
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Additionally, this proposal would contribute to improve quality of human life on Earth providing 
appropriate metabolic and clinic management of malnourished or obese immobilized patients. 
 

4. CONCLUDING REMARKS 
At present, approaches integrating the monitoring of metabolic responses to microgravity in 
astronauts are lacking. 
Results from bed rest study, a model simulating the microgravity condition in space, and fewer 
studies during human’s spaceflight, seem to confirm the importance and the efficacy of 
nutritional and endurance/resistive exercise intervention to counteract or limit the detrimental 
effect of microgravity on metabolism and skeletal muscle and bone loss. Microgravity effects on 
musculoskeletal system can be minimized maintaining dietary neutral energy balance and 
increasing protein intake.  
Results could be optimized by a careful monitoring of body composition and physical 
performance during spaceflight, that would allow dietary and physical activity prescription tuned 
to the individual astronaut conditions. 
The present proposal aims at defining programs to implement feedback nutritional and exercise 
prescriptions before, during (every 15 days) and after the spaceflight. The time course of in-flight 
musculoskeletal changes, will allow an evaluation of the effectiveness of such feedback. This 
scientific and operational achievement will be important especially during reloading phases after 
long term spaceflights and will contribute to improve quality of human life on Earth through a 
better clinic management of malnourished and/or obese immobilized patients. 
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ABSTRACT
In recent years, there has been a great research interest on green propulsion, both for 
environmental, cost and ease-of-use considerations. Hydrogen peroxide is a green and 
versatile propellant. This paper describes the research performed on hydrogen peroxide 
based propulsion by the University of Padua and its spin-off T4i. The primary peculiarity of 
this research is the use of stabilized hydrogen peroxide concentrated in-situ from commercial 
feedstock. A distillation plant capable of concentrating 1 kg/hour of hydrogen peroxide from 
60% to 90% has been developed. The plant runs autonomously 24/7. Compared to the MIL-
grade hydrogen peroxide classically used in propulsion applications, the so obtained grade 
contains much more stabilizers. The propulsion group in Padua has been able to find suitable 
catalysts that operate successfully with the stabilized propellant. A 10 N flight-weight 
monopropellant thruster has been successfully designed and tested. A 300 N liquid 
bipropellant motor that burns the monopropellant exhausts with diesel fuel has also been 
developed. Both thrusters make extensive use of additive manufacturing. The hydrogen 
peroxide technology has also been applied on hybrid propulsion, which is the main expertise 
of the Padua University propulsion group. Hundreds of tests have been performed at lab-
scale, mainly with paraffin wax and polyethylene as fuels, with burning time up to 80 seconds.
The motors are able to start, stop and restart multiple times. A cavitating pintle valve has 
been developed in house in order to control the oxidizer mass flow. With this valve, the hybrid 
motors are able to throttle the thrust in a range of 1:12.6. Finally, dozens of test have been 
performed at 5-10 kN scale up to 50 seconds.
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NEIGHBORING OPTIMAL GUIDANCE AND 
PROPORTIONAL-DERIVATIVE ATTITUDE CONTROL 

APPLIED TO LOW-THRUST ORBIT TRANSFERS

ABSTRACT 
This work presents a unified guidance and control architecture, termed VTD-NOG & PD-RM, 
and describes its application to low-thrust orbit transfer from a low Earth orbit to a 
geostationary orbit. The variable time-domain neighboring optimal guidance (VTD-NOG) is 
a feedback guidance technique based upon minimizing the second differential of the objective 
function along the perturbed trajectory, and was proven to avoid the numerical difficulties 
encountered with alternative neighboring optimal algorithms. VTD-NOG identifies the 
trajectory corrections assuming the thrust direction as the control input. A proportional-
derivative attitude control based on rotation matrices (PD-RM) is used to drive the actual 
thrust direction toward the desired one, determined by VTD-NOG. Reaction wheels are 
employed to perform the attitude control action. In the dynamical simulations, thrust 
oscillations, errors on the initial conditions, and gravitational perturbations are considered. 
Extensive Monte Carlo simulations point out that orbit injection occurs with very satisfactory 
accuracy, even in the presence of nonnominal flight conditions.
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5 VTD-NOG & PD-RM APPLIED TO LEO-GEO TRANSFER 
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1 INTRODUCTION 

2 SPACECRAFT HEAT TRANSFER
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2.1 SOLAR RADIATION

2.2     ALBEDO - REFLECTED SOLAR RADIATION
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PRANDTLPLANE AIRCRAFT LEAST-WEIGHT DESIGN: 
A MULTI-SCALE OPTIMISATION STRATEGY

ABSTRACT 
The PrP civil transport aircraft least-weight design strategy is presented in this work. The
design problem is formulated as a constrained non-linear programming problem (CNLPP), by 
integrating static, buckling, fatigue and manufacturability requirements, under different 
loading conditions. The solution search is carried out by means of a suitable multi-scale 
optimisation approach (MSOA). The main optimisation problem is formulated by considering 
a two-phase modelling approach which involves the use of super-elements to model the 
mechanical behaviour of regions of the PrP model. During the first phase, only the optimisation 
of the lifting system is carried out, by considering a reference configuration for the fuselage. 
The second step deals with the optimisation of the fuselage, by considering the optimised 
architecture of the wing-box resulting from the previous step. For each of the two sub-problems, 
the structural responses involved into the CNLPP formulation are evaluated at a global 
architecture level (macroscopic scale) and at the stiffened panels level (component scale). The 
scale transition is ensured by means of suitable global-local modelling approach, while the 
CNLPP is solved by means of a special genetic algorithm able to deal with optimisation 
problems defined over a domain of variable dimension. 

Keywords: 

1 INTRODUCTION
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2 OPTIMISATION STRATEGY
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Figure 1: Aircraft structure division.

Figure 2: Optimisation strategy schema.

2.1 Design Criteria

DC1
DC2
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DC6

2.2 Formulation of the optimisation problem
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3 WING-BOX OPTIMISATION

Figure 3: Parametric wing-model with fuselage SE.

3.1 Load Cases and Boundary Conditions
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LC BLC1g factor DC

Table 1: Load cases definition and associated design criterion.

4 FUSELAGE OPTIMISATION

Figure 4: Parametric fuselage model with wing-box SE.

4.1 Load Cases and Boundary Conditions
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Load  

Table 2: Basic loading conditions data.

LC  factor  factor DC

Table 3: Load cases definition and associated design criterion.

5 ZOI DETECTION

Figure 5: Example of a local FE model of the fuselage.
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ABSTRACT 
EDEN ISS is a H2020 project aimed at testing key technologies for plant cultivation in large-
scale closed environments for a future implementation in space habitats. In this light, a 
Future Exploration Greenhouse has been designed, developed and deployed at the highly 
isolated German Neumayer III Antarctic Station to simulate the harsh conditions of an Extra 
planetary outpost mission and test a typical space operations scenario. The greenhouse has 
been equipped with all the systems to control the environmental parameters (temperature, 
relative humidity, light intensity, etc.) and to accommodate and feed the plants during their 
lifecycle. A camera system has been implemented for plant status assessment via remote 
image analysis. A command and data handling system provides the capability to configure the 
experimental set points via software, and can be controlled by remote operators. A Mission 
Control Centre has been realized at DLR for remote monitoring and control of the facility. 
The MCC receives all the telemetry and the images and can make them available to other 
centres, which have been included in the operations loop to provide expert support to the on-
site operator. This paper describes the facility and its capabilities as platform for fresh food  
production experiments in an extreme environment. 
 
Keywords: Space Greenhouse, Plant cultivation, Extreme Environment, Bio-Regenerative 
Closed Loop Environmental Systems  

1 INTRODUCTION 
Future space exploration and long duration missions strongly depend on the capability of the 
astronauts to produce (part of) the resources needed for their survival on extra-terrestrial 
outposts. In fact, the mission success cannot rely only on resupply missions that, on one hand 
are very expensive and require long shipment time, and, on the other hand, could have 
catastrophic effects in case of failure in the refurbishment chain. In this light, the capability to 
grow plants at the mission sites represents a way to overcome several problems and to ensure 
complementary fresh food. The higher plants can be part of a closed-loop system aimed at the 
production of oxygen, water and food while processing the human waste (CO2, urine and 
faeces). But plant cultivation, in environments that are completely different from those on the 
Earth, poses several challenges and requires the use of several key technologies that are not 
yet space qualified or not yet in a mature stage. 
In this frame, a multi-disciplinary team, composed of 14 partners from eight countries, led by 
DLR, designed and realized a greenhouse, called the Mobile Test Facility (MTF), with the 
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main research objective to test and validate plant growth technologies in closed environments 
as well as the associated production process and procedures, as preparatory step for future 
habitats on the Moon and Mars. The MTF has been deployed at the highly isolated German 
Neumayer III (NM-III) Antarctic Station where the greenhouse has been operated via a direct 
satellite link with the support of the Mission Control Center (MCC) in Bremen. The extreme 
environmental conditions, the limitation of resources and the limited access possibilities make 
this site similar to an extra-terrestrial outpost. The first operations phase took place from 
March until November of 2018. . The facility will remain in the Antarctic at least until the end 
of 2020 and will be used to carry out further experiments and collect additional data.  

2 THE MOBILE TEST FACILITY LAYOUT 
The MTF consists of two 20 foot high cube containers, which were fixed together and placed 
on top of an external platform (Figure 1) located 400 m south of NM-III. 
 

 
Figure 1: The EDEN ISS Mobile Test Facility (credit DLR) 

The first container is named Service Section Container and hosts: 
• The Cold porch/airlock, i.e. a small room providing storage and a small air buffer to 

limit the entry of cold air when the main access door of the facility is utilized. The 
Cold Porch allows for the operator to prepare before entering into the Service Section, 
for example taking off the polar suit, collecting the necessary tools, etc. 

• The Service Section (SS), i.e. the main working room that houses all the EDEN ISS 
subsystems and the computers to control them. In particular: 

o Atmosphere Management System (AMS) 
o Thermal Control System (TCS) 
o Nutrient Delivery System (NDS) 
o Power Control and Distribution System (PC&DS) 
o Command and Data Handling System, (CD&HS) 

A general operator workspace is available for pre- and post-harvesting activities, including a 
workbench, a sink, a tool storage area, as well as the computers for the MTF management and 
control. Finally, the Service Section is also equipped with an external patch antenna, which 
provides redundancy for the communication between the MTF and the NM-III station (There 
is a direct hard-line connection between the station and the MTF as primary communication 
line). 
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Figure 2: The Service Section (right side) 

 

 
Figure 3: Future Exploration Greenhouse Layout and rack topology 

The second container is named Future Exploration Greenhouse (FEG) and is the MTF 
compartment devoted to plants cultivation. It is equipped with multi-level rack structures on 
both sides of the container, spanning its entire length (Fig.3), where plants are grown under 
LED light and are irrigated in a combination aeroponic-nutrient film technique type system. 
 
The total internal length of the MTF is 11.8 m, of which 5.7 m are reserved for the FEG, 5.7 
m are also reserved for the Service Section and the remaining 0.4 m is space between the two 
sections, which is needed for interfaces, such as ducting, piping and cabling. 
The MTF utilizes power generated by NM-III and provided via a heavy gauge electrical cable 
buried under the snow/ice.  
In support of the nominal experiment phase, a dedicated laboratory (multi-purpose lab) within 
the NM-III station is equipped with tools for microbial investigations, food quality and safety 
measurements and general equipment for post-harvest analysis. The lab is also used for 
sample preparation and stabilization for further analysis to be done at the remote support sites 
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in Europe. All samples (food quality- and safety related as well as microbial samples) are 
stored in a mobile freezer at -40°C prior to and during transport. 

2.1 Subsystems description 

Several functionalities are required for the proper management of the EDEN ISS MTF 
operations to ensure successful plant cultivation, such as the provision of nutrients or the 
correct light conditions and maintaining the correct environmental conditions despite the 
extreme external conditions. A brief description of the subsystems providing these functions 
is provided below.  
 
Plant Cultivation System 
Plants are cultivated within commercial off the shelf 60 cm x 40 cm polypropylene trays 
modified to incorporate aeroponic tubing (spray) and with crop-customized tray covers, with 
the aim to separate the root zone and shoot zone of the plant, and to optimize plant spacing to 
the maximum extent possible. The FEG houses eight distinct plant growth racks designed and 
developed by DLR, holding 42 plant growth trays and providing approximately 12.5 m2 of 
growing space. Each rack can accommodate from one to four shelves providing different 
growth space height (52 cm, 104 cm and 204 cm) and therefore allowing the cultivation of 
different species (from lettuce to cucumbers). A separate seed germination unit is dedicated to 
germination before the juvenile plants are transplanted to the growth trays. 
 

 
Figure 4: FEG inner, with racks and trays (credit DLR)  

Nutrient Delivery System (NDS) 
Plant cultivation in the MTF is based on a soilless approach, with irrigation provided using 
aeroponic technology. Roots are exposed to air and continuously misted with nutrient solution 
sprayed by means of diffusers. The nutrient solution, composed of water enriched with salts 
and minerals, is contained in two containers hosted in the Service Section, and is provided to 
the plants trays using high pressure pumps. The composition of the nutrient solution is 
continuously monitored via pH and EC sensors, and can be adjusted automatically. Two 
different nutrient solutions can be defined, one for each container, and provided separately to 
the trays. The NDS, based on commercial S/W suite, has been developed by the University of 
Guelph (Canada). 
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Illuminations System 
LED technology is used to provide lights to the plants. A water-cooled LED lamp has been 
designed and developed ad-hoc for the EDEN ISS using blue (400-500nm), green (500 – 
600nm), red (600 – 700nm) and far-red (700 – 750nm) LEDs to provide to the plants the 
radiation that activates the photosynthesis process. 42 LED lamps are installed in the FEG, 
with a dedicated lamp for each tray. The lamps come with a power supply of 120 or 240 W, in 
order to provide a target light intensity of 300 or 600 µmol/m2*s. Each lamp can be 
configured independently from the others, in terms of both spectral composition and light 
intensity, and works in automatic way once the lighting schedule is defined and implemented 
via control SW. Different lighting schedules can be defined depending on the plants’ needs 
and their growth stage. For example, a day/night cycle can be implemented with the 
possibility to gradually increase/decrease the light intensity at the beginning/end of the day. 
This was done during the first operations phase to simulate natural dawn/dusk lighting 
conditions. Heliospectra (Sweden) has developed the illumination system.  
 
Air Management System (AMS) 
 

Parameter Photoperiod Dark period 
Temp. (degC) 21 19 
RH (%) 65 65 
CO2 (ppm) 1000 0 

Table 1: Environmental Parameter Control Set Point 

The Air Management System regulates the atmospheric parameters in the MTF within the 
defined range. Apart from the temperature, Relative Humidity and CO2 are controlled towards 
the control set points, reported in Table 1. Control over the carbon dioxide level is limited to 
the option to inject CO2 when needed, as no removal system has been implemented. 
The AMS has also the capability to filter and clean the air by eliminating the so-called 
Volatile Organic Compounds (VOCs) that can be generated during the plant cultivation cycle. 
The filtering also serves to recover the water generated by plant transpiration. Contrary to the 
lighting conditions, it is not possible to differentiate growth conditions per rack, i.e. the 
environmental control is done for the entire FEG. The Air Management System has been 
developed by Arescosmo (Italy) with the support of EnginSoft (Italy) for numerical 
simulations. 
 
Thermal Control System (TCS) 
The Thermal Control system is aimed at removing excess heat from the other subsystems, in 
particular from the LED lamps and the AMS. The system uses a mixture of water and Tycofor 
as food-grade coolant inside the facility, which transfers the heat generated by the above 
mentioned systems to an external coolant loop (Tyfoxit) capable of withstanding the harsh 
external conditions. The heat is ultimately rejected to the external environment via a heat 
exchanger placed on the MTF roof. The TCS has been developed by DLR. 
 
Plant Health Monitoring (PHM) System  
32 HD cameras are integrated in the growth system as Plant Health Monitoring system, 
providing the capability to acquire both top view and lateral images. Additionally, 6 HD 
cameras with special filters are also integrated in the greenhouse for spectral imaging. Plant 
images are periodically taken by both camera systems and delivered to the experts for plant 
health and growth status assessment. Telespazio (Italy) and the University of Florida (USA) 
have developed respectively the HD and spectral imaging system. 
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Command &Data Handling (C&DH) System 
The EDEN ISS MTF is controlled by the ARGUS system that provides the capability to 
monitor the status of the MTF subsystems via telemetry and interact with them via commands 
using user friendly computer interfaces. That can be done not only using a local computer, i.e. 
a computer in the Service Section, but also by computers at remote sites. In fact, Argus can 
work in a server/client configuration over a secure internet connection. Finally, Argus can 
also work in autonomy, i.e. can control the MTF facility according to pre-defined settings and 
sequences (as for example for the above mentioned lighting sequence). The C&DH system 
has been implemented by the University of Guelph (Canada). 

3 THE EDEN ISS OPERATIONS CONCEPT 
The operations of the EDEN ISS MTF follow the so-called decentralised approach. This 
approach, as is used for manned space operations, foresees the setup of a network of several 
entities, geographically distributed, that provide all the needed expertise to support the on-site 
operators (i.e. the astronauts for space missions). In this way, the on-site operators can always 
rely on the support of the experts, not only for the correct management of the nominal 
operations, but especially for the handling of anomalies or malfunctions, or deviation with 
respect to the nominal plan and/or the nominal procedures. A Mission Control Centre (MCC) 
is appointed of the responsibility of mission management and the interactions with the on-site 
operators. It is equipped with all the necessary equipment to remotely control the hardware 
and to receive, store and distribute the mission data. The MCC coordinates with the other 
centres, also named User Home Bases (UHB’s), which are responsible for particular 
subsystems or particular aspects of the mission and, as the MCC, can be equipped with the 
capabilities and the tools to monitor the status of the remote equipment and even to interact 
with them via tele-commands. 
 

 
Figure 5: The EDEN ISS Ground Operations Network 
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Figure 6: Mission Control Center at DLR Bremen (Photo credit: Bruno Stubenrauch) 

In that perspective, for the first EDEN ISS mission, six remote centres have been 
implemented as shown in Figure 5, one playing the role of Mission Control Centre, the 
other five configured as UHB’s as discussed. 

• MCC – DLR – Bremen (Germany). The MCC (Figure 6) is connected to the MTF via 
satellite link and is responsible for the overall operations of EDEN ISS.  

• UHB – Thales Alenia Space Italia (Italy) – Responsible for the ISPR1 operations 
• UHB – University of Guelph (Canada) – Responsible for the NDS subsystem 
• UHB – Telespazio (Italy) –Responsible of HD Colour Imaging subsystem 
• UHB – University of Wageningen (Netherlands) – Responsible for the Plant 

Monitoring  
• UHB – University of Florida (USA) – Responsible for the Multi-Wavelength Imaging 

System 

Two different categories of data flow are managed within this network: 

• Real time dataflow, providing the capability of hardware control to remote centres 
• Data logs and images that are periodically acquired and stored on the MTF computers 

These data are continuously received at the MCC and distributed to the UHB’s according to 
their role and responsibilities. The real time data flow (telemetry/tele-command) is managed 
by means of the server/client features of ARGUS. The client applications, installed at the 
UHB’s, are connected to the server applications in the MTF, and permit the monitoring and 
control of the MTF subsystems via dedicated displays. The project data logs and images are 
managed by a software application developed ad-hoc by the EDEN ISS project team. This 
software is installed on the MTF computers and is configured to transfer the images acquired 
by the PHM and the data log from the MTF to the MCC in Bremen where they are stored on a 
FTP server. These data are made available to the UHB’s via a secure FTP connection. 

4 PANT CULTIVATION AND MONITORING PROCEDURES 
Several procedures have been developed for the EDEN ISS operations and are available for 
the on-site operators. They not only cover the system aspects, i.e. how to configure the 

                                                
1 The ISPR Rack has been developed by TAS-I as first step for the development of a payload for the International 
Space Station. After the first EDEN ISS mission, it has been dismounted and sent back to TAS-I for next steps. 
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subsystems to set and maintain the correct environmental parameters, or to define the 
illumination strategy, but also cover the plant cultivation aspects, including the monitoring of 
the plant health status. From this point of view the procedures cover all the plant cultivation 
phases, from the sowing and germination to the plant harvesting, including such intermediate 
phases as the pollination, pruning and the plant health status monitoring for early detection of 
plant disease and definition of countermeasures. In addition, two other important aspects have 
been considered in the EDEN ISS project and operations, which are the assessment of the 
quality and safety of the produced food, in order to verify that the produced crops are safe to 
eat and understand the nutritional content of the food. Several procedures related to food 
safety and quality have been defined by the scientific partners and industrial operators, such 
as the National Research Council (CNR) in Italy and the Limerick Institute of Technology 
(LIT) in Ireland, or DLR and Airbus in Germany. By using such procedures the on-site 
operator can monitor/detect pathogens, moulds and yeasts that can affect the safety of the 
produced food, or he can measure, using available instruments, some quality parameters to 
assess the nutritional content of the plants such as the amount of sucrose, proteins, vitamins, 
etc. The on-site operator has also been provided with procedures and tools to correctly prepare 
samples to be delivered to the European centres for off-line analysis on food quality and 
safety (CNR, LIT) and microbial contamination assessment (DLR). All these procedures have 
been developed following standards and processes similar to those used for the International 
Space Station procedures. The Antarctic test campaign has also been used for their validation.  

5 CONCLUDING REMARKS 

The EDEN ISS project has developed a facility for plant experiments in extreme 
environments. The Antarctic test campaign has allowed the consortium to successfully test the 
Mobile Test Facility, its technologies and the related operational procedures and processes 
aimed at food on site production. Several lessons learned have been collected for future 
development. On top of all, 268 kg of fresh food have been harvested for the NM-III 
overwintering team. The facility is now ready for a next phase. Latest info are available on the 
EDEN ISS website (https://eden-iss.net/), developed and managed by Liquifer (Austria). 
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ABSTRACT  

In the frame of a long-term collaboration between the Italian Center for Aerospace Research 
(CIRA), the small R&D company Astra and the Aerospace Branch of the Department of 
Industrial Engineering of University of Naples (DII), an effort is in progress to build a small 
wind tunnel to simulate inflight icing conditions,which is capable to perform preliminary 
testsfor de-icing and anti-icing protection system. This would be a low-cost and low-power 
solution to guide the final tests performed in fullscale Icing Wind Tunnels.The facility, 
hereinafter calledLow Speed Icing Flow Facility (LSIFF) is an open circuit, closed test 
chamber tunnel able to generate air flow velocities from 10 to 20 m/s in a square test section 
0.50 x 0.20 m wide, with air temperature up to 263 K.  
 
Keywords: icing wind tunnel, icing protection systems 

1 INTRODUCTION 

At the Aerospace Branch of the Department of Industrial Engineering of University of 
Naples (DII) a research program is in progress to build small wind tunnels that simulate icing 
conditions during flight. A first facility has been realized modifying a small blow-down 
supersonic wind tunnel [1];this facility allows to work at a peculiar Mach number, the test 
section is very small (0.06 m dia) but flow temperature is very stable during the run time.By 
using the facility, a first investigation was conducted to evaluate the feasibility of an 
electrically heated composite leading edge for aircraft anti-icing applications [2]. The 
achieved results drive the need for another facility, characterized by a larger test section for a 
better assessment about the capabilities of Icing Protection System to real aircrafts. The High 
Velocity, Subsonic Wind Tunnel (HVSWT)is an open-circuit, closed test chamber wind 
tunnel able to generate air flow velocities from 30 to 170 m/s,with a squared test section 0,2 
m. The icing capability has been achieved in the HV-SWT throughaddition of a single tank 
air-cooling system and a spray nozzle [3]. Icing flow conditions favorable to the formation of 
glaze ice can be sustained up to 3 minutes about, a time insufficient to estimate the 
performances of an icing protection system.The technical limitations of the two icing facilities 
above described (run time, flow temperature) led us to design and construct a third facility, 
which is the main object of this paper.  
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2 TUNNEL DESIGN AND CONSTRUCTION  

2.1 Requirements 
 
The aim to build a low-budget icing wind tunnel influenced major choices,the first of them 
being on the dimension of the test section;hence, a cross section of 0.5 x 0.2m was considered 
as an upper bound for sizing the icing wind tunnel. The space available at the installation 
sitebecomes a further design constraint, sothe final choice was for an open circuit wind tunnel 
with closed test section. In order to reduce the very high need of energyrequired by fullscale 
IWTsitwasnecessary to design a wind tunnel which has a reducedscale but still able to 
accomodate a representative coupon and, overall, itisnecessary to give up the steady state 
functioning in favour of unstedyoperationprocedures. In order to achievesuch a low-cost and 
low-power icingwind tunnel the facilitywillbeoperateddiscontinuously as follows :  
 

Sequence 1) freezing of the coolingliquid for 24hours down to -25°C 
Sequence 2) pre-cooling of the test section for 3minutes and ΔT of about -10°C 
Sequence 3) cooling of the test section for 3 minutes and ΔT of about -20°C 
Sequence 4) testing for 4 minutes at averagetemperature of about -10°C 
 

The verychallengingproblem in the last case (seq. 4) is about how to keep a quasi-stady state 
during the 4 minutes test, thiswillbeexplainedlated on in thispaper. 
Consistently with the above requirements of test section size, the maximum velocity was 
estimated to be 10 ms-1. The lower temperature limit inside the test section was set to -15°C 
(winter performance).  

2.2 Overall Design  

 
The required cooling system for the wind tunnel must compensate three major heat sources: 

a) the power to cool the air flow rate across the tunnel 
b) the heat input through the wind-tunnel walls  
c) the heat transfer of the water spray. 

  
(a) given an ambient temperature of 15 °C, atest flow temperature of -10 °C, a maximum 

speed V∞of 10 ms-1and a cross-sectional area Atsof 0.25 m2, the required cooling 
power can be calculated as (neglecting the humidity of the airflow): 

 
Q1 = 0∞ V∞AtsCp,air(Tamb- T∞)  ~120 kW 

 
Where 0∞ is the air density at the design condition, Tambthe ambient temperature, 
Cp,airthe air specific heat. 

 
b) the heat loss through the wind-tunnel walls can be estimated as: 

 
Q2~ 5 kW 

 
c) the heat transfer of the water spray.  The latter is composed of the sensible heat, Qsens 
to supercool the water spray from the temperature at which it leaves the pneumatic 
atomizer (about 20 °C) down to the air temperature inside the tunnel test-section and the 
latent heat Qlat. Both sensible and latent heat are a function of the liquid water content: 
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Q3 = Qsens+Qlat = mwCp,w T + mwClat,w = LWC V∞ AtsCp,w T + LWC V∞ AtsClat,w 

 
Where LWC is the Liquid Water Content,Cp,w = 4,186 kJ/kgK, T  the air temperature 
jump,  Clat,w= 334 kJ/kgK. Considering for LWC a typical value of 1-3 g/m3 we have:  
 

Q3 ~ 2 kW 
 

Finally, the overall cooling power is: 
 

Q = Q1 + Q2 + Q3  127 kW 
 

The LSIFF layout is shown in Figure 1: 
 
 

 
 

Figure 1:  LSIFF layout 
 

2.3 Refrigeration Unit 

 
A chilling device in the power range of 150 kW exceeded largely our budget for the entire 
tunnel, so  it was decided that as a first instance we would have used a tank system, consisting 
of two large capacity freezers (0,5 m3 each) loaded with a mixture of water and ethylene 
glycol at 50% by volume. The refrigerant fluid can be brought to a minimum temperature of -
25 °C; it is pumped to the heat exchanger from one freezer and sent back in the second 
freezer, where another pump sends it back to the first to maintain balance.  
Also the Precooler is feed by a tank system, composed of a freezer with 0,2 m3of drain water 
and a second freezer with 0,1 m3of water-ethylene glycole diluted 33% in volume.  
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2.4 PreCooler and Heat Exchanger 

 
The heat transfer between the coolliquid and the warm air crossing the tunnel takes place 
through two consecutive heat exchangers, Figure 2:  
 
1)the first exchanger isused as pre-cooler for the incoming air, it is composed by a truck 
radiator (C4030N) powered by cooled water, covering almost the convergent inlet; a second 
stage is composed by four car radiators powered by ethylene glycol diluted 33% by volume; 
the precooler at the design point was able to subtract 13÷20 kW of power  to the incoming 
airflow. 
 
2)the second stage is a finned pack heat exchanger supplied by RoenEst, fins are of 
Aluminium and tubes are of Copper. For the design point the cooling power is 120 kW 
about.The entire assemblyis installed at the convergent inlet; the distance to the test section 
promotes a homogenization of the temperature over the tunnel cross-section. The heat 
exchanger also includes a condensation drainage; condensation occurs predominantly in the 
initial cooling phase.  
 

 
 

Figure 2:  Pre-cooler and Heat Exchanger 

2.5 Tunnel Construction  

 
The final arrangement of the tunnel is reported in Figure3. 
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Figure 3:  the new Icing Flow Facility 
 

The main components of the tunnel, following the flow direction from right to leftare: 
1) Pre-cooler and Heat Exchanger 
2) Convergent 
3) Test Section 
4) Short Diffuser 
5) Fan 

 

2.6 Instrumentation 

In addition to the freestream temperature (usually measured by thermocouples) and 
freestream velocity (measured by pitot tube), the two most important parameters for 
characterization of icing wind tunnels are the Median Volumetric Diameter (MVD) and the 
Liquid Water Content (LWC). To measure the LWC and the MVD, the Oil Slide Technique 
and the Icing Rotating Cylinder have been used. In the Oil SlideTechnique [4] a glass slide 
covered with silicone oil, is quickly injected into the stream; the droplets that hit the warm 
slide are captured by the silicone oil. The slide is immediately examined with a microscope, 
while the image is sent to a PC where the dimensions of the droplets are calculated using a 
software; then the MVD can be calculated. For the evaluation of the Liquid Water Content 
(LWC) the Icing Rotating Cylinder technique was used; a rotating circular cylinder is 
introduced for a given time in the stream in order to achieve a uniform growth of ice. The 
Liquid Water Content was calculated by measuring the accumulated ice thickness and the 
collection efficiency of the supercooled water droplets, which can be evaluated from 
Langmuir and Blodgett equations [5]. 
 

3 NUMERICAL ANALYSIS 

 
Using the proprietary software of the manufacturer (RoenEst) it is possible to analyse the 
performance of the heat exchanger as function of flow rate and temperature of the inlet air 
keeping constant other parameters, i.e mass flow rate and temperature of the cooling liquid. 
Due to the finite capacity of the freezers, it is impossible to keep constant the coolant 
temperature; as a result the wind tunnel shall operates in an quasi-stationary mode, with the 
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air temperature and the cooling inlet temperature which grows slowly over time, while the 
cooling power decreases slowly over time. For twoair flow rates (10.800 and 3600 mc/h), 
inlet air temperature 15 °C, inlet liquid temperature -25 °C, cooling flow rate 3.5 l/s, the 
transient response of the system is depicted in figure 4: 
 

 
(a) 

 

 
(b) 

 
Figure 4: performance of the heat exchanger for two operating conditions  

(a) Air Temperature; (b) Liquid Temperature 
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4 PRELIMINARY TESTS AND EXPERIMENTAL RESULTS 
The first preliminary tests are performed only by the precooler, to check its performance. In 
Figure 5 we show the performance using the water and the glycol stages together; T1 is the air 
ambient temperature, T2 is the air temperature after the precooler. Using the second stage is 
important to reduce the slope of the heating curve, which decreases from 0.015 to 0.007 
(°C/s).  

 

 
 

Figure 5: Precooler performance  
 
A first freezing test was performed; the results are depicted in figure 6, where T1 is the 
ambient temperature, T2 after the pre-cooler, T3 after the main HeatExchanger and T4 in the 
test section. The slope of the temperature T4 is 0.015 °C/s, very close to the one numerically 
calculated (0.017 °C/s); these operating conditions should allow the formation of  mixed 
“glaze” and “rime”ice. 

 
Figure 6:  FreezingTest– inlet air 30 °C – Precooler with water Tw-in = 0 °C flow rate 3.3 l/s and 

Glycole 33%  Tglyc = -10 °C flow rate 3 l/s - Heat Exch. with Glycole 45% Tglyc = -21°C flow rate 
3,5 l/s – V∞ = 8 m/s – Re1 = 5.79 x 105 
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CONCLUSIONS 

The facility called Low Speed Icing Flow Facility (LSIFF) presented in this paper has shown 
an interesting potential to simulate inflight icing testing at very low energy consumption. This 
would be very useful for preliminary testing of components and systems before fullscale 
testing in IWTs being able to reduce the number of fullscale tests themselves on one side and 
the total costs for the final client on the other side. Last but not least, this will give a 
contribution to reduce total CO2 emissions. The next steps will affect the water spray system 
which will be set up and the quasi-steady state during tests which will be smoothened to 
guarantee correct temperature and humidity conditions in the test section. 
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3 A FADING HERITAGE 
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4 THE MISSING LINK 

4.1 A short list of tentative requirements 
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4.1.1 Location 

4.1.2 Approach to the visitor experience 

4.1.3 Resources 

4.1.4 Time 
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5 NEVER GIVE UP! 

should
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ABSTRACT

The Virtual Element Method (VEM) is a generalization of the Finite Element Method (FEM) for
the treatment of general polygonal/polyhedral mesh elements. Despite its recent introduction,
VEM has been applied to several problems in structural mechanics. Due to such capability
of dealing with mesh elements of general shape and of naturally addressing the presence of
hanging nodes, the VEM ensures a noticeable simplification in the data preparation stage of the
analysis, allowing implementing a mesh generation process over complex multi-domain geome-
tries in a fully automated way. Moreover, for the lowest order VEM used in this contribution,
no numerical integration is required to compute the system stiffness matrix, thus considerably
reducing the computational cost of the analysis with respect to standard FEM. In this contri-
bution, we present an application of the lowest order VEM to the material homogenisation of
unidirectional (UD) fibre-reinforced materials. The representation of a material microstructure
generally constitutes a remarkable effort in terms of input preparation, especially when there is
not evident microstructural symmetry. For such a reason, computational micromechanics may
represent a challenging benchmark for showing the potential of VEM, which forms the aim of
the present work.

Keywords: Micromechanics, Computational homogenisation, Composite materials, Virtual El-
ement Method

1 INTRODUCTION

Fibre-reinforced polymer composite materials are widely employed in the aerospace industry.
The knowledge of the properties of their constituents and the characterisation of the fibre-matrix
interface can be used to investigate the effectiveness of different fibre arrangements on the struc-
tural performances of composite laminates [5]. Computational micro-mechanics has emerged
as a consistent framework supporting the understanding of the relationship between the material
microstructure and its macroscopic properties.
One of the key aspects in the effective modelling of materials micro-mechanics is the availabil-
ity of a suitable representation of the material micro-morphology, which may exhibit involved
shapes. The potential presence of complex morphological features has a direct effect on the
complexity of the numerical grid, or mesh, used to discretise the considered boundary value
problem. The quality of the mesh, in turn, may have an important effect on the accuracy of
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the numerical reconstruction of the mechanical fields. Indeed, the preparation of high-quality
meshes is today one of the steps requiring more attention, and time, from the analyst [10].
The Virtual Element Method (VEM) [2] is a numerical technique recently introduced as a gen-
eralisation of the Finite Element Method (FEM) that has the ability to deal with mesh ele-
ments of very general polygonal/polyhedral shape and to naturally address the presence of
hanging nodes, providing accurate and consistent analysis results even with heavily distorted
meshes. The VEM has already been used for the treatment of several different kinds of prob-
lems [3, 4, 12]. In this study we employ the VEM for the computational homogenization of
fibre-reinforced composites. Since computational homogenisation is based on the analysis of
many micro unit cells, often generated and meshed automatically, it is of interest to develop
methods that offer the possibility to relieve the need of carefully assessing the quality of each
mesh: this makes the VEM a potential suitable candidate method for such kind of analyses. In
this contribution, we present an application of the lowest order VEM to the material homogeni-
sation of unidirectional (UD) fibre-reinforced materials.

2 VEM FOR 2D LINEAR ELASTOSTATICS

2.1 Weak form for 2D linear elasticity

Two-dimensional elasticity problems at small strains are considered in this work. An elastic
body lying within the polygonal domain Ω ⊂ R2 bounded by the curve Γ = ∂Ω is considered.
In general, the body is subjected to a distributed volume load f(x), where x ∈ R2 denotes the
coordinates of a generic point in the two-dimensional space. Without loss of generality and
for a more concise explanation, homogeneous boundary conditions are assumed; however other
types of boundary conditions can be enforced following the same procedures as those used for
the standard finite element method.
The strong formulation of the 2D elasto-static problem is based on the use of the strain dis-
placement equations

ε(u) = Su (1)

the linear elastic constitutive laws
σ = Cε (2)

and the indefinite equilibrium equations

ST σ + f = 0 (3)

where u(x) represents the displacement vector field, ε(u) is the strain tensor field in Voigt
notation, σ is the stress tensor field in Voigt notation, C = C(x) represents the stiffness tensor
in Voigt notation and

S =

⎡

⎣
∂x 0
0 ∂y
∂y ∂x

⎤

⎦ (4)

represents the small-strains linear differential matrix operator, with ∂x = ∂ (·)/∂x and ∂y =
∂ (·)/∂y.
The weak formulation of the considered problem, derived from the principle of virtual displace-
ments, consists in searching the solution displacements field u(x) ∈ V :=

[
H1

0 (Ω)
]2 such that

a(u,v) = L (v) ∀v(x) ∈ V, (5)
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where V is the space of kinematically admissible displacements and H1
0 (Ω) is the first order

Sobolev space, defined on Ω, consisting of square integrable scalar functions with square inte-
grable first derivatives and vanishing on Γ. In Eq.5, the symmetric bilinear form a(·, ·) can be
associated to the strain energy stored in the body and it is defined as

a(u,v) :=
∫

Ω
ε(v)TCε(u)dΩ (6)

while the linear functional L (·) can be associated to the the virtual work of the volume load
and it is defined as

L (v) :=
∫

Ω
vTfdΩ (7)

To obtain an approximate solution to the boundary-value problem based upon the weak for-
mulation in Eq.5, the domain Ω is sub-divided into a collection Ωh of finite non-overlapping
elements E ∈ Ωh, interconnected at nodal points on the boundary of each element. Once the
domain discretization Ωh is established, a function space Vh ⊂ V, which is a finite-dimensional
approximation of V, is associated to it. The Galerkin formulation of the problem consists in
finding an approximate weak solution uh ∈ Vh such that

a(uh,vh) = L (vh) ∀vh ∈ Vh (8)

Both sides of Eq.8 can be split into elemental contributions aE(·, ·) and LE(·), i.e.

a(uh,vh) = ∑
E∈Ωh

aE(uh,vh) = ∑
E∈Ωh

∫

E
ε(vh)

TCε(uh)dE (9)

and
L (vh) = ∑

E∈Ωh

LE (vh) = ∑
E∈Ωh

∫

E
vT

h fdE (10)

2.2 VEM formulation

The first-order virtual element formulation for the problem presented in Eq.8 is briefly re-
viewed in this section. We discretise the two-dimensional domain Ω in a collection Ωh of
non-overlapping polygonal elements interconnected at nodal points on the elements bound-
aries. Infact, the VEM allows to choose elements with an arbitrary number of edges and very
general shapes, including non-convex polygons. Figure 1 shows an example of an admissible
VEM element. For each element E, we denote by xE , hE and |E| the centroid, the diameter and
the area of E, respectively. The element boundary is denoted by ∂E and nE is the unit normal
vector to ∂E. Finally, the symbols vi (i = 1,2...,m) will indicate the counter-clockwise ordered
vertices of E and ei (i = 1,2...,m) will refer to the edge having vi as its first vertex.
The local discrete virtual space of admissible displacements is defined as [2]

Vh(E) :=
{

vh ∈
[
H1(E)∩C0(E)

]2 : vh|∂E ∈
[
C0(∂E)

]2
,

vh|e ∈ [P1(E)]2 , ∀e ∈ ∂E, STCε(vh) = 0 in E
} (11)

where Pk(E) is the space of polynomials of degree k on E. The global discrete virtual space is
obtained from all the local spaces Vh(E) as

Vh :=
{

vh ∈ V : vh|E ∈ Vh(E) ∀E ∈ Ωh
}

(12)
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Figure 1: Example of an admissible VEM element.

For the first-order VEM, the degrees of freedom are the point-wise values of vh at each vertex vi
of E. Unlike in the classical FEM, the local space Vh(E) is made of vector-valued functions vh
that are explicitly known only on the element boundary ∂E, where they are globally continuous
and, in the case of the first order VEM, they are linear polynomials on each edge ei of E. Due
to the fact that the functions of Vh are not explicitly known within the domain of the element E,
the local discrete bilinear form aE(·, ·) cannot be computed by standard numerical integration.
In order to overcome this issue, the VEM approach is based on the use of a projector operator
Π, defined on each element E by the following orthogonality condition

∫

E
pT [Π(vh)− ε(vh)]dE = 0 ∀p ∈ [P0(E)]3 (13)

where Π(vh) are the approximated strains associated with the displacements field, assumed to
be constant in each element E. Since p has constant components as well, Eq.13 may be written
as

Π(vh) =
1
|E|

∫

E
ε(vh)dE (14)

Analogously to FEM, each function vh ∈ Vh(E) is approximated as

vh = Nṽ (15)

where
N =

[
N1 0 N2 0 ... Nm 0
0 N1 0 N2 0 ... Nm

]
(16)

is the matrix containing the virtual shape functions Ni(ξ ,η) associated with each node i of the
element E and

ṽ =
[
ṽx1 ṽy1 ṽx2 ṽy2 ... ṽxm ṽym

]T (17)

is the vector collecting the nodal values of vh. The projected strains can be expressed in terms
of the nodal values of vh as

Π(vh) =Πm ṽ (18)

where Πm ∈ R3×2m is the matrix representation of the local projector.
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Taking into account Eq.1, Eq.14 and Eq.15, we may rewrite Eq.18 as

Πm ṽ =
1
|E|

∫

E
SNṽdE (19)

and by applying the Green’s theorem to the right-hand side of Eq.19, one gets

Πm =
1
|E|

∫

∂E
NENds =

1
|E|

m

∑
j=1

∫

e j
NE

j Nds (20)

where

NE =

⎡

⎣
nx 0
0 ny
ny nx

⎤

⎦ (21)

is the matrix containing the components nx and ny of the outward unit vector n =
[
nx ny

]T

normal to the element boundary ∂E and NE
j is the matrix associated to the edge e j. The bound-

ary integrals on the right-hand side of Eq.20 is exactly computable, since the restriction of the
shape functions Ni to the element boundary edges are known piece-wise linear polynomials.
The VEM uses an approximation of the local symmetric bilinear form aE(·, ·) defined, for all
E ∈ Ωh and for all uh,vh ∈ Vh, as [2]

ah,E (uh,vh) =
∫

E
[Π(vh)]

T CΠ(uh)dE + sE (uh,vh) (22)

The first term on the right-hand side of Eq.22, referred to as the consistency term, ensures that
if the solution of the original problem is, globally, a linear polynomial, then the solution of the
discrete problem coincides with the exact solution. Using Eq.18, the consistency term can be
expressed as

∫

E
[Π(vh)]

T CΠ(uh)dE =
∫

E
[Πm ṽ]T CΠm ũdE = ṽTKc

E ũ (23)

where
Kc

E = |E| [Πm]T CΠm (24)

is the consistency contribution to the element stiffness matrix KE .
The second term on the right-hand side of Eq.22 is referred to as the stability term and it is
a symmetric bilinear form that ensures the proper rank of the element stiffness matrix KE .
Following [1], to which the interested reader is referred for further details, the stability term
may be written in matrix form as

sE (uh,vh) = ṽTKs
E ũ (25)

where Ks
E is the stability contribution to the element stiffness matrix, which can be expressed

as
Ks

E = [I−Πs]T µ [I−Πs] (26)

where I ∈ R2m×2m is the identity matrix and Πs is a matrix projector operator that may be
written as

Πs = D
(
DTD

)−1 DT (27)
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where

D =

⎡

⎢⎢⎢⎢⎢⎣

1 0 ξ1 0 η1 0
0 1 0 ξ1 0 η1
...

...
...

...
...

...
1 0 ξm 0 ηm 0
0 1 0 ξm 0 ηm

⎤

⎥⎥⎥⎥⎥⎦
(28)

and ξi and ηi, with i = 1, . . . ,m, are the local scaled coordinates of the vertices of element E,
defined according to

ξi =
xi − xE

hE
, ηi =

yi − yE

hE
, (29)

where it is recalled that (xE ,yE) and hE are the centroid coordinates and diameter, respectively,
of the considered element. The coefficient µ = τ tr(Kc

E) is a constant parameter that is used
to ensure the correct scaling of the stability term with respect to the element size and material
constants. For linear elasticity problems, τ can be set equal to 0.5, see [3]. The element stiffness
matrix is given as KE = Kc

E +Ks
E .

Eventually, for the lowest order VEM, the local contribution LE(·) to the virtual work of the
volume load f that appears in the right-hand side of Eq.8 can be approximated as in [3], i.e.

LE (vh)≈ Lh,E (vh) =
∫

E
v̄T

h fh dE (30)

where v̄h denotes the average value of vh at the vertices of E, defined by

v̄h =
1
m

m

∑
i=1

vh(x̃i) =
1
m

m

∑
i=1

N(x̃i)ṽ (31)

and fh is defined on each element E as the L2(E) projection onto constants of the load f, i.e.

fh = Π0 (f) :=
1
|E|

∫

E
fdE (32)

It is worth noting that, since the shape functions Ni are explicitly known on the element bound-
aries, the enforcement of non-homogeneous boundary conditions can be done exactly as in
standard FEM.
Once the elemental matrices are built, the numbering, assembly and solution of the overall
structural problem can be performed following standard FE procedures.

3 MULTI-DOMAIN IMPLEMENTATION AND NUMERICAL TESTS

3.1 Generation of artificial micro-morphologies

The artificial periodic microstructures of UD fibre-reinforced composites are generated as square
unit cells with random circular disk-shaped inclusions representing the fibres’ transversal sec-
tions. Each realization is generated from two input parameters: the target volume fraction Vf
and the size parameter δ defined as the ratio between the length L of the side of a square unit
cell and the radius r of the inclusion:

δ =
L
r
. (33)

A non-overlapping condition is enforced by setting a minimum allowed distance d between the
centres of the circular disk-shaped inclusions, with d > 2r. An example of different realizations
is shown in Figure 2. We have adopted a multi-domain meshing strategy that is based on three
steps:
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(a) (b) (c)

Figure 2: Different realizations of fibre-reinforced composites for Vf = 0.29 and different values of the
parameter δ = L/r: a) δ = 10; b) δ = 20; c) δ = 50.

1. A conforming triangular mesh of the considered artificial micro-morphology is generated
using the software DistMesh [9];

2. A polygonal mesh is built from the bounded Voronoi diagram generated using the cen-
troids of the triangular mesh elements as seed points;

3. The polygonal element of the mesh obtained which intersect the fibre inclusions bound-
aries are trimmed so to conform to such boundaries.

The above process allows the generation of a regular polygonal discretization over the whole
computational domain with the exception of the areas close to the fibre boundaries, where the
ability of VEM to handle elements of arbitrary shapes, including non-convex shapes is ex-
ploited. Figure 3 shows an example of polygonal mesh generated for a composite unit cell
realization and the detail in the inset on the right shows how irregular polygonal elements may
appear in proximity of the inclusions boundaries; the capability of the VEM to address irregular,
distorted or non-convex elements allows to retain meshes that would require regularization or
further treatment otherwise.

Figure 3: Generation of a polygonal mesh for a unit cell realization with Vf = 0.44 and δ = 40 (left).
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3.2 Computational homogenization tests

The numerical tests have been performed on a 2D unit cell of UD fibre-reinforced composite
materials, under the plane-strain assumption. The unit cell lies into the (2-3) plane and the
fibres are parallel to the perpendicular axis (1) to the (2-3) plane. The composite constituents,
fibres and epoxy matrix are considered isotropic in the (2-3) plane. In the this section we
show the resuts obtained for a UD fibre-reinforced composite material. taken from [11]. The
mechanical properties for the matrix and the fibres are given in Table 1 in terms of transverse
Young modulus E22 and transverse shear modulus G23.

E22 [GPa] G23 [GPa]
T300 carbon fibres 15 7
BSL914C epoxy matrix 4 1.481

Table 1: Mechanical properties for the matrix and fibres.

The results of the numerical tests are given in terms of the plain strain bulk modulus K23 and
the shear modulus G23. Since the (2-3) plane can be regarded as a plane of isotropy for a UD
fibre-reinforced composite lamina [8], those two elastic modula are sufficient to completely
characterize the transverse behaviour of the composite.
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Figure 4: Computed effective transverse elastic properties as a function of the size parameter δ for
Vf = 0.44.

We assessed the convergence of the effective transverse properties with increasing values of the
parameter δ in the range 10 ≤ δ ≤ 50 for both composite materials and for each considered
value of the volume fraction Vf . For δ ≥ 30, we observed no appreciable variation in the values
of either the average elastic modula or the scatter, which confirms convergence of the effective
properties. Figure 4 shows the results of the convergence analysis for Vf = 0.44.
Figure 5 shows the numerical predictions about the computed transverse mechanical properties
K23 and G23 versus the fibre-volume fraction Vf at δ = 50. The Voigt and Reuss bounds and
the Hashin-Hill bounds [6, 7] for the effective elastic modula are also shown for comparison
purpose. The obtained numerical estimates are in agreement with the theoretical predictions.
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Figure 5: Computed transverse elastic properties for δ = 50 and for different values of the volume
fraction Vf .

4 CONCLUSIONS

A lowest-order Virtual Element framework for computational materials homogenization has
been developed and it has been applied to the analysis of UD fibre-reinforced composites. This
study shows how the Virtual Element Method, with its intrinsic capability to deal with very
general polygonal mesh elements, including non-convex and highly distorted elements, can be
profitably exploited to relax the requirements on the mesh quality that may hinder the auto-
matic analysis of micro-morphologies presenting complex or highly statistically varying fea-
tures, commonly met in computational materials micro-mechanics and homogenization.

REFERENCES

[1] E. Artioli, L. Beirão Da Veiga, C. Lovadina, and E. Sacco. Arbitrary order 2d vir-
tual elements for polygonal meshes: part i, elastic problem. Computational Mechanics,
60(3):355–377, 2017.

[2] L. Beirão da Veiga, F. Brezzi, A. Cangiani, G. Manzini, L.D. Marini, and A. Russo. Basic
principles of virtual element methods. Mathematical Models and Methods in Applied
Sciences, 23(01):199–214, 2013.

[3] L. Beirão da Veiga, F. Brezzi, and L.D. Marini. Virtual elements for linear elasticity
problems. SIAM Journal on Numerical Analysis, 51(2):794–812, 2013.

[4] A.L. Gain, C. Talischi, and G.H. Paulino. On the virtual element method for three-
dimensional linear elasticity problems on arbitrary polyhedral meshes. Computer Methods
in Applied Mechanics and Engineering, 282:132–160, 2014.

[5] A.A. Gusev, P.J. Hine, and I.M. Ward. Fiber packing and elastic properties of a trans-
versely random unidirectional glass/epoxy composite. Composites Science and Technol-
ogy, 60(4):535–541, 2000.



639

[6] Z. Hashin. On elastic behaviour of fibre reinforced materials of arbitrary transverse phase
geometry. Journal of the Mechanics and Physics of Solids, 13(3):119–134, 1965.

[7] R. Hill. Elastic properties of reinforced solids: some theoretical principles. Journal of the
Mechanics and Physics of Solids, 11(5):357–372, 1963.

[8] R.M. Jones. Mechanics Of Composite Materials. CRC Press, 1998.

[9] P.0. Persson and G. Strang. A simple mesh generator in matlab. SIAM review, 46(2):329–
345, 2004.

[10] R. Quey, P.R. Dawson, and F. Barbe. Large-scale 3d random polycrystals for the finite
element method: Generation, meshing and remeshing. Computer Methods in Applied
Mechanics and Engineering, 200(17-20):1729–1745, 2011.

[11] P.D. Soden, M.J. Hinton, and A.S. Kaddour. Lamina properties, lay-up configurations
and loading conditions for a range of fibre-reinforced composite laminates. Composites
Science and Technology, 58(7):1011–1022, 1998.

[12] P. Wriggers, W.T. Rust, and B.D. Reddy. A virtual element method for contact. Compu-
tational Mechanics, 58(6):1039–1050, 2016.



640

 IItalian Association of Aeronautics and Astronautics  

XXXV International Congress  

99--112 September 2019| Rome, Italy 

 

 
THE EDUCATIONAL EXPERIMENT XENOGRISS:  

GROWTH AND REGENERATION OF XENOPUS LAEVIS 
TADPOLES ON THE ISS 

 
A.M. Rizzo1*, S. Zava1, G. Galoforo5, F. Ferranti5, C. Pacelli5, G. Valentini5, R. Fortezza6, F. 

Ingioisi7, M. Balsamo4, A. Bardi4, A. Norfini4*, S. Cartocci3*, M. Monici2*. 
 

1Department of Pharmacological and Biomolecular Sciences, Università degli Studi di 
Milano, Via D. Trentacoste 2 20134, Milan, Italy;  

2ASAcampus Joint Laboratory, ASA Res. Div. -  Dept. of Experimental and Clinical 
Biomedical Sciences, University of Florence, Florence, Italy;  

3Istituto Tecnico Industriale Statale “A. Meucci”, Florence, Italy;  
4Kayser Italia, Livorno, Italy;  

5Italian Space Agency, Rome, Italy, 6Telespazio, Naples, Italy. 7Argotec, Torino, Italy.  
 

*Corresponding Authors: angelamaria.rizzo@unimi.it, monica.monici@unifi.it, a.norfini@kayser.it, 
stefano.cartocci@itismeucci.it,  
 
ABSTRACT 
The Italian Space Agency, within the frame of the mission “Beyond” has promoted the "YiSS - 
Youth ISS" competition, to involve secondary school students in the process of conception and 
execution of a space experiment. 
The XENOGRISS experiment was selected by the Italian Space Agency to fly on board the ISS. 
The project foresees   an active involvement of students into a multi-disciplinary activity aimed 
at studying the effect of microgravity on growth and regeneration processes, using an animal 
model (Xenopus laevis) that allows both processes to be observed simultaneously.  
The project involves the preparation of a tadpole culture of Xenopus laevis within a Xenopus 
Experiment Unit (XEU). The XEU will be integrated into a powered metallic sealed container 
called Biokon. The activation on the ISS will ensure the feeding of the tadpoles, the exchange 
of water and the acquisition of images. The control electronics, including the acquisition 
system, is designed and realized by the students with engineering from Kayser Italia. The 
facility will be launched with Space-XCRS-19 and recovered after 30 days. The information 
acquired with this experiment will help to understand the mechanisms underlying the effect of 
microgravity upon the processes of growth, repair and regeneration of tissues. A better 
understanding of these issues in unloading conditions is important in defining protocols for the 
management of traumatic injuries, wounds and chronic ulcers both in space and on Earth. 
 
Keywords: Wounds healing, Xenopus Tadpoles, Education, ISS 
 
 

1 INTRODUCTION 
Since life appeared on Earth, the force of gravity has always been present and has made an 
important contribution to natural selection. The behaviour and development of all organisms, 
animals and plants is influenced by this force. The role that gravity plays in biological processes 
can be revealed by studying these processes in conditions of microgravity, simulated or real, 
and making a comparison with what happens on Earth. 
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In the past, Xenopus laevis tadpoles have been used as a model system for many 
developments and behaviour studies both on ground and in the space environment. The data 
indicated effects of microgravity on some reflexes, on behaviour and swimming pattern, and 
showed effects on the development of the nervous system (1). 

It is known that the processes of regeneration and growth share some basic mechanisms 
in common and the tadpoles of Xenopus represent an ideal model for studying the two processes 
simultaneously (2). We therefore hypothesized that the tadpole growth and regeneration of a 
part of the body, if amputated, are influenced by gravity. 

The healing of a lesion is a complex process that requires the collaboration of different 
cell lines, whose functions are finely regulated during the entire evolution of the process from 
signals mediated by the extracellular matrix, biochemical and physical factors, of which gravity 
could represent an important aspect. When our protective barrier to the outside is interrupted, 
the damage must be repaired quickly and effectively. A temporary repair is obtained through 
the formation of a clot, which opens the way to the subsequent phases of the process. Then the 
immune cells come into play, which trigger the inflammatory response, then endothelial cells 
and fibroblasts invade the clot: the former are responsible for the neoangiogenesis, while the 
latter determine the contraction of the wound and the approximation of the margins. Meanwhile, 
keratinocytes migrate to reform the epithelium on the uncovered surface of the wound. 

In adult mammals, contrary to what happens in other animals, the final product of the 
healing process is not perfect, both from a functional and an aesthetic point of view: the 
damaged epidermal appendages (eg the hairs) are not regenerated and, when the wound heals, 
a scar connective tissue remains, characterized by a rich matrix of poorly organized collagen 
fibres, which form dense and parallel beams, very different from the collagen network typical 
of a mechanically efficient tissue (3). 

The search for therapeutic strategies that could favour natural repair mechanisms and 
improve their efficiency must necessarily be based on a thorough knowledge of the basic 
biology of repair processes (4) and the causes of imperfect regeneration in mammals. 

The Xenopus tadpole is a recognized and widely used model for developmental biology 
and regeneration biology studies (5). In fact, Xenopus laevis tadpole is able to regenerate the 
tail, including skin, muscles, notochord, spinal cord, neurons and blood vessels. This occurs 
through rapid tissue growth and a process of morphogenesis. Recent studies have shown that 
both during morphogenesis and in the early stages of tissue regeneration, a programmed cell 
death process is required, and apoptosis is indispensable for determining an adequate number 
of cells in regenerating tissues; in fact, regeneration is inhibited when caspase 3 activity is 
inhibited (6). Furthermore, it has been observed that the Wnt and FGF signalling pathways are 
\extremely important for a correct regeneration (7). One of the first evidences emerged from 
the research on tadpoles concerns the movement of keratinocytes during the re-epithelialization 
phase: the keratinocytes do not migrate by sliding through lamellipods, but are dragged forward 
by an action "hollow" which acts as a "string" around the edge of the wound, narrowing it (8). 

Biochemical factors are not the only factors that are relevant from a regulatory point of 
view. In fact, mechanical factors, such as stresses that deform the cell and the "tearing" of the 
plasma membrane at the time of injury, appear to be important activators of the damage 
response. The mechanical tensions at the wound site can also play a role in guiding collagen 
fibrillogenesis, because the altered tensions during wound closure influences the formation of 
the matrix, and therefore of the fibrotic scars (9). 

Finally, the physical forces of surface tension and pressure greatly affect the 
regeneration of wounds, and their modification in space could constitute a further parameter to 
be considered in tissue regeneration in microgravity (12, 13). Therefore, we believe that the 
study on molecular mechanisms involved in repair processes and the effects of microgravity 
conditions on tissue growth and regeneration is relevant to fill this lack of knowledge and, in 
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view of future space exploration missions, to favour the capability of organisms to repair lesions 
and, then, their resilience, increasing the chances of surviving in such an extreme environment. 
 

1.1 The experiment selection 
 
The Italian Space Agency, within the frame of the mission “Beyond”, has promoted the "YiSS 
- Youth ISS" competition. The objective of this educational initiative is to exploit the 
imaginative and inspirational potential of space to involve secondary school students in the 
process of conception and execution of a space experiments. 

The XENOGRISS experiment foresees an active involvement of students, from the high 
school ITIS Meucci, into a multi-disciplinary project aimed at studying the effect of 
microgravity on growth and regeneration processes, using an animal model (tadpoles of 
Xenopus laevis) that allows both processes to be observed simultaneously. 
The research project involves a group of High School students who will collaborate to the 
preparation of the experiment both from the scientific and technological (hardware 
refurbishment) point of view. The school team is composed of 9 students and 3 teachers (see 
Figure 1). 
The educational targets of the project are the following: 

1) get in touch with areas other than the usual school context (university research, 
specialized industry); 

2) integrate the knowledge related to several disciplines, overcoming the 
compartmentalization usually perceived in their usual didactic activity 
(interdisciplinarity) 

3) link the knowledge acquired in a school context to a professional activity (increase in 
motivation); 

4) develop the ability to work in a team, to achieve well-defined objectives and in 
compliance with the deadlines imposed by the terms of the project; 

5) develop the ability to report the results of the experience to their peers, allowing the 
results of the project to fall back. 

6) collaborate to preparation of the experiment both from the scientific and technological 
(hardware development and refurbishment) point of view. 

 
The work of the school team has always been carried out in close collaboration with the 
technicians of Kayser-Italia and with the university researchers, creating a training course of 
excellence for the development of both the competences of the disciplines included in the school 
programs and the interdisciplinary-team working ones. 
 
 

2 EXPERIMENT HARDWARE 
 
The project XENOGRISS involves the preparation of a tadpole culture (4-6 animals) of 
Xenopus laevis within a Xenopus Experiment Unit (XEU, Kayser Italia). Half of the animals 
will undergo the amputation of a small tail segment, performed with a scalpel under anesthesia 
with tricaine methanesulfonate (MS-222) at the concentration of 0,1% (1) strictly following the 
procedures indicated by the national and international ethics committee and the regulatory 
bodies on experimentation with animal models. 
 

During the ISS experiment animal will be housed in the XEU aquaria already utilized 
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for space flight (BIO4- Mission, 2008).This hardware is constructed for the transport of small 
aquatic animals in space by Kayser Italia, Livorno/Italy, under contract with the European Space 
Agency (ESA) (Horn et al., 2011). The inner dimensions of the aquarium is 77mm (height), 
38mm (width), and 20mm (depth).  

An osmotic pump and filter system is integrated inside each aquarium; the available 
water volume is 38mL, and is re-circulated by a peristaltic pump. Both large sides of the aquaria 
are covered by air-transparent bioFolie25 (see Figure 2 for an XEU schematics).  

Animals are fed with a nettle powder and/or animal protein powder suspension delivered 
from the osmotic pump. 

The camera system and its electronic integration within the Biokon is designed and 
realized by the students, under the supervision of Kayser Italia, considering all the experiment 
and ISS requirements (see Figure 3) 

The control electronics for the experiment has been developed in different phases. In a 
first phase of the experiment (October and November 2018) a prototype simulation of the 
management of the necessary drives was realized according to the specifications of the project 
(peristaltic pump, camera and light system based on LED, photo shooting). The second phase 
consists of the development of the prototype of the current system, with camera, illuminator 
and other components of the supporting electronics. In this phase, the software was developed 
to manage the complete operating cycle: 

 
1. peristaltic pump operation; 
2. lighting up the illuminator; 
3. picture taking; 
4. save photo on microSD memory card, housed on board the shield 

 
All the drives are timed with time intervals present in the design stage, but can also be 

modified during normal operation by means of an external switch that allows rewriting on the 
internal memory (EEPROM) of the new time interval values. This last feature will allow the 
development during testing even by personnel without the specific knowledge of the 
programming language of the microcontroller. The necessary hardware was implemented with 
a microcontroller commercial card implemented with a dedicated card for interfacing the 
memory card cameras, managing the power supplies required and connecting the controlled 
loads. 

The limited available energy, stored into 3 AA Batteries, has required particular 
attention to optimize the frequency of pump and camera operation based on the total duration 
of the observation and with reference to the power supply batteries foreseen in the configuration 
of the system made available by ASI in the "YiSS - Youth ISS ". To optimize the use of power 
supply batteries, the software includes the possibility of sending all the microcontroller related 
parts and parts of the electronics in sleep mode, with "awakenings" programmed only during 
the drives. 

The devices integrated in the XENOGRISS experiment will be: 
• Camera : ArduCAM –M-5MP CAMERA SHIELD 
• Main card : ArduinoUno-R3 Card 
• Illuminator : Lucky Light Electronics Co.Part No.: KWB-R8445W/1W 
• SD Card : MEMORY CARD ADAFRUIT MicroSD-breakout board PCB 
• Peristaltic pump: The P625 / 275 manufactured by INSTECH. 
• A dedicated EGSE has been used for the development and testing phases formed by 

digital laboratory multimeters, for voltage and current measurements, external power 
supply units,  additional illumination system, camera target, etc. 
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The XENOGRISS experiment will then be integrated in a powered Biokon (Figure 4) 
and is planned to be launched with the SpaceX CRS-19 mission in December 2019. The XEU 
will be activated by Captain Luca Parmitano, upon arrival on the ISS. The activation will ensure 
the feeding of the tadpoles, the exchange of water and the acquisition of images through a 
camera, to monitor the growth, regeneration and the swimming pattern. 

The facility will be recovered with the same capsule after 30 days to allow the post flight 
analyses on the tadpoles and the retrieval of the experimental data for the correct replication in 
1-g and simulated micro-g on ground using 3d clinostat. 
 
 

3 PRELIMINARY RESULTS 
The procedures for tadpole culture, feeding and tail cutting have been standardized in the 
laboratories at the Universities of Milan and Florence with the collaboration of the students. All 
the specifications required by the project for the technological part of the control electronics 
are realized and have worked correctly. The distance of the focus of the images taken with the 
camera required particular attention, to satisfy both the quality of the image and the angle of 
view, which was able to contain the entire XEU in the shot concluding remarks. 

The information acquired with this experiment will help to understand the mechanisms 
underlying the processes of growth, repair and regeneration of tissues and also the role of 
gravity and mechanical factors in these processes. A better understanding of the impact that 
unloading conditions may have in the aforementioned processes is important in defining 
protocols for the management of traumatic injuries, wounds and chronic ulcers both in space 
environment and on Earth. 

4 ACKNOWLEDGEMENTS  

This project is granted by Italian Space Agency Agreement 2018-38-HH.0, and was also 
supported by Department of Excellence grant program to DiSFEB from the Italian Ministry of 
University and Research (MIUR). 

The payloads selected for the mission “BEYOND” are funded and coordinated by ASI, 
resulting from a public call open to the industrial and scientific research communities. ASI, in 
the frame of its national mission of promoting and fostering the culture of space across the 
Country, provides access to the ISS as a laboratory in space to the Italian research community. 
The utilization support services is ensured by Argotec/Telespazio (UTISS Team) providing 
supports to safety evaluation, to payload manifesting, to qualification process, leading towards 
a safe and efficient delivery, utilization, integration on board the ISS, and recovery of the 
payload.  

All authors acknowledge students and tutors of the ITIS Meucci of Florence for their 
enthusiastic support in Xenogriss project:  Prof. Alessandro Fortuna e Prof.  Cristina Meringolo; 
Students,  Alessandro Farri, Gabriele Giannini, Alessio Giovannoni, Yuri Mini, Leonardo 
Montemurro, Andrea Oleandro, Lorenzo Raugi, Iacopo Tomberli, Alessio Zingoni. We thank 
also Leonardo Giaquinta, from the same school, for the support in the realization of the PCB of 
the control board. 

We would like to thank NASA team for the support during the project and the Space mission. 

5 REFERENCES 



645

XENOGRISS  Rizzo, Cartocci, Monici 

1)Malacinski GM, Neff AW, et al. Developmental biology in outer space: spaceflight provides 
the opportunity for new studies. Bioscience 39 (1989) 314-320. 
2)Beck CW, Izpisúa Belmonte JC, Christen B. Beyond early development: Xenopus as an 
emerging model for the study of regenerative mechanisms. Dev Dyn. 238 (2009) 1226-48. 
3)Emin SA, Martin P, Tomic-Canic M. Wound repair and regeneration: Mechanisms, signaling, 
and translation. Science Translational Medicine 6 (2014) 265-266. 
4)Martin P. Wound Healing: Aiming for Perfect Skin Regeneration, Science 276 (1997) 75-81.   
5)Slack JM, Lin G, Chen Y. The Xenopus tadpole: a new model for regeneration research. Cell 
Mol Life Sci. 65 (2008) 54-63.  
6)Tseng as, Adams DS, et al. Apoptosis is required during early stages of tail regeneration in 
Xenopus laevis. Developmental Biology 301 (2007) 62 69. 
7)G. Lin, J.M.W. Slack. Requirement for Wnt and FGF signaling in Xenopus tadpole tail 
regeneration. Developmental Biology 316 (2008) 323 335. 
8)Martin P1, Lewis J. Actin cables and epidermal movement in embryonic wound healing. 
Nature 360 (1992) 179-83. 
9) Monici M, Cialdai F, et al. An in vitro study on tissue repair: impact of unloading on cells 
involved in the modeling phase. Microgravity Sci Tec 23 (2011) 391-401.  
10) Strollo F, Gentile S, et al. Recent Progress in Space Physiology and Aging. Front Physiol. 
12 (2018) 9:1551.  
11) Hargens AR, Vico L. Long-duration bed rest as an analog to microgravity. J Appl Physiol 
120 (1985) 891-3.  
12) Jiang M, Qiu J, et al. Changes in tension regulates proliferation and migration of fibroblasts 
by remodeling expression of ECM proteins. Exp Ther Med. 12 (2016) 1542-1550.  
13) Monici M, Cialdai F. The Role of Physical Factors in Cell Differentiation, Tissue Repair 
and Regeneration. In book: Tissue Regeneration - From Basic Biology to Clinical Application 
(2012). 
14) Pietsch J, Bauer J, et al. The effects of weightlessness on the human organism and 
mammalian cells. Curr Mol Med. (11) 2011 350-64. 
 
 



646

XENOGRISS  Rizzo, Cartocci, Monici 

Figure 1: The XENOGRISS team 
 

 
Figure 2: The Xenopous Experiment Unit schematics 
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Figure 3: XENOGRISS experiment layout 

 
 

 
Figure 4: BIOKON (by courtesy of Kayser Italia) 
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ABSTRACT  
Nowadays, more objects are launched into orbits and remain longer in space. In this context, 
the paper aims to address the legal challenges of the planned future servicing missions 
through a so-called space tug which include for instance orbit correction, refueling, space 
debris removal and payload substitution. These missions highlight a new paradigm in space 
activities. Indeed, on one hand there is a necessity to avoid collision in orbit; on the other 
hand, in case of on-orbit rendezvous, the issue is to dock two space objects. Thus, it is of 
utmost importance to figure out the status of two or more space objects docked and to 
consider the responsibility of the operator for damage caused to third parties, and the 
responsibility between participants of the same mission. Moreover, the paper stresses the 
topic from the perspective of military space activities that is if an on-orbit service vehicle 
might pose a threat to space security. One of the main international legal challenges for these 
technologies are the risks they disrupt space security, and their weaponization, thus 
jeopardizing the sustainability of the space environment. Last but not least, recent 
technological advances have significantly increased the need for specific norms and 
standards for the industry, at national and international levels, in order to enable cooperative 
OOS missions.  
 
Keywords: Satellite, Servicing, Responsibility, Security. 
 
 
INTRODUCTION 
 
 Nowadays, more objects are put into orbit around Earth. Moreover, they remain longer 
in outer space. However, the availability of orbital slots in geostationary orbit (GEO) is 
limited, and the low-Earth orbit (LEO) region is becoming crowded which represent a real 
challenge for commercial, civil and military operators. Currently, innovation and development 
of the space technologies have the ability to push human use of space forward, in particular in 
the case of on-orbit satellite servicing (OOSS) [1].  
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 Indeed, OOSS offers an important potential for space actors [2] as it could be the path 
toward the life extension of space assets, and thus, lowering costs and increasing profits 
throughout satellite’s operational lifetime [3]. 
 In particular, OOSS refers to maintain, repair, upgrade, refuel or de-orbit a spacecraft 
while it is in orbit [4]. These activities require the servicer spacecraft to approach, rendezvous 
and interact with the asset to be serviced. For repair, upgrade or refuel missions, the servicer 
spacecraft most often will need to attach to the satellite a so-called “space tug” [5] connected 
to it by a docking port, or will capture it with a robotic arm. By contrast, de-orbit missions 
may use tethers, harpoons, nets or lasers [6].  
 These missions underscore a new paradigm in space activities. Indeed, on one hand 
there is a necessity to avoid collision in orbit; on the other hand, in case of on-orbit 
rendezvous, the issue is to dock two space objects. We reverse the perspective causing the 
meeting in orbit, which raises some legal issues in particular given the risk of causing damage 
to other space objects in orbit [7]. For instance, as there is a contact between space objects, 
there is also a contact between State jurisdictions. So what is the relationship amongst space 
national regulations? Who is liable in the event that an accident occurs during a servicing 
mission, possibly involving a servicer spacecraft of another launching state? Who would be 
liable for damage caused on Earth by a space object being de-orbited? Does that apply even 
when the spacecraft was de-orbited by an actor other than the launching state? If an accident 
occurs in outer space, a proof of fault is required under art.III of the Liability Convention 
which holds the launching state responsible for damage caused to other space objects. How 
can this fault be proven? It is even possible in every situation? 
 As one can observe, the recent technological advances and proposed future missions in 
this field have significantly increased the need for a stringent legal and political framework 
for the industry and governments at national and international level [8]. As of now, the use of 
outer space and the liability for on-orbit operations are governed by two United Nations 
documents: the 1967 Outer Space Treaty (OST) [9] and the 1972 Liability Convention 
(LIAB) [10]. However, on-orbit servicing missions are not completely covered by these 
documents, leaving a number of key legal issues unaddressed (1). Furthermore, if OOSS 
missions are in a first step not considered as military activities, the core capability of the 
system is of a dual use nature, allowing also military capabilities. So, one can highlight the 
fact that an on-orbit service vehicle poses a threat from the perspective of the safe use of outer 
space and national security (2).  
 

1. LEGAL IMPLICATIONS RELATED TO ON-ORBIT SERVICING 
ACTIVITIES 
 
 As previously mentioned, the Outer Space Treaty and the Liability Convention are of 
particular interest to on-orbit servicing activities.  
 First of all, art.VI of the OST gives States “international responsibility for national 
activities in outer space… whether such activities are carried on by governmental agencies or 
by non-governmental entities”. Moreover, it mentions that these entities “shall require 
authorization and continuing supervision by the appropriate State Party to the Treaty”. In this 
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context, States have implemented, at the domestic level, these obligations through licensing 
regimes granted by government authorities.  
 Furthermore, space missions represent activities of high risk, so art.VII of the OST 
makes States liable for accidents they cause in space [11]. Hence, States engaged in OOSS 
will be liable for damage that they caused under the terms of the treaty. 
 Art.VIIof the OST was expanded in the Liability Convention, which established an 
international liability regime for States engaging in outer space activities. Indeed, the Liability 
Convention holds a launching State liable for fault in case of damage caused by its space 
objects in outer space, and an absolute or strict liability standard for damage caused on the 
surface of the earth or to aircraft in flight (arts. II and III LIAB). Nevertheless, an OOSS 
mission might be targeting a space object that does not belong to the State engaging in the 
mission [12]. Under the Liability Convention the “launching State” is liable for damage 
caused “by its space object” (arts. II and III). A “launching State” means a State that launches 
a space object, procures the launch of the space object, and from whose territory or facility a 
space object is launched (art. I). Thus, OOSS creates issues of liability in that between the 
targeted object and the targeting object there may be diverse launching states [13]. In 
addition, issues of causation will probably occur in various scenarios involving these 
technologies [14]. For instance, if the rendezvous inadvertently touches and affects the 
object’s orbit and it collides with a third party’s spacecraft, then a question of which space 
object caused the damage will emerge. However, art.V of the LIAB provides clarification in 
that “the participants in a joint launching may conclude agreements regarding the 
apportioning among themselves of the financial obligation in respect of which they are jointly 
and severally liable”. 
 If international law does not give legal detailed about OOSS missions, contracts 
between participants are capable to overcome gaps in the law, including some of the issues 
identified above. Issues related to the permission to engage with a space object, the allocation 
of risk and liability of the parties involved, and mission parameters might be solved by private 
agreement [15]. Indeed, the nature of these contracts and their impact on State interests would 
make them an important part of a submission to a licensing authority. Contractual law 
represents a way to address a number of legal gaps. Moreover, contractual elements are 
becoming significantly used, and standardized as industry best practices [16]. Such best 
practices can result in regulatory behavior comparable to a lex mercatoria of space [17]. A lex 
mercatoria, or the law between merchants, is a set of norms through which merchants 
establish consistent rules in their exchanges. Contract clauses can support both domestic and 
international law by developing some standards that are easily recognized because of their 
efficiency. As a result, private contracts have an important role to play in order to ensure that 
operators and States are preserved from legal gaps that exist in the initial stages of the 
deployment of OOSS technologies. 
 Furthermore, one can observe that these activities may not be limited to space objects 
owned by the States engaging in these activities. Indeed, States will address issues of 
ownership and jurisdiction when engaging with OOSS activities. In particular, art.VIII of the 
OST stipulates “A State Party to the Treaty on whose registry an object launched into outer 
space is carried shall retain jurisdiction and control over such object. […] Ownership of 
objects launched into outer space is not affected by their presence in outer space”. This 
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means that States engaged in OOSS missions will need to take into account the launching 
State(s), the State of registration, and the State of ownership. This specific point raises several 
legal issues about which State(s) must be approached before engaging in an OOSS procedure. 
Probably, the State of registration, which has jurisdiction, would be sufficient, but the high 
risk of the activity and the potential liability questions affecting the launching States, may 
ensue further consultation and cooperation among the participants. Last but not least, States 
must have affirmative consent from the owner and States of jurisdiction before engaging in 
such activity. Such consent would be the result of the “consultations” between States as 
provided in art.IX of the OST [18]. Without such consent, space objects stay under the 
jurisdiction and control of the States that have registered them and interferences might be seen 
as a hostile act. 
 Regarding art.IX of the OST “[…] If a State Party to the Treaty has reason to believe 
that an activity or experiment planned by it or its nationals in outer space, would cause 
potentially harmful interference with activities of other States Parties in the peaceful 
exploration and use of outer space, it shall undertake appropriate international consultations 
before proceeding with any such activity or experiment. A State Party to the Treaty which has 
reason to believe that an activity or experiment planned by another State Party in outer space 
would cause potentially harmful interference with activities in the peaceful exploration and 
use of outer space may request consultation concerning the activity or experiment”. This 
means that States have to act “with due regard to the corresponding interests of other State 
Parties to the Treaty” and to engage in “international consultations” when their space 
activities could cause “potentially harmful interference.” States that will pursue OOSS 
activities will have a legal obligation to use these technologies in a way that they do not 
interfere with other States space missions. This includes making sure that the spacecraft 
employed in such activities are not involved in collisions with the spacecraft of other states, 
that the mission is not a source of more space debris through collisions with the intended 
target, and also that the manoeuvre does not harmfully interfere with other space objects. 
 Lastly, it should be underscore the relevance of art.X of the OST that stipulates “States 
Parties to the Treaty shall consider on a basis of equality any requests by other States Parties 
to the Treaty to be afforded an opportunity to observe the flight of space objects launched by 
those States. The nature of such an opportunity for observation and the conditions under 
which it could be afforded shall be determined by agreement between the States concerned”. 
This means that the Treaty affords opportunity to observe the flight of space object that will 
perform OOS. 
 
 So, defining clear parameters of a State’s liability in the case of on-orbit accidents and 
adopting binding norms that resolve questions of jurisdiction, control, and ownership is of 
utmost importance in order to support the development of such activities, in particular 
considering the economic challenges they represent. Further, the possibility of unsupervised 
access to space assets by servicer spacecraft presents some security issues. 
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2. ON-ORBIT SERVICING VEHICLE: A THREAT FOR THE PEACEFUL USE 
OF OUTER SPACE? 
 
 The primary international legal challenges for these technologies are avoiding their 
weaponization in order to use them in a peaceful manner, but also by taking into account the 
sustainability of the space environment. One can argue that the development of on-orbit 
service vehicles may disrupt the space security. 
 If on one side, OOSS are not military space activities, on the other hand, the core 
capability of manoeuvre, rendezvous, and manipulation is of a dual use nature, allowing also 
military capabilities. In other words, this technology has the capacity for being used to 
interfere with another State’s space asset. As a result, this part will consider the legality of 
these technologies in light of their dual use capacity. OOSS mission raises questions related to 
the weaponization of space and the extent to which these technologies can be viewed as 
peaceful. 
 The potential to interfere with another State’s space asset reflects a key strategic 
element [19], and the use on-orbit vehicles can be perceived as a non-peaceful activity. 
 Weaponization is a grey zone in the law of space activities [20]. In the Outer Space 
Treaty, the only article that deals with military uses of outer space is art.IV [21]. It prohibits 
States from placing any weapons on the Moon or other celestial bodies. However, it only bans 
States from placing some weapons into Earth orbit, such as weapons of mass destruction 
(WMD). This means that conventional weapons are not expressly legally banned from being 
placed into Earth orbit or into the deep space. As a result, art.IV of the OST presents some 
limits with regard to the use of weapons in outer space.  
 Efforts of the international community in this field have focused on developing policy 
regimes known as the Prevention of an Arms Race in Outer Space (PAROS) [22]. The 
attempts to move forward the PAROS initiative can be observed in two international 
organizations. Firstly, the UN General Assembly passes a resolution on PAROS each year 
reiterating the necessity to maintain the international peace and security in outer space. 
Secondly, PAROS is on the list of the Conference on Disarmament competencies. However, 
the legal obligations linked to PAROS are difficult to achieve due to persistent disagreement 
amongst States on the concept of weaponization [23] and on what constitutes a “space 
weapon” or “weapons in space” [24]. 
 Nevertheless, practice in outer space activities show that many space assets designed 
for civil purposes have the capacity to be used for military purposes [25].Potentially 
everything in space has the capability to be used as a weapon [26]. Therefore, the key issue is 
whether OOS technologies might violate the principle of peaceful purposes in light of the 
question of weaponization. As these technologies are specifically designed to interact with 
other objects in space, they have the potential to interfere with other spacecraft. If these 
technologies per se cannot be considered as weapons, they can be viewed as a latent threat as 
a result of their dual use nature [27]. 
 Dual use technologies have a growing strategic value, and even if civilly developed, 
they have the potential to increase security concerns and be seen as the “Trojan Horse” 
opening the way of an arms race in outer space [28]. These technologies have the potential to 
be very destabilizing.  As a result, States must take measures that identify their intent when 
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engaging in these activities regardless of whether the main purpose is commercial or civil. 
Some best practices may have the aim to set normative behavior for future space activities 
while ensuring other states of the legality of space operations in order to avoid conflict. 
 In such scenarios, States should implement clear policy and legal framework 
concerning the use of these technologies in order to maintain the strategic peacefulness of 
outer space activities.  
 
CONCLUSION 
 
 Legally speaking, OOSS are space activities like any other and they need to be 
authorized by States. Moreover, due to the interaction with another spacecraft, attention must 
be paid to the fact that the target owner and the launching State(s) agree to the service; the 
consequences of damage have to be clarified previously among the parties of the service; and 
there are no other obstacles such as export control regulation or risk of harmful interference.  
 Obviously, an OOSS mission with identical owners and launching States reduces legal 
complexity. But, a future OOSS market will require novel legal approached to reduce issues 
in legal relations. Two important elements should take into consideration in view of the risk 
of unwanted interference or damage. Firstly, the contractual perspective that is the contractual 
relation between service providers and customers. Secondly, elements of “soft law” that might 
be created by space actors and industry through instruments such as technical standards, 
guidelines and practices [29]. 
 Currently, the State from which the spacecraft is launched is responsible and liable for 
the asset place in orbit. In scenarios where objects might be built in one country, launched by 
another country and serviced by a third country, the liability for damage imposed may need to 
be reconsidered. On-orbit servicing regulation should be further discussed by COPUOS and 
as part of the Conference on Disarmament with the aim to develop working guidelines to be 
ratified by nations participating in the activities, including providers and customers. 
 Furthermore, States should initiate the monitoring and licensing of on-orbit servicing 
activities by national governmental agencies. In addition, another relevant issue is whether a 
State has to impose insurance minimums in order to ensure that an accident in space does not 
disproportionately expose it in the context of the international liability regime. 
 Last but not least, it is of utmost importance to create transparency and confidence 
building measures [30] to prevent the threat that may represent on-orbit vehicles in space, but 
also, to ensure the long term sustainability of space activities [31]. Confidence and 
appropriate transparency in servicing services needs to be guaranteed for all operations in 
order to create a safe market [32].  
 In sum, some sort of standards will need to exist. Standards might come from industry 
associations, international organizations, or through domestic regulation [33]. The new 
commercial interest in these technologies is creating a need for legal answers so that the 
economic potential and development of these technologies are not blocked. One can observe 
that the emergence of regulation is likely to occur at the national level as a first step. This can 
allow supporting the implementation of an international regime, which will fully cover the 
legal issues pose by OOSS activities.  
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1 INTRODUCTION
In the framework of celestial bodies’ exploration, scientific interest in asteroids has been lately 
growing. It is indeed scientifically acknowledged that the origins of our solar system are to be 
sought into asteroids chemical composition. Because of this reason, space industry companies 
are pushing into this direction by investing economical resources into asteroids’ sampling return 
missions. As an example of such investments, ESA is currently assembling a mission called 
HERA [1],[2] in the framework of the so-called 

mission [3]. As part of AIDA, two independent spacecraft will be sent to Didymos 
binary asteroid system [4]: an asteroid impactor, part of NASA’s 

mission [5]; HERA, an asteroid rendezvous spacecraft which is going to observe 
and characterize the consequence on the binary system’s dynamics of the crater produced by 
DART’s kinetic impact. In addition to great scientific discoveries, HERA will be the first 
mission to operate autonomously around an asteroid.  

In order to be able to accomplish such a challenging task, the spacecraft will be equipped 
with several sensors, such as the , star-tracker, laser altimeter, 
thermal infrared camera and inertial sensors. Amongst all, the AFC will be the only sensor to 
be used for both scientific and navigation purposes. Images captured by the camera will be 
fused with measures from other sensors to estimate Didymos properties and give the spacecraft 
the possibility to operate in complete autonomy. In particular, a first phase of the mission will 
be devoted to refine the asteroid’s dynamical properties, such as its mass, radius and inertia 
tensor. Once a coherent dynamical model is available, the spacecraft will need to estimate the 
asteroid’s kinematic properties, such as its rotation rate, spinning axis and its position and 
velocity relatively to the spacecraft. A 3D characterization of the asteroid’s shape is required 
as well. 

The approach which is currently being investigated is to divide this complete 
characterization process in several separate phases, all of which make use of the images being 
captured by the camera. The asteroid’s angular velocity, its landmarks characterization and the 
relative position and velocity of Hera spacecraft are estimated in three separate subsequent steps 
all of which rely on the estimate coming from the previous ones. 

Nowadays, tests are being made to prove the feasibility and accuracy of this approach,
yet it showed criticalities because of the decoupled nature of the process. The present paper 
proposes an alternative approach for estimating the relative kinematic state between the asteroid 
and the spacecraft (also called ) and characterizing the body’s shape. Conversely 
to the approach which is being tested in laboratories, this approach is tightly coupled and it 
presents therefore different kind of strengths and criticalities, which will be explained in the 
results and conclusion sections. The developed algorithm makes use both of features extracted 
and tracked through the images captured by the AFC and of relative distance measurements 
coming from the laser altimeter. An uses that information to 
estimate both relative pose and asteroid’s shape at the same time. Computer simulations and 
hardware-in-the-loop tests performed at platform-art© [6], GMV’s robotic facility in Madrid, 
will be carried out to quantify the algorithm’s degree of accuracy.  

The following section is presenting the dynamical model used to reconstruct the linear 
relative motion between the spacecraft and the asteroid. Following up, section 3 is presenting 
the relative attitude kinematics and dynamics model. Sections 4 and 5 illustrate the features 
detection and tracking along with the filtering strategy. Simulations and hardware-in-the-loop 
tests results are presented respectively in sections 6 and 7, while concluding remarks can be 
found in section 8.
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2 DYNAMICS MODEL  
In order to reconstruct truthful simulations of the motion of the spacecraft around Didymos 
asteroids system, a proper dynamical model has to be adopted. It is also true that the dynamics 
of a spacecraft around a binary system is quite complex and difficult to reproduce down to the 
smallest possible degree of accuracy. On the other hand, the intent of this research is not to 
build an accurate dynamical simulator for the Hera mission. The goal is to test and validate a 
properly developed navigation algorithm, whose aim is to reconstruct the shape and relative 
pose between the spacecraft and the main body, Didymain.

To this purpose, the choice of the dynamical model to be adopted will be made following 
a trade-off between accuracy and complexity. Since the AFC’s field of view is quite narrow
(5.5° × 5.5°) [7], in order to frame the entire main body the choice of spacecraft’s distance from 
it falls necessarily to at least 10 kilometres. At such distance, the translational relative motion 
between the two bodies causes almost negligible displacement between two consecutive images
(e.g., if we consider a 50 seconds delta between consecutive frames) if compared to the one 
caused by Didymain’s own rotational velocity. 

That being said, any amelioration of the dynamical model will not be perceivable 
through images captured at a 10 kilometres distance. Therefore, using a model which includes 
gravitational perturbations caused by either the Sun or the secondary body Didymoon would 
not change the results obtained by the optical navigation system. As a result, the resulting 
chosen dynamical model takes into account the main body’s first and second order terms of its 
gravitational potential

2 2 2 2

23 4 2 2 2

1 1 5 , 1 5 , 3 5
2

 (1) 

ft’s position with respect to Didymain, expressed in 
D = 3,489×10-8 km3/s2 is Didymain’s planetary constant; J2

= -0,01143 is Didymain’s second order gravitational potential; RD = 0.4287 km is Didymain’s 
equatorial radius [3],[8]. 

As for the spacecraft translational dynamics, Didymain’s rotational dynamics has been 
described with a model which does not take into account any perturbation due to Didymoon’s 
presence. The resulting equation resumes, therefore, into Euler’s equations 

1
/ / / (2) 

where / is the body’s (i.e., Didymain’s) velocity with respect to ACI, expressed in 
, i.e., a Didymain-fixed reference frame; I is Didymain’s inertia matrix.

Even though such a model is used, Didymain rotates around its z-axis with a fixed angular 
velocity, which, recalling that its rotational period is 2,26 hours [8], is equal to 4,425×10-2 deg/s. 

3 RELATIVE ROTATIONAL DYNAMICS
The aim of the filter is to estimate the relative pose between the spacecraft, i.e., the camera, and 
Didymain. The relative angular motion between the two bodies is described by the angular 
velocity between and BRF, whose kinematic is expressed as 
follows 

/ / / (3) 
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where / is the angular velocity of the camera with respect to ACI. Please note that CRF is 
a reference frame fixed to the spacecraft which has the z-axis parallel to camera’s optical axis, 
y-axis parallel to orbital angular momentum and x-axis so to form a right-handed basis. 

In order to express the derivative in time of the first term in equation (3), we must derive 
in time the terms on the right-hand side. The result of such process is the following 

/ / / / / (4) 

where is the rotation matrix between CRF and BRF and represent the relative attitude 
between the spacecraft and Didymain, which is to be estimated by the filter.

Both the angular velocity and acceleration between CRF and ACI are known quantities,
given by the constraint that the camera must point towards the asteroid in order to entirely frame 
it.

Given that the spacecraft is moving on an orbit around Didymain, its angular velocity 
(i.e., camera’s angular velocity) with respect to the asteroid is computed through classical 
orbital mechanics laws, as done in [9],[10]. Considering also the effect J2 has on the orbital 
angular velocity, it results

/ 20 (5) 

where is the orbital angular momentum, while is the acceleration exerted by J2 force 
along CRF’s y-axis (i.e., parallel to the orbital angular momentum). 

Deriving equation (5) in time it leads to the desired angular acceleration

/ 3 2

20 (6) 

where is the spacecraft’s radial velocity. Please note that, since the effect of J2 perturbation 
is taken into account, the angular momentum is not constant over time. 

4 FEATURES EXTRACTION AND TRACKING
In order to estimate the relative pose between the spacecraft and Didymain, images captured by 
the AFC have to be used in some quantitative way which can be treated as a measure by the 
filter. In Figure 1 the example of a picture framed from a 3D CAD model of Didymain is shown. 
The following sections describe the steps of the process the images captured by the camera are 
subjected to.  

4.1 Features detection and clusterization  
By applying KAZE method [12] on the image shown in Figure 1,  features are detected.
The result is shown in Figure 2a, where the features’ locations are plotted as green dots over the 
image.

Since processing a high number of features significantly increases computational time, 
a clusterization [13] is applied to the set of detected points’ locations in order to reduce 
the number of meaningful points. A random point from each cluster is selected. The result is
plotted in Figure 2b when . 
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Figure 1: Sample image representing Didymain asteroid, rendered through Blender open source 
software [11] by making use of a Didymain 3D CAD model, courtesy of GMV. 

While clustering the set, another algorithm is applied to check that the distance between 
clusters’ chosen representative points is higher than a certain threshold. This condition helps 
the selected subset to be as much disperse as possible and prevents the creation of sub-clusters.

(a) (b)
Figure 2 (a): Features detected by means of KAZE method. (b): k-means clusterization of the detected 

features; . 

4.2 Features tracking
The selected points are stored until a new image is captured. Then, matches for the 

points are searched in the second image by means of a tracker 
algorithm [14]. The result of the KLT algorithm is plotted in Figure 3a, where the matched 
features are represented by a red circle (image 1) connected to a green plus sign (image 2).

The matches obtained with KLT tracker are checked by means of RANSAC algorithm 
[15] in order to recognize and delete wrong matches. The RANSAC threshold can be adjusted
to include more matches, at the risk of having false positives included as well. In addition, 
features whose location corresponds to pixels whose intensity is below a certain threshold are 
discarded too. This check is done because features belonging to dark portions of the object are 
more likely to disappear sooner in next frames.
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(a) (b)
Figure 3 (a): Features tracked by means of the KLT algorithm; . (b): Positive matches obtained 

after RANSAC and low intensity filter application;   

If neither false positives nor dark features are found, the points are considered to be 
all perfectly tracked, and therefore can be used inside the filter. However, in this particular 
example, the double-step, filtering process recognizes wrong matches. The correct

positive matches are shown in Figure 3b. 

Figure 4: Set of disperse and correctly tracked features between two subsequent frames.

Since false positives where recognized, either because recognized as outliers by 
RANSAC or for having low intensities, they are discarded and need to be replaced in order to 
complete the set of dimension .

The detected features, excluding the already used, are tracked through the two 
images. Wrong matches are discarded by applying RANSAC and low intensity filter. Among 
all the positive matches found, a subset of dimension is selected by maximizing the 
minimum in-plane distance between them and the correctly tracked ones. This logic 
is adopted in order to guarantee that the set of tracked features remains as much disperse as 
possible. The complete set of correctly tracked features is shown in Figure 4.
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4.3 Features initialization and inclusion in the filter
Every features’ location on the image plane corresponds to a 3D point belonging to the 
asteroid’s surface. Therefore, every feature can be described by a 3-component vector in BRF, 
which we will call . On the other hand, each feature’s position can be expressed with 
respect to the camera’s focal lens in CRF, which we will call . There is a geometrical 
relationship between the former two ways of describing the same feature, which is shown in 
the following equation 

(7) 

The matrix only depends on the trajectory the spacecraft is traveling on and can 
be obtained as output of the attitude determination system.  

If we adopt a pinhole camera model [16], the location of a point on the image plane is 
related to its coordinates in the real world by the following equations 

(8) 

where is the camera’s focal length, while the minus sign in the first equation is due to the 
opposite direction considered for x-axes of the image plane and CRF coordinate systems.

When a new feature is detected and tracked, its image coordinates are used to estimate 
an initial guess for its 3D components. Since the camera is a bearing-only sensor, there is an 
intrinsic depth ambiguity associated to framed objects. Because of that, a distance measure 
coming from the altimeter present on-board is indispensable to solve this ambiguity. With that 
being said, the position component along camera’s line of sight of newly detected features must 
be initialized with an appropriate first guess. Since any appearing feature lies on the asteroid’s 
surface, its initial position in the real world is supposed to be lying on a sphere whose radius is 
equal to asteroid’s equatorial radius RD. In this way, calling the features’ position’s component
along camera’s line of sight

(9) 

The estimate of the camera’s coordinates are used to compute the feature’s position in 
BRF through equation (7). Then, points’ locations in BRF are included in the filter’s state 
vector. In this way their estimate will be refined and a coherent 3D shape of the target can be 
reconstructed.

Each 3D point included in the state vector needs to be estimated for a sufficient amount 
of time in order to decrease its initial uncertainty. Because of this necessity, points included in 
the state vector are going to be ordered in a way such that, if the same feature is going to be 
matched again in the following instants, its previous estimate is going to be refined instead of 
initializing it from scratches. 
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Following the work already presented by Volpe et al. [17], if a feature is going to 
disappear from new images, although no measure of it is provided inside the filter, its estimate 
will still be left inside the state vector so it can be refined even more, just by coherence between 
its 3D position and dynamics propagation. A maximum number of total features (either visible 
or not) is allowed to be included in the state vector for computational costs reasons. Once the 
covariance of a point reaches a certain lower threshold, or the number of features reaches the 
limit, features estimates are removed from the estimation process and stored for a final shape 
reconstruction. 

5 UNSCENTED KALMAN FILTER
An [18] is used to estimate relative pose and shape. The state 
vector to be estimated is the following

/ (10) 

where the subscript goes from 1 to the number of tracked feature between two subsequent 
frames (i.e., , see section 4.1).

The measurements used to refine the estimates are features’ coordinates on the image 
plane and the distance measure coming from the altimeter. Therefore, the so-called 

are

2 2 2

(11) 

where the coordinates of the vector are computed through equation (7).  
The dynamical model used in the filter to predict the state vector at the subsequent step 

is made up of the following differential equations

/

/ / / / /
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 (12) 

When a new image is framed, the state vector is first propagated through equations (12)
. Then the image coordinates of features tracked between previous and current time steps are 
used to refine the estimate by comparison with their coming from direct 
calculation through equations (11). The state update is given by the well-known kalman update 
equation 

ˆ ( ( )) (13) 
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Where the first term in the right-hand side is the state propagation through dynamics, the 
matrix is the and the term in parenthesis represents the so-called , i.e., 
the refinement contribute brought by comparison between measures and their predicted value. 

6 SIMULATIONS
The described navigation algorithm, made up of both computer vision and filtering parts, is 
firstly tested through computer simulations carried out in Matlab. A 3D CAD model of 
Didymain asteroid, courtesy of GMV, is used to produce synthetic images by means of the 
open-source software Blender.  

Several simulations with different initial conditions, both in terms of relative motion 
and of target’s illumination, were carried out in order to explore a wide variety of likely 
scenarios. Five scenarios have been chosen as representative of the majority of the possible 
cases. The chosen classical orbital elements are listed in Table 1 for each test case. Asteroid’s 
angular velocity is not specified since it is always equal to its real spinning velocity (see section 
2). The column named specifies if the camera is made to point exactly towards 
the target’s centre of mass or not. In case number 5, the camera does not point towards the 
asteroid’s centre of mass. Instead, it points towards a fixed point in ACI reference frame, whose 
coordinates are 100 100 100 .

Case 
number

1 10 0 0 0 0 0 Yes
2 10 0 88 0 0 90 Yes
3 12.5 0.2 45 0 0 0 Yes
4 10 0 60 0 0 45 Yes
5 10 0 30 0 0 45 No

Table 1: Initial classical orbital elements used in the five analysed scenarios.

Following the chosen orbital parameters, the initial position and velocity on three axes 
are calculated in order to be used in the filter’s state vector. Their values are shown in Table 2. 

Case 
number

1 10000 0 0 0 5.91e-2 1.03e-6
2 0 350 9994 -5.91e-2 0 0
3 10000 0 0 0 4.58e-2 4.58e-2
4 7071 3536 6124 -4.18e-2 2.09e-2 3.36e-2
5 7071 6124 3536 -4.18e-2 3.62e-2 2.09e-2

Table 2 : Position and velocity true initial values for the five scenarios. 

The simulations are carried out with an initial error on state components which is listed 
in Table 3. The last column shows the module of the error on each estimated quantity. The same 
error is used in every scenario. The error on angular velocity is equal to one third of the 
asteroid’s angular velocity on each axis.
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State 
Component a||

100 100 100 173.2
0.05 0.05 0.05 8.66e-2 

/  ( 0.015 0.015 0.015 2.55e-2 

Table 3: Initial errors on each state component and respective module. 

The error on initial attitude is not listed since it is equal to zero. In fact, the orientation 
of BRF at time zero can be initialized in any desired way, since there is no constraint on its 
orientation with respect to asteroid’s principal axes. As a consequence, since the initialization 
is chosen by the user, the initial attitude between BRF and CRF is know exactly and is therefore 
used as a first guess in the filter. In every scenario, BRF is initialized to be parallel to ACI 
reference frame.

Errors on initial position and velocity vectors translate into errors on classical orbital 
elements. Even if the same error is applied on position and velocity in each scenario, errors on 
orbital parameters differ from case to case. They are listed in Table 4. Please note from Table 1
that orbits corresponding to scenarios 2, 4 and 5 are circular, therefore the errors will be 
calculated in terms of , while in scenario number 1, the orbit is 
both circular and equatorial, thus the will be used. Please note also 
that the initial errors on inclination and RAAN for case number 3 are zero because the orbit is 

inclined and an equal error is given on each component of position and velocity, thus 
making the estimated orbit be on a 45 deg inclined plane.

The camera model simulated in the rendering process has a focal length equal to
113.13 , a squared field of view of 5.5° × 5.5° and it captures pictures whose dimensions 

are pixels.
The output of the first test case scenario is plotted in Figure 5 (relative attitude and 

angular velocity) and Figure 6 (relative position and linear velocity). As can be seen from the 
plots, angular and linear velocities’ errors converge to zero with no issue. On the other hand, 
relevant errors are present on two director cosines and on position’s z component. Those errors 
arise from the fact that relative attitude and position are not entirely observables. The same 
issues are found in the other scenarios and are, indeed, intrinsic to the approach used. 

Case 
number

1 1.35e4 3.6 24.51 - - - - 0.69
2 9.13e3 7.98e-1 9.43e-1 - 78.68 - 2.39 - 
3 1.5e4 4.5 0 24.64 0 25.44 - - 
4 1.62e4 1.91 9.47 - 12.72 - 7.46 - 
5 1.62e4 1.91 11.15 - 14.97 - 12.08 - 

Table 4: Initial errors on orbital elements for the five scenarios. 

As far as relative attitude concerns, there is no measure which directly gives information 
about the asteroid’s attitude with respect to the camera. This would not be the case if a 

or approach was used, as in [19],[20]. A model-based approach makes 
use of a CAD model of the observed body in order to compute the rotation matrix which 
matches it to the image captured by the camera. Repeating the process for each acquired image,
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a measure of the rotation matrix between BRF and CRF is provided to the filter at each time 
step. Conversely, if a CAD model of the object is not available, as it is in our approach, the 
motion of features on the image plane makes both relative linear and angular velocity 
observable, while does not relate to relative attitude, which instead can be only propagated by 
the filter by means of the attitude kinematic equations (first line in equation (12)). Therefore,
errors on angular velocity, which are indeed particularly high in the initial transient, directly 
affect relative attitude propagation, generating errors which accumulate without having the 
possibility to decrease. 
   

(a) (b)
Figure 5 : Output of the simulation for the first scenario. (a): Relative attitude error. First two columns 

of the rotation matrix are plotted. (b): Relative angular velocity error components.

Errors on position’s z component are due to the symmetrical nature of the problem, 
together with the fact that only a single-value distance measure is coming from the altimeter. 
In the first scenario, the asteroid is observed perpendicularly to its spinning axis, therefore the 
displacements of tracked features are all parallel between their self and with respect to CRF’s 
x-axis (see Figure 4). Moreover, even if features’ 2D image coordinates are function of the 
spacecraft’s 3D relative position (see equations (7) and (8)), the problem is ill-posed and the 
filter cannot estimate the component perpendicular to features’ displacement (i.e., position’s z 
component in ACI reference frame, as noticeable from Figure 6a). 

(a)
(b)

Figure 6: Output of the simulation for the first scenario. (a): Relative position error components. (b): 
Relative linear velocity error components. 
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In the second scenario, the spacecraft is passing over the asteroid’s pole, therefore there 
is an in-plane rotation of tracked features as shown in Figure 7a. In this case, the problem is not 
ill-posed with respect to relative position and the filter can therefore successfully estimate the
correct spacecraft position in ACI reference frame (see Figure 7b).

(a) (b)
Figure 7: Second scenario. (a): Feature tracking between two consecutive frames. (b): Relative 

position error components. 

The modules of the state components’ errors at final time 10000 are listed in Table 
5 for the five analysed scenarios. In this table, the norms used for computing errors on relative 
position, linear and angular velocity are Euclidean and are applied to the difference between 
true and estimated quantity at each time step

2

2

2

ˆ( ) ( )

ˆ( ) ( )

ˆ( ) ( )

(14) 

A Frobenius norm is used for the norm of the attitude error. In our case, the Frobenius 
norm is applied to the difference between true and estimated attitude matrices

2

1 1
( ) ( ) ( ( ) ( ) )

ˆ( ) ( ) ( )

(15) 

By comparing initial and final errors on each state component (Table 3 and Table 5), we 
can state that relative angular and linear velocities are estimated down to a satisfactory degree 
of accuracy in each analysed scenario. The same cannot be said for relative position, whose 
errors still remain quite high. In fact, in most of the cases, the estimation of relative position is 
an ill-posed problem and, therefore, only two out of three components converge to the true 
values. The component whose error is not converging to zero raises the error of the module. 
Exceptions are cases 2 and 4 since the displacements of the features on the image plane are not 
all parallel one to each other. This happens because the initial true anomaly is not zero (see
Table 1). As a consequence, the spacecraft observes the asteroid from a point of view which is 
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not perpendicular to its spinning axis anymore. Error on relative attitude are listed too, for the 
sake of completeness, even if relative attitude is not observable as already mentioned.

Case 
number

1 3.62e-1 6.19e-4 87.9 9.07e-4
2 4.32e-1 3.67e-3 22.5 3.16e-3
3 1.58e-1 1.75e-3 109.2 2.09e-3
4 1.63e-1 2.53e-3 35.63 1.15e-3
5 1.42e-1 1.28e-3 81.31 2.51e-3

Table 5 : Final errors on each state component for the five scenarios. 

6.1 Orbit reconstruction  
As it was possible for errors on relative position and velocity at initial time to be converted into 
errors on orbital parameters, the same can be done at final time to check to which degree of 
accuracy the estimation process was able to reconstruct the orbit. Final errors on classical orbital 
elements are listed in Table 6. By comparing initial and final errors on classical orbital elements 
(Table 4 and Table 6), it is possible to give the following statements:  

The orbital plane’s orientation in space is generally reconstructed better than the orbit’s 
in-plane shape. This is mainly because errors on semi-major axis are quite high at initial 
time. Therefore, even if the error decreases by two orders of magnitude in almost every 
scenario, final errors still remain high. This mainly because the problem is ill-posed in 
most of the scenarios. Errors on inclination, RAAN and argument of perigee, instead, 
decrease to decimal accuracy in most of the cases.
Starting from initial errors which are really high in percentage, the eccentricity is always 
estimated down to a satisfactory degree of accuracy. 
Even if case number 2 is not ill-posed (as already stated previously in section 6) and has 
the lowest final error on relative position (see Table 5), it retains the worst errors on
semi-major axis and eccentricity. This happens because relative velocity is not 
estimated properly (the error on velocity is, in fact, the highest, see Table 5). Indeed, 
observing the asteroid from its spinning axis makes the problem symmetric with respect 
to the asteroid’s pole (see Figure 7a). While being a good condition for position 
estimation, this relative configuration makes it difficult to properly estimate relative 
velocity and, therefore, makes this an ill-posed problem with respect to relative velocity.
Case number 4 retains the lowest error on semi-major axis and eccentricity, making it
the best “in-plane estimation” case. This happens because the initial true anomaly is 45 
degrees, which is exactly between 0 degrees (case number 1 – ill-posed with respect to 
position estimation) and 90 degrees (case number 2 – ill-posed with respect to velocity 
estimation). Therefore the camera’s line of sight is neither perpendicular nor parallel to 
asteroid’s spinning axis and the problem is well-posed neither for both position and
velocity estimation. Confirming this statement, case number 4 retains the lowest error 
on relative velocity and the second lowest error on relative position. 
Inclination is always estimated down to accuracies of (at least) decimals of degree. Case 
number 3 is the only one giving a higher error (1.68 deg) which happens because the 
orbit has 45 degrees of inclination. This means that, for an accurate estimation of the 
inclination, errors on each position and velocity component should be comparable.
While this happens for velocity, the ill-posed nature of the problem with respect to 
position estimation makes one out of three position components not estimable. It is 
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therefore impossible to estimate a 45 degree orbit if the asteroid is observed 
perpendicularly to its spinning axis. 
The estimation of the spacecraft’s position along the orbit (i.e., argument of latitude or 
true anomaly when available) is always refined of, at least, one order of magnitude. Case 
number 5 is the one retaining highest errors on RAAN and argument of latitude. This 
result is caused by the fact that the camera is not pointing towards the asteroid’s centre 
of mass. In fact, in this case the algorithm may not converge to the true estimate since 
the features on the image plane are referred to a point (the centre of the image) which 
does not coincide with the origin of BRF reference frame. Because of this, features’ 3D 
positions will be initially expressed in a reference frame which is translated with respect 
to BRF. As the estimation process keeps going on, the relative position estimate is 
refined, and therefore the features will be expressed in the proper reference frame.
Because of this transient, which is not present in the other scenarios, case number 5 
retains higher errors on RAAN and argument of latitude. 

Case 
number

1 235.25 2.41e-2 7.40e-1 - - - - 1.50e-2 
2 1.19e3 1.07e-1 5.86e-2 - 6.95e-1 - 1.07e-1 - 
3 4.78e2 2.95e-2 1.68 1.09 4.96e-1 3.41e-1 - - 
4 49.96 4.97e-3 6.3e-1 - 1.04 - 6.91e-1 - 
5 4.57e2 4.37e-2 9.98e-1 - 3.77 - 3.47 - 

Table 6: Final errors on orbital elements for the five scenarios. 

6.2 Shape reconstruction
The features’ 3D position in BRF is estimated in the filter alongside relative pose, as already 
stated in section 4.3. Those estimates are stored in memory throughout the entire simulation. 
At the end of the estimation process, the points to which is associated a standard deviation
whose value is higher than a certain threshold are discarded, and the remaining ones are the 
result of what we call here “shape reconstruction”. In order to verify the goodness of the shape 
reconstruction process, features’ 3D points are projected onto the image plane and overlapped
to the asteroid’s image. The process is done on three projection planes, so that it is possible to 
tell exactly if a certain feature lies or not on the asteroid’s surface (i.e., if its estimate is good 
enough). 

Firstly, an image of the projection over the plane is shown in Figure 8 for case number 
1. This example is shown in order to notice that a bad estimate of relative position directly 
affects the points’ estimates. This happens because of the tightly-coupled nature of the problem, 
which appears in equation (7) between position and points’ coordinates. 

We now consider case number 4, which turned out to be averagely the best in terms of 
final estimation errors and, most importantly, of relative position. The estimates of the body 
points are projected onto the  (Figure 9a),  (Figure 9b) and  (Figure 9c) coordinate planes 
and images of the asteroid CAD model are overlapped as well. A threshold of 10 meters has 
been set on standard deviation in order to select the points to be discarded. As can be seen from 
the figures, the result is much better than the one obtained in case number 1. Almost every point 
plotted is lying on the asteroid’s surface. Moreover the shape of the contour is accurately 
described by the estimated points. There still are outliers in the north polar region (see Figure 
9c), but their distance from the asteroid’s surface is smaller than 10 meters. Since the asteroid 
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is being observed from the north hemisphere in case number 4 (recall Table 1), the south polar 
region is not observed by the camera and, therefore, cannot be reconstructed. 

Figure 8: Projection of estimated points onto BRF’s plane overlapped with asteroid’s image. Case 
number 1. 

(a) (b)

(c)
Figure 9: Projection of estimated points onto BRF coordinate planes, overlapped with asteroid’s 

images. Case number 4. (a): plane. (b): plane. (c): plane. 
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7 HARDWARE IN THE LOOP TESTS
The same scenarios were tested with hardware in the loop at platform-art©, GMV’s Advanced 
Robotic Testbed for Orbital and Planetary System and Operations Testing in Madrid. Inside the 
platform, two KUKA robotic arms [21] can be moved in order to reproduce a realistic relative 
orbital movement. The first KUKA robotic arm holds a Manta G-419B [22] camera, which is 
set in order to acquire images with the same property retained by the AFC. The second KUKA 
robotic arm holds a Didymos model, which has been printed with a 1:2000 scale and down to 
sub-millimetre accuracy, and moves in order to reproduce the relative desired position and 
attitude poses with respect to the first arm, which remains fixed for the purposes of these tests.  

(a) (b)
Figure 10: Images courtesy of GMV Madrid. (a): Features detected by means of KAZE method. (b):

Features tracked between two frames. 

(a) (b)
Figure 11: Images courtesy of GMV Madrid. (a): Features detected by means of Harris method. (b): 

Features tracked between two frames.

The final errors on state components and on classical orbital elements for the five 
analysed scenarios are listed respectively in Table 7 and Table 8. By comparing the results of the 
hardware-in-the-loop tests with the results obtained through the computer simulations, we can 
state that the main trends observed and explained in section 6 are still valid. In fact, cases 
number 1 and 3 still retain high errors on position, which is due to the fact the problem is ill-
posed with respect to position observability, while cases number 2 and 4 have the lowest errors 
on position, but the latter has got lower errors on semi-major axis and eccentricity. Case number 
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5 presents a high error on position, which is still due to the fact that the camera is not pointing 
towards asteroid’s centre of mass, but has still got good observability on angular and linear 
velocities. 

Quite surprisingly, errors on position estimates for cases 2 and 4 are lower than the ones 
obtained with computer simulations, and errors on relative velocity on each scenario are 
averagely lower as well. As an example of the convergence process of position and velocity for 
a hardware-in-the-loop test, scenario number 2 is shown in Figure 12. 

On the other hand, performances decrease for other quantities, such as angular velocity 
estimation and relative position for ill-posed case (e.g., position error in case 3 even increases 
with respect to the initial one because of z-component divergence). These differences in the 
filter behaviour are mainly due to differences in the feature tracking block. In fact, the 3D 
printed model used to capture images with the Manta camera has got a higher resolution than 
the 3D CAD model used in Blender simulations, thus resulting in more textured images. On the
other hand, being the illumination conditions more realistic in the hardware-in-the-loop tests, 
images result being darker, as opposed to the one rendered in Blender, where the light intensity 
is quite higher and more homogeneous.  

Case 
number

1 3.25e-1 2.34e-3 97.09 1.38e-3
2 4.09e-1 4.35e-3 4.93 1.23e-3
3 2.30e-1 9.49e-4 147.21 2.07e-3
4 1.73e-1 4.93e-3 13.24 5.52e-3
5 1.64e-1 1.51e-3 97.34 1.55e-3

Table 7 : Final errors on each state component for the five scenarios. Hardware-in-the-loop tests. 

Case 
number

1 21.86 2.46e-3 1.44 - - - - 1.17e-1 
2 1.62e2 1.60e-2 9.30e-2 - 1.10 - 4.33e-2 - 
3 1.28e3 7.43e-2 3.27e-1 1.49 8.45e-1 3.24e-1 - - 
4 37.75 3.78e-3 3.46 - 4.81 - 2.61 - 
5 2.93e2 2.85e-2 1.23 - 1.12 - 8.05e-1 - 

Table 8: Final errors on orbital elements for the five scenarios. Hardware-in-the-loop tests. 

The shape reconstruction process result is plotted in Figure 13. Test case number 2 has 
been chosen since the points’ estimation is more reliable due to the low errors attained on 
relative position and velocity estimates. As opposed to the results obtained with the computer 
simulations, less points are plotted. This happens because in this scenario there is a smaller 
number of points retaining a standard deviation below the chosen threshold. 
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(a) (b)
Figure 12: Output of the simulation for the second scenario. Hardware-in-the-loop test. (a): Relative 

position error components. (b): Relative velocity error components. 

(a) (b)

(c)
Figure 13: Projection of estimated points onto BRF coordinate planes, overlapped with asteroid’s 

images. Case number 2. Hardware-in-the-loop test. (a): plane. (b): plane. (c): plane. 
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8 CONCLUDING REMARKS
The problem of pose reconstruction and body characterization of the Didymos asteroid in the 
framework of ESA’s Hera mission has been addressed in this article. A tightly coupled 
approach has been used: both relative pose (attitude, angular velocity, position and linear 
velocity) and body’s shape (landmarks on its surface) are estimated at the same time. The 
estimation process relies only on images captured by the Asteroid Framing Camera and distance 
measurements sensed by the laser altimeter. Features detection and tracking are used to extract 
meaningful information from the images. Subsequently, measures are passed into an Unscented 
Kalman Filter, where they are used to refine the prediction made by propagation of the relative 
dynamics.

The computer simulations and hardware-in-the-loop tests carried out at platform-art©
in GMV Madrid showed some important results. The nature of the problem makes it ill-posed 
when the asteroid is observed either perpendicularly or parallel to its spinning axis. In the 
former case, the position is not fully observable since the displacements of the features on the 
image plane are all parallel between themselves and perpendicular to one position component; 
in the latter case, the features move on concentric circles around the pole making the linear and 
angular velocities coupled and not perfectly observable one with respect to the other.  

The really slow nature of the orbital dynamics at a 10 kilometres distance when
compared to asteroid’s attitude dynamics leads to a decrease of the system’s state observability. 
In fact, the orbital motion between the capture of two consecutive frames is so slow that no 
information about it can be extracted by features’ displacement on the image plane. 

The proposed approach turned out to give satisfactory results in every “non-ill-posed” 
case. In those scenarios, errors of ten meters order are reached on position, while linear velocity 
is estimated down to an error of 10-3 meters per second. The angular velocity estimate is instead 
refined of at least one order of magnitude, thus reaching 10-3 deg/s. The shape reconstruction 
process is carried out satisfactorily, since the majority of the features lie on the asteroid’s 
surface and only a small number of outliers are present.
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LEARNING-BASED CONTROL OF A SPACECRAFT WITH 
SLOSHING PROPELLANT 

ABSTRACT
One of the major needs of present and future spacecraft is to fulfil highly demanding pointing 
requirements when performing attitude manoeuvres without losing stringent control over their 
flexible parts. For long-duration missions, the propellant mass is a significant portion of the 
overall mass budget of the satellite. The interaction between the fluid and the tank walls can 
lead to instability problems and even to mission failure if not properly accounted for in the 
design phase and control synthesis. The combined liquid-structure dynamic coupling is usually 
extremely difficult to model for a space system. An equivalent mechanical system is then 
desirable to carry out a computationally-efficient simulation of the liquid behaviour inside the 
tank. In this paper, the 3-D model of a spacecraft equipped with flexible appendages and tanks 
containing liquid propellant is presented. A learning-based control strategy using on-orbit 
available data is designed to improve the attitude tracking precision for repetitive on-orbit 
manoeuvres, compensating for cyclic disturbances such as liquid fuel sloshing effects. A co-
simulation procedure between MSC Adams and Simulink is then carried out to test the 
performance of the controller. The effectiveness of the proposed control strategy is analysed 
and discussed and conclusions are presented.

Keywords: 

1 INTRODUCTION
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2 MATHEMATICAL MODEL

2.1 Lateral Sloshing Equivalent Model
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3 LEARNING-BASED CONTROL FOR ATTITUDE TRACKING

3.1 Iterative Learning Control (ILC)
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4.2 Results
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ABSTRACT  
Teaching collections in technical schools and universities played a crucial role in the early 
phases of aircraft preservation in Italy, ensuring the survival of ordinary types not associated 
with heroic pilots or records. From 1919 onwards, obsolete aircraft gave young students their 
first insights into the practical aspects of technology, which was then applied to new designs 
often built directly in university labs. Highlighting the role of technical education in the 
survival of aviation heritage, the paper notes that the engineering curriculum has become 
uncoupled from direct experience and suggests the value of reinforcing the education-
preservation nexus to maintain crucial skill sets and provide a holistic approach to engineering 
challenges. From reverse-engineering parts for short-run spares production to developing 
practical engineering skills; from understanding the effects of aging (and develop mitigation 
tools) to becoming conversant with operating regulations, vintage aircraft offer numerous 
stimulating opportunities to renew a century-old relationship and attract imaginative students 
to STEM disciplines. The proposed approach would overcome the limitations of a largely 
virtual course of study, making a win-win contribution to both aircraft preservation and 
engineering education. 

 
Keywords: Heritage, restoration, preservation, museum 

1 INTRODUCTION 
With powered flight fast approaching its 120th anniversary, aircraft preservation offers 
aerospace education numerous stimulating opportunities. Considering that advanced 
materials, electronics (in the broadest sense of the term) and electric propulsion are the 
driving forces for 21st century aerospace applications, this concept can appear wishful 
thinking, far-fetched or simply wrong. In fact, there is ample evidence in Italy and abroad that 
restoration projects, both static and flying, are valuable tools to attract imaginative students to 
STEM disciplines, to train a new generation of maintainers and engineers, to apply leading-
edge technology and to suggest new avenues for research. 

2 TECHNICAL STUDIES AND PRESERVATION 
The Italy became the first nation to establish a dedicated aviation museum on 26 May 1913, 
when Major Giulio Douhet’s order no. 119 created the Aviation Battalion Museum [1]. The 
centrepiece exhibit of this forward-looking initiative was the Blériot XI reputed to have flown 
the world’s first operational heavier-than-air sortie in 1911, which survives to this day, but a 
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year later the Army Engineers Museum turned down the Flyer in which Wilbur Wright had 
taught Mario Calderara and Umberto Savoja in Rome in 1909. Within a few years, the First 
World War expanded aviation and created popular heroes like Francesco Baracca and 
Gabriele D’Annunzio, whose aircraft were often preserved and survive to this day. The Regia 
Aeronautica, predecessor to the Italian Air Force (ITAF), soon established a historical 
collection, a small fraction of which would later form the nucleus of a proper museum, and 
the Caproni family started a company collection that evolved into a museum around 1940. 

In a young field driven by the quest for performance, aircraft not associated with epic 
feats were soon scrapped – except when used for technical training. The first and largest 
aeronautical engineering collection was assembled around 1919 at Montecelio (now 
Guidonia, near Rome) by Lt Col Giulio Costanzi, drawing upon an extensive selection of 
German aircraft assigned to Italy after the armistice [1]. A 100 x 25 metre hangar was built to 
house a large selection of advanced designs, including the all-metal Junkers J.4 and J.9 
armoured ground-attack aircraft (Figure 1). When the collection was dispersed, after some 
years of study and test flying, only a handful of its aircraft survived with the Italian Air Force 
(J.4) and Caproni (Fokker D.VIII, Siemens-Shuckert D.IV) collections. War preys supplied 
by the Italian Army also formed the nucleus of the Turin Polytechnic (PoliTo) engine 
collection, which has survived remarkably intact to this day [2]. By 1920, the Army had 
presented the Milan Polytechnic (Polimi) with materials for an aeronautics laboratory, 
including an airworthy Nieuport Ni.11 Bebé (incidentally, the only one earmarked for 
preservation in Italy) and a number of instruments, radios and cameras [3, 4]. A limited but 
significant aero engine collection was created at the University of Palermo and still exists [5]. 
Surviving engineering manuals suggest that designers indeed used the materials for 
inspiration and comparative studies [6].  

        
Figure 1: A partial view of the Costanzi collection at Montecelio, c. 1920. 

Over the years further teaching collections were assembled for the growing network of 
technical schools called to offer aeronautical construction or pre-military courses. Like 
various military institutions, these schools received ordinary aircraft in order to train 
technicians (periti industriali) and graduate engineers in aircraft, engine and system handling, 
repair and design. No comprehensive list appears to exist, but significant nuclei are 
documented in Pisa (Istituto Tecnico Industriale “Leonardo da Vinci”), Udine (ITI “Arturo 
Malignani”) and Rome (ITI “Carlo Grella”, now “Galileo Galilei”); individual complete 
aircraft are documented with schools in Naples (“Bernini”, with a Nieuport Ni.18 in 1926), 
and Piazza Armerina (an unnamed professional school, which held a Breda Ba.19, possibly 
replacing a previous Hanriot HD.1). Because they were considered obsolete rather than 
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historic, these aircraft were mostly lost during the Second World War, with the exception of a 
set of original Fiat CR.1 wings (which survive in Pisa), the only IMAM Ro.43 seaplane and 
the similarly unique complete Macchi C.200 fighter (both subsequently recovered from the 
“Galilei” for the new ITAF Museum [7]).  

Teaching collections were re-established after the war. The University of Pisa received 
from the ITAF a Republic P-47D Thunderbolt and Macchi C.202; Polimi obtained the 
unflown Reggiane Re.2006 fighter prototype and the diminutive Preti PR.2 Saltafossi; Naples 
somehow acquired a partial Re.2005 fuselage; Palermo purchased a Fiat G.59B advanced 
trainer in 1964. Technical schools also re-established collections, ensuring the survival of a 
second wave of obsolete aircraft, including gems like the Macchi C.205 (in Udine), P-47D (at 
Milan’s Feltrinelli institute) and CANSA C.6B (Novara, at the newly established ITI 
“Giacomo Fauser”) or the more ordinary De Havilland DH.100 (in Rome), Fiat G.59B (at ITI 
“Enrico Fermi”, in Naples) and North American F-86E (Rome and Udine). The ITAF built up 
a large training collection in Caserta at the Scuola Specialisti (including a Cant Z.1007bis and 
Martin M.187 Baltimore), while the Naval Academy borrowed a Macchi C.202 and Bell P-39 
Airacobra. Although several were later recovered for display in Italy and abroad (the Rome F-
86E eventually reaching the RAF Museum at Hendon), the priceless Milan Reggiane and 
Caserta Baltimore were unfortunately lost. (By paradoxical contrast, none of the aircraft in the 
aeronautical section of the National Science and Technology Museum inaugurated in Milan in 
1973 came from technical schools; worse, as M. Longoni points out in another paper, today 
there is no proper aerospace technology display in Italy [8]). 

By the early 1970s, aircraft preservation was gaining momentum at both the private 
collector and institutional levels. The inauguration of large official museums in Britain (RAF 
Museum, 1973), the United States (National Air and Space Museum, 1976) and Italy (Museo 
Storico dell’Aeronautica Militare, 1977) coincided with the gradual shift from hands-on 
engineering practice and direct observation to increasingly theoretical approaches. For the 
first time in half a century, older training airframes were not replaced with others better 
representative of modern technologies; rather, they turned into monuments and gate 
guardians, often decaying through exposure to elements. A significant exception is provided 
by the McDonnell Douglas DC-9/32 on display at Volandia, the largest surviving 
instructional airframe in Italy (Figure 3). Following military service, this former ITAF VIP 
transport, which over its career carried popes, heads of State and government, was used for 
over a decade by Alitalia as a technical training aid. In 2016 it  narrowly avoiding being 
scrapped when it was donated to the museum. 

..  
(a)      (b) 

Figure 3: (a): the former VIP DC-9 in the Alitalia technical training hangar at Fiumicino airport in 
2014; (b) the same aircraft reassembled for external display at Volandia in 2016.  
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While uncoupling the technical and heritage dimensions has led to a better 
understanding of some cultural aspects of flight, it has also diminished institutional interest in 
showcasing aircraft as machines rather than cultural constructs, until eventually form trumped 
function altogether [9]. In this context, the technical aspect was narrowly defined as an 
ancillary and auxiliary tool. 

3 PRACTICAL ENGINEERING 
In many academic institutions the study of older aircraft went hand-in-hand with the design 
and construction of new types, conceived by students or professors and built in-house. The 
Milan and Turin polytechnics, arguably the most prestigious Italian schools of aeronautical 
engineering, established permanent workshops that produced a number of gliders and lead to 
successful industrial products, which anticipated today’s spin-offs.  

The Polimi workshops built several prototypes originated by the Centro Studi ed 
Esperienze per il Volo a Vela (CVV, active from 1934), including the PR.2 Saltafossi [Figure 
2]. A number entered serial production and would today be considered spin-offs, including 
the CVV.2/GP.2 (with Aeronautica Lombarda, 1937), CVV.6 (with SAI Ambrosini and 
Meteor, 1941) and CVV.8 Bonaventura (with Rio, 1957) [3]. Another was the PM.1 two-
seater which, designed by Ermanno Bazzocchi with Vittorio Calderini under the supervision 
of professor Silvio Bassi, won the 1939 competition for a new light training and touring 
aircraft and was put into production by CNA, in Rome; after the war, it became the basis for 
the widely built Macchi MB.308. A postwar CVV spin-off was the Sezione Sperimentale 
Volo a Vela (SSVV), led by former student Felice Gonalba, which provided general aviation 
maintenance and support services for over 40 years. 

     
(a)       (b) 

Figure 2: The PR.2 Saltafossi was designed by Polimi Professor Gildo Preti and built in its CVV 
workshops by Angelo Cabrilla (a) during its 1946 flight tests; (b) in the air after restoration by GAVS 

Lombardia and Giancarlo Zanardo in 2002. 

Among the gliders designed at the Turin CVV by the illustrious professor Piero 
Morelli with his brother Alberto, the M.100 (1960) and M.200 (1964) were widely built in 
Italy and abroad; in fact, the M.100 established the production record for Italian gliders, with 
over 200 units. A number of Morelli designs were eventually preserved in the PoliTo itself. 

Turning to secondary schools, an incomplete preliminary list shows that over the years 
aircraft were built and flown in Pisa (GCA Pedro, 1950), Udine (MS.21, c. 1960), Milan 
(Tobia, 1962, designed by Gianfranco Rotondi, who later taught aeronautical engineering at 
Polimi; MG.3 Condor, 1980) and Novara (Zenair, c.1980).  

In keeping with the growing emphasis on electronics, flight gradually faded into the 
background in favour of other subjects. Today the most prestigious academic aerospace 
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engineering activity is probably to put actual experiments into space through “Cubesats”; the 
PoliTo and the University of Rome’s School of Aerospace Engineering have successfully 
completed a number of these standardised units.  
 

4 RETURN TO THE FUTURE 
Aircraft restoration skills are often directly applicable to current production piston engines 
and metal airframes. Contrary to popular perception, traditional aerostructures are still widely 
used in sport, general aviation and regional aircraft ranging from legacy types (from the 
KingAir 350i to the resurrected Twin Otter Series 400) to clean-sheet designs (such as the 
Tecnam P.2012 Traveller); similarly, piston engines power the latest LSA designs. In other 
words, sheet metal construction and piston engine know-how will remain relevant for many 
decades for both production and continuing airworthiness. In this respect, the limited 
academic interest in traditional techniques appears both unreasonable and constraining.  

From an educational perspective, the first and more widespread opportunity is to use 
restoration or reproduction projects as opportunities for design experience sought by 
employers or on the job training prescribed to attain professional qualifications. There already 
are several such cases in Italy, beginning in the 1990s with Reggiane Re.2002 component 
manufacture in Alessandria (ITI Volta, ventral centre-section skin) and Milan (ITI Feltrinelli, 
wing spars). A more structured project saw IFP “Veronesi”, in Rovereto, overhaul and 
prepare a Caproni Ca.100 biplane for static display at the ITAF Museum, in support of the 
ambitious private initiative to build two full-size airworthy reproductions with original 
engines. Finally, the Volandia aviation park and museum runs a successful programme in 
cooperation with local schools, which allows students to fulfil school-work requirements in 
various support roles, including gaining experience in disassembling, assembling, cleaning 
and painting aircraft. At university level, however, only a single thesis has been found which 
examines the aging and restoration of a traditional construction aircraft [10].   

        
                                (a)                                                                  (b) 

Figure 4: CR.42 wheel fairings. (a): the single original recovered in Sweden; (b) the reproductions 
reverse-engineered by Polimi and fitted to the restored ITAF Museum CR.42. 

Rapid-prototyping, short-run production and additive manufacturing (3D printing) 
techniques are all directly applicable to many components required in the restoration of rare 
or unique types. Because the originals were often elaborate creations built up from welded or 
machined subcomponents, reproductions offer the opportunity to redesign the parts for 
modern CAD/CAM techniques and materials. More importantly, the processes and challenges 
– particularly those associated with airworthy parts – are identical with those being introduced 
to produce spares for modern in-service types, allowing a two-way exchange of experience. 
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Closely connected is the use of reverse engineering techniques to the manufacture 
otherwise unavailable components, a practice of direct interest for applications such as the 
FAA Parts Manufacturer Approval (PMA) process [11] or in support of aging fleets for which 
limited spares exist. International experiences ranging from complete LeRhone rotary engines 
to De Havilland DH.98 Mosquito fuselages underscore potential applications in the heritage 
sphere. Italian academic experience in this field seems limited to two sets of Fiat CR.42 wheel 
fairings built to airworthy standards in 2003-2004 in collaboration with Polimi, based on an 
existing left-hand original [12].  

The scientific study of old airframes, whose survival story often includes challenging 
circumstances, opens interesting possibilities to understand and extend the life of objects 
originally built with short projected lifespans. With numerous significant aircraft approaching 
their centennial, there is a clear need to identify procedures to stabilize and treat even 
examples to prevent their decay even in museum environments. This includes the 
development of appropriate materials and processes to mitigate the effects of aging, which is 
particularly important considering the trend of longer in-service lives. Relevant technologies 
range from Non-Destructive Testing, particularly in the initial phase in which the need for 
possibly invasive interventions must be established, to adhesives, both to assess the condition 
of the original organic glues and to develop non-invasive corrective techniques or products 
where necessary. 

The conservation of a Dornier Do.17 bomber recovered in 2013 from the English 
Channel is an extreme example of this particular academic contribution to aircraft 
preservation. Because of the poor state of the airframe, from the beginning the RAF Museum 
sought to enlist Imperial College London to develop specific solutions to stabilize the fragile 
structures [13]. Sadly, despite the involvement of the regional Soprintendenza (Heritage 
office) no such effort was made with the Reggiane Re.2000 recovered in 2013 off La Spezia, 
whose long-term survival prospects thus appear unlikely. Fortunately some European 
universities, including Ferrara and Bologna, are now moving along these lines through the 
PROtection and Conservation of Heritage AirCRAFTs (PROCRAFT, submitted in these very 
days in reply to the Joint Programming Initiative on Cultural Heritage and Global Change), 
which aims to develop coatings to protect relics found underground or water. A less extreme, 
but possibly more immediately rewarding, field revolves around technologies to recover, or at 
least read, colour schemes and insignia under multiple layers of paint in order to properly 
identify the aircraft and its history. The Deutsches Museum in Munich, for instance, enlisted 
the local Technical University to attempt to identify the original colours carried by its rare 
Messerschmitt Bf.109E [14]. The operation was successful, but the museum then decided to 
retain the erroneous scheme applied in the 1960s.  

The SIAI Marchetti S.55 flying boat, an icon of Italian industry and technology, shows 
the importance of studying historic aircraft from a modern academic perspective, in terms of 
engineering design and stress analysis (Figure 5). After a 2003 thesis in Naples showed its 
aerodynamic and structural soundness, an ambitious project to build an airworthy full-size 
look-alike has enlisted Polito for to redesign the airframe [15, 16]. Interestingly, the basic 
soundness of traditional structural design is confirmed by the FEM analysis of the Ansaldo 
SVA structure and calculations for the Fokker F.VIIB airworthy reproduction built in 
Australia in 1980-87. To a certain extent, these considerations also apply to aircraft systems, 
which need to be understood in order to be overhauled, restored or reproduced. Building the  
missing shock absorbers for the airworthy UK CR.42 restoration would be an excellent thesis 
project, with additional potential to verify theoretical assumptions with actual test data. 
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(a)     (b) 

Figure 5: Different approaches to recreating the S.55 seaplane. (a) The re-engineered CAD model 
produced by the Turin Polytechnic team for the Replica 55 project; (b) The faithful S.55X 

reproduction under construction at Volandia by the Savoia Marchetti Heritage Group. 

Aircraft preservation offers other interesting approaches in the overall training, education and 
research sphere. The airworthy Fiat CR.1 biplane project underway in Rieti at ITI “Celestino 
Rosatelli” assigns students roles in procurement, documentation, logistics, marketing in 
addition to design and manufacture; in addition, each function operates through teams with 
specific tasks and responsibilities. In other words, project outcomes will include management 
and industrial organization skills as well as the aircraft itself. This is a crucial aspect for 
reasons ranging from involving a broader cross-section of the population to developing 
planning tools for future projects. In a similar vein it should be remembered that while 
manufacturing and operations are generally accepted as design criteria, their proper 
understanding relies on direct experience such as that which can be gained building, restoring, 
maintaining and flying historic aircraft.  

 

5 CONCLUSIONS: THE WAY FORWARD 
Scholastic/academic cooperation in historic aircraft projects is a worldwide practice. In 
addition to cases already mentioned, in France students from the École Nationale Supérieure 
d’Aéronautique (Sup’Aéro) and various technical-professional high schools participated in the 
construction of the airworthy Bréguet XIV replica F-POST (1993-2003) [17]; in the United 
States, the Aviation Institute of Maintenance (AIM) school network has built airworthy First 
World War replicas, some part-scale, for the Military Aviation Museum in Virginia Beach.  

From understanding the effects of aging to becoming conversant with operating 
regulations, static and airworthy projects are ripe with opportunities directly applicable to 
engineering training, education and research. Because vintage aircraft are often operated on 
Experimental or Permit to Fly basis, like homebuilts, projects face limited certification 
requirements – indeed, at the lighter end of the spectrum types qualify as microlights and 
escape regulations altogether. In practical terms, such aircraft are well suited for development 
and manufacture in a prevalently academic environment, free from excessive bureaucracy and 
able to translate rapidly theory into practice. The streamlined regulatory environment also 
contributes to reduce project costs, which are already low due to the favourable academic cost 
structure. 

With today’s prevalence of native digital students and the shift from manufacturing to 
services, there is a vital need to reintroduce direct experience in the curriculum of future 
aerospace engineers. The education-preservation nexus would make a win-win contribution to 
both fields, preserving the vital skill base, expanding engineering knowledge and requiring 
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students to think “outside the box” to provide solutions for unusual challenges by using 
unfamiliar technologies. Finally, by re-entering the aircraft preservation scene, the STEM 
community would rebalance the heritage debate and ensure that the contribution of visual, 
tactile, aural and even odorous dimensions are integrated into the understanding of 
technological objects [8, 9].  

 
The author is grateful to Maurizio Longoni for the thoughtful input to this paper.  
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This paper addresses the STRATOFLY Academy initiative, one of the dissemination actions of 
the H2020 STRATOFLY project. In particular, the STRATOFLY Academy has been set up to 
disseminate among new generations the results of the on-going activities in the field of high-
speed transportation. The idea is to inspire new generation of students with technical and 
operational challenges currently faced during the design of a high-speed transportation 
system and that are not usually taught at Universities. Thus, international and heterogeneous 
teams consisting of bachelor, master of science and PhD students have been organized. 
Considering that the H2020 STRATOFLY project shall run up until the end of 2020, two 
different yearly challenges have been envisaged for the Academy. The first challenge has 
already started in September 2018 while the second will be kicked off in September 2019.
In particular, this paper aims at describing the First Challenge of the STRATOFLY Academy,
highlighting, the organization, the timeline, the evaluation process and the awards and, last 
but not least, the technical contents.
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To shorten the flight time of one order of magnitude (with respect to the state of the art of 
civil aviation) of at least 300 civil passengers along long haul and antipodal routes, through 
the preliminary design of a Mach 8 vehicle, flying at stratospheric altitudes within a future 
CNS/ATM scenario, exploiting existing on-ground infrastructures, in compliance with 
environmental compatibility and safety issues, assessing the overall economic feasibility of 
the solution.

Update of  the 
AeroDataBase for a M8 

waverider vehicle 
conf igurat ion

Some of the topics currently
under investigation
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Hazard Cause Hazard Effect Severity Safety Requirement Possible Hazard Controls Possible Verifications Likelihood and Fault 
Tolerance
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2 DOCKING MECHANISM 

2.1 Permanent-Magnet Docking Mechanism (PMDM)
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4 SIMULATIONS RESULTS

4.1 Experimental setup definition

Constant parameters Sim # Initial positions [x, y, z] Initial speeds [ ሶ ǡ ሶ ǡ ሶࢠ ]

߱
߱

Sim # Initial quaternion q0 Initial misalignment [Z Y X] Sim # Force (Fcoils) Relative distance



760

REFERENCES

ISBN0521824923

5088



761

IItalian Association of Aeronautics and Astronautics  

XXXVV International Conggress  

99--1122 September 20199|| RRome,, Italy

EXPERIMENTAL STUDY OF A FLAG-FLUTTER ENERGY 
HARVESTER

ABSTRACT

Keywords: 

1 INTRODUCTION



762



763

2 EXPERIMENTAL SETUP



764

3 RESULTS AND DISCUSSION



765



766

4 CONCLUDING REMARKS

REFERENCES



767



768



769

IItalian Association of Aeronautics and Astronautics  

XXXV International Congress  

99--112 September 2019| Rome, Italy

COMPARATIVE DESIGN & SENSITIVITY STUDIES ON 
BOX-WING AIRPLANES

ABSTRACT
The PrandtlPlane is a novel airplane based on the box-wing configuration under investigation 
within the H2020 project PARSIFAL. The evaluation of the performance of the PrandtlPlane in 
comparison to conventional airplane and the sensitivity to top-level requirements at the 
conceptual design stage are important inputs to the collaborative design process under 
development in the project. A design synthesis tool, the Initiator, developed at the Delft 
University of Technology enables the quick generation of an airplane conceptual design which 
can be used as starting point for  more advanced and comprehensive multidisciplinary analysis 
(and optimization) studies. In order to support the PARSIFAL objectives, the Initiator is extended 
with a finite-element based wing weight estimation method. With this tool, PrandtlPlane and 
conventional designs are generated for the same top-level requirements. In this way, the designs 
can directly be compared in terms of fuel usage per seat. Furthermore, the influence of the wing 
span constraint on the performance has been evaluated. In addition, the sensitivity of the design 
to changing requirements such as range, payload, cruising speed and take-off distance are 
assessed. Using these methods it is shown that a box-wing aircraft performs comparable to 
current state-of-the-art airplanes and has an advantage over conventional designs in a span-
constrained scenario.

Keywords: 

1 INTRODUCTION
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2.1 FE-based wing weight estimation

=
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3 VERIFICATION
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4 DESIGN OF EXPERIMENTS SETUP
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4.1 Figures of merit

=
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4.2 Top-level requirements

Requirement

Design

5 RESULTS

5.1 Reference designs
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5.2 Comparison with existing airplanes
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5.3 Span
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5.4 Range
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5.5 Passengers
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5.6 Cruise speed
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5.7 Runway length

6 CONCLUSIONS
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Autonomous relative navigation for safe approach manoeuvres with respect to an
uncooperative space target is a critical task for many space applications such as on-orbit 
servicing (OOS) or active debris removal (ADR). Due to the uncooperative nature of the target,
Electro-Optical sensors mounted on board the chaser must be exploited to enable relative 
navigation: the focus here is placed on active systems, e.g., LIDARs. In this paper, an original 
loosely-coupled relative navigation architecture which integrates pose determination 
algorithms designed to process raw LIDAR data (i.e. 3D point clouds) with a multiplicative 
extended Kalman filter is presented. Performance assessment is carried out within a numerical 
simulation environment reproducing the operation of a scanning LIDAR and the relative 
motion between two spacecraft.
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ABSTRACT 
This paper introduces the activities performed at University of Naples Federico II within the 
ADORNO research project. ADORNO project, “Aircraft Design and NOISE Rating for 
regional aircraft” is a research project financed by European Commission under the Horizon 
2020 Program Clean Sky 2, focused on the development of aircraft models for a regional 
aircraft engine platform. The main objective is to evaluate the benefits of Clean Sky 2 
developed technologies at aircraft system level, with respect to gaseous and noise emissions. 
One of the enablers is the development of an efficient noise prediction tool and its integration 
into an existent aircraft design and analysis chain. The developed tool can model the “near 
field” noise sources and with a propagation model estimate noise level in the space. 
The paper presents an application of noise estimation (Effective Perceived Noise Level) on 
the certification points (flyover, sideline and approach) of a regional turbofan aircraft. The 
aircraft is designed and analyzed with the aircraft design chain (JPAD) and needed input 
data passed to noise prediction tool to compute noise level.  
Results, in EPNL scale, are compared to EASA certified data, showing an overestimation of 
noise level lower than 1 dB in the three certifications points. 
  
Keywords: noise prediction, noise certification, aircraft design. 

1 INTRODUCTION 
Aircraft noise pollution is now considered a serious problem and it is a significant political 
issue. It is the most significant cause of adverse community reaction related to the operation 
and expansion of airports. According to standards defined by the ICAO for the commercial 
aircraft category, the noise certification relies on three main measurements made at different 
points during the take-off and the landing procedures. The level of noise is recorded 
continuously at these points during take-off and landing and the time integral value define the 
noise level known as Effective Perceived Noise Levels (EPNL). This must not exceed a set 
limits, based on the maximum take-off weight of the airplane and the number of engines. 
Being able to simulate the trajectories is the starting point for every noise estimation process. 
Almost every calculation tool currently available relies on flight simulations to derive these 
trajectories. However, according to the ADORNO consortium experience, it is not sufficient 
to make proper evaluation for the certification required monitoring point vs certification 
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levels, but since the early stages of the aircraft design it is strongly required to give specific 
attention to Local Noise Requirements prescribed by local Authorities. Stringent noise 
restrictions are set at specific monitoring points that therefore need to be addressed during the 
aircraft preliminary design and making use of specific software subroutines to extrapolate 
noise contour in the areas of interest along the preferred/suggested departure and arrival track. 
This has been done by combining the aimed ADORNO noise prediction software tool, 
ATTILA (AicrafT noise predicTion IncLuding performAnce) with existing Commercial Off-
The-Shelf (COTS) software like Integrated Noise Model (INM) and Aviation Environmental 
Design Tool (AEDT). The objective of ADORNO research activities is focused on the 
development of aircraft models for a regional aircraft engine platform. An aircraft noise 
method has been developed and integrated in an aircraft design chain. The state-of-the-art 
approaches consider numerical prediction tools, separated into two groups, referred to as 
restricted and parametric prediction methodologies. The first group works with fully empirical 
approximation derived from measurements and does not require direct simulation of aircraft 
noise or knowledge of noise generation and propagation. The second one relies on a physics-
based approach which expects to analyze all the aircraft noise sources for then estimating the 
global noise as a sum of all these contributions and their related interferences. ATTILA 
program considers two main approaches that are used to analyze aircraft noise phenomena. 
The first one is based on one-third octave band spectra noise analysis of any type of aircraft in 
any mode of flight. It provides an estimation of aircraft noise by means of set of noise spectra 
varied during the noise event or for any kind of noise exposure. The second approach is based 
on the concept of “noise radius” and provides calculations of aircraft noise exposure units 
around the airports or at any noise monitoring point. Section 2 presents the framework for the 
ADORNO project. Section 3 presents methodology of ATTILA tool. In section 4 the 
functioning of the ATTILA tool, through a test simulation performed on the Airbus A220-
300, is presented. Finally, the last section presents the conclusions. 

2  AIRCRAFT DESIGN AND NOISE RATING FOR REGIONAL AIRCRAFT 
The framework for the ADORNO project can be divided into two main modules. The first one 
deals with the preliminary design and analysis of the aircraft model under examination, while 
the second one gathers all the standalone analysis tools in charge of the noise, pollutants and 
cost estimations. 

2.1 Preliminary design module 
In this first module the parametric model of the aircraft together with the engine deck are 
passed to the preliminary design tool. This oversees carrying out all the analyses required to 
make a complete performance assessment. The tool used for this task is JPAD, a Java library 
developed at the University of Naples Federico II by the Design of Aircraft and Flight 
technologies (DAF) research group1 to perform multi-disciplinary analyses and optimizations 
of civil transport aircraft [1][2][3]. 
The idea of JPAD derived from the experience gained by the DAF research group in the 
design of general aviation and turboprop aircraft [4][5][6].  
Gathering the best practices coming from the current aircraft design software scenario, JPAD 
offers the following features: It is modular and easily extendible; is based on advanced 
features of Java (Java 8+ and JavaFX2) and is designed using object-oriented and functional 
criteria; it is portable; the inputs and the outputs are fully configurable with a flexible XML-

                                                 
 
1 www.daf.unina.it  
2 https://docs.oracle.com/javase/8/javafx/get-started-tutorial/jfx-overview.htm#JFXST784 
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based set of files; it can automatically generate CAD outputs via the OpenCASCADE3 
modelling library; its analysis sub-models are based both on semi-empirical formulations 
combined with more refined simulation-based methods, offering a multi-fidelity analysis 
approach; it is designed to allow interface with any other external calculation tool. These 
features make the JPAD framework a modern tool in “continuous” development, according to 
professional software maintenance criteria [7].  

 
Fig. 1  The Core of the JPAD library. 

In Fig. 1 the entire structure of the software is schematized. It is possible to clearly note that 
there are two main blocks: input and core. The input block is defined by two main parts: 
aircraft and analyses definitions. The first one defines a parametric aircraft model using a 
main file (Aircraft.xml) which collects all the components positions and the related xml file 
name (i.e. fuselage.xml, vtail.xml, and so on) which contains all geometrical data. This 
structure allows to generate different aircraft, or different configurations of the same model, 
by simply combining different components allowing to easily perform comparisons between 
these latter. The second one defines all necessary data for each analysis present inside the 
Core module [3].  
The Core block collects all analysis managers related to the five disciplines considered at the 
moment of writing: eights, Balance, Aerodynamic and Stability, Performance and Costs. As 
illustrated in Fig. 1, each of those can be further divided in several sub-modules related to a 
specific discipline calculation. A more detailed explanation of each analysis module can be 
found in [3]. 
To enhance the framework flexibility, the framework has been conceived to allow both a 
complete analysis loop involving all disciplines, both standalone analyses using one or more 

                                                 
 
3 https://www.opencascade.com/ 
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calculation modules.  As explained in [3], in case the user wants to carry out a complete 
analysis cycle, JPAD uses a combination of its analysis modules. 
Concerning the complete analysis loop, the starting point is the estimation of the amount of 
fuel needed for the specified mission. A balance analysis is carried out to determine the center 
of gravity excursion which is used by the aerodynamic and stability module to estimate the 
trimmed drag polar curves needed by the performance module to make a detailed simulation 
of the design mission profile estimating the new amount of fuel for that mission. An iterative 
process is carried out until the first estimated fuel mass is equal to the one calculated by the 
mission profile analysis [3]. 
A key feature related to the topic of this paper is the capability of JPAD to perform take-off 
and noise trajectories simulations and the capability to simulate general waypoint-based flight 
trajectories according to a non-linear performance model. The simulation is carried out 
according to FAR-36 regulations [16] by solving a dedicated set of Ordinary Differential 
Equations (ODE) representing the equation of motion of the aircraft during those phases. An 
example of how this approach has been used for the take-off simulation is provided in [7]. 
Some examples of simulation outputs are shown from Fig. 4 to Fig. 5 concerning the Airbus 
A220-300, showing take-off trajectories (Fig. 4 with and without cut-off) and thrust settings 
(Fig. 5). 

 
Fig. 2  Example of take-off noise trajectories simulation result: trajectories. 

 

 
Fig. 3  Example of take-off noise trajectories simulation result: thrust evolution. 
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2.2 Analysis module 
The second module is designed as a collection of different tools each of which dedicated to a 
different analysis. 
The first one, ATTILA, is related to environmental noise estimation and will be described in 
the following section. The main goal is to carry out a rapid assessment of the perceived level 
of noise at the three certification points shown in Fig. 7, approach, sideline and flyover. 
The second one deals with the evaluation of the pollutant emissions using the related engine 
deck data combined with the mission profile analysis carried out by the preliminary analysis 
tool. nowing the thrust required in each mission phase and the related amount of fuel burnt, 
the tool can estimate the breakdown of the pollutant emissions in terms of NOx, HC, CO and 
CO2 comparing them with a given set of maximum allowed values. 
The third one is in charge of performing an economic assessment calculating the direct 
operating costs of the aircraft. 
 

 
Fig. 4 - ICAO/Annex 16/Chapter 3 measuring locations Flow chart of Attila 

 MET ODOLOG  OF T E ATTILA TOOL 
The overall aircraft noise is the result of the interaction of several contributions related mainly 
to engines and airframe. A comprehensive overview of the methodologies used by the 
ATTILA tool to estimate these contributions and their related validations can be found in [8]. 
However, several semi-empirical approaches are still used in the preliminary design phase 
like the ones proposed in [ ][10][11][12][13][14][15][16]. A brief description of each of these 
contributions, as well as some relevant calculation methodologies, will be presented below. 

.1 Air rame Noise, Ref. [10] 
In the last decades the aircraft engine noise has come down to a level comparable to that of 
noise originating from turbulent flow around the airframe, for approach and landing 
conditions, that is, with deployed landing gears and high-lift devices.  
Efforts in aircraft noise reduction, therefore, must focus on the airframe as relevant noise 
contributor. From its definition, it does not include powerplant noise and therefore sets a 
lower limit below which reductions in engine noise emission have no significant effect on the 
total noise level from the aircraft. 
The level of airframe noise is dependent upon the aircraft configuration. In basic terms, an 
aerodynamically clean  aircraft produces less noise in the airflow than a dirty  one. The 
landing configuration with slats extended, flaps down and undercarriage lowered is therefore 
considerably noisier than the clean configuration. 
The prediction method, which is a semi-empirical one, has been developed from that proposed 
by Fink, [ ], with changes to directivity and spectral functions based on more recent available 
data, and allows the estimation of the OASPL and of one-third octave band sound pressure 
levels within a frequency range and over polar and azimuthal angular ranges set by the user. 
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The prediction method works by modelling individual components of the airframe as 
elementary sources or source distributions. The spectral and directivity characteristics of these 
sources have been derived analytically or empirically or have been assumed to be similar to 
sources of known characteristics. The individual components of the airframe that are 
considered here are the wing, flaps, slats, tail and landing gear; no interaction between 
components is assumed. 

.2 Pro eller Noise, Ref. [11] 
This module permits the prediction of near-field and far-field harmonic noise from propellers, 
with subsonic relative Mach numbers at the blade tip. The airflow into the propeller need not 
to be parallel to the propeller axis. The near-field is considered to extend approximately as far 
as one propeller diameter from the propeller tip. For the application of the ATTILA tool, the 
near field component may be neglected. A detailed description of the propeller blade 
geometry is required. Aerodynamically induced propeller noise may be separated in two 
components: broadband and discrete frequency. The broadband component arises from 
turbulent flow and is only likely to assume significance at high angles of attack of propeller 
blades. This component is neglected in ATTILA. The discrete component is produced as a 
result of the rotational motion of the propeller blades. The main sources of noise that generate 
the discrete component are: 

• Air volume displacement effects as each blade passes through the air, referred to as 
thickness noise; 

• Loading noise generated by the steady aerodynamic loading which, because of blade 
rotation, has a phase velocity relative to the observer and a periodic unsteady loading 
when the propeller axis is at an angle of incidence to the airflow. 

.  Engine Noise 
This module has a preliminary global computation of the engine noise which is a very 
important parameter in predicting the acoustical emission of an airplane. ATTILA has the 
capability to accept external input generated by the user, or to compute using heuristic 
approximations, the noise coming from the engine. In case of external input, the Sound 
Pressure Level should be inputted as decibels versus frequency in one-third octave bands. The 
program computes the Doppler shift and the propagation from the source to the receiver. 
Linear interpolation, or extrapolation, is employed for missed data required during the 
computation. As for the other sources, the resulting values are properly added for the total 
noise calculation. 

.  Ground Re le ion, Ref. [12] 
This module provides a means of estimating the effect on noise measurements, made at a 
position above the ground, due to the reflection of the sound wave by the ground. The ground 
reflection correction is estimated in the form of a difference spectrum, which may be 
subtracted from a measured spectrum to give a free-field spectrum or added to a free-field 
spectrum to give a measured spectrum. 

.  A mos eri  a enua ion, Ref. [13][14] 
A sound wave propagating through the atmosphere loses acoustic energy by several 
processes. The most significant of these are the spherical spreading of the wave and gaseous 
absorption. In the acoustic far field, the loss of energy due to spherical spreading of the wave 
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is inversely proportional to the square of the distance of propagation. This loss is independent 
of atmospheric conditions.  
This module provides a means of estimating the loss in sound energy due to gaseous 
absorption as the sound wave propagates through the atmosphere. The absorption processes 
are those due to molecular translation, molecular rotation, and the internal vibrational 
relaxation of oxygen and nitrogen molecules. 

.  E e i e Per ei ed Noise Le el, Ref. [15][16] 
The calculation of EPNL has been accomplished according to the indicated references, which 
provide a test case used for the verification of the correct programming. 

  CASE ANAL SIS 
The aim of this section is to show the functioning of the ATTILA tool, through a test 
simulation, performed on the Airbus A220-300.  
Firstly, it has been defined the geometric data of the reference aircraft, according to [17], see 
Fig. 8. 
The configurations and trajectories of the aircraft in the landing and take-off conditions are 
obtained with Preliminary design module (described in section 2.1). 
Following, the trajectories are provided to the ATTILA tool, to calculate the noise and to 
evaluate the EPNL at the certification points. Below are the results for the three certification 
points: Approach, Flyover and Lateral, see Fig. . 
In order to demonstrate the validity of the results, a comparison with the EPNL calculated 
using ATTILA tool and medium EPNL of Airbus A220 family from EASA database [18]. 
The results are shown in the following Tab. 1. 
 

 
Fig. 8 - Reference regional turbofan aircraft 

 

   
Fig.   Results of ATTILA tool 
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 Numerical Data Certification Data 
Approach 3.1 2.4 
Flyover 81.1 80.5 
Lateral 88.1 87.3 

Tab. 1 - EPNL evaluated at the certification points 

 CONCLUSIONS 
This paper has presented the initial activities which have been agreed in a research project on 
the simulation of the design of commercial airplanes including noise emission. Usually the 
noise figures have been considered always a retrofit problem to be solved once the prototype 
of a new airplane is ready. In this project such problem is arising the dignity of a design 
problem from the very beginning of the design phase of new airplanes. Several studies can be 
found in the open literature which propose solutions like blended wings with over-mounted 
engines. In this case the driving idea was to start from existing airplanes in order to have the 
possibility to tune the software on known (or almost known) values, including options for 
potentially sensitive parameters, and moving from such architectures to evaluate feasibilities, 
mainly from the noise aspects, but without relaxing too much other parameters, of different 
(or slightly different) configurations. From the actual results and typical configurations, the 
noise module is able to predict the importance of the acoustic sources and can be tuned 
around the noise certification points. The first results indicate the strong importance of the 
engine noise and the capability to reproduce certification flight paths which have the same 
trend of the real measurements. The development of the project is expected to return 
confidence and potential benefits of other parameters, but always maintaining the focus on 
their mutual interaction which is the basis of a multidisciplinary design tool. 
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A mathematical model has been developed and presented here, to reproduce the human body 
accelerations as responses to vibration induced by aircraft manoeuvers. The main purpose is 
to create a predictive model based on the anthropometric characteristics of a seated man or 
woman. To this end, a dynamic numerical analysis is carried out based on a four degree-of-
freedom model in which the anthropometric values representative of masses, stiffnesses and 
damping are characterized as random variables. Moreover, results in terms of accelerations 
both in time and frequency domain are evaluated employing Monte Carlo simulation to estimate 
the comfort indexes. An experimental campaign is carried out to validate the theoretical model, 
paying particular attention to the take-off phase that presents high vertical solicitation forces. 
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4 RESULTS AND DISCUSSION

4.1 Experimental characterization of the device
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4.2 Numerical prediction of propulsive performance
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COMPARATIVE ANALYSIS OF GENETIC CROSSOVER
OPERATORS FOR THE OPTIMIZATION OF IMPULSIVE 

MULTI-RENDEZVOUS TRAJECTORIES 

*

ABSTRACT 
This paper investigates the use of a genetic algorithm for the optimization of an impulsive multi-
rendezvous trajectory. The aim is to minimize the overall mission ܸ߂, while performing a 
complete tour of a prescribed set of targets, which move on the same orbital plane at slightly 
different altitudes. A sub-optimal four-impulse strategy is proposed for rapidly evaluating the 
cost of each leg connecting two assigned consecutive targets. The genetic algorithm is exploited 
to define the optimal target sequence with encounter times discretized over an assigned time 
grid. The solution is encoded as an augmented-size permutation, allowing for a finer time 
discretization. Several permutation-preserving crossover operators are considered in the 
present work. Their effectiveness for the impulsive multi-rendezvous mission is investigated by 
means of a thorough analysis.

Keywords:

1

ܸ߂

course of dimensionality
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2 PROBLEM STATEMENT
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Minimum ઢ [m/s] Mean ઢ [m/s]
NWOX PMX uPMX CX NWOX PMX uPMX CX

8x1 8x1
8x2 8x2 381.7 381.7 381.9
8x3 8x3 345.8
10x1 10x1 630.6 630.6 630.6
10x2 10x2 496.7
10x3 470.8 470.8 10x3 488.7
12x1 12x1 701.6
12x2 558.2 558.2 12x2 599.3
12x3 540.7 540.7 12x3 597.4
15x1 819.1 819.1 819.1 15x1 895.7
15x2 661.5 661.6 661.6 15x2 777.7
15x3 658.7 15x3 774.1
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ABSTRACT 
Euclid is an optical/near-infrared survey mission of the European Space Agency (ESA) to 
investigate the nature of dark energy, dark matter and gravity. 
The Euclid spacecraft mechanical architecture comprises the Payload Module (PLM) and the 
Service Module (SVM) connected by an interface structure designed to maximize thermal and 
mechanical decoupling.  
This paper shortly illustrates the mechanical system of the spacecraft and the mechanical 
verification philosophy which is based on the Structure and Thermal Model (STM) and the 
Proto Flight Model (PFM). It will be submitted to a full proto-flight test approach and it will 
be suitable for launch and flight operations. Within the overall verification approach crucial 
mechanical tests have been successfully performed (2018) on the SVM platform and on the 
sunshield (SSH) subsystem: the SVM platform static test, the SSH structure modal survey and 
SSH sine vibration qualification test. The paper reports the objectives and the main results of 
these tests. 
 
Keywords: Euclid mission, spacecraft, mechanical verification, testing 

1 INTRODUCTION - THE EUCLID MISSION 
Euclid is an optical/near-infrared survey mission [1] of the European Space Agency (ESA) to 
investigate the nature of dark energy, dark matter and gravity by observing the geometry of 
the Universe and the formation of structures over cosmological timescales. 

To accomplish the mission, ESA has selected Thales-Alenia Space (TAS Torino, 
Italy) for the implementation phase of the spacecraft (S/C) and its Service Module (SVM); 
Airbus Defence and Space (ADS Toulouse, France) for the Payload Module (PLM) and the 
“Euclid Consortium” as the single team having the scientific responsibility of the mission 
including the scientific instruments. Concerning the main sub-systems of the spacecraft, the 
following industries have been selected: Airbus Defence and Space (ASE Madrid, Spain) as 
responsible for the Service Module (SVM) platform structure and the spacecraft thermal 
control; SpaceTech GmbH (Immenstaad, Germany) as responsible for the overall Sunshield 
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(SSH) which includes the photovoltaic system; RUAG Schweiz AG (Zürich, Switzerland) as 
responsible for the structure of the SSH. 

Euclid spacecraft successfully passed its critical design review (CDR) in 2018. The 
successful outcome of this major milestone provided the formal authorization to manufacture 
the flight hardware and also provided full confidence that the science can be done. The 
structural-thermal models (STMs) of the spacecraft  were manufactured prior to CDR and the 
qualification process started.  

This paper provides a short overview of the mechanical architecture of the spacecraft 
and the overall logic of the mechanical systems verification. Furthermore the objectives and 
the main results of some significant mechanical tests, which have been performed in 2018 as a 
prerequisite for the mechanical qualification of the full spacecraft, are reported. 

2 SPACECRAFT MECHANICAL ARCHITECTURE  
The Euclid spacecraft mechanical architecture (Figure 1) comprises the Payload Module  and 
the Service Module connected by an interface structure designed to maximize thermal and 
mechanical decoupling. This interface consists of a quasi-isostatic mounting composed by 
three equally spaced bipods. 

The SVM mechanical architecture is inherited from the Herschel satellite design, with 
a primary structure formed by the central thrust cone and eight shear panels. The SVM 
platform supports the sunshield/solar array subsystem. The sunshield is mounted on the SVM 
platform by means of two rods interfacing with the top of platform itself and two brackets 
fixing the bottom of the sunshield structure. 

The Service Module comprises the spacecraft subsystems supporting the payload 
operation, hosts the payload warm electronics, and provides structural interfaces (I/F) to the 
PLM, the SSH, and the launch vehicle. It is composed by a platform and the sunshield. 

The Euclid PLM mainly consists of the three-mirror Korsch type telescope and of two 
instruments, VIS and NISP, developed by the Euclid Consortium and delivered by ESA to the 
industrial Prime Contractor as “customer furnished items”.  

The Euclid SSH structure consists mainly of CFRP skinned aluminium honeycomb 
sandwich panel and CFRP filament winding profiles. The overall design is shown in Figure 4. 

A more detailed description of the mechanical architecture of the Euclid spacecraft is 
reported in [2]. 

3 MECHANICAL LOADS VERIFICATION 
The mechanical load specifications have been established starting from the Soyuz User’s 
manual [3], where the basic requirements at spacecraft levels are reported and then followed 
by a classical flow-down of requirements at lower levels of assembly. In particular the load 
level specifications have been produced by means of SC system level analysis. More details 
can be found in [2] and [4]. The mechanical verification philosophy is based on two models: 

 The Structure and Thermal Model, built at flight standard, for structure and thermal 
qualification. The S/C STM will be equipped with dummies or STMs of the 
equipment and will include the SVM STM and the PLM STM. 

 The Proto Flight Model, used to complete the qualification programme. It will be 
submitted to a full proto-flight test approach and it will be suitable for launch and 
flight operations. 

For the Assembly, Integration, Verification and Testing aspects of the Euclid project, the 
documents published by the ECSS have been applied or considered, in particular [5], [6] and 
[7]. The Table 1 reports the relevant test matrix including the loads levels and durations. 
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Figure 1: (a): Euclid Mechanical Architecture 1; (b) Euclid STM spacecraft

The levels and durations of the S/C STM tests will be, respectively, qualification 
levels (QL) and qualification duration (QD), to qualify the structure and to cope with the 
launcher requirements. Since the PLM STM will become flight spare, the PLM vibration tests 
were initially planned (and until spacecraft CDR) to be performed at acceptance duration. 
This to preserve the lifetime of the structure. However at the time of the PLM STM 
mechanical test campaign (April 2019), the evaluation of the PLM structural lifetime was 
reassessed and the test duration revised in line with a full qualification approach. 

 

Tests STM (P)FM 
SVM SSH PLM S/C SVM SSH PLM S/C 

Static Load QL -- -- -- -- -- -- -- 
Sine Vibration (including Modal 
Survey & Sine Burst for PLM STM) -- QL/QD QL/QD QL/QD -- -- QL/AD AL/AD 

Acoustic Noise -- -- QL/QD QL/QD -- AL/AD QL/AD AL/AD 
Launcher (LVA) Fit-check and 
Separation Shock -- -- -- X -- -- -- X 

Table 1: EUCLID Spacecraft Test Matrix (excerpt: mechanical loads tests; X = to be performed) 

4 SERVICE MODULE PLATFORM STATIC LOADS TEST 

4.1 Objectives 
The static test of the SVM platform (Figure 2) has been performed (May 2018) to: 

 Demonstrate that the structure is able to carry the qualification loads, as per applicable 
specifications, without failure or degradation 

 Verify the structural stiffness 
 Verify the mathematical model 

The overall test campaign included the following tests: 
 Stiffness test, to verify the global stiffness. The following test cases have been 

performed: Axial (R1) and Lateral (R2) 
 Global strength test, to verify the load carrying capability (qualification loads). The 

following test cases have been performed: Maximum Compression Flux (S11), 
Maximum Axial Resultant (S12) and Maximum Tension Flux (S2) 
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 Local Strength Test, to verify the load carrying capability of the SVM platform main 
structural interfaces (qualification loads). The following test cases have been 
performed: Tank I/F (S3), SSH Main I/F (S4), SSH Strut I/F (S5), PLM I/F Tension 
(S6), and PLM I/F Compression (S13) 

In order to represent the actual item under test and the relevant test setup, a specific and 
detailed FE model of the SVM platform has been developed. Specific FE models of the test 
brackets have been also generated with the objective to improve the simulation of the load 
application. 

4.2 Test setup 
For most of the test cases the structure was clamped at the Launch Vehicle Adapter (LVA)  
ring interface. Figure 2 shows the test configuration (global cases), including the test jigs and 
the actuators. The loads were applied at the main mechanical interfaces and measured by 
force sensors connected to the actuators. The displacements were measured by displacement 
transducers. Also, strain gauges were mounted at critical locations of the structure. 

4.3 Test results and conclusions 
All planned test cases have been performed and the structure has withstood the defined 
qualification loads without failure or degradation. In particular the following conclusions can 
be drawn: 

 The structure of the SVM platform has been qualified under maximum tension and 
maximum compression flux (44.56 N/mm and -57.25 N/mm respectively) at the 
Lower Ring I/F. 

 The structure is qualified under maximum axial force resultant (-136 kN), maximum 
lateral force resultant (49 kN) and maximum bending moment resultant (56 kNm) at 
the Lower Ring I/F. 

 The main external I/Fs of the SVM platform structure have also been qualified, that is: 
PLM I/F, SSH Main I/F, SSH Strut I/F, and Hydrazine Tank I/F 

The results of the stiffness tests have shown that some refinements of the FE model were 
needed. Some sensitivity analyses have been performed in order to improve the correlation of 
the FE model with respect to both stiffness and strength test results and some changes in the 
model have been implemented. 

5 SUNSHIELD STRUCTURE MODAL SURVEY TEST 

5.1 Test objectives 
The modal survey test of the sunshield structure was performed at RUAG facility in Zürich 
(Switzerland) from February 27th to March 3th 2018. The objective of the test was to obtain 
the modal properties, i.e. natural frequencies, mode shapes and modal damping, of the 
structure under test. These values were needed to perform a modal correlation with an existing 
FE model. The frequency range analysed was from 15 Hz to 120 Hz. 

5.2 Test setup 
The SSH structure was attached via the two main brackets and the two strut brackets to a test 
adapter. The measurement plan included 44 three-axial  and 4 uniaxial accelerometers, 
applied over the entire structure (panels, wings, struts, poles etc.). All accelerometers had 
been calibrated prior to the test. Their sensitivities were used for each measurement, to get the 
correct physical values of the accelerations. Sensor locations were determined in order to 
achieve “optimal” modes identification and discrimination. In practice this was obtained by 
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evaluating the “best quality” Modal Assurance Criteria (MAC) values. Overall the 
instrumentation included 140 accelerometers (“channels”). No strain gauges have been used. 

It should be noted that the selection of the sensor locations has been also driven by the 
needs of the sine vibration qualification test (base-shake test). In fact most of the 
locations/accelerometers have also been used during the test on the shaker (125 
accelerometers/channels out of 140 used for the modal survey test).  

The measurement point positions have been selected on the following basis: 
 Acceleration measurements at main interfaces to control the main load path 
 Acceleration measurements on the framework key locations 
 Acceleration measurements on the three solar array panels, to get information on the 

panel modes and to limit the loads in the panel inserts (test at qualification level) 
The shaker excitation points have been selected on the basis of different criteria such as 
adequacy for target modes identification and accessibility. 
 

 
Figure 2: (a) Euclid SVM general overview (bottom); (b) Setup for stiffness and strength global cases 

5.3 Test results and conclusions 
A multi-degrees-of-freedom frequency domain curve fitting algorithm has been used for the 
evaluation of the modal parameters. The technique used processes multiple response functions 
from a single reference location to obtain global least squares estimates of the modal 
properties. 

Table 2 summarizes the main results of the modal survey test and subsequent 
correlation with the FE analysis results. In particular Table 2 reports the MAC matrix between 
the results of the FE modal analysis (after a correlation activity) and the modal survey test 
results for the frequency range 25-53 Hz. In the table the columns refer to the test modes, 
while the rows to the analytical ones. 

The test modes number 3, 4, 5 and 6 correlate quite well since the MAC values are in 
the range 0.81-0.98. The MAC value for the 7th mode is only 0.53 however the visualization 
of the mode shapes indicates that the mode of the MY (minus Y) wing is well identified. The 
8th and 9th test modes correlate quite well being the MAC values in the range 0.77-0.80. 
Similarly the test modes 10, 11 and 12 (bending modes of the substrate panels) correlate quite 
well since the MAC values with the relevant FE analysis modes are in the range 0.68-0.91. 

In the frequency range 56Hz-76Hz the correlation results show that, since the coupling 
between the panel modes is different, the MAC values are in the range 0.33-0.63. In practice  
the correlation of the bending modes in that frequency range is less accurate. On the other 
hand the test modes are identifiable in the FEM and the dynamic behaviour of the SSH 
structure is sufficiently well characterized in the frequency range of interest (up to100 Hz). 
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On the whole the modal survey test of the SSH has been considered successful and the 
goal of the correlation has been substantially reached. The correlated model allowed the re-
analysis of the sine vibration test predictions and more accurate evaluations of the necessary 
notching for the subsequent base-shake qualification test. 
 

 
Table 2: MAC matrix – frequency range 25Hz-53Hz. 

6 SUNSHIELD VIBRATION TESTS 

6.1 Test objectives 
The sunshield vibration test campaign was performed at IABG test facility in Ottobrunn, 
Germany, in April 2018. The vibration base-shake tests had the following objectives: 

 To qualify the SSH structure with respect to the sine vibration environment. This 
qualification had to be reached by sinusoidal vibrations (“sine sweep”) applied 
sequentially at the base of test item along the three principal axes. 

 To qualify the strength of the SSH with respect to the specified “quasi static loads” 
(QSL). This qualification had to be reached by sine-burst test (also called “quasi static 
load test”) in case the QSL could not be reached during the sine sweep excitation. 

 To verify the stiffness requirements of the overall SSH (in terms of fundamental 
natural frequencies) 

6.2 Test setup 
The measurement points were similar to the ones used for the SSH structure modal survey 
test. In total 125 channels/accelerometers were available. The test article was connected to the 
shaker through the vibration test adapter (Figure 3). 

6.3 Notching approach 
A notching approach has been established and agreed in order to avoid possible overtesting of 
the structure. Threshold values in terms of test item I/F forces and accelerations have been 
considered and used to activate both manual and automatic notches with respect to the 
specified sine levels. The implemented procedure had to guarantee sufficient excitation for the 
qualification of the structure without jeopardising its integrity. For this reason it has been part 
of the procedure to ensure that positive margins of safety were estimated during all phases of 
the test. For the sine vibration testing, in all three directions, the strength of some inserts was 
the driving notch criterion. 

For the “primary notching” [8], the QSL values have been used to establish the 
notching thresholds. The test interface forces have been estimated both by analysis and by a 
“hybrid” evaluation, i.e. by the triple product of the rigid body vectors, the FE model 
condensed mass matrix at the measured degrees of freedom and the measured accelerations. 
Of course a crucial aspect of the proposed notched levels, especially concerning the secondary 
notching, is that they have to be accepted by the customer [8]. 
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Figure 3: (a) Sunshield Reference Frame and design overview; (b) SSH on the Test Adapter  

6.4 Test results and conclusions 
For the qualification with respect to the quasi-static loads, the sine burst runs had to achieve 
the following equivalent acceleration at the centre of gravity of the test item:10 g in x and y 
directions (lateral axes) and 11g in z direction (longitudinal direction). The sine burst tests 
were performed in line with the applicable procedure.  

The SSH qualification with respect to the sine vibration loads involved a rather 
complex evaluation of the notched input profiles. For example Figure 4 reports the sine test 
notched input in X direction. 

On the whole the SSH vibration test campaign was considered successful. In fact all 
planned test cases have been properly applied and the structure has withstood the qualification 
loads without any failure or degradation. However, due to a non-compliance of the first 
fundamental mode in X direction, detected at about 20.5 Hz versus a required value of 22 Hz, 
some design changes in the SSH have been proposed, agreed and implemented. A “delta-test” 
in X direction has been then successfully performed. 
 

 
Figure 4: Sine test notched input in x-direction 
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7 CONCLUDING REMARKS 
This paper has shortly addressed the mechanical system of the Euclid spacecraft and the 
mechanical verification philosophy which is based on the Structure and Thermal Model 
(STM), built at flight standard for structure and thermal qualification and the Proto Flight 
Model (PFM), used to complete the qualification programme. The PFM will be submitted to a 
proto-flight test approach and it will be suitable for launch and flight operations. 

The overall verification logic of the mechanical system, as well as the mechanical tests 
plan, have been presented. Within the overall verification approach some crucial mechanical 
tests have been successfully performed in 2018. In particular this paper reported the 
objectives and the main results of: 

 the SVM platform static load test 
 the SSH modal survey test 
 the SSH sine vibration qualification test. 

 
Following the successful qualification of the PLM STM (April 2019), the qualification 

of the spacecraft STM is in progress (June 2019) and will be completed by the end of the year. 
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A HYBRID, CONFIGURATION-AGNOSTIC APPROACH TO 
AIRCRAFT CONTROL SURFACE SIZING

ABSTRACT
An approach to position and size control surfaces on a given aircraft configuration is presented 
in this paper. The approach is hybrid in nature, as it blends methods of different fidelity to
reduce computational time while preserving models representativeness. A high-fidelity method 
is used to obtain an accurate aerodynamic database, while a semi-empirical method is used to 
express the database as a function of the control surfaces position. The sizing procedure uses
an aircraft Flight Mechanics Model to perform simulations and evaluate the outcome of 
Handling and Flying Qualities tests. On this basis, design choices are taken to iteratively alter 
the position and span width of control surfaces, and consequently alter the aerodynamic 
database. The approach can be applied to any aircraft configuration. In the present work, it is 
applied to a commercial transport version of the PrandtlPlane, an innovative box-wing aircraft 
configuration, currently under investigation in the framework of the Horizon 2020 project 
PARSIFAL. Results show that the method converges from a conservative first guess control 
surface arrangement. Control effectiveness calculated with the proposed method in the final 
control surface arrangement presents an average 35% relative error w.r.t to the one calculated 
with the high-fidelity method. The reduction in computational time and effort is unquantifiable, 
as the application of the semi-empirical method is instantaneous and effortless.

Keywords: 

1 INTRODUCTION
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2 OPERATIONAL FRAMEWORK
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2.1 Aircraft geometry

2.1.1 Modelling 
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2.1.2 Meshing
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2.2 Aerodynamic analysis

2.2.1 VSAERO 3D panel method
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2.2.2 ESDU semi-empirical method
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2.3 Flight mechanics simulation
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2.3.1 Aerodynamic model
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3 METHOD AND APPLICATION

3.1 Control surface arrangement
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3.2 Aerodynamic model scaling
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3.3 Handling and Flying Qualities analysis
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longitudinal, lateral, coupled 
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LAMB WAVES FOR FATIGUE DAMAGE DETECTION

ABSTRACT
The proposed research is aimed to develop a numerical and experimental procedure for 
detecting and characterizing fatigue damage both in metallic and composite structures using 
guided waves. It is well known that materials are subjected to accumulation of micro-cracks or 
delaminations over the time when they are cyclically loaded. A structural monitoring system 
can non-destructively assess fatigue-induced damages in order to ensure the in-service 
reliability and the safety of engineering structures in aerospace field. In this study, non-
destructive techniques were preliminarily used to evaluate static loads (as a load cell), applied 
to the structure, through the propagation of Lamb waves (S0 or A0 mode) generated by 
PieZoelectric Transducers (PZTs) bonded on to the structure surfaces. The amplitudes of the 
excited wave packets were studied and correlated to the applied loads. The used wave packets 
were excited at frequencies of hundred kiloHertzs, while mechanical cyclic loadings are 
generally characterized by frequencies up to 100 Hz. Therefore, cyclic loading acts a static 
phenomenon with respect to the propagation of a Lamb wave packet. Subsequently, A0 wave
packets were used to inspect the specimen during the fatigue loading in order to monitor the 
material degradation, detect and characterize plasticity driven material damage prior to the 
formation of micro-cracks.

Keywords: 

1 INTRODUCTION
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2 MATERIALS AND METHOD
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2.1 Numerical Simulations

2.2 Experiments
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3 RESULTS
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ABSTRACT

In this paper, the problem of developing a real-time correction technique for the flight path of a
multirotor UAV for PV plants inspections using visual information is presented and discussed.
More precisely, in the proposed approach, the information obtained from a monocular RGB
camera, exploiting computer vision edge detection and feature extraction techniques, is used
to correct the GNSS coordinates of the planned waypoints to align the UAV with the object to
inspect. The integration of the developed software tools has been carried out in a Software-in-
the-Loop testing environment on top of the Robot Operating System (ROS) and Gazebo simula-
tor. Through this approach, the interactions among the various software components, namely
the Ground Control Software (GCS), the Flight Control Unit (FCU) firmware and the computer
vision algorithm, is analysed and simulated.
Keywords: UAV, guidance, computer vision

1 INTRODUCTION

The interest and the possible applications of Unmanned Aerial Vehicles (UAVs) have been in-
creasing at a fast rate in the last few years ([1]). Despite the recent technological evolution,
mainly constituted by the miniaturization of sensors, flight control units and payloads, UAVs
have shown limits in terms of accuracy and reliability.
In particular, whenever inspection and monitoring applications are involved, such as, e.g., in
the case of photovoltaic (PV) plants, correct tracking of the desired trajectory and accurate
positioning above the region of interest assume a major importance.
However, UAV outdoor navigation is currently based on the integration of Inertial Measurement
Units (IMU) with Global Navigation Satellite Systems (GNSS) receivers while the mission
is usually planned in the form of waypoints using a Ground Control Station (GCS) software
exploiting georeferenced maps. The error in the representation of the object of interest in the
georeferenced map, combined with the inherent GNSS inaccuracy can constitute a significant
degradation of the inspections quality.
In this paper, vision is combined with control on the waypoint position to achieve precise vision-
based line tracking for a multirotor UAV. The vision-based system described in the paper op-
erates by estimating, at every instant, the error between the UAV position and the object of
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interest. This estimate is then used in a robust feedback control law to modify the waypoints
that are sent to the FCU, which takes care of the low level position and attitude control.

2 PROBLEM STATEMENT

Focusing for the sake of simplicity on a single axis, a conventional position control loop for a
multirotor UAV can be described using the block diagram in Figure 1, where x is the position
variable to be controlled, xo is the corresponding set-point and transfer functions Gx(s) and
Rx(s) represent, respectively, the position dynamics and the position controller. If, as is common
practice, position control is implemented using GNSS, then the feedback system will be affected
by the measurement noise nGNSS.
In turn, the set-point xo can be either generated directly by a pilot or may correspond to a se-
quence of waypoints defined on the GCS at the beginning of the mission. In the latter case,
however, an additional error term has to be taken into account, namely the error in the position-
ing of the waypoints, which may be due, to, e.g., limitations of the GCS interface or inaccurate
georeferencing of the map of the plant to be inspected. In such a case a more realistic repre-
sentation of the control system, see Figure 1, should take into account that the actual set-point
received by the control system (denoted as x̃o) is equal to the intended set-point xo plus an error
term nMAP.

Figure 1: Position control with set-point error block diagram.

This block diagram is interesting as it shows clearly that the effect of GNSS measurement error
and the effect of inaccurate set-point computation enter the control system at the same point, so
that letting

F(s) =
Rx(s)Gx(s)

1+Rx(s)Gx(s)
(1)

the complementary sensitivity of the position control system, the block diagram can be equiv-
alently represented as in Figure 2, where nxo represents the simultaneous effect of all the error
terms.

Figure 2: Simplified position control with set-point error.

Assuming now that a vision-based system can provide additional measurements, specifically
that the camera can return a (moderately) noisy measurement of x−xo, the problem under study
becomes the one of exploiting camera measurements to compensate the effect of nxo on the
performance of the control system.
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In the following we will first discuss the vision-based algorithm used to extract measurements
of x− xo from the images and then we will turn to the design of a feedback compensator based
on such measurements.

3 COMPUTER VISION ALGORITHM

Starting from the RGB camera image, the aim of the computer vision algorithm is to extract
information about the distance and relative direction between the camera, and consequently the
UAV, and the line to track. To change the representation of an image into something easier to
be analyzed to get the required information, image segmentation, i.e., the process of partioning
an image into components, regions or objects can be exploited. Among the classes of image
segmentation techniques, edge detection ones are particularly useful in this context. They con-
sist in identifying the boundaries where there is an abrupt change in the intensity or brightness
value of the image.

3.1 Canny Edge Detector
Canny Edge Detector (CED) [2] is a popular edge detection algorithm because of its simplicity,
good edge localization and noise reduction. The first step of the algorithm is to remove noise
from the image with a Gaussian filter. It has the aim of removing small-scale texture and noise
for a given spatial extent in the image. In 2-D the kernel of an isotropic Gaussian filter has the
form

G(x,y) =
1

2πσ2 e−
x2+y2

2σ2 (2)

where σ is the standard deviation of the Gaussian kernel. The values from this kernel are
used to build a convolution matrix which is applied to the image. However, since the Gaussian
function will be non-zero at every point of the image, the entire image should be included in
the computation for every pixel. To overcome this issue, a discrete approximation limiting the
kernel size to contain only values within three standard deviations of the mean is usually taken.
Then a 2-D first derivative operator, both in horizontal and vertical direction, is applied to the
smoothed image to highlight regions of the image with large first spatial derivatives. From the
two convolved images, for each pixel, the magnitude and direction of the gradient is found.
This information is used, firstly, to suppress the non-local maxima in the considered pixel’s
neighborhood and in the direction of the gradient, and then to perform an hysteresis tresholding
with two levels, minimum and maximum. The pixels with intensity gradient higher than the
maximum are identified as edges, while those with value lower than the minimum are discarded;
those who lie in the range between the two thresholds are evaluated based on their connectivity
with other pixels.

3.2 Hough Transform
The Canny output edge-image consists of long continuous edges along with other information
that is not useful for navigation purposes (Figure 3).
The Hough transform [4] is a method used to isolate features of particular shape, i.e., lines,
within an image. The transformation is performed by moving from the image space to a para-
metric space, called accumulator. For each point of the image space (x0,y0) identified by the
Canny Edge Detector, the family of lines that goes through that point can be defined in the
accumulator space (ρ,θ) as

ρ = x0 cosθ + y0 sinθ (3)
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(a) (b)

Figure 3: Image before (a) and after (b) application of Canny Edge Detector.

with ρ the distance from the origin (top left corner of the image) normal to the line and θ the
angle between the normal and the horizontal.
Each pair (ρ,θ ) thus represents each line that passes by (x0,y0). If the curves of different points
intersect in the plane (ρ ,θ ), those points belong to the same line. If the number of intersections
is above a defined threshold, then the algorithm declares it as a line with the parameters (ρ ,θ )
of the intersection point. However, since for guidance purposes only the longitudinal lines
are of interest, a filtering process is applied with the assumption that the orientation of the
UAV camera with respect to longitudinal lines falls in the range of ±45◦. The final result is
particularly interesting since for small UAV’s pitch and roll angles, the relative heading of the
drone is approximately equal to the parameter θ of the lines in the image [6].

(a) (b)

Figure 4: Hough transform before (a) and after (b) filtering.

Once the (ρ,θ) parameters of all the filtered lines are known, one single value of the parameters
must be extracted. For what concerns the angle, the average value of θ is taken, while for ρ the
value corresponding to the mean line is considered. Then the distance X is computed, taking as
reference the distance between the origin and the center of the image in pixels ρre f , namely

X = ρmean −
ρre f

cos(θavg)
. (4)

A graphical representation of the above computation in shown in Figure 5.
Then, the distance just obtained is converted into camera coordinates, namely:

xc = X cosθavg, yc = X sinθavg. (5)

It is worth noting that the computed distance is measured in pixels. Assuming a linear scaling,
the values in meters can be obtained by dividing xc and yc by the respective image resolution on
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x

y ρmean

θavg ρref

X

Figure 5: Graphical representation of distance X

that axis and by multiplying by the corresponding scale factors given by

scalex = 2h tan(FOVx/2), scaley = 2h tan(FOVy/2) (6)

with symbols referring to Figure 6.

Figure 6: Schematic representation of camera Field Of View [5]

Then, the information is rotated from the camera reference frame into a UAV local reference
frame (ENU for instance) with the rotation matrix

[
ec
nc

]
=

[
sinψ −cosψ

−cosψ −sinψ

][
xc
yc

]
, (7)

where ψ represents the heading angle of the UAV. It is worth noting that the heading of the UAV
is directed, at every instant, toward its next waypoint.

4 GUIDANCE LAW

The guidance law presented in this paper has been designed to operate outside the main position
control loop of the UAV. This feature makes the algorithm independent of the specific flight
control system; in particular, it enables its application also to platforms using proprietary flight
control software rather than open source one, such as PX4.
As discussed in Section 2, the aim of the vision-based guidance law is to modify the desired
trajectory of the UAV, acting directly on the waypoints planned by the user before the start of
the mission, in order to keep the platform above the object to track, even in presence of GNSS
inaccuracy and errors in waypoints’ positioning and map georeferencing.
With reference, for the sake of clarity, to a single axis of the position control system, the block
diagram of the system is shown in Figure 7, where F(s) represents the complementary sensitiv-
ity of the position control system of the UAV and Γ(s) is a compensator which takes as input the
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difference between the desired waypoint (x0, the geodetic coordinates of the line to be tracked)
and the actual position of the UAV (x), which corresponds to the result extracted by the camera
in the previous section, and gives as output the correction δx needed to compensate the error
between the planned waypoint and the desired one nx0 .

Figure 7: Simplified position control with camera measurement and compensator.

The transfer functions from, respectively, the desired set-point and the measurement error to the
UAV position can be derived from the block diagram in Figure 7 and are given by:

x =
F(s)(1+Γ(s))
1+Γ(s)F(s)

x0 +
F(s)

1+F(s)Γ(s)
nx0 . (8)

Assuming that the compensator Γ(s) has been chosen so that the feedback interconnection be-
tween F(s) and Γ(s) is asymptotically stable and considering the case in which nx0 can be treated
to first approximation as a constant input, then clearly the response to the error tends asymptot-
ically to zero, while the UAV position x tends to the desired one, if and only if a compensator
with integral action is adopted.
Turning to the problem of choosing the structure of the compensator, the following line of
reasoning can be considered. As discussed in the Introduction, one of the requirements of
the line-tracking algorithm is to be independent of the position control system of the UAV,
which means that it cannot be assumed that F(s) is exactly known. However, since F(s) is the
complementary sensitivity of the position control loop, under the (quite reasonable) assumption
that the phase margin of the position control loop is in the 45◦ to 60◦ range, a second order
approximation of F(s) in the form

F(s) =
ω2

n
s2 +2ξ ωns+ω2

n
(9)

can be used, with ωn taken as the crossover frequency of the true F(s) and ξ chosen as ξ =
φm/100, with φm the phase margin of the position control loop. Note that ωn and ξ can be
equivalently obtained from a step response of the position control system. In view of the struc-
ture of F(s), a PI transfer function is adopted for Γ(s):

Γ(s) = KP +
KI

s
. (10)

The tuning of the PI controller is performed using a structured H∞ approach (see [7]). Assuming
for F(s) that ωn = 0.7 rad/s and ξ = 0.7, suitable weighting functions have been used to drive
a mixed-sensitivity synthesis for the parameters of the compensator, using the Matlab optimisa-
tion tool systune. More precisely, two weighting functions are considered, concerning respec-
tively the transfer function from the error to the true position x and the one from the same error
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to the control action (i.e., the set-point correction). The weights take into account, respectively,
the desired bandwidth for the compensation, as well as the limitations due to the low sampling
rate of the camera, and the corresponding limitations (both in amplitude and frequency) for the
control effort.
The obtained gains are: KP = 10.3, KI = 0.748. The step responses of the corresponding
closed-loop system to steps applied to the set-point error and to the set-point are shown (both in
continuous-time and in discrete-time with 1Hz sampling rate) in Figure 8.
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Figure 8: Step responses. Error to position (a) and setpoint to position (b).

5 SIMULATION RESULTS

5.1 Simulation environment
The simulation environment is based on the FCU PX4 firmware. One of its significant features
is that it allows to perform a Software-in-the-Loop (SITL) testing of the developed algorithm.
The PX4 SITL communicates via MAVLink with the simulator (e.g., Gazebo) to receive sensor
data from the simulated world and send actuator command values to it. It communicates with
the GCS and an Offboard API (e.g., ROS) to send telemetry from the simulated environment
and receive commands.
The main sensors’ plugin implemented for the testing of the algorithm on Gazebo involve the
GNSS, a range sensor and the camera. The camera plugin works in autotrigger mode at a
frequency of 1 Hz and provides the pictures that are analyzed in real time. The range sensor
is used to estimate the height h with respect to the object to track which is used to evaluate
the pixel-to-meter scale factors defined in (6). The GNSS signal is simulated as a first order
Gauss-Markov process. In the Gazebo simulator a row of PV panels is implemented and its
tracking represents the goal of the algorithm, while the simulated UAV is a Yuneec Typhoon
H480 hexacopter. An example is shown in Figure 9.

5.2 Results
For the sake of clarity in the representation, and without loss of generality (the system can be
used for error compensation in both longitude and latitude), the line to be tracked is implemented
at constant longitude. In the simulation, the line is inserted at 3 meters from the origin of the
local reference frame, while the waypoint sent to the FCU is located at -2 meters in the same
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Figure 9: Example of Gazebo simulator.
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Figure 11: Camera estimate compared to ground truth.
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reference frame. The UAV cruise speed and height are fixed respectively to 1 meter per second
and 10 meters. The results are shown in Figure 10 and Figure 11.
As can be seen from Figure 10, the UAV changes its trajectory to reach and track the considered
line, compensating both the GNSS noise and the waypoint error. Furthermore, from Figure
11, it can be seen that the developed computer vision algorithm is able to estimate the distance
between the UAV and the line to be tracked.
Finally, the waypoint position regarded as the control variable for the developed system is rep-
resented in Figure 12.
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Figure 12: Waypoint position compared to the desired one.

The steady state error is equal to about 0.06 m which is compatible with the accuracy of the
camera. Indeed, the mean value of the camera error is equal to µc = 0.052 m; its standard
deviation is equal to σc = 0.1432 m.

6 CONCLUSIONS

In this paper the problem of improving the performance of automatic inspection for PV plants
has been considered and a vision-based guidance law has been developed. The results show
that the approach is successful in reducing the tracking error to a level which is negligible
for all practical purposes and is just due to the camera error itself. Future work will aim at
experimental validation of the approach and at the study of the impact of the computer vision
parameters on its performance, in a control-theoretic setting.
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ABSTRACT  
 
A key step in sustaining human settlements on Mars will be provided by the development of 

technologies based on extreme-tolerant cyanobacteria capable of using in situ resources. The 

potential of desiccation-, radiation- tolerant cyanobacteria of the genus Chroococcidiopsis to 

perform oxygenic photosynthesis by extracting nutrients from Martian soil simulants is under 

investigation. The aim is to use cyanobacterial biomass to provide nutrients to plants in life 

support systems, but also to grow heterotrophic bacteria. The latter might be engineered as 

cell factories to produce essential supplies for long-term missions. As a proof of concept cell 

lysates obtained from Chroococcidiopsis cells were used to grow the bacterium Escherichia 

coli. The development of a cyanobacterium-based technology is taking advantage of space 

experiments carried out on dried Chroococcidiopsis cells exposed to Mars-like conditions 

under ground-based simulations and in low Earth orbit, by using the ESA facility EXPOSE-

R2. An ultimate goal to enable human space exploration is synthetic biology. In order to use 

Chroococcidiopsis as a chassis to realize a repositories of synthetic DNA sequences available 

when needed, relevant features of the genome of a strain already tested in space experiments, 

are under investigation.  
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1 INTRODUCTION 
Human space exploration is strongly constrained by the need to carry consumables for the 
crew. While sustaining a crewed outpost on the Moon seems more realistic by taking 
advantage of Earth supplies, an outpost on Mars can be planned only if it can be maintained 
with a minimal dependency from Earth. The need for safe production of food for future 
manned space exploration is currently addressed by developing Biological Life Support 
Systems (BLSS) that aim to recycle gas, liquid and solid wastes [1]. A challenge is 
connecting in situ resource utilization (ISRU) and BLSS through the development of a 
microorganism-based technology for processing on-site materials (mainly water and minerals 
and Martian atmosphere) and thus turning them into resources that can be used for feeding 
BLSS.  Such a technology will be compatible with currently developed BLSS, noteworthy 
MELiSSA Advanced Life Support- ESA [2] and EDEN, a rack-like Prototype of LSS based 
on plants [3]. 

A key challenge for utilizing in situ resources available on Mars and link them to BLSS is 
the exploitation of extreme-tolerant cyanobacteria by taking advantage of their bioleaching 
and CO2 - fixing capabilities [4-6]. In this context the use of desiccation-, radiation- tolerant 
cyanobacteria of the genus Chroococcidiopsis isolated from extreme deserts, is relevant 
because they can cope with space and Mars-like conditions [7]. The goal is to use 
Chroococcidiopsis biomass to provide nutrients not only to plants in the life support systems, 
but also to support the growth of heterotrophic bacteria. Indeed the exploitation of 
cyanobacterial lysate in space technologies is currently under testing in the NASA PowerCell 
experiment carried out in a secondary payload of the DLR satellite Eu:CROPIS (Euglena & 
Combined Regenerative Organic-food Production In Space). In the PowerCell experiment 
cyanobacterial lysate will be used to support the germination of bacterial spores [8]. 
However, human long-term space exploration will also benefit from space synthetic biology. 
This is an emerging discipline that aims to design and build novel cellular systems, or rewire 
biologically natural ones, by assembling modified or chemically synthesized components [9]. 
Synthetic biology could greatly decrease the cost of human space exploration by enabling life 
support systems, by producing consumables on site and by synthetizing for instance structural 
materials [9]. On Earth humans have been consuming and/or using microorganism-produced 
resources, so it could be envisaged to build a Martian outpost provided with repositories of 
synthetic genetic constructs that could confer cyanobacteria with given functions, when 
needed. In comparison to bacteria, such as Escherichia coli, the genetic engineering 
cyanobacterial strains requires special considerations because of the presence of 
restriction/modification systems that comprise a restriction endonuclease activity that cleaves 
DNA [10]. Here the first proof of concept in using a desert strain of Chroococcidiopsis in 
feeding a heterotrophic bacterium and a first step in using this extreme-tolerant 
cyanobacterium as a chassis for space synthetic biology are reported. 

 

2 MATERIALS AND METHODS  
2.1. Cyanobacterial culture and lysate 
 
Chroococcidiopsis sp. CCMEE 029 (hereafter Chroococcidiopsis) was isolated by Roseli 
Ocampo-Friedmann from cryptoendolithic growth in sandstone in the Negev Desert (Israel) 
and now maintained at the University of Rome Tor Vergata, as part of the Culture Collection 
of Microorganisms from Extreme Environments (CCMEE) established by E. Imre Friedmann. 
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Liquid cultures were grown under routine conditions at 25°C, in BG-11 medium under a 
continuous photon flux density of 40 µmol m-2 s-1 provided by fluorescent cool-white bulbs. 
Chroococcidiopsis cultures (20 ml-aliquots) were grown in BG-11 (ref.) until the early 
stationary phase (about 1.5 x 109 cells/ml) and centrifuged at 7000 g for 15 min, the pellet 
was dried overnight under an airflow chamber and weighed. Cyanobacterial pellets were 
resuspended with 3 ml of ultra-pure dH2O and splatted in 3 aliquots. Each aliquot was lysed 
by few-min mortaring and after adding 500 µl of ultra-pure dH2O they were thermal shocked 
in liquid N2 for 1 min followed by immersion in 37°C-bath. Then the lysate was centrifuged 
at 6000 g for 10 min and the supernatant was collected and used to support the growth of the 
heterotrophic bacterium Escherichia coli K-12 MG1655. 
 
2.1. Bacterial growth with cyanobacterial lysate 
 
Escherichia coli K-12 MG1655 (ATCC 700926) was purchased from the American Type 
Culture Collection (Manassas, VA) and grown in Luria-Bertani medium (LB: 10g Triptone, 
10g NaCl, 5g Yeast extract, 200µl NaOH (1N) for 1 L) at 37°C, following standard 
procedures. Then 1 x 106 cells/ml were inoculated into 1 ml of cyanobacterial lysate and 
allowed to grow under standard conditions inside 1.5 ml Eppendorf tubes. As positive control 
106 cells/ml were inoculated into 1 ml of LB medium and of minimum medium (M9: 6g 
Na2HPO4, 3g KH2PO4, 1g NH4Cl, 0.5g NaCl, 0.12g MgSO4x7H2O, 0.04g CaCl2x2H2O and 
5g Glucose, for 1 L). As negative control 106 cells/ml were inoculated into 1 ml of sterile 
distilled H2O and in Phosphate-Buffered Saline (PBS). Before the inoculation bacterial cells 
were washed with PBS buffer. Bacterial growth was monitored after overnight incubation by 
measuring cell densities at 600 nm (OD 600 nm) with a spectrophotometer. Experiments were 
carried out in two independent trials with three replicates. 
 
2.2. Bioinformatic analysis of the genomic DNA  
The genome of Chroococcidiopsis was sequenced by using Illumina Solexa technology (CD 
Genomics NY USA) and after quality control by using FastQC, 
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/,) reads were trimmed and 
adapter sequences removed, and selected reads were assembled using Velvet version 1.2.10. 
Genes codifying restriction-modification (RM) were identified in the draft genome by using 
PROKKA a prokaryotic gene annotator.  
 

3 RESULTS AND DISCUSSION 

3.1. Chroococcidiopsis lysate supports the growth of heterotrophic bacteria  
Chroococcidiopsis lysate was efficiently used as nutrient source to support the growth of 
Escherichia coli K-12 MG1655. In fact, after overnight incubation the cell densities increased 
from about 1 x 106 cells/ml to about 4 x 108 (Figure 1). However the bacterial growth 
supported by the amount of fixed carbon and other nutrients present in the cyanobacterial 
lysate resulted reduced when compared to that scored when 1 x 106 cells/ml were inoculated 
into a rich medium such as LB medium or M9 minimum medium (Figure 1). As expected no 
increase in the cell densities was scored when Escherichia coli was inoculated in water or in 
PBS (Figure 1).  
 This results support the development of space technologies based on oxygenic 
photosynthetic microorganisms that could be exploit for producing nutrients to feed other 
microbes, either part of BLSS or engineered for specific tasks such as chemical, material or 
food production [9]. The next step in linking BLSS to in situ resources would is the 
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investigation of the Choococcidiopsis capability to grow on the Martian soil, known to be rich 
in perchlorates. 
 
 
3.2. Chroococcidiopsis genome has a minimal restriction/modification system  
 
The in silico analysis of the Chroococcidiopsis genome identified the presence of: i) hsdM, 
hsdR and hsdS genes codifying Type I restriction/modification system, ii) three gene copies 
codifying a Type II restriction enzyme; and iii) three gene copies codifying Type III 
restriction enzyme. This results is a first step to the use of Chroococcidiopsis as chassis in 
synthetic biology applications in space technologies, since the restriction/modification system 
represents a barrier to genetic manipulation that is fundamental in transferring synthetic DNA 
sequences to the chassis [10]. 

 
 

 

 
Figure 1: Growth of Escherichia coli K-12 MG1655 after overnight incubation in a medium derived 

from Chroococcidiopsis biomass (Lysate), in a rich medium (LB) and minimal medium (M9). 
Absence of bacterial growth in water and in a saline buffer (PBS). 
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ABSTRACT 
 
 

The aim of this work is to trace the historical evolution of the A.I.D.A.A. Italian Association 
of Aeronautics and Astronautics through its Congresses. 
Since 1920, the year of the foundation of the A.I.D.A.-Italian Association of Aerotechnics, 
forty-six Congresses have been organized, nine in the aeronautical period until 1951, twelve 
in the period following until 1969 when the A.I.R.-Italian Rockets Association was founded, 
andtwenty-five from 1971 to 2020 with the advent of the A.I.D.A.A. 
A long period, a century, experiencing strong political and social changes, two world wars 
and great transformations that involved all aerospace sectors. 
Organized periodically by the various Branches, the Congress is the most representative part 
of A.I.D.A.A. activities and it is a meeting opportunity for all Italian civil and military 
components, universities, research institutes and industries. 
Much of the scientific research in aerospace technology is illustrated in the papers that the 
Delegates present to the Congress, thus giving a global view on the institutional and industrial 
contribution of the Italian aeronautical and space sector. 
The Rome Branch of the A.I.D.A.A., which has always been connected with the Sapienza 
University of Rome, has organized eight Congresses, four of which with the A.I.D.A. from 
1920 to 1969 and four in the following period. Perhaps it is no coincidence that in this first 
century of the history of the A.I.D.A.A., the first and last Congresses were organized at the 
University La Sapienza of Rome. 
The first, the so-called "First Aerotechnics  Week", was held in 1925 in Rome at the “Palazzo 
della Sapienza” and the last in 2019 held at the Faculty of Civil and Industrial Engineering in 
Via Eudossiana in Rome. 
This paper illustrates how important the support of A.I.D.A.A. has been in the progress of 
national aerospace sciences and how much the Branches with their Members have contributed 
to the evolution and growth of the Italian Aeronautical and Space sector. 
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THE FOUNDATION OF THE A.I.D.A. 
ITALIAN ASSOCIATION OF  AEROTECHNICS 

 
The history of the A.I.D.A.A. begins in 1920, the year of its foundation, and can be divided 
into three periods. 
The first, from 1920 to 1951, when the name of the Association was A.I.D.A. – Italian 
Association of Aerotechnics; the second from 1951 to 1969 with the foundation of the A.I.R. 
– Italian Rockets Association, affiliated to the A.I.D.A., and the third from 1969 to 2020 with 
the current name: A.I.D.A.A.-Italian Association of Aeronautics and Astronautics. 
The history of these periods is described in this work through the forty-six National 
Congresses held from 1920 to 2020, each of which, in addition to the technical-scientific part, 
contains  many other aspects such as the particular moment and the circumstances in which it 
was organized. 
At the end of the First World War the Italian situation was catastrophic and the aeronautical 
sector had sunk to very low levels, but the will to recover was so great and the person who 
most understood this particular moment of “power failure” in the aeronautical sector was  
General Maurizio Mario Moris,  defined as "the driving force of the Italian Air Force" who 
since 1910 directed the "Military High School of Aeronautical Constructions" of the "Brigade 
for Specialist Engineers". 
Together with other Italian aeronautics experts Gen. Moris proposed the foundation of a 
"scientific society for the progress of aeronautics in which agreement and scientific 
information among the  experts is carried forward with conferences, discussions and periodic 
meetings". 
 

A.I.D.A. 
 

ITALIAN  ASSOCIATION OF AEROTECHNICS 
 
 

 
 

                                   1920                       1921                          1924 
 

The first logos of the A.I.D.A. 
 

 
 
A.I.D.A. CONGRESSES (1920-1950) 
 
Among the various activities of the A.I.D.A. the organization of technological and scientific 
Congresses is certainly the most significant, and nine were organized between 1920and1950. 
(Tab. 1) 
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Initially they were called "Interprovincial Conferences of Aerotechnics" but later they took 
the official name "National Aerotechnics Congresses". 
The organization of the Congress is always carried out by the Members belonging to the 
various Branches distributed throughout the country. 
 
Congress Year Place Event 
I 1925 Rome First Aerotechnics Week 
II 1928 Turin X Anniversary of the Victory 
III 1937 Milan I Interprovincial Congress 
IV 1937 Turin XXV Aeronautical Lab. Turin Politecnico 
V 1938 Naples In collaboration with ATI and ATA 
VI 1940 Rome Twentieth Anniversary of the A.I.D.A. 
VII 1948 Turin and  Pisa First post-war  Congress  
VIII 1949 Rome  A.I.D.A. starts again 
IX 1950 Bologna Centenary of Augusto Righi 
 
TAB.1  National  A.I.D.A. Congresses (1920-1950) 
 
The First National Congress was called "First Aerotechnics  Week". It took place in 1925 in 
the Aula Magna of “Palazzo della  Sapienza” of the Regia  Università of Rome to celebrate 
the fifth year of activity of the Association. The Congress was organized under the Presidency 
of Prof. Lucio Silla of the Rome Branch. At the opening ceremony the Rector Prof. Giorgio 
Del Vecchio presented the greetings of the University to the King and the highest State 
representatives present. 
The first scientific work, "Il Volo Transpolare" was by Col. Umberto Nobile, who illustrated 
the project of the first flight over the North Pole by the first Italian military airship "Norge 
N1”. 

 

 
 
Fig. 1 The Italian airship Norge N1 
 
The participants at the conference were then received "in sumptuous and solemn form" in the 
“ala sinistra” of the Capitoline Museums by the Governor of Rome. 
The Congress ended with visits to the experimental facilities of the Ministry of Aeronautics, 
and with two flights over Rome with  200 Delegates aboard the Esperia airship piloted by   
Colonel Valle. 
The III Congress was organized by Gianni Caproni, President of the Milan Branch, in 1937 at 
the “Palazzo delle Borse” in Milan with a very high participation of Aeronautical Industries: 
Caproni, Breda Aeronautica, La Filotecnica,  Isotta Fraschini, Alfa Romeo and S.I.A.I., each 
of which presented studies, research  and new projects. A young student from the Politecnico 
of Milan, Ermanno Bazzocchi, presented an interesting work on the study of the longitudinal 
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stability of the "slit biplane”, the biplane with scaled wings, the “Pou du Ciel"by Henry 
Mignet. 
The V Congress was held in Naples in 1938 at the University and the work that aroused much 
interest was by Antonio Ferri on the study of aerodynamic characteristics on a series of wing 
profiles with speeds from 0.4 to 2.7 Mach (8). Experimental tests were performed in the 
stratospheric ultrasonic tunnel of Guidonia at the Direzione Superiore Studi ed Esperienze 
(DSSE), or High Directorate for Studies and Tests of the Ministry of Aeronautics, 
Aerodynamic Section, under the Direction of Prof. Antonio Eula. 
 

 Fig. 2 Experimental test wind tunnel: α=0 M=0.97   
 
 
The VI National Congress had been scheduled in Rome in 1940 on 13-15 June at the Faculty 
of Letters of the University of Rome, but on 10 June Mussolini declared war and this created 
a very embarrassing situation. 
The President of the A.I.D.A., Gaetano Arturo Crocco, decided to hold it only 
"SYMBOLICALLY" inviting, by telegraph, all the participants to a symbolic congress on 
June 13 at the headquarters of the Association where he read only the titles of the papers. 

 
A.I.D.A. activities resumed definitively in 1945 under the Presidency of Prof. Enrico Pistolesi 
who organized the Congress in 1948 in two locations, Pisa and Turin. 
The most noticeable fact for  all the participants was the recent destruction of the 
experimental laboratories of Guidonia, bombed by the Allies in September 1943 and 
subsequently mined by the Germans before they retreated. 
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Nobody wanted to talk about Guidonia, they wanted to hide everything: the memory of the 
fascist regime, the researches and the results obtained. Everyone hoped that silence would 
ease the pain but the result  was just the opposite. 
The situation throughout the peninsula was similar, perhaps worse than that at the end of the 
First World War. The A.I.D.A. with its Members  Lazzarino and Pistolesi in Pisa, Gabrielli in 
Turin and Eula in Rome, understood this particular moment and organized another Congress 
in Rome in 1949 with the aim of restoring vigor and strength to all the Italian institutions, 
both civil and military. 
 
Many are the members who have worked for A.I.D.A. during this periodand some of the most 
famous appear in the following photo, Fig. 3, taken during  a visit by an American delegation 
of the "Institute of the Aeronautical Sciences" in New York, to the experimental laboratories 
of Guidonia. 
 

 
Fig. 3 Oberziner, Giacomelli, L. Crocco, Capetti, G. A. Crocco, Gardner,Fiore, Panetti, 
Pistolesi, Wickersham, White 
 

THE FOUNDATION OF THE A.I.R. 
 

ITALIAN ROCKETS ASSOCIATION 
 

In 1951 the so-called economic boom began to make itself felt and the aeronautical sector was 
among the foremost with new ideas, new technicians and designers, some of whom were 
members of the A.I.D.A. such as Ermanno Bazzocchi, Stelio Frati, Francesco Macchi and 
Ermenegildo  Preti in Milan, Giuseppe Gabrielli in Turin, Luigi Broglio in Rome and Luigi 
Pascale in Naples, and many others perhaps less known but still decisive. 
But in this period what increasingly emerged was the space sector with Sputnik1 launched by 
the U.S.S.R. in 1957, Explorer1 by the U.S.A. in 1958, Yuri Gagarin, the first man in space, 
in 1961,and the first man on the Moon, Neil Armstrong, in 1969. 
In 1964 the San Marco 1 was launched, the first Italian scientific satellite from Wallops Island 
(USA), defined as the ‘Italian Sputnik’, the first of a program managed  by the C.R.A. - 
Aerospace Research Center in Rome, the outcome of an agreement between the University of 
Rome and the Italian Air Force, under the guidance of Prof. Luigi Broglio, the real father of 
the program and pioneer of Italian space activities. 
 

  Luigi Broglio 
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This important evolution gained greater and greater importance within the A.I.D.A. although 
not shared by all the Members because the space sector was still considered secondary. 
Antonio Eula and Gaetano Arturo Crocco were the people who most understood this interest. 
However, since there was still too much hesitation within the A.I.D.A., and in order to avoid 
conflicts between the Members, in 1951, they thought of setting up a new Association, 
connected with the A.I.D.A., but dedicated exclusively to the missile sector. 
 

A.I.R. 
 

ITALIAN ROCKETS ASSOCIATION 
 

 The logo of A.I.R. 
 

As Eula said, this was an act of courage and faith because few people in Italy believed in 
space and in future space missions. With the AIR was born that sector which today is called 
the “astronautical sector”.  
The A.I.R. was immediately very active and in 1951 was one of the founding Associations of 
the International  Astronautical  Federation – I.A.F and in 1960 the founder of the I.A.A.-
International Academy of Astronautics. 
A few years after foundation in 1956 the A.I.R. organized the VII International Astronautical  
Congress of I.A.F. in Rome at the EUR Conference Center. 
The paper presented by G.A. Crocco on the use of the gravitational fields of Mars and Venus, 
the well-known gravity assist to reduce the travel time Earth-Mars-Venus-Earth, was a great 
historical success. 
 

Fig. 4  Gravity Assist 
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But the activities of the A.I.D.A. continued and in particular the Congresses: in this period 
ninewere organized (TAB.:2). 
 
Congress Year Place Event 
X 1951 Naples With ATI ( Associazione Termotecnica Italiana) and ATA 
XI 1952 Florence (Associazione Tecnica dell’Automobile)  
XII 1953 Palermo  
XIII 1954 Genoa  
XIV 1955 Bari  
XV 1957 Cagliari The last  annual  Congress 
XVI 1959 Pisa 50th Anniversary of the Wrightbrothers’ flight in Italy 
XVII 1961 Turin Centenary of Italian Unity 
XVIII 1963 Genoa  
 
TAB.2 National A.I.D.A. Congresses (1951-1963) 
 
During  Pistolesi's Presidency it was decided to establish one main theme for each Congress 
in order to increase its interest and to be able to gather more technical-scientific information. 
In the XII Congress held in Palermo in 1953, the main themes concerned the technique and 
use of helicopters and the technical and economic criteria for aircraft design, while the Bari 
Congress concerned the problems of the boundary layer. 
In the Cagliari  Congress in 1957 the main theme was the problems of combustion in jet 
engines. 
The XVI Congress was held in 1959 in Pisa in honor of Prof. Pistolesi and to celebrate the 
fiftieth anniversary of the first flight of the Wright brothers in Italy. The theme of the 
Congress was hypersonic flight and high-speed propulsion. 
The XVII National Congress was held in Turin in 1961, to celebrate the centenary of the 
Republic, and it was the Congress in which the increase in Italian aeronautical and space 
activities was most evident. 
Prof. Antonio Capetti, Rector of the Polytechnic University of Turin, in his opening address 
spoke of the contribution of  Piedmontese  Industry to the development of Italian aeronautics 
and Prof. L. Lazzarino spoke on the specific theme of the Congress "Take-offs and landings, 
shortened and vertical” where the Italian Air Force also presented the first results on VTOL 
techniques.  
Also among the various works were those by Broglio,  Buongiorno  and  Arduini who 
presented the first results obtained at the laboratories of the C.R.A. – Aerospace Research 
Center in Rome. 
 
Between the A.I.D.A. and the A.I.R. there was always a cordial relationship; they shared the 
same headquarters, part of the staff was in common and for many years the President himself 
was also the same. 
But, as was to be expected, the birth of the A.I.R. created a certain imbalance within the 
A.I.D.A. especially in the organization of the Congress. 
In order to avoid overlapping, as happened in 1959, it was decided both Associations would 
organize a single Congress (TAB.3). 
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Congress Year Place Event 
XIX 1965 Naples Inauguration of the Engineering Faculty  in Naples 
XX 1967 Milan Inauguration of the Aeronautical Institute, Via Golgi,Milan 
XXI 1969 Rome  
 
TAB.3  National    A.I.D.A.-A.I.R.  Congresses (1965-1969) 
 
The  XIX  National Congress, the first jointly organized by the A.I.D.A. and A.I.R. was held 
in Naples in 1965 in the new location of the Engineering Faculty in  Piazzale Tecchio. 
The XX A.I.D.A.-A.I.R. Congress was held in Milan in 1967 on the theme "Problems of 
flight mechanics and space flight" at the new Institute of Aerospace Engineering in Via Golgi 
at the Politecnico  of  Milan. 
The organization of the Congress was carried out by Prof. Bruno Finzi,  Rector and Director 
of the Institute and Prof. Lazzarino who gave the lecture on the critical review of the current 
state of development of problems of flight and space mechanics. 
 
Even if the technical-scientific activities were flourishing, the problem of keeping the two 
Associations alive became more and more evident; the people were the same and the 
economic problems, above all the maintenance of the two Journals, became more and more 
pressing. 
In all the Branches some members were favorable and others contrary to the merging of the 
two Associations. The final decision was taken in the Joint Extraordinary Assembly in 1969 
where it was decided to found a new Association, with the negative vote of the President of 
the Branch of Naples, Prof Cesare Cremona, although the person who mostly believed and 
pushed for the merger was Prof. Luigi Napolitano. 
 

A.I.D.A.A. 
 

ITALIAN ASSOCIATION OF AERONAUTICS AND ASTRONAUTICS.  

 
 

The A.I.D.A.A. logo 
 
Prof. Eula was the first President of the A.I.D.A.A., and the Executive Vice President was 
Prof. Paolo Santini of the Aerospace Engineering School of the University of Rome who 
became President in 1976. 
Together with the merging  of the two Associations, the respective scientific Journals, 
A.I.D.A.’s Aerotecnica  and A.I.R.’s  Missili e Spazio also merged into what is still today the 
single specialist trade Journal:  “Aerotecnica  Missili e Spazio”. 
But in addition to international activities, the National Congresses also resumed their normal 
sequence and in this period twenty-five were held covering fifty years of history of the 
A.I.D.A.A. from 1970 to 2020. (TAB.4) 
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TAB.4  National    A.I.D.A.A.   Congresses (1971-2020) 
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The first took place in Palermo in 1971 and with this Congress the aerospace sector began 
with the three branches in Italian universities: aeronautics, space and astronautics. 
Prof. Mattioli from the University of Palermo presented a paper on fast surface transport. 
In 1973 the II Congress was held in Pisa to celebrate the fiftieth anniversary of the Italian Air 
Force, while the third was held at the Polytechnic of Turin in 1975, on the 100th anniversary 
of the birth of Prof. Modesto Panetti. 
 

 
 
Fig. 5 A.I.D.A.A.Congress 1973, Profs. Lazzarino, Santini, Napolitano, Lazzeri and Eula 
 
The IV National Congress was held in Milan in 1977 at the Institute of Aerospace 
Engineering of the Polytechnic of Milan, organized with the Chamber of Commerce of Milan. 
President of the Milan Branch was Prof. Ermenegildo Preti. In this Congress the Italian 
experiments on the first Spacelab mission were presented. 
The V Congress took place in Rome in 1981 at the S.I.A. Aerospace Engineering School in 
the historic headquarters of Via Eudossiana n. 18. The importance of this Congress is linked 
to the opening in the academic year 1981-82 of the first Degree Course in Aerospace 
Engineering at the Faculty of Engineering of Sapienza University. 
The Aeronautical Academy of Pozzuoli (Naples) was the main venue of the VII National 
Congress organized in 1983 by the Naples Branch with President Prof. Luigi G. Napolitano. 
 

 
 
A.I.D.A.A. Congress 1983, Congress  proceedings (cover) 
 
At the Opening Ceremony, Gen.  Licio  Giorgieri, General Manager of Costarmaereo and 
Head of the Aeronautical Engineers Corps spoke on the importance of the Italian Air Force as 
the driving component and stimulus for Italian aeronautical activities. 
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The Congress was held when the SPACELAB Space Laboratory, which included various 
Italian experiments and research, was about to be launched. 
In 1985 the VIII Congress was held in Turin and in the opening ceremony Prof. Carlo Ferrari 
presented a paper "The Turbulence: Mystery and Fantasy" where the author cited a work of 
1981 by Prof. Brian J. Cantwell where Cantwell said: "Turbulence remains a major unsolved 
problem of classical Physics". 
Thirty-eight years later, in 2019, Prof. Brian J. Cantwell was invited to Rome to the XXV 
Congress to give a lecture on "A Hybrid Propulsion Solution for the Mars Ascent Vehicle". 
In 1988 the new Emilia Romagna Branch was established with President Prof. Franco 
Persiani, who organized two Congresses, in 1991 and 2007. 
The Veneto Branch of the A.I.D.A. was founded in 1947 by Prof. Mario Medici, Professor at 
the Faculty of Engineering of Padua, and organized the national Congress in 2011 in Venice 
together with the III C.E.A.S. – The Council of European Aerospace Societies - Conference. 
For the organizing of these 25 Congresses it was necessary to overcome many problems 
including the economic ones,  but the will of the  A.I.D.A.A Presidents, Antonio Eula, Oscar 
Cinquegrani, Paolo Santini,  Vittorio Giavotto, Paolo Santini, Ernesto Vallerani, Fausto 
Cereti, Amalia Ercoli Finzi , Franco Persiani, Leonardo Lecce,  Erasmo Carrera, and the 
diligence of the  Branches’ Presidents and Members, made possible the realization of all the 
Congresses with the regular two-year deadline. 
 
In all the National Congresses, the opening ceremonies have always seen the presence of 
representatives of the Italian Air Force. 
Gen. Alessandro Guidoni opened the Congresses of 1925 and 1928 and this tradition 
continues with Gen. Basilio Di Martino who opened the 2019 Congress. 
The relationship with the Italian Air Force not only concerns the Congresses but also many 
events organized by all Branches, such as the one for the celebration of the 75th anniversary 
of the Italian Air Force in 1998 in Rome where Gen. Mario Arpino, Chief of Staff of the 
Italian Air Force, and Gen. Carmine Cianci, Head of the Aeronautical Engineers Corps, were 
also present. 
Prof. Luigi Broglio, in his speech, recalled the whole history of the San Marco Project and 
how decisive the contribution of the Italian Air Force had been in the establishment of the 
C.R.A.-Aerospace Research Center and of the San Marco Project (15). 
 
Conclusion 
 
The 46 Congresses that A.I.D.A.A. organized in its first century of life have seen the work of 
numerous Italian researchers, many of whom are little known but still important. The 
development and growth of the Italian aerospace sector is linked to their love of science and 
to their unceasing hard work, and this has enabled Italy to face increasingly difficult 
challenges and to be among the first in the world in such a fascinating sector as the aerospace 
field. 
This evolution can also be seen in the comparison of the first Congress in 1925 when Nobile 
described the Polar flight with Norge1, with the last Congress of 2019 where another Italian, 
Luca Parmitano, illustrated the studies and research from aboard the International Space 
Station but at a much greater distance from the Earth, about 400 Km. 
By extrapolating this trend we can dream of, and indeed foresee, a future Congress with a link 
to an A.I.D.A.A. Branch located on the planet Mars!! 
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ABSTRACT 
The study of passengers' comfort on an aircraft is a research field that, has been able to 
accommodate both quantitative contributions, deriving from disciplines such as ergonomics, 
and qualitative contributions coming from product design. In recent years, design research 
has also focused on experiential and perceptive aspects, considering disciplines such as 
Interaction Design and User Experience. In the first instance, the paper aims to systemize the 
different design-oriented approaches that generated a complex map based also on the support 
of visual narration. In the map the flight experience is treated as if it were a service, 
analysing the entire customer journey to highlight the most critical issues. The 
methodological steps, based on the analysis of the activities, as well as those based on the 
optimization of the components, are then integrated into a holistic vision. The system has been 
created on the basis of case studies drawn from aircraft currently in service and from still 
embryonic concepts, capable of providing useful categories of analysis. The paper ends with 
the application of the map to an application study case: the CASTLE project (CAbin Systems 
design Toward passenger welLbEing). 
 
Keywords: User Experience, Customer Journey, Comfort, Interaction Design 

1 INTRODUCTION 
The concept of comfort intended as perceived, experienced, felt, or even simulated and 
induced on board an airplane has been a topic debated at scientific level for many years. Some 
scholars date back this kind of scientific interest to the increase in air traffic and to the 
consequent birth of low-cost airlines. In fact, they maximize the number of people 
transportable on board in order to lower the costs and, consequently, reduce space per person 
to a minimum [1]. The comfort issues in the current airlines context, however, cannot be 
limited to the only low-cost companies, but involves the entire sector in which, of course, 
economic classes appear to be disadvantaged. It also seems reductive, according to the 
scientific literature consulted in this regard, to consider comfort as an aspect that only 
involves the design of the seat; although most of the onboard experience actually takes place 
on the seat with few or limited possibilities to move inside the cabin. Many authors try, in the 
first instance, to give a definition of comfort and discomfort, debating about objective and 
subjective evaluation criteria but, above all, facing with a linguistic problem. Some articles, 
for example, introduce the concept of comfort by quoting some dictionary definitions, but 
comparing some of the main definitions many differences immediately appear. In the Italian 
encyclopaedia Treccani, for example, the word comfort seems to refer to the services offered 
or to a series of optional products. In the two cases found on UK dictionaries, i.e. Oxford and 
Cambridge, it is defined as “a state of physical ease and freedom from pain or constraint”, or 
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“the easing or alleviation of a person's feelings of grief or distress” [2] they assume an initial 
state described as negative. Comfort is described as “freedom from pain, well-being” in Dutch 
dictionaries like the Van Dale 2000 [3]. Those definitions clearly are not part of academic 
researches, but they show how difficult it is to agree on a unique concept of comfort in 
everyday life. This section concludes by pointing out that in Italian, for example, the word 
associated with the comfort of a seat is "comodo" whose meaning is described in a similar 
way to comfort: “it does not disturb or bother, which is in harmony with our desires and 
needs, it is therefore appropriate, easy, convenient". But the etymology refers to the Latin 
"commodus"- according to the measure - and in the same definition, concerning an armchair, 
it is written " wide, soft, where you feel at ease" [4]. Therefore, the mentioned factors clearly 
refer to characteristic features of a material, to ergonomics, to size but also to the parameter 
which is often difficult to quantify for usability and user experience called user satisfaction. 

2 THE ON BOARD COMFORT IN LITERATURE 
The first attempts to define comfort and discomfort date back to the late 1950s when 
Hertzberg describes it as a neutral feeling, or a state without discomfort [5]. More recently, 
Zhang et al. clearly separate comfort and discomfort, excluding that one is the negation of the 
other and highlighting how they are dependent on uncommon factors [6]. Discomfort would 
enclose and derive from by physical constraints generating emotions like pain, soreness, 
numbness and stiffness. Comfort, on the other hand, would be associated with relaxation and 
well-being, and can be influenced by, for example, the aesthetic impression [7]. In both cases 
comfort is considered a personal perception, but from the design point of view, although 
formal languages are one of the bases of aesthetics, it is necessary to dispel the doubt that 
such languages alone can generate comfort and can be disconnected from other aspects. In 
many studies Vink et al. [2] state that comfort is not only an important factor, but that it 
strongly impacts on the loyalty of the user, while the discomfort has a negative impact on the 
human well-being and human performance, placing itself as major cause of dissatisfaction. 
Starting in the early 2000s, comfort began to be linked to other factors such as the context of 
use and scholars attempt to correlate the impact that certain components of the aircraft may 
have on comfort. Vink and Hallbeck [8], as well as De Looze et al. [9], agree on the definition 
that describes comfort as an interaction between a human and a product within a context. At 
the moment, one of the most holistic definitions, both from the point of view of the factors 
mentioned and due to its scalability, is the one written by Li et al. which defines comfort as a 
“complex and dynamic construct, associated with physical, psychosocial, physiological, 
cultural and social element, as well as environment and situational elements. From the time 
dimension, comfort can be studied in different durations, the first sight comfort, short-term 
comfort, and long-term comfort” [10]. This definition insists on the main factor that comfort 
varies depending on the time elapsed and is different between a flight of a few hours and one 
long-haul [11]. Therefore, if a first literature review dated 2005 showed how 140 out of 261 
papers on the subject of comfort belonged to the climate or thermal comfort category and only 
28 dealt with physical comfort including seating, posture, physical loading, and foot pressure 
measurements; currently, humanistic and psychological aspects are more considered, showing 
how these influence the way in which the passenger understands, acts upon and experiences 
their surrounding environment. Even because they are supposed to change their modus 
operandi, adopting new strategies during activities, in order to elaborate future actions. In 
general, aspects related to the seat are more in-depth analysed in the literature, including 
project verticalizations on the correct cushions to be used or on the playful interactive 
experiments to stimulate passengers to move [12]. Instead, all the studies that research the 
ways and tools to distract passengers should be considered under the cover of strategies to 
mitigate discomfort, in this article we only mention the use of VR [13] or rather the frequent 
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administration of food and drinks [14] that, however, appear more suitable for long-term 
flights. It is worthwhile to cite the research by Menegon et al. [15] that shows how various 
aspects can contribute to the perception of comfort. For example, the level that the authors 
define as without-comfort is strongly connected to: “experiencing wellbeing while seated; a 
good seat; feeling relaxed in the seat; the back was comfortable on the backrest; the aircraft 
was silent”. Instead, the category defined as maximum-comfort is dominated by the 
psychological aspect like feeling pleasure while seated and more comfortable than expected. 
Many authors, in fact, agree on the conclusion that pleasure and exceeding expectations act as 
triggers for positive emotions for the segment of passengers who experience the highest level 
of comfort in the aircraft seat. As many authors concentrate their research looking for a 
correlation between an element, or factor, and comfort, others, in smaller numbers, attempt 
create a reference model connecting as many factors as possible; their research act from 
components to the whole system. Those models should be used by the entire group of 
designers who are usually involved in the design of a complex system such as an airplane. In 
the literature review, which included the analysis of over 50 articles tracked down through 
Scopus, the factors that could generate comfort are in turn enclosed in macro-categories; it is 
important to note that in all models, however accurate, it is difficult to correlate both the 
different factors and the categories to which they belong. This issue comes from the very high 
degree of scalability that the cabin project must have, but above all because, although the user 
on board is forced into a few centimetres of space, over the total duration of the flight, so for a 
few hours, can constantly change needs. In particular, especially for the purposes of this 
article, some characteristic elements of the User Experience are very interesting and little 
explored, first of all the motivation that drives users to take a plane. Motivation does not mean 
only work, tourism or even a visit to relatives or friends but includes the exploration of the 
dimension that drives a person to choose that specific means of transport, what will take place 
not only on board but also before and after, in order to reach the size of the service and all the 
touchpoints. If this research field may seem too wide, it should be noticed that, for example, 
the judgment that the user will give to the journey will not be limited to the seat-object itself, 
but will be extended to the entire company, including all possible factors, from the purchase 
of the ticket to the management of possible complaints. To date, publications on the subject 
are limited to some reports or to some user profiling attempts which may, at the present time, 
store certain preferences on entertainment systems (IFE) on board or check-in operations, or 
boarding. 

3 RELATED WORKS 
Some groups of authors carry out a similar study as an approach to what will be presented 
later, building a map in which the various factors or components are put into a system. 
Extremely important, especially for the amount of work presented, are the articles by 
Ahmadpour [16] which generates a model in which the comfort experience during the flight 
essentially involves physical, physiological and psychological elements. The authors also 
show that, according to the research data, “future design efforts should focus on enhance the 
perception of physical wellbeing, peace of mind, proxemics and pleasure, by providing 
stimulation while maintaining passenger’s satisfaction with the quality and adequacy of the 
environment”. Another research is presented by Hiemstra van Mastrigt et al. highlighting the 
relationships between human, seat and context variables in order to predict passenger comfort 
and discomfort. They found correlations between anthropometric variables and interface 
pressure variables, and how this relationship is affected by body posture [17]. The interesting 
aspect of this work is the effort in giving different weight to the correlation, even if this effort 
is still difficult to carry on, due to the amount of data to be considered. Another model appears 
on the work of Patel & Mirabelle D’Cruz who aims to create a personal comfort profile to 
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personalize the flight experience, which is one of the theoretical pillars of UX. The model is 
based on the assumption that the experience of comfort itself is psychological, and any 
intervention can positively change how a person perceives a sub-optimal situation and/or 
provides options to improve the situation can help to increase comfort [18]. The most design-
oriented model is shown in the work of Tao et al. who create a very complex system 
organized through importance factors, systems and subsystems that compose the cabin of an 
aircraft [19]. This work is extremely important in the roadmap that leads to the design of the 
entire cabin and has the merit of connecting, even graphically, all the elements from the 
subsystems up to the complete system. The factor of importance runs, perhaps, the risk of 
being a criterion perceived only by the designer and is based on the current perception; if we 
consider that the design cycle of an airplane from the brief on the first flight can even exceed 
10 years, it is clear that the aspects linked to innovation and the habits and future needs of 
users are difficult to integrate. For example, more than 10 years after the introduction on the 
market, and the enormous spread, of the first smartphone, the on board wi-fi connection, 
which according to online commercial reports is considered essential by the users since 2012, 
is not so common on many aircrafts that travel on short distances, the so-called regionals. 
Although it is a different UX, it is worth remembering that wi-fi coverage, or connection to 
telephone operators (a non-comparable element on an aircraft journey) is now guaranteed on 
any train, to allow passengers seamless experience. In particular, one publication analyses an 
important phenomenon such as proxemics, showing not only how it can impact on comfort, 
but highlighting the relational factors on board [20]. Among of all the papers analysed, it is 
the only one that considers the journey not necessarily as a solitary experience but that can be 
experienced in pairs or in groups. These considerations are, in our view, essential for a correct 
analysis of an aircraft cabin not only in terms of Human Centred Design but also of User 
Experience. 

4 VISIONS ABOUT COMFORT AND UX 
In order to better understand the current visions, not only in the academic field but also from 
the industrial point of view, the research group focused on the scenario, which is a peculiar 
phase of design research. The scenario is, in fact, an exploratory method that allows the 
designer to gather as much material as possible, even if it is often divergent and not relevant 
to the specific theme of the project. The goal is to create a system on the basis of a series of 
case studies drawn from both aircraft in service, and from still embryonic concepts, capable of 
providing useful categories of analysis. 
 

 
Figure 1: Example of one case study for each macro-category 

 
The research group conducted a desk-type scenario research, analysing the solutions proposed 
by the already operating airlines and those still in the concept phase in the last 8 years, a 
period comparable to the project cycle adopted in the CASTLE application case (CAbin 
Systems design Toward passenger welLbEing). The search has obviously used as main 
keywords comfort, user experience, well-being but also associating the term future and 
innovation, in order to include not only the perspective view of the airplane producers but also 
the hidden desiderata of passengers. This scenario, although it also uses also not openly 
scientific sources, some magazines of the aeronautical sector taken into consideration can, in 
fact, be used as a communication tool, gives an overview of some current trends. From the 55 
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case studies analysed, 5 macro-categories were then extracted to better highlight which were 
the most present project interventions. The 5 categories are: my favourite place, forced 
perspective, colour influence, extended view, seats and activities. The research team decided 
the categories names avoiding the name of a component in order to maintain a higher level 
and to include heterogeneous projects with a holistic view. The only exception is the seat, the 
most recurrent element, this is due to two main factors: the seat element is one of the most 
taught teaching themes in design schools with a consequent proliferation of concepts 
published on the web; it is an element of discussion that does not only concern the experts and 
consequently impassions and involves a wider audience. The category my favourite place 
implies ergonomic, cognitive, emotional, cultural and social factors, and it is composed of 
two main elements: the need to choose a place based on the relationships the user wants to get 
or avoid with other passengers, including the elements of privacy and social relations; the 
need to choose a place based on the services offered (greater space, infotainment, services for 
business man, for families, for children, FIFO priority boarding). This macro-category 
includes aspects related to both the product and the service that can best manage this type of 
needs. The forced perspective category refers to the tunnel effect that is peculiar of regional 
aircrafts since the proportion between length, width and, above all, height of the cabin 
perceptively communicates a feeling of occlusion. The case studies analysed in this category 
show some formal strategies that tend to mitigate the effect, such as the use of vaults, which 
harmoniously connect surfaces, or softer lights that attenuate the jutting effect of some 
surfaces, like the stowage bins. The research team, in this case, analysed the phenomenon by 
performing 3D simulation and creating focus groups during the design phase. The preliminary 
results, still being processed, show that this effect is perceived during the boarding phase 
rather than walking on the plane. These two phases are limited in time but of great impact 
since they are concentrated precisely in the first touchpoints of the experience. The boarding 
phase is, in fact, often slowed because of the loading of the suitcases in the stowage bins, the 
accommodation of the passengers in the correct place. In this phase the narrow space around 
the person, which usually corresponds in width to the distance between the two stowage bins 
or between the two seats (with respect to the height of the passengers) is even more restricted 
for: the opening of the bins, the queue that reduces the distance between people, the urgency 
of finding one's place as soon as possible to comfortably sit. According to the simulations, 
forced perspective is not perceived when the passenger is seated, without distinction between 
the occupied place (window, middle or aisle), in that case the analysed projects propose 
solutions inherent to the extended view. Te extended view category obviously has the 
ambition to suggest structural changes to the windows usually designed on regional aircraft to 
widen them and, thus, allowing passengers to enjoy a panoramic view, a greater light, a wider 
perception of the entire cabin. If it is not possible to intervene on a structural level, some case 
studies show some applicable strategies to perceptually communicate the same factors as, for 
example, widening the internal shape of the windows compared to the external one. In this 
way passengers are supposed to receive more light and perceive a bigger space. Colour 
Influence is the capability to use tints like a communication vehicle, the chosen colour, or the 
range of colour, depends on some correlations: colour-brand; colour-context; colour-cultures 
(including trends); colour-material (including hi-tech and cleanliness). Airlines usually choose 
the colour of their setting up according to the colour of their brand (e.g. colours of logo). This 
allows the airlines to perceptually emphasize a group identity level and a formal coherence. 
Seats and Activities category resumes all the formal concepts and the solutions that allow the 
passenger to personally interact with, for example, interior climate, lights, sound. Many 
examples concern the elements of the seat that can support relaxing activities like headrests 
that guarantee a degree of privacy, not only spatially, but also by eliminating unwanted noise. 
Many concepts focus on modular solutions that can change in width and depth to better adapt 
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to passengers. In particular, students or makers propose unconventional interactions, 
experimenting with innovative technologies that allow passengers a more fun and playful 
interaction, using simple devices that can be attached to the belt, or by mounting helmets 
integrated with the headrest or even projecting holograms with virtual assistants. All the case 
studies point out that even if the proposed solution is very punctual and vertical, the core of 
the 5 macro categories stands in the interaction between passengers and other people or 
elements inside the cabin. In this way matching literature, visions, UX and IxD principles the 
research team created, at first, a complex map in order to connect and visualise all the 
elements that can influence the extended comfort. Then a structure of the customer journey 
has been built focusing on activities, touchpoints and the above relations. 

5 CUSTOMER JOURNEY AND EXTENDED COMFORT 
The customer journey is a graphical and methodological tool widely used during the meta-
design phase both in the User Experience methodology and in Interaction Design. In this case 
it is used to systemize the user research data obtained through the study of the literature and 
the observation carried out both in the field and through 3D models to define the extended 
comfort. By extended comfort we mean, therefore, a scalable and adaptable model not only 
linked to the presence of some components, intended as optional, or to their excellent quality, 
but it is enlarged to the Persona's features and motivations in order to understand the whole 
experience related to flight. For the CASTLE project this model is applied to a regional 
aircraft that has characteristics such as a small-sized cabin, a single aisle and a limited 
duration of flight. In the figure, the various phases and possible perceptual impacts are then 
highlighted. 
 
 

 
Figure 2: All the factors and components that are included in the extended comfort 
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Figure 3: Structure of the customer journey based on activities, touchpoints and the above relations 

6 CONCLUSIONS 

The construction of the customer journey based on the extended comfort concept is a tool able 
to highlight the critical phases, that may occur at certain specific times, and some desiderata. 
By virtue of this model it is possible, referring to the categories identified above, to draw up a 
series of guidelines based on a specific user research. Based on the data found, the literature 
and the visions it seems no longer possible to design a product capable of responding to the 
needs of all, on the contrary, considering the variations that occur at each touchpoint it is 
appropriate to design a system that allows to structure and use multiple environments and 
differentiated services. The future work, already in progress on the CASTLE project, has also 
allowed us to draw up a series of guidelines that take into account the complexity of the 
achieved customer journey. 
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 ISM-HAB#1 ISM-HAB#2 ISM-HAB#3 ISM-HAB#4 ISM-HAB#5 

Mission 
Test launch w/o 

RF payload 
  

2,4 GHz, DSA 
w/ sampling rate 

1 MHz 

2,4 GHz, DSA 
w/ sampling rate 

1 MHz 

868 MHz, DSA 
w/ sampling rate 

100 KHz 

2,4 GHz, DSA w/ 
sampling rate 100 
KHz + SAMPLE 

RECORDING 
Payload weight 
(w/o parachute) (g) 1450 1830 1840 1960 1960 

Launch Date and 
Time 

13/09/18 
13:05  

02/10/18 
15:30 

12/10/18  
2:38 

27/10/18 
11:32  

14/11/18 
12:32 

Launch site (City, 
District) 

Lajatico 
(PI)  

Montegonzi 
(AR) 

Certaldo 
(FI) 

Ponte a Elsa 
(FI) 

Lajatico 
(PI)  

Landing site (City, 
District) Villamagna (PI)  Cecina 

(LI) 
Monteguidi 

(SI) 
Latera 
(VT) 

Rapolano Terme 
(SI) - 

Landing site (type) Woods Woods Woods Grassland Woods 

Payload Recovered YES YES YES YES YES 

Weather conditions Cloudy Rainy Sunny Sunny Sunny 

Peak Altitude [km] 21.038 19.115 32.412 30.400 29.493 

Total Distance 
Covered [km] 8.3 78.3 28.8 137 74 

Total Flight Time 
[min] 118 123 210 236 176 

Ascent Time [min] 91 93 152 185 114 

Descent Time [min] 27 30 58 51 62 

Mean Ascent 
Velocity [m/s] 3.85 3.4 3.7 2.7 4.3 

Mean Descent 
Velocity [m/s] 12.98 10.5 9.2 9.7 7.9 

Landing Velocity 
[m/s] 9.9 6 5.3 3.4 3.4 
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ABSTRACT   
Dust from the Upper Stratosphere Tracking Experiment and Retrieval (DUSTER) is designed 
to sample, on-board stratospheric balloons, aerosol present in the Earth atmosphere at 
altitudes between 30 - 40 km, where they are almost exclusively of extraterrestrial origin. The 
final purpose of the project is the contamination-free laboratory analyses of the collected 
samples. Several analytical techniques can be applied with no need of sample manipulation: 
field-emission scanning microscopy and energy dispersive X-ray analysis, micro-infrared and 
micro-Raman spectrometry, X-ray microtomography and IR nano-tomography. This activity 
has a multipurpose interest: 1) extraterrestrial particles characterization providing 
information on their parent bodies; 2) extraterrestrial particles, carriers of organic molecules, 
are of astrobiological interest; 3) biological terrestrial particles upwelling to the upper 
stratosphere can be analyzed to study the resistance of biological matter to extreme 
environments; 4) stratospheric dust collection and analysis support the development of climate 
models (stratospheric chemistry modules). 
 
Keywords: Extra-terrestrial material, Aerosol, Stratosphere;   

1 INTRODUCTION 
A sampling of the stratosphere will include particles from different sources with relative 
contributions that vary as a function of time, altitude, and geographic location. At any time, the 
stratosphere contains extraterrestrial dust, dust from natural terrestrial sources and dust related 
to anthropogenic activities. Anthropogenic dust usually stands out among natural dust by its 
unique chemical composition. From the earliest days of collection, it was evident that 
anthropogenic dust persists in the lower stratosphere. The extraterrestrial component can give 
important clues to the study of the origin of the Solar System. Above about 33 km the 
extraterrestrial particles, together with volcanic ones, are the predominant population. Only 
routine, contamination-free nano- to micrometer-sized grain collections, followed by laboratory 
characterizations, can confirm this scenario.  The Earth atmosphere is continuously crossed by 
natural solid objects from extraterrestrial bodies. Their structure, composition and pre-
atmospheric size constrain the fate of the natural solid objects: meteoroids (sizes in the range 2 
mm – 10-5 m) entering the Earth atmosphere as fragments and partly-vaporized micron-sized 
fragments and nanometer-sized condensed smokes that sediment in the atmosphere. The 
analysis of these grains provides information as much close to the formation condition as lower 
the processing suffered by the grains is. Focusing on the smaller sizes, thanks to the relatively 
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gentle braking effect of the Earth atmosphere, we are able to collect grains at basically null 
relative velocity with respect to the collecting substrate, thus well-preserved samples. 
Interplanetary dust reservoir is permanently replenished by dust ejected from cometary nuclei 
[1] [2] and released from asteroids collisions in the Kuiper belts. The larger dust particles have 
heliocentric orbits that are similar to the parent comet, thus forming trails and meteoroid stream. 
Another important source of interplanetary dust comes from the asteroid belt. Impacts on the 
surfaces of asteroids, and catastrophic collisions within the belt, generate fragments covering a 
very wide size distribution. The transport of dust from the asteroid belt and the outer solar 
system, results in the inner solar system being populated by a largely homogeneous dust cloud, 
concentrated along the ecliptic plane. Embedded in this cloud are cometary meteoroid streams, 
although with time orbital perturbation and other effects also work to disperse the streams such 
that the meteoroids can no longer be associated with a particular comet and thus become part 
of the zodiacal dust cloud. 
Modelling  indicates that it is possible to recover relatively unaltered interstellar grains from 
the Earth stratosphere. Present analytical techniques would allow clear discrimination between 
dust of different origin (interstellar, interplanetary and terrestrial). The first collection of 
extraterrestrial dust from the Earth's atmosphere was performed by balloon-borne experiment 
in 1970, supported by NASA. Later the NASA/U-2 aircraft collection efforts started, sampling 
particles in the 10-micron range [3]). A new balloon-borne collection program started in 2006 
Errore. L'origine riferimento non è stata trovata. [5] collecting micrometer and 
submicrometer dust grains, settling in the Earth atmosphere, at altitudes of 35 - 40 km. The 
primary target of this collection are the ~0.5 to 1 micron diameter grains, i.e. the typical size 
range of the grains in the interstellar medium through which the Sun is moving [1]. 
 
 

2 DUSTER INSTRUMENT 
DUSTER [5][6] design was tailored to overcomes the limitations identified in the stratospheric 
collections made by stratospheric airplanes such as contamination control and the use of 
sticking material to stick particles on exposed target. This goal was achieved developing an 
instrument capable of collecting refractory aerosols with diameter down to 0.1 microns at 
altitudes between 30 and 40 km, these altitudes are only accessible thanks to the use of 
stratospheric balloons. 
The guidelines followed during the design of DUSTER are the following: 

x Cleanliness, high quality contamination control and characterization of possible 

contaminants; 

x Limiting manipulation of collected particles and the substrates used for dust collection; 

x Dust collection with low impact velocity between particles and substrate; 

Inertial-collection used by DUSTER is a well-established technique for solid particle 
monitoring, which is based on the decoupling between the gas flux and particle, when proper 
acceleration is induced in the flux. Due to inertia, a particle moving in a gas stream can strike 
slow-moving or stationary obstacles (impacting targets) in its path.  
 
The instrument consists of a collecting chamber where the inertial collection is induced by 
means of an active pumping system. The pumping system creates a flow of the sampled 
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atmosphere in a collecting chamber where the suspended particle in the atmosphere are 
separated from the air and collected on a target. 
 
 

  
Figure 1 DUSTER sampling system: collecting chamber pumping system, motorized UHV valves and the collecting chamber 

exploded view (left panel) ; sample holder (right panel).  

 
The collecting chamber is composed by two sub-chambers (exploded view of the collecting 
chamber, Figure 1 left panel): a primary chamber main body (1) the sample holder (2) is 
mounted with the collecting surface orthogonal to the air flow, is closed by a flange (3) ending 
on a valve, a secondary chamber (4), where a monitoring substrate (blank) is housed. 
The collection chamber is connected to an in-let pipe, exposed to the atmosphere, and on the 
other side to the pumping system by means of two Ultra High Vacuum valves: 1) the in-let is 
connected to the chamber by a gate valve and 2) the pumping system is connected to the 
chamber with a flexible pipe and a butterfly valve (Figure 1, left panel). The two valves are 
operated by 2 stepper motors and monitored by 2 encoders.  
 
 

3 CONTAMINATION CONTROL AND PARTICLES RECOGNITION 
The contamination control of the actual collector is the most important task pursued during the 
preparation of the instrument. In fact, during the whole assembly phase rigid procedures are 
followed starting from the mechanical parts: the collecting chamber is assembled inside a class-
100 clean-room; all mechanical parts are cleaned in an ultrasonic bath of isopropyl alcohol prior 
to assembly. To keep the collecting chamber isolated from possible contaminants the instrument 
reaches the operational altitude, with the two automated UHV sealed valves. The inlet pipe is 
cleaned and integrated inside the clean room. The CF 40 flange that seals the inlet pipe is kept 
fixed to the inlet during all pre-flight operations and is only released during the ascent when the 
atmospheric pressure reaches about 100 mbar (~20 km altitude). This flange stays fixed to the 
inlet pipe to protect its cleanliness during (1) all pre-flight operations in the laboratory, (2) 
transportation to and at the balloon launch site, and (3) during ascent through the troposphere 

2 

3 

14 
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into the lower stratosphere. DUSTER automatically seals off the UHV valves at the operative 
altitude as soon as collection is terminated. This operation is executed by telecommand from 
ground or autonomously by the on-board pressure sensors + software. Complete 
characterization of the entire collection substrates, i.e. TEM grids mounted on the actual and 
the blank collectors, is performed using high resolution FESEM imaging prior to their 
integration in the collecting and blank chambers.  
The FESEM scanning procedure is performed twice: 
1. just before integration of the “collectors” into DUSTER; 

2. just after the removal of the “collectors” from DUSTER after the flight. 

Integration and removal of the collectors in and from the instrument is performed in a class 100 
clean room. In the operational phase both collectors are always exposed to the same 
environment. The mosaics obtained from the pre- and post-flight collector scans, for each TEM 
grid, are compared to check for the presence of new particles deposited on the collectors. This 
procedure identifies all new particles, when compared to the pre-flight scans, present on both 
the actual collector and the blank collector following stratospheric flight. 
Following identification of the new particles on each collector a strict protocol[7] is applied to 
select which particles are “true” stratospheric dust and which are contaminant dust, i.e. all 
particulate matter that is identified as not collected in the upper stratosphere at the DUSTER 
operating altitude. This protocol foresees the following steps:  
1. For each NEW particle found on the actual collector, we perform high resolution FESEM 

images and EDS analyses. 
2.  For each NEW particle found on the blank, we perform high resolution FESEM images 

and EDS analyses. 
3. We make a comparison between the NEW set of particles found on the actual collector 

with the NEW set of particles found on the blank collector. 
4. The results from this comparison allowed us to eliminate from the actual collector all 

particles that have similar morphology and composition to those identified on the blank 
collector. 

5.  The resulting NEW particle set includes only collected stratospheric particles. 
6.  All other particles found on the collector are classified as "Contamination”. 
 

4 LAUNCH CAMPAIGNS 
Starting from the 2006 DUSTER performed several launch campaigns in different 
configuration and from different geographical areas, in the following the list of the flights:   

1) 2006 qualification flight from Kiruna, Sweden (CNES);  
2) 2008 standalone flight from Longyearbyen, Svalbard (ASI, ISTAR, “Univ. of 

Rome La Sapienza”, ARR) (Figure 2 left panel); 
• collected meteoric dust from a fireball; 

3) 2009 piggy-back flight from Longyearbyen, Svalbard (ASI, ISTAR, ”Univ. of 
Rome La Sapienza”, ARR) (Figure 2 middle panel); 
• nominal flight, safe landing, damages to H/W due to parachute dragging; 

4) 2011 multi-instruments gondola from Kiruna, Sweden (CNES) (Figure 2 right 
panel); 
• collected particles;  

5) 2017 Antarctica balloon failure (Figure 3)  
6) 2018 piggy-back flight (ASI, ”Univ. of Rome La Sapienza”) (Figure 4) 

• Payload retrieved analysis on collection substrates on-going  
7) 2019 multi instruments gondola (HEMERA project); 
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• The launch campaign is planned for the first 2 weeks of September 2019. 
 
 
 

 
Figure 2 Flight paths during the 2008, 2009 and 2011DUSTER campaigns 

 
 

 

 
Figure 3 Instrument preparation and flight path during the Antarctica campaign : the balloon experienced a main failure 
before reaching the sampling altitude. Thanks to the telemetry and on-board tracking system the retrieval of payload was 

successful.   

 
Figure 4 DUSTER 2018 flight path (courtesy http://stratocat.com.ar) 

 

5 RESULTS 
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During the 2008 flight we collected for the first time the products of the meteor ablation process 
associated with the disintegration of a fragmenting bolide impacting the Earth’s atmosphere. 
The collected particles sampled by flying through the debris cloud of a fireball included 
different types of thermal altered particles: intact fragments, thermal eroded fragments, grain 
melting and vaporization, vapor phase condensation forming CaO[8] and pure carbon 
nanoparticles (Figure 5 left panel). Meteoric smoke is the dominant source of aerosol extinction 
in the upper stratosphere above 35 to 40 km altitude [9] and at lower stratospheric altitudes 
[10][11], which supports an ample supply of extra-terrestrial debris to the Earth’s atmosphere. 
Based on the altitude of the collection we conclude that the CaO and carbon nanoparticles 
originated from a large fragmenting bolide. The solid debris type of particles collected may be 
referred to as "meteoritic dust" instead of "meteoric smoke" that could be restricted to refer to 
re-condensed extra-terrestrial matter. The compositions, morphologies and chemical 
interactions among particles that were randomly collected in the stratosphere in 2008 and 2011 
(Figure 5 left and middle panel) are consistent with ultra-rapid, non-equilibrium processes 
within a closed-system environment. Alumina, aluminosilica, silica and carbon nanoparticles 
were among the meteoric particles collected by the DUSTER-2008 and DUSTER-2011 
campaigns in the upper stratosphere ([8]; [12]; [13]).  
 

 
 

Figure 5 Example of particles collected by DUSTER during 2008 (left panel), 2009 (right panel) and 2011(middle panel) 
flight campaign.  

 
The DUSTER-2009 rate is excessive when compared to the DUSTER-2011 collection rate and 
suggests, that DUSTER-2009 had acquired particles from an external, probably non-natural, 
source (Figure 5 right panel). The presence of similar and numerous particles covering the 
actual and blank collectors confirms that their source was a particulate-laden, carbon-rich cloud 
that entered DUSTER through a vacuum valve broken off from the main payload that was 
dragged across the landing site when high winds caught the parachute after the payload and 
gondola materials had caught on fire. These nanoparticles were by far the most abundant 
particles found on the two here-studied collection surfaces out of 13 for the DUSTER-2009 
stratospheric sampling flight. Seventy-six nanoparticles on both collection surfaces are 
supposed to be collected between 34 and 39 km altitude during a 25-hour period. 
 
 

6 CONCLUDING REMARKS 
DUSTER during its six successful flight campaigns demonstrated the capability to sample 
stratospheric refractory aerosol that resulted to be, as foreseen, mainly of extra-terrestrial 
origins.  The strict protocol applied in the analyses and the followed cleanliness rules allowed 
us to disentangle stratospheric sampled particles from contamination. The next flight 
opportunity from Kiruna, Sweden in September 2019, for which DUSTER has been selected in 
the frame of the HEMERA-H2020 project, will enrich the catalogue of the collected particles 
improving the statistics and findings. 
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ABSTRACT 
The paper aims to investigate the use of colour and its perception within the cabin of a 
regional aircraft used for short distances and it is divided into two parts. The first part 
presents an analysis of the literature and the state of the art on the use of colour both within 
the aeronautical sector and in comparable sectors, such as that of interior architecture, 
where over the last few decades researchers formulated different theories of approach. The 
case studies examined show that, today, the choice of using colour is mainly based on 
marketing factors linked to the corporate branding of airlines, with a lack of sensitivity to 
human factors. The literature on colour, on the other hand, suggests that the different tones of 
colour have a strong impact from a physiological and psychological point of view, factors 
that must be taken into consideration to improve the experience of wellbeing on board, 
defining a framework of requirements. The chromatic hypotheses were, then, examined and 
compared through a preliminary perceptual test conducted on a sample of 20 subjects aimed 
at evaluating and defining guidelines for approaching the colour project. The objective of the 
guidelines is the construction of chromatic design scenarios defining a comfortable 
environment from the visual point of view and capable not only of generating a pleasant, 
comfortable travel experience but also a feeling of security and limiting the typical unwanted 
perceptions related to flight. 
 
Keywords: colour trim design, UXD user experience design, HCD human centred design  

1 INTRODUCTION 
This research, through a holistic approach between psyche, culture and vision science studies 
colour as a component for the design of the passengers’ level of comfort in the airliner cabin. 
In the design of colour it is in fact necessary to take into account the psychological and 
expressive component, as well as to attribute the right weight to the function by elaborating 
rational solutions to the chromatic problems, searching for the most suitable colour for each 
environment and function based on the needs of the end user. Each colour produces different 
effects depending on the use and context in which it is placed, and it is also for this reason 
that it is not entirely correct to judge combinations as right or wrong. "The colour 
combinations must instead primarily be used for their function, which has to do with 
visibility." [1] Colour is looked at from points of view: that referring to the psyche and 
culture, in which also the subjective component of perception at the entrance, and the 
objective component, described by the science of vision. The project, because colouring is 
also a project activity, it is up to mediate between the two, wearing the dress of the scientist 



965

Colours and aircraft interiors   Germak, Di Salvo 

and that of the creative to design products (artefacts) that have a recognizable identity in the 
combination of shape, material and colour [2]. Through these three components, always in 
relation to each other, the designer communicates the function, the expressiveness and the 
meaning of a product, so much more forcefully as the relationships will appear evident, in 
harmony or in contrast. "Harmony is perceived when the single elements of a whole are 
related to each other and respond to a common principle [...] Harmony is interaction both of 
the like and of the contrary, it is a completion, an increase, a cancellation. A common 
parameter that makes comparison possible, without which things would only be different, 
unrelated, meaningless for each other" [3]. 

2 COLOUR AND COMFORT IN THE AIRCRAFT 
What are the main problems to be faced in the chromatic design of an airliner cabin in order 
to improve the travel experience? Peter Vink and Klaus Brauer in their book "Aircraft interior 
comfort and design" define the chromatic component of the cabin (walls, seats, etc.) as an 
integral part of travel entertainment. [4] Research conducted by DOXA in 2011 concerning 
the fear of flying has shown that in Italy 53.5% of the population suffers from aerophobia and 
flight-related disorders. [5] The phases in which there is greater fear are: take-off, landing, 
flight over the sea, poor visibility, night flight, wind, disturbance and crowding. Some 
companies offer combinations of colour (and light) aimed to create a more pleasant and 
comfortable atmosphere in order to distract the passenger from the common disturbances that 
arise when traveling. We are only at the beginning of an interior design for the flight that 
promises to be full of innovative experiments that cross systems and technologies to ensure 
better well-being, but also to distract the passenger from the increasingly crowded conditions 
of the aircraft and less space available. Martin G. Helander, a researcher at Nanyang 
Technological University in Singapore has long wondered about the comfort factors or 
discomfort of the sessions. The research he conducted resulted that the perception of comfort 
of a seat is closely linked to the aesthetic aspect, much more than to the ergonomic 
characteristics of the seat. [6,7]. Promising instead the search for coloured light in the cabin 
(RGB LED) after a somewhat too noisy start of the first experiences in multicolour, a subject 
that is also the subject of the CASTLE research (CASTLE is part of the Clean Sky 2 
Programme (CS2). CS2 programme has been launched under H2020), but for brevity will not 
be treated here. 

2.1 The perception of comfort/discomfort 
Comfort is the feeling of the level of well-being perceived by the user in a given environment, 
whose main factors used in the design of the building refer to light, sound, heat and air quality 
[8]. Declining this approach, in "Comfort and Design: Principles and Good Practice" [9] are 
listed the factors that influence the overall comfort perceived during the flight (thermal, 
acoustic, physical and sensorial, visual, discomfort). Therefore, it is not only the physiological 
aspects that need to be considered, but also the psychological and socio-cultural aspects, 
which are just as important and are rarely mentioned. The methodological model called 
"pyramid of discomfort" (Bubb, 2008) indicates how anthropometry is unimportant if the 
other aspects at the base of the pyramid are not addressed. Vink and Hallbeck, in 2011, 
presented the so-called "Comfort model" [10]. This model simplifies the steps that influence 
the comfort/discomfort experience, starting from the observation that the experience of 
"comfort or discomfort" is different for each person and that the assessment is all the more 
effective if referred to when a subject/ person, within a specific space/environment an activity 
begins, interacting with one or more artefacts. Interaction with the product and immersion in 
the environment with certain characteristics can cause internal effects in the human body, 
such as changes in tactile sensations, blood flow and muscle response or that induce changes 
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in body posture. The perceived effects are therefore influenced by the responses of the human 
body but also by the physiological and cultural expectations of the subject. The result is 
feeling comfortable, uncomfortable or feeling no sensation. Continuing with the analysis of 
the user experience, Naseem Ahmadpour (2014) [11] believes that perception is filtered by 
psychological ("Peace of mind") and physical ("physical wellbeing") factors including 
"proxemic", understood as the control of personal and social space, "pleasure", "satisfaction" 
associated with efficiency, effectiveness and usability and "association" with regard to the 
interaction between the environment and the personal characteristics of the subject (colour is 
one of these). Finally, it should be emphasized that the measurement of these factors is 
important not only because it affects the passengers satisfaction or discomfort at the time of 
the experience, but it can affect his future choices and those of other passengers, through 
word of mouth and today with increasing frequency the social networks. How to measure 
these factors? According to Wilson J.R. [12], the test methods can be divided into direct 
observation methods and indirect observation methods. The first are based on techniques of 
observation and evaluation of user behaviour during interaction with the product. "Objective" 
methods are also defined, as they are able to provide exactly the objective information and 
consist in the collection of data relating to the behaviour and performance of users during the 
execution of specific activities. Indirect observation methods, on the other hand, allow us to 
gather information about the interpretation that users give to what they are doing. These are 
also called subjective methods and relate to reporting on behaviour, attitudes and opinions of 
users. Their subjectivity refers to the fact that the information produced is filtered by the 
observer's evaluation. To these factors, the CASTLE research has given ample room for study 
in the metadesign phase, anticipating the design project, through a comparative evaluation of 
multicriteria indexes which examined 20 last generation aircraft for passenger transport of 
line. The object of the evaluation was to define for each factor the thresholds indicative of the 
current standard, in order to overcome them even taking into consideration a scenario of 
anticipation of the future that foresees what will be the achievements in terms of innovation, 
trends and future behaviour of users between about 10 years, date of a possible entry into the 
aircraft market now in the project. The comparative evaluation factors can be summarized as 
follows: 
 thermal comfort, linked to the microclimate and the possibility of user customization the air 
speed and temperature; 

 acoustic comfort, measured on the absorption capacity of surfaces due to diffuse noise and 
non-interference between passenger voices and in relation to the noise of engines and 
devices; in the next phase also the evaluation of the discomfort induced by vibrations and 
sudden movements; 

 physical and sensorial comfort, in turn articulated in an extensive range of parameters: 
dimensional, with regard to the spaces for sitting and walking passengers; perceived 
security of the solutions offered; of sensory perception of stimuli caused by the materials 
used and surface treatment; 

 visual comfort, analysed through the simulation of "what I see and what I feel" during the 
main stages of the journey, from the entrance to the leaved the cabin at the end of the flight: 
tunnel effect, search for the place, field of vision beyond the windows, recognition 
perspective of the signs and the presence of the on-board personnel. But to the ergonomic 
visual comfort is also added the well-being generated by the lighting levels of a room and 
the chromatic relationship between the elements present in it, aim to satisfy the user's 
physiopsychological perceptive needs. [13] 

The visual input therefore influences our experiences and the first perception of a more or less 
comfortable environment is linked to it. And among the indices of perception, the colour 
certainly has a strategic importance. Therefore, entering the cabin of an airplane, the "first 
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visual impression" (the eye-catcher) is of fundamental importance for what will be our 
evaluation of the flight experience. And on this first glance colour has a notable incidence, not 
only in terms of expressive pleasantness but also in terms of environmental perception [14]. 
 

 
Figure 1: Psychological and physiological factors in the perception of comfort in the cabin. 

2.2 The chromatic design of the cabin 
Most airlines choose the colour of their set-up not based on a psycho-physiological project but 
with other motivations. 
a. Colour brand. Very common are the colours associated with the flag mark. This design 
choice, if well harmonized, can be pleasant, livening up the environment and creating a 
pleasant memory and associations experienced with a particular company. Most of the time, 
however, a heavy and physiologically incorrect visual imprint results. 
b. Colour culture. Some companies, on the other hand, use colours, fabrics and decorative 
motifs related to their local culture. A choice of this type can be interesting as it immerses the 
traveler in what will be his destination and attributes to the colours the role of communication 
of a meaning that can be clearly understood. 
c. Colour context. Still others use the "colour context" which refers to the colour applied to 
interact with the senses, creating harmony and visual comfort. Some airlines choose colours 
with the formula of contrast, also known as "antinomy": volumes and clear set-ups to 
communicate lightness in contrast to dark catwalks to evoke solidity and presence of gravity; 
light and light colours to emphasize the prestige of the business class compared to the less 
dirty colours for the economy. To better understand what role colour has in the configuration 
and communication of the cabin environment, it was deemed appropriate to analyse the 
chromatic criteria of the exhibition promoted by the top 30 companies in the world, according 
to SkyTrax (British research company), stood out for the quality of the service. [15] The 
chromatic choice, as previously mentioned, has been included in the 3 types of approach 
(colour brand, colour culture, colour context) and as detection products the seats and 
headrests and the nacelle, the latter articulated in walls, have been identified ceiling and 
walkway. Recent experiences highlight how Interior Design, a holistic discipline geared to 
human factors, is called to design passenger cabins taking into consideration the relationship 
between man and the environment in order to create well-being and make the flight 
experience pleasant and attractive for the future. This term is connected to the ability to 
combine colour and light in the construction of real experiential environments, capable of 
involving the passenger and distracting him from any inconvenience related to travel. The 
main tools available to create experience are: 
 colour: used to make the environment attractive, to create harmony, sometimes to 
emphasize the philosophy of the airline or to create associations between hue and meaning; 
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 artificial light: the travel experience is amplified with the use of artificial lighting, useful 
for regulating the phases of flight, interacting with the circandian rhythm or with the 
external environment. A field still to be explored; 

 virtuality: visual communication experiments multiply, equally in other sectors, through a 
mix of elements such as light, colour, multimedia and virtual reality. The main objectives 
of these productions are: the creation of a "memorable" travel experience and that can also 
distract the passenger from the typical flight-related disturbances; 

 pattern: designing interior cabin surfaces by repeating ordered and organized signs and 
patterns (the pattern) is one of the most interesting activities for the designer. The pattern 
can be created at different scales and with different meanings: on a larger scale, for 
example, when the seat, or a group of seats, is used as a minimum unit of the cabin's colour 
composition; but the pattern also serves to modulate the space, to indicate paths and escape 
routes. 

3 GUIDELINES 
In the CASTLE activity, the chromatic study is dealt with according to the performance 
methodology that provides for the determination of the response to the psycho-physiological 
needs of environmental comfort and the corresponding requisites and performances required 
through the conscious colouring of the components of the cabin environment (walls, ceiling, 
etc.). The evaluation is instead still in an initial phase, so the variables identified by the 
metadesign of the "colour pattern" were measured only through a preliminary perceptual test 
conducted with 40 subjects and considered only indicative of the correctness of the 
ethnographic questionnaire that will be administered also with the help of the virtual 
immersive reality in a second next phase to 100 subjects, divided between experts and non-
experts. 

3.1 Needs for chromatic comfort in the cabin 
The search intends the colour to the service of: 
 visual comfort: balanced and harmonious visual scenario between colour and surface 
illumination; 

 perception of space: limiting the claustrophobic sensation of the "tunnel" effect of the 
nacelle and the relative narrow spaces, creating new apparent dimensions of space; 

 perception of comfort: widening the role of colour to the perception of smell, temperature 
and noise; 

 relaxation and well-being: the colour influences the perception of skin colour which in 
mental association can induce relaxing or energizing behaviours; 

Figure 2:  Colour trends detected in the cabins of the main airlines. 
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 perception of security: search for the colour matching the security status to be 
communicated, component by component; 

 recognizability of spaces and functions: colour with delimiter role and marker of spaces and 
functions; 

 recognisability of hygiene: masking colour or emphasizing hygiene conditions? The answer 
is not obvious: it involves the performance of coating materials and perception. 

3.2 Requirements and performances requested to the cabin space components 
The cabin under study must therefore possess a series of requirements aimed at satisfying the 
needs listed by operating on the various components of the interior of the cab: 
 ceiling and luggage racks: conceived with shape and volume in continuity, they will have 
identical light colours with an average reflection index so as to diffuse the light and restore 
a perception of airiness to the ceiling and decrease the "apparent weight" of the luggage 
racks on the seats; 

 side walls: organized with windows in groups of 4 contoured, it knows a dimmable LED 
strip in order to create the perception of "rooms" in contrast to the "tunnel" effect perceived 
in the cabin. For concept homogeneity, the colour will be identical to the previous one 
described for ceiling and luggage racks. 

 back walls: designed, according to the Gestalt theory, more saturated than the side walls, to 
create an effect of widening the transversal dimension of the space and of approaching the 
wall, in contrast to the "tunnel" effect generated by the larger size longitudinal of the cab 
(fig.3); 

 walkway: designed with a colour similar to that of the back wall to suggest continuity 
between different floors. Being the darkest hue found in the cabin, it reinforces the concept 
of harmonious composition related to gravity: the one in which the heavy masses, in this 
case the saturated and dark colours, are at the bottom and the lighter, lighter and less 
saturated ones, at the top; 

 seats: in order to reinforce the perception of the "room", creating rhythm and breaking the 
"tunnel" effect, the basic module of the chromatic pattern is made up of 3 rows of seats that 
will have the same colour declined in saturation/clarity and organized in rhythmic 
sequence. 

4 DEFINITION OF THE METADESIGN TEST 
Preliminary phases of the first metadesign assessment test on the role of colour in the cabin: 
 
1. Choice of the problem and definition of the hypotheses. Phase dedicated to the definition of 
the object of investigation. In the six proposals of patterns and colours associated with them, 
hypotheses are formulated on how colour can affect not only the perception of space but also 
comfort, time, noise and temperature. 

Figure 3:  Perception of the dimensions of the cabin in the Gestalt comparison between chromatic 
organization for columns (left) and for rows (right). 



970

Colours and aircraft interiors   Germak, Di Salvo 

2. Formulation of the test. Phase in which the sample of subjects (target) and the instruments 
to carry out the test are identified: textual structure and visual instrument (3D models in 
sequence). 
3. Data collection. 
4. Data encoding and analysis. In the third and fourth phases, after having submitted the 
subjects to the test, the answers are aggregated with a return in graph form. 
5. Interpretation of results. It is the phase that leads to validation or feedback correction of the 
hypotheses formulated. 
 
4.1.      Metadesign test 
 
The test was conceived as a preliminary questionnaire in order to understand how the 
metadesign concept of the subdivision into "rooms", set up with different colours and scalar 
nuances influence the perception of the organization of space and other psycho-physiological 
sensations. The subjects (including 20 males and 20 females) will display the images shown 
on a screen of 120x90 cm size. The test was divided into 3 sessions: 
1. Comparison between standard and new concept: in the first part, two images depicting two 
cabins to which the colours currently used most in booth setups, and a third with the 
chromatic and spatial sequence-only solutions organized according to the "rooms" concept. 
Subjects are invited to say in which of these environments the back wall appears closer to the 
observer making it perceive the environment as wider; 
2. Perception of space: in the second part different shades of colour have been proposed, each 
represented with 2 possible sequences. The subject was asked to express his own judgment in 
terms of the breadth of the perceived space. In preview and without knowing the question that 
would have been asked, the subjects could visualize the 12 hypotheses, for ten seconds each. 
3. Perception of comfort and feelings: in this session on sensations, the subject was asked to 
express an opinion on how space and environment were perceived in terms of stress, comfort, 
harmony, elegance, and safety, assigning, a value from zero to five for each of these factors. 

5 RESULTS AND CONCLUSIONS 
The perceptive test conducted in the metaprojective phase confirms what has already been 
widely emphasized in literature: colour influences the user’s level of comfort and, his entire 
from a sensorial perception point of view, his whole travel experience. 
From the point of view of the pattern, the creation of "rooms" through the use of alternating 
colour on the seats and the sought-after contrast between walls, side windows and back wall, 
makes the environment perceptively wider, mitigating the typical perspective connected 
disorder to the tunnel effect. This optical illusion of amplitude can be increased through the 
use of ground lighting and the contour of the portholes. In terms of colours, the results of the 
test relating to the question of matching a colour with sleep, reading and working activities 
highlight studies concerning the influence of colour on the psyche: the reds win only in the 

Figure 4:  The six hypotheses of association between patterns (3 rows of seats) and colors of seats and 
cabin surfaces. 
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activity of the work; the blues and the greens emerge in the activity of sleep, while the pure 
greys and the dove greys are combined with the activity of reading mainly. A new series of 
test in a semi-immersive 3D virtual environment at the Digital HD Laboratory of the 
Polytechnic of Turin. 
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2 GROUND INFRASTRUCTURE AND FLEET RECONFIGURATION:  
ANALYTIC APPROACH
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2.3 Optimization structure and implementation aspects
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3 INFRASTRUCTURE AND FLEET RECONFIGURATION AT MILAN
BRESSO
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Parameter Value

ܿௌௌ ܿோௌ

3.1 Simplified sizing problem
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Parameter One-day sizing One-week sizing
ܰ
ܰௌௌ
ܰ

3.2 Complete sizing problem
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AERODYNAMIC AND ACOUSTIC ANALYSIS OF A 
PRELIMINARY PRANDTLPLANE CONFIGURATION 

WITHIN THE FRAMEWORK OF THE PARSIFAL PROJECT  

ABSTRACT

The present paper summarizes the main results obtained from the CFD analysis of a 
reference boxwing configuration designed during the initial phase of the PARSIFAL project, 
with focus on the assessment of its aerodynamic performance in the transonic regime. For 
such purpose, high-fidelity RANS computations have been carried out and a detailed 
inspection of the different drag sources, induced, wave and viscous drag components, is 
presented. In addition, preliminary results from the acoustic analysis of such innovative 
aircraft configuration are also discussed, concerning the impact of the engine location.  
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2 AERODYNAMIC ANALYSIS

2.1 Computational approach 

elsA

Cassiopée

Spalart-Allmaras

2.2 Detailed analysis at cruise conditions 
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e

e

2.3 Overall performance from low-speed to high-speed conditions

Flight Condition Altitude ft Mach
1
2
3
4
5
6
7
8
9

3 ACOUSTIC ANALYSIS
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3.1 Computational approach 

3.1.1 Underlying assumptions 

omni-directional

3.1.2 Computational method 
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3.1.3 Assessment methodology 

Scattering Factor  = 10 | ( )|²
| ( )|²

Front view Side view

3.2 Aircraft configurations 

.

(a)                                              (b)                                               (c) 

 



1016

PRP AERODYNAMIC AN ACOUSTIC ANALYSIS Carini, Méheut & Sanders 

Configuration Names
MS1_fuselage VTP_fuselage
MS1_rearwing VTP_rearwing

3.3 Results analysis 

VTP

VTP
Sa

i.e. Z>0
i.e. = 100 ( )

= 10 | ( )|²
| ( )|²
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Configuration MAX(Z), dB X(m) Y(m)
VTP_rearwing 3.7 -174 -114

MS1_frontwing 0.6 135 0
VTP_frontwing 0.6 135 0

Configuration S
a

(%)

MS1_fuselage 81.7
VTP_fuselage 80.5

VTP_frontwing 17.4
MS1_frontwing 17.2

Configuration Frequency (Hz)
Wavelength (m) MAX(Z

f
)

(dB) X (m) Y (m)
VTP_rearwing
MS1_rearwing
VTP_fuselage
MS1_fuselage

MS1_frontwing
VTP_frontwing

4 CONCLUDING REMARKS
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Against a background of increasing energy demand and rising fuel prices, hybrid-electric 
(HE) propulsion systems have the potential to significantly reduce fuel consumption in 
aviation. By taking advantage of both electric motor and internal combustion engine, these 
systems provide not only a benefit in fuel saving but also a great reduction in take-off noise 
and pollutant emission levels.  
In this work, HE aircraft are assessed as an alternative air transport service for short-haul 
regional travel. The aim is to connect the international airports with zones characterized by 
poor or inefficient traditional transport services. This innovative transport service is called 
micro-feeder, where micro stands for the airplane size (they have less than 20 seats) and 
feeder for their role of feeding major airports from smaller ones. In this context, a 
mathematical optimization problem is formulated in order to maximize the demand satisfied 
by the introduction of HE aircraft in the market. Moreover, a secondary objective is the 
minimization of the total number of airports activated to serve such demand.  
The model is tested in a realistic case study, corresponding to the Northern Italy 
geographical area. Considering different scenarios, the trends of the satisfied demand and 
activated airports depending on the fleet size are analysed. 

micro-feeder micro
feeder 
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micro-feeder

micro-feeder

micro-feeder 

micro-feeder 

micro-feeder
micro-

feeder

hubs

. micro-feeder secondary airport
airfield
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micro-feeder

Hybrid-Electric Micro-Feeder Location and Routing 
Problem (HE-MFLRP)

x

x

x

x

οW

4.1 Set definition 

x ܪ ൌ
x ܵ ൌ
x d ك � ൌ

x ܶ ൌ
x ܣ ൌ
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x ଵߗ ൌ

x ଶߗ ൌ

4.2 Parameter definition  

x Ɋ ൌ�
x � ൌ�
x ݀ ൌ�
x ݀௫ ൌ�
x ߬ ܶ
x ߬௫ ܶ
x ߬߂
x ିݐ ൌ�
x ௧ିݐ ൌ
x ௧௨௨ௗݐ ൌ
x ௩ݐ ൌ�
x ௧ݐ ݅ ݆ ݅ǡ ݆ א ܵ  ܪ
x ௧௧ݐ ൌ ିݐ  ௧௨௨ௗݐ  ௧ିݐ  ௧ݐ  ௩ݐ

݅ ݆ ݅ǡ ݆ א ܵ  ܪ
x ݀ ൌ� ݅ ݆ ݅ǡ ݆ א ܵ  ܪ
x ܯ ൌ�

݅ ݅ א ܵ
x ܯ ൌ� ݆ א ܪ
x ݐ ൌ�
x ߩ ൌ�
x ݃ఛ� ൌ� ݅ ݆

߬ ݅ א ܵ  ǡܪ ݆ א ܵ  ܪ

4.3 Variable definition  

x �ఛߦ ൌ� ݅ ݆ ߬
݅ א ܵ  ǡܪ ݆ א ܵ  ܪ

x ఛߨ ൌ� ܽ ߬
݅ ݆ ሺ݅ǡ ݆ሻ א ଵߗ  ଶǡߗ ߬ א ܶǡ ܽ א ܣ

x ߰� ൌ� ݅

x ఛݕ א ሾͲǡͳሿ ൌ� ܽ
߬

x ఛݖ ൌ� ܽ ݅
߬ ݅ א d  ǡܪ ߬ א ܶǡ ܽ א ܣ

x ఛߛ ൌ� ܽ
݅ ߬ ݅ א ܵ  ǡܪ ߬ א

ܶǡ ܽ א ܣ
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��� �   �ఛߦ
אௌுǣሺǡሻאఆభఆమאௌுఛ்א

െ ߰��
ሺܵሻ݀ݎܽܿ

אௌ
������ሺͶǤͳሻ

݅
݅ ܽ

ݐ

k-means clustering
 a priori

micro-feeder Pi
i micro-feeder .

micro-feeder ܱ ܦ

ܦ ൌ �݁ܦ� ܲ
ܰ ��ሺͷǤͳሻ

ܱ ൌ �ݎݎܣ� ܲ
ܰ ����ሺͷǤʹሻ

N Dep Arr
i

 ݀
micro-feeder

݅ Route Function ܴሺ݅ǡ ݆ሻ

i j Route Function
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ܴሺ݅ǡ ݆ሻ ൌ �ߙ
݉݁ܦ െ ���

אு
݉݁ܦ

���
אு

݉݁ܦ െ ���
אு

݉݁ܦ
 ሺͳ െ ሻߙ

ܦܩ ܲ െ ���
אு

ܦܩ ܲ

���
אு

ܦܩ ܲ െ ���
אு

ܦܩ ܲ
���ሺͷǤ͵ሻ

x ߙ
x ݉݁ܦ

݅ ݆
x ܦܩ ܲ ݉݁ܦ

݆ Route Function
߮ሺ݅ǡ ݆ሻ

߮ሺ݅ǡ ݆ሻ ൌ ܴሺ݅ǡ ݆ሻ
σ ܴאௌ ሺ݅ǡ ݆ሻ������ሺͷǤͶሻ

݅

 ൌ �߮ሺ݅ǡ ݆ሻܦ�
אு

������ሺͷǤͷሻ

݀ ൌ �߮ሺ݅ǡ ݆ሻ� ܱ
אு

������ሺͷǤሻ

ܱ� ܦ

ቐ
݃ ൌ �߮ሺ݅ǡ ݆ሻ�ܱ������ሺͷǤሻ
�ܩ ൌ �߮ሺ݆ǡ ݅ሻܦ������ሺͷǤͺሻ
߮ሺ݅ǡ ݆ሻ ൌ �߮ሺ݆ǡ ݅ሻ������ሺͷǤͻሻ

݃ ݅
݆ ܩ

ܯ ܯ
ߙ ൌ ͳ�

ܴሺ݅ǡ ݆ሻ ߙ ൌ ͳ
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ߙ ൌ Ͳ
߬

ߙ ൌ Ͳ

ߙ ൌ ͳ ߙ ൌ Ͳ

ߙ ൌ ͲǤͷ

 ͳͲͲ
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Transportation Research Procedia

.

Electric Vehicle Battery 
Charging/Swap Stations in Distribution Systems: comparison Study and Optimal 
Planning
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=B7@I8=B;� H<9� %CCB� 5B8� CH<9F� 79@9GH=5@� 6C8=9G	� �IFH<9FACF9�� 5FH	� -!� C:� H<9� '*+� F9EI=F9G�
8CA9GH=7�@=79BG=B;�:CF�B5H=CB5@�GD579�57H=J=H=9G	�+<IG��*H5H9G�A5M�B998�HC�58CDH�8CA9GH=7�@5KG�
HC�=AD@9A9BH�H<9�5FH	�-!�F9EI=F9A9BH�C:�5IH<CF=N=B;�5B8�ACB=HCF=B;�CIH9F�GD579�57H=J=H=9G�6M�
H<9=F�BCB;CJ9FBA9BH5@�9BH=H=9G	�*CA9�*H5H9G�<5J9�BCH�M9H�=AD@9A9BH98�H<=G�F9EI=F9A9BH	��'B9�
C:� H<9�ACGH� G=;B=:=75BH� =BH9FB5H=CB5@� FI@9G� :CF� *+%� DIFDCG9G� =G� H<9� 5FH	� !/� C:� H<9�'*+�	� !H�
9GH56@=G<9G� 5� ;9B9F5@� C6@=;5H=CB� :CF� 5@@� *H5H9G� (5FH=9G� HC� H<9�'*+� HC� D5M� 8I9� F9;5F8� HC� H<9�
7CFF9GDCB8=B;�=BH9F9GHG�C:�CH<9F�*H5H9G��5B8�5JC=8=B;�5BM�<5FA:I@�=BH9F:9F9B79�HC�H<9�57H=J=H=9G�
75FF=98� CIH� 6M� CH<9F� *H5H9G� =B� CIH9F� GD579	� �FH	� !/� 5@GC� 6=B8G� *H5H9G� (5FH=9G� HC� IB89FH5?9�
S5DDFCDF=5H9�=BH9FB5H=CB5@�7CBGI@H5H=CBGT�69:CF9�DFC7998=B;�K=H<�5BM�S57H=J=HM�CF�9LD9F=A9BH�
D@5BB98�6M�=H�CF�=HG�B5H=CB5@G�=B�CIH9F�GD579T�H<5H�H<9�*H5H9�S<5G�F95GCB�HC�69@=9J9�2Q3�KCI@8�
75IG9� DCH9BH=5@@M� <5FA:I@� =BH9F:9F9B79T	� !B� H9FAG� C:� =B:CFA5H=CB� 5B8� BCH=:=75H=CB�� H<9F9� 5F9�
G9J9F5@�D9FH=B9BH�FI@9G�5B8�DF=B7=D@9G�=B�GD579�@5K	��FH	�/!�C:�H<9�'*+�C6@=;9G�*H5H9G�(5FH=9G�SHC�
H<9�;F95H9GH�9LH9BH�:95G=6@9�5B8�DF57H=756@9T�HC�9L7<5B;9�=B:CFA5H=CB�CB�H<9�B5HIF9��7CB8I7H�5B8�
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@C75H=CBG�C:� H<9=F� 57H=J=H=9G� =B�CIH9F� GD579	�+<9������)9;=GHF5H=CB��CBJ9BH=CB�5@GC�DFCJ=89G�
F9@9J5BH�FI@9G�=B�H<9�:=9@8�C:�5B�*+%	�!B8998��=H�C6@=;9G�@5IB7<=B;�*H5H9G�HC�F9;=GH9F�GD579�C6>97HG�
5B8�=BH9FB5H=CB5@@M�BCH=:M�GI7<�F9;=GHF5H=CB	� CK9J9F��H<9�@5HH9F�H5?9G�D@579�5:H9F�H<9�@5IB7<�=BHC�
CIH9F�GD579�K<=@9�:CF�H<9�DIFDCG9G�C:�5B�*+%�5�DF9�@5IB7<�BCH=:=75H=CB�GMGH9A�KCI@8�69�B99898	�
%CF9CJ9F�� =H�8C9G�BCH�DFCJ=89�5B�C::=7=5@� @=GH�C:�57H=J9� G5H9@@=H9G�CF6=H=B;� H<9��5FH<	��BCH<9F�
=ADCFH5BH�5GD97H�=G�H<9�89:=B=H=CB�C:�H<9�GD579�C6>97H	�+<=G�=G�@=A=H98�HC�H<5H�7CBH5=B98�=B�H<9�
)9;=GHF5H=CB��CBJ9BH=CB�5B8�=B�H<9�����$=56=@=HM��CBJ9BH=CB�GC�5G�S7CADCB9BH�D5FHG�C:�5�GD579�
C6>97H�5G�K9@@�5G�=HG�@5IB7<�J9<=7@9�5B8�D5FHG�H<9F9C:T	�&C�8=GH=B7H=CB�=G�A589�69HK99B�8=::9F9BH�
C6>97H�75H9;CF=9G��H<9=F�:IB7H=CB�CF�H<9=F�DIFDCG9G	�&C�H97<B=75@�CF�G5:9HM�F9EI=F9A9BHG�5�GD579�
C6>97H�KCI@8�<5J9�HC�A99H�5F9�89:=B98��BCF�5F9�D<MG=75@�C6>97H�D5F5A9H9FG�CF�FI@9G�D9FH5=B=B;�HC�
GD579�C6>97H�CD9F5H=CBG�	��
.<=@9� 7CBH5=B=B;� F9@9J5BH� FI@9G� :CF� 5� *+%� GMGH9A�� H<9� 57HI5@� @9;5@� :F5A9KCF?� CB� GD579�
57H=J=H=9G�=G�C:�@=A=H98�DF57H=756=@=HM	�!H�75B�69�G5=8�H<5H�H<9�HF95H=9G�5F9�#(.�,-.,�.# #���K=H<�*+%�
9@9A9BHG��GI7<�5G�DFC<=6=H=B;�?=B8G�C:�D5M@C58G�=B�79FH5=B�CF6=HG��F9;=GHF5H=CB�5B8�BCH=:=75H=CB�
F9EI=F9A9BHG�5B8�5DDFCDF=5H9�7CBGI@H5H=CBG�HC�5JC=8�<5FA:I@�=BH9F:9F9B79�	� CK9J9F��*+%�=G�
BCH�7CB79DHI5@@M�9GH56@=G<98� =B� H<9� HF95H=9G�5B8�ACGH�C:� H<9G9�9@9A9BHG�5F9�BCH�89J9@CD98� =B�
89H5=@	��
�
��������	���	�������������	����������	����	�������
�

�

*D579� HF5::=7� A5B5;9A9BH� FI@9G� 5F9� F9;I@5H=CBG� H<5H� ;I5F5BH99� 5779GG� HC� CIH9F� GD579��
9LD@CF5H=CBG�5B8�H<9�DCGG=6@9�F9HIFB�C:�GD579�C6>97HG�:FCA�CIH9F�GD579�HC��5FH<	�+<9F96M�GI7<�5�
@9;5@� F9;=A9�AIGH� 577CAAC85H9� DCGG=6@9�A=@=H5FM� IG9G�� ;I5F5BH99� H<9� :F99� HF5BG=H� C:� GD579�
C6>97HG�H<FCI;<�CIH9F�GD579��:579�DFC6@9AG�C:�=B57H=J9�G5H9@@=H9G�5B8�CH<9F�:CFAG�C:�896F=G�=B�5B�
9BJ=FCBA9BH5@�D9FGD97H=J9�5B8�;I5F5BH99�=BH9F:9F9B79�:F99�H9@97CAAIB=75H=CBG	�!H�AIGH�8C�GC�
6M�H5?=B;�=BHC�577CIBH�H<9�9BCFACIG�GD998�H<5H�5BM�D=979�C:�A5HH9F�A5M�<5J9�=B�CIH9F�GD579�
5B8�H<9F9:CF9�;I5F5BH99�7C@@=G=CB�5JC=85B79��	��
'B� 5� H97<B=75@� 5B8� @9;5@� DC=BH� C:� J=9K� H<9F9� =G� H<9� B998� :CF� =B:CFA5H=CB� 5=A=B;� 5H� H<9�
DF98=7H56=@=HM�5B8�GIGH5=B56=@=HM�C:�GD579�57H=J=H=9G	�.<5H� =G�B979GG5FM� =G� HC�585DH� H<9��),*/-�
#/,#-� -*�.#�&#-� :57=B;� H<9� =GGI9G�DCG98� GD579� HF5::=7�A5B5;9A9BH� GMGH9A� =B�CF89F� HC�A5?9� =H�
75D56@9� HC� 588F9GG� H<9� 7IFF9BH� 7<5@@9B;9G	� +<=G� HF5BG:CFA5H=CB� =G� 8=F97H@M� @=B?98� K=H<� 5B�
=BGH=HIH=CB5@=N5H=CB�5G�=H�<5G�699B�7F95H98�=B�CH<9F�:=9@8�C:�*H5H9G�57H=J=H=9G��	��ACB;�H<9�ACGH�
=ADCFH5BH�7<5@@9B;9G�:CF�H<9�9::97H=J9B9GG�C:�5�*+%�GMGH9A��H<9F9�=G�H<9�A=H=;5H=CB�C:�GD579�
896F=G���H<9�BIA69F�C:�896F=G�<5G�HC�69�:IFH<9F�F98I798��D5GG=J5H=CB�5B8�DCGH�A=GG=CB�8=GDCG5@�
A95GIF9G� <5J9� HC� 69� GHF9B;H<9B98�� 5@GC� =B� J=9K� C:� H<9� DFCGD97H=J9� 6I=@8�ID� C:� @5F;9�G75@9�
7CBGH9@@5H=CBG	���A97<5B=GA�:CF�57H=J9�896F=G�F9ACJ5@�5@GC�B998G� HC�69�D5FH�C:�GD579� HF5::=7�
A5B5;9A9BH	�+<9�F9ACJ5@�57H=J=H=9G�KCI@8�<5J9�HC�69�65G98�CB�C6>97H=J9�7F=H9F=5�:CF�=89BH=:M=B;�
<=;<�F=G?�C6>97HG�5G�F9ACJ5@�75B8=85H9G�=B�CF89F�HC�=B7F95G9�=BH9FB5H=CB5@�5779DH5B79�:CF�5B8�
GHF9B;H<9B�7CB:=89B79�=B�57H=J9�896F=G�F9ACJ5@�57H=J=H=9G��	��G�K=H<�GD579�896F=G�A=H=;5H=CB��H<9�
57H=J9�A5B5;9A9BH�C:�H<9�GD579�9BJ=FCBA9BH�=G�B99898�:CF�9BGIF=B;�GIGH5=B56@9�89J9@CDA9BH�
=B�GD579��H5?=B;�=BHC�577CIBH�H<9�=BH9F9GHG�C:�:IHIF9�;9B9F5H=CBG	��
*D579� G=HI5H=CB� 5K5F9B9GG� �**���� B5A9@M� H<9� F9;I@5F� ACB=HCF=B;� C:� DCH9BH=5@@M� 85B;9FCIG�
896F=G�C6>97HG�=B�GD579��G<CI@8�5@GC�69�D5FH�C:�5�HF5::=7�A5B5;9A9BH�GMGH9A	�!B8998��=H�<5G�699B�
BCH98� H<5H� S2Q3� *+%� =G� 7CAD@9H9@M� 89D9B89BH� CB� GD579� G=HI5H=CB5@� 5K5F9B9GG�� UA5B5;=B;V�
HF5::=7�=B�GD579�F9EI=F9G�?BCK=B;�K<9F9�5B8�K<5H�H<9�UHF5::=7V�=G	�'D9F5H=CB5@�G5H9@@=H9G�=B�CF6=H�
AIGH�H5?9�75F9�HC�5JC=8�BCH�CB@M�CH<9F�CD9F5H=CB5@�G5H9@@=H9G��6IH�5@GC�ACF9�H<5B�������HF57?56@9�
A5B�A589�C6>97HG�=B�GD579��=B�588=H=CB�HC�H<9�5DDFCL=A5H9@M�H<CIG5B8G�C:�C6>97HG�HCC�GA5@@�HC�
69�HF57?98�K=H<�7IFF9BH�75D56=@=H=9G��5@@�C:�K<=7<�DCG9�5�H<F95H�HC�CD9F5HCFG�=B�GD579T��	�*I7<�
**��=G�BCH�CB@M�H<9�F9EI=G=H9�:CF�7C@@=G=CB�5JC=85B79��6IH�5@GC��2�*)-.� ��.)�:CF�7F95H=B;�5�:57HI5@�
65G=G�:CF�7CAD@=5B79�ACB=HCF=B;��H<IG�GHF9B;H<9B=B;�H<9�FI@9�C:�@5K�=B�CIH9F�GD579��	��GG9BH=5@@M��
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**��5;F99A9BHG�=BJC@J9�G<5F=B;�H97<B=75@�=B:CFA5H=CB�5ACB;�CD9F5HCFG�=B�GD579	��H�@95GH�G=L�
=BH9FB5H=CB5@�6=@5H9F5@�5;F99A9BHG�F9;5F8=B;�G<5F=B;�**��=B:CFA5H=CB�9L=GH��	�!B�588=H=CB��H<9�
,*� <5G� 5@GC� 9BH9F98� **�� 85H5� G<5F=B;� 5;F99A9BHG�K=H<�ACF9� H<5B� ��� 7CAA9F7=5@� 9BH=H=9G	�
*9J9F5@�=GGI9G�B998�HC�69�7CBG=89F98�7CB79FB=B;�H<9�:95G=6=@=HM�C:�5B�=BH9FB5H=CB5@�**��GMGH9A	�
+<9G9�=B7@I89�B5H=CB5@�G97IF=HM�7CB79FBG��85H5�GCIF79G��:=B5B7=B;��@=56=@=HM��DI6@=7�5779GG��5B8�
D5FH=7=D5H=CB	�&5H=CB5@�G97IF=HM�=AD@=75H=CBG�:CF�;CJ9FBA9BH�85H5�DFCJ=89FG�=G�5�G9F=CIG�=GGI9�
6975IG9�*H5H9G�K=H<�GCD<=GH=75H98�**��GMGH9AG�8C�BCH�K5BH�HC�F9J95@�7@5GG=:=98�GD579�C6>97HG	��
%5B5;=B;�H<9�SHF5::=7T�=B�CIH9F�GD579�8C9G�BCH�A95B�CB@M�H<9�DCGG=6=@=HM�HC�<5J9�=B:CFA5H=CB�
CB�5B�C6>97H�6IH�5@GC�H<9�DCGG=6=@=HM�HC�=89BH=:M�=H	�'H<9F�F9;=A9G�89JCH98�HC�H<9�A5B5;9A9BH�C:�
HF5::=7�GI7<�5G�G95�CF�5=F�GD579��5�BCB�F9;=GH9F98�J9<=7@9�=G�GI6>97H�HC�79FH5=B�G5B7H=CBG��	�-9GG9@G�
CF�5=F7F5:HG�5F9� F9EI=F98� HC�69� F9;=GH9F98�6M�5�*H5H9�5B8�G<CK�=HG� :@5;�CF�5=F7F5:H� F9;=GHF5H=CB�
BIA69F� :CF� D<MG=75@� =89BH=:=75H=CB	� +<=G� =G� 5�A95GIF9� :CF� F97C;B=N=B;� H<CG9� J9<=7@9G� 5B8� 5�
A95GIF9�HC�F9@M�CB�H<9�*H5H9�C:�F9;=GHFM�HC�F9;I@5H9�H<9�F9;=GH9F98�J9<=7@9�7CBG=GH9BH@M�K=H<�H<9�
F9@9J5BH�=BH9FB5H=CB5@�F9;I@5H=CBG	�-9<=7@9G�H<5H�5F9�BCH�F9;=GH9F98�6M�5BM�*H5H9G�5F9�GI6>97H�HC�
=BH9FB5H=CB5@� G5B7H=CBG� GI7<� 5G� 89B=5@� C:� DFCJ=8=B;� B5J=;5H=CB� CF� =B:CFA5H=CB� B979GG5FM� :CF�
CD9F5H=CB��CF�CH<9F�9B:CF79A9BH�A95GIF9G	�+<CG9�@9;5@�GMGH9AG�@958�H<9�CD9F5HCFGV�=B79BH=J9G�
HC�F9;=GH9F� H<9=F�J9<=7@9��6975IG9�BCB�F9;=GHF5H=CB�HIFBG�CIH� HC�69�7CIBH9FDFC8I7H=J9	�!B�CIH9F�
GD579�H<9F9�=G�5�F9;=GHF5H=CB�A97<5B=GA��@=?9K=G9�H<9�CH<9F�5F95G��9GH56@=G<98�6M�H<9�)9;=GHF5H=CB�
�CBJ9BH=CB��6IH�BC�C6@=;5H=CB�:CF�D<MG=75@�=89BH=:=75H=CB�5B8�BC�G5B7H=CB�CF�8=G58J5BH5;9�:CF�
BCB�F9;=GH9F98�C6>97H	�
�
����	� ��������� ��������� �������� ������	���� 
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�

!H�=G�J9FM�K9@@�?BCKB�H<5H�H<9�DC@=H=75@�9BJ=FCBA9BH�=G�BCH�7IFF9BH@M�:5JCIF56@9�HC�H<9�B9;CH=5H=CB�
C:� @9;5@@M� 6=B8=B;� =BGHFIA9BHG� 7CB79FB=B;� GD579� 57H=J=H=9G	� +5?=B;� =BHC� 75F9:I@� 577CIBH� H<9�
=ADCGG=6=@=HM�C:�:57=B;�H<9�B9K�7<5@@9B;9G�DCG98�6M�H<9�9JC@IH=CB�C:�GD579�57H=J=H=9G�H<FCI;<�
B9K� HF95H=9G�� =H� 7CI@8� 69� KCFH<� HC� 9LD@CF9� H<9� CDDCFHIB=HM� HC� 58CDH� BCB� @9;5@@M� 6=B8=B;�
=BGHFIA9BHG�=B�CF89F�HC�577CAAC85H9�H<9�9A9F;=B;�=GGI9G�F9EI=F=B;�F9;I@5H=CB��	��@H<CI;<�BCH�
6=B8=B;�� H<9G9� =BGHFIA9BHG� 5F9� C:� 9LHF9A9� =ADCFH5B79� 5G� H<9M� 7CBHF=6IH9� HC� H<9� 7CAACB�
IB89FGH5B8=B;� C:� H<9� DF9G7F=DH=CBG� =B� :CF79� 5B8� H<9M� ;=J9� =AD9HIG� HC� H<9� 89J9@CDA9BH� C:�
H97<B=75@� GH5B85F8G	� !B� H<=G� D9FGD97H=J9�� C:� D5FH=7I@5F� A9BH=CB� 5F9� H<9� ,&��� F9GC@IH=CBG�
7CB79FB=B;�H<9�S�DD@=75H=CB�C:�H<9�7CB79DH�C:�H<9�@5IB7<=B;�*H5H9T���CF�H<9�S)97CAA9B85H=CBG�
CB� 9B<5B7=B;� H<9� DF57H=79� C:� *H5H9G� 5B8� =BH9FB5H=CB5@� =BH9F;CJ9FBA9BH5@� CF;5B=N5H=CBG� =B�
F9;=GH9F=B;�GD579�C6>97HGT�	�%CF9CJ9F�� H<9�F9GC@IH=CB�CB�H<9�S)97CAA9B85H=CBG�CB�B5H=CB5@�
@9;=G@5H=CB�F9@9J5BH�HC�H<9�D9579:I@�9LD@CF5H=CB�5B8�IG9�C:�CIH9F�GD579T��=B8=75H9�� #(.�,��&#���
S+<9� G7CD9� C:� GD579� 57H=J=H=9G� H5F;9H98� 6M� B5H=CB5@� F9;I@5HCFM� :F5A9KCF?G�A5M� =B7@I89�� 5G�
5DDFCDF=5H9�� H<9� @5IB7<�C:�C6>97HG� =BHC�5B8� H<9=F� F9HIFB� :FCA�CIH9F� GD579�� H<9�CD9F5H=CB�C:� 5�
@5IB7<�CF�F9�9BHFM�G=H9�5B8�H<9�CD9F5H=CB�5B8�7CBHFC@�C:�GD579�C6>97HG�=B�CF6=HT	���
�C@@CK=B;�H<9�F97CAA9B85H=CBG�C:�,&!*(����!!!�=B�H<9�@5GH�897589�G9J9F5@�=B=H=5H=J9G�<5J9�
699B� @5IB7<98� 5H� H<9� =BH9FB5H=CB5@� @9J9@� HC� :579� H<9� 7<5@@9B;9� C:� GD579� G5:9HM�� G97IF=HM� 5B8�
GIGH5=B56=@=HM	�+C�57<=9J9�GIGH5=B56=@=HM�5�G9H�C:� H97<B=75@�FI@9G�<5J9�699B�58CDH98�:CF�GD579�
896F=G�5G�=HG�DFC@=:9F5H=CB�=G�7CBG=89F98�CB9�C:�H<9�SA5>CF�F=G?G�HC�H<9�GIGH5=B56=@=HM�C:�A5B?=B8VG�
9LD@CF5H=CB�5B8�IG9�C:�CIH9F�GD579T�	�+<9�*D579��96F=G��I=89@=B9G�C:�H<9�!BH9F��;9B7M�*D579�
�96F=G��CCF8=B5H=CB��CAA=HH99��!�����5G�5DDFCJ98�6M��'(,'*�5B8�9B8CFG98�6M�5�,&���
F9GC@IH=CB�<5J9�699B�58CDH98�5G�8CA9GH=7�F9;I@5H=CBG�6M�G9J9F5@�GD579�DCK9FG	��CBJ9F;9B79�C:�
J=9KG�9L=GHG�5ACB;�H<9�GD579�896F=G�9LD9FHG�H<5H�H<9�!����GD579�896F=G�;I=89@=B9G�G<CI@8�69�
:IFH<9F�GHF9B;H<9B98�=B�CF89F�HC�@=A=H�588=H=CB5@�;9B9F5H=CB�C:�GD579�896F=G	��
�BCH<9F�F9@9J5BH�=BGHFIA9BH�<5G�699B�9@56CF5H98�6M�H<9��FCID�C:��CJ9FBA9BH5@��LD9FHG�������
CB�'IH9F�*D579�+F5BGD5F9B7M�5B8��CB:=89B79��I=@8=B;�%95GIF9G��+��%��	�+<9�����:C7IG98�
CB�+��%G�H<5H�S7CI@8�69�58CDH98�JC@IBH5F=@M�6M�*H5H9G�CB�5�IB=@5H9F5@��6=@5H9F5@��F9;=CB5@�CF�
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7C@@=G=CBG�K=H<�CH<9F�;CJ9FBA9BHG�5B8�H<9�DF=J5H9�G97HCF��K<=@9�CH<9F�GD579�:5F=B;�B5H=CBG��GI7<�
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�CBJ9BH=CB	� +<9G9� =B7@I89G�� 5ACB;� CH<9FG�� H<9� BCH=:=75H=CB� C:� D@5BB98� @5IB7<9G�� G7<98I@98�
A5BC9IJF9G�H<5H�A=;<H�F9GI@H�=B�F=G?�HC�CH<9F�GD579�C6>97HG��9A9F;9B7M�G=HI5H=CBG��5B8�CF6=H5@�
6F95?IDG	�':�D5FH=7I@5F�F9@9J5B79�=G�H<9�F97CAA9B85H=CB�CB�BCH=:=75H=CB�C:�A5BC9IJF9G�S2Q35G�
CB9�C:�H<9� &��/(��� =B�H<9�)9;=GHF5H=CB��CBJ9BH=CB�=G�H<5H�A5BC9IJF9G�5F9�BCH�F9EI=F98�HC�69�
F9;=GH9F98T�	��
*=B79������H<9��'(,'*�*7=9BH=:=7�5B8�+97<B=75@�*I67CAA=HH99�9GH56@=G<98�5�.CF?=B;��FCID�
CB�H<9�$CB;�H9FA�*IGH5=B56=@=HM�C:�*D579��7H=J=H=9G��$+*�	�+<9�.CF?=B;��FCID�=G�H5G?98�K=H<�
DFC8I7=B;�5�7CBG9BGIG�F9DCFH�7CBH5=B=B;�JC@IBH5FM�69GH�DF57H=79�;I=89@=B9G�:CF�5@@�GD579�57HCFG�
HC� 9BGIF9� H<9� @CB;�H9FA� GIGH5=B56@9� IG9� C:� CIH9F� GD579� 57H=J=H=9G�	� .<=@9� H<9� ;I=89@=B9G�
H<9AG9@J9G� 5F9� BCH� @9;5@@M� 6=B8=B;� IB89F� =BH9FB5H=CB5@� @5K�� 5G� GH5H98� =B� H<9� BCH9G� C:� H<9�
*97F9H5F=5H�� 5BM� 57H=CB� H5?9B� HCK5F8G� H<9=F� =AD@9A9BH5H=CB� G<CI@8� 69� 7CBG=GH9BH� K=H<� H<9�
5DD@=756@9� DF=B7=D@9G� 5B8� BCFAG� C:� =BH9FB5H=CB5@� @5K	� +<9M� 5F9� :CFAI@5H98� =B� H<9� GD=F=H� C:�
9B<5B7=B;� H<9� DF57H=79� C:� *H5H9G� 5B8� =BH9FB5H=CB5@� CF;5B=N5H=CBG� =B� 5DD@M=B;� H<9� F9@9J5BH�
DF=B7=D@9G�5B8�BCFAG�C:�=BH9FB5H=CB5@�@5K	��IF=B;�H<9�����G9GG=CB�C:�H<9��'(,'*�7CBG9BGIG�
K5G�F957<98�CB�5B�=B=H=5@�G9H�C:���;I=89@=B9G�7CJ9F=B;�5�6FC58�F5B;9�C:�HCD=7G�5=A98�5H�:CGH9F=B;�
GD579�GIGH5=B56=@=HM��K<=@9�CH<9F����5F9�F9A5=B98�IB89F�8=G7IGG=CB	��:H9F�H<=G�=B=H=5@�D<5G9��K<=@9�
H<9�DFC79GG�HC�58CDH�H<9G9�;I=89@=B9G�5DD95F98�6@C7?98�:CF�DC@=H=75@�F95GCBG��=B�"IB9�����H<9�
�'(,'*�58CDH98�5�DF95A6@9�5B8���;I=89@=B9G�:CF�H<9�@CB;�H9FA�GIGH5=B56=@=HM�C:�CIH9F�GD579�
57H=J=H=9G�	�+<9��I=89@=B9G�DFCJ=89�;I=85B79�CB�H<9�DC@=7M�5B8�F9;I@5HCFM�:F5A9KCF?�:CF�GD579�
57H=J=H=9G�� G5:9HM� C:� GD579� CD9F5H=CBG�� =BH9FB5H=CB5@� 7CCD9F5H=CB�� 75D57=HM�6I=@8=B;� 5B8�
5K5F9B9GG�� 5B8� G7=9BH=:=7� 5B8� H97<B=75@� F9G95F7<� 5B8� 89J9@CDA9BH	� +<9� ;I=89@=B9G� 5F9�
:CFAI@5H98�=B�H<9�GD=F=H�C:�9B<5B7=B;�H<9�DF57H=79�C:�*H5H9G�5B8�=BH9FB5H=CB5@�CF;5B=N5H=CBG�=B�
5DD@M=B;�H<9�F9@9J5BH�DF=B7=D@9G�5B8�BCFAG�C:�=BH9FB5H=CB5@�@5K�5B8�H<9��'(,'*�9B7CIF5;9G�
*H5H9G�5B8�=BH9FB5H=CB5@�=BH9F;CJ9FBA9BH5@�CF;5B=N5H=CBG�HC�JC@IBH5F=@M�H5?9�A95GIF9G�HC�9BGIF9�
H<5H� H<9� ;I=89@=B9G� 5F9� =AD@9A9BH98� HC� H<9� ;F95H9GH� 9LH9BH� :95G=6@9� 5B8� DF57H=756@9	� +<9�
;I=89@=B9G� 8C� BCH� 9LDF9GG� 9LD@=7=H@M� F9:9F9B79� HC� *+%� 6IH� =H� =G� K=H<CIH� 5BM� 8CI6HG� H<9=F�
=ADCFH5BH� F97CAA9B85H=CBG� :CF� H<9�DF57H=79�C:�*H5H9G� =B� H<=G� :=9@8	� !B8998�� H<9� H9LH�7CBH5=BG�
=ADCFH5BH� F9:9F9B79G� HC�A5BM� 5GD97HG� F9@5H98� HC� H<9� *+%� :FCA� DFCJ=8=B;� H<9� 89J9@CDA9BH�
DF57H=75@� 5DDFC57<9G� :CF� DF9�@5IB7<� 7CB>IB7H=CB� 5GG9GGA9BH� HC� H<9� DFCACH=CB� C:� 7C@@97H=CB��
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56G9B79�C:�5�GD97=:=7�=BGH=HIH=CB�CB�CIH9F�GD579�=GGI9G��GI7<�5G�H<9�!BH9FB5H=CB5@��=J=@��J=5H=CB�
'F;5B=N5H=CB� �!��'��� H<9� !BH9FB5H=CB5@� %5F=H=A9� 'F;5B=N5H=CB� �!%'��� H<9� !BH9FB5H=CB5@�
+9@97CAAIB=75H=CB�,B=CB� �!+,����'(,'*� =G� H<9� =BH9FB5H=CB5@� :CFIA� :CF� 8=G7IGG=CB� C:� 5@@�
=BH9FB5H=CB5@�GD579� =GGI9G	�'F=;=B5@@M�9GH56@=G<98�=B����������'(,'*�6975A9�H<9�:CFIA�:CF�
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F9DF9G9BHG�5�7@95F�9J=89B79�C:�H<9�69B9:=HG�C:��'(,'*�HC�CIH9F�GD579�57H=J=H=9G	��
!H�=G�9B7CIF5;=B;�H<5H�*+%�K5G�58898�5G�5�B9K�=H9A�CB�H<9�5;9B85�C:�H<9�$9;5@�*I67CAA=HH99�
C:��'(,'*�=B�����IB89F�H<9�H=H@9�S�9B9F5@�9L7<5B;9�C:�J=9KG�CB�H<9�@9;5@�5GD97HG�C:�GD579�
HF5::=7�A5B5;9A9BHT��	�!H�K5G�8=G7IGG98�:CF�H<9�:=FGH�H=A9�=B������5B8�H<9�F9DCFH�5::=FAG�S+<9�
*I67CAA=HH99� BCH98� H<5H� H<9� GD579� 9BJ=FCBA9BH� K5G� 697CA=B;� =B7F95G=B;@M� 7CAD@9L� 5B8�
7CB;9GH98��CK=B;�HC�H<9�;FCK=B;�BIA69F�C:�C6>97HG�=B�CIH9F�GD579��H<9�8=J9FG=:=75H=CB�C:�57HCFG�
=B�CIH9F�GD579�5B8�H<9�;FCKH<�=B�GD579�57H=J=H=9G	�!H�K5G�BCH98�H<5H�5@@�C:�H<CG9�:57HCFG�=B7F95G98�
H<9�7<5B79G�C:�DCH9BH=5@�7C@@=G=CBG�=B�CIH9F�GD579�5B8�H<5H�GD579�HF5::=7�A5B5;9A9BH�7CI@8�69�
7CBG=89F98�=B�H<5H�7CBH9LHT�	�+<9�HCD=7�<5G�699B�A5=BH5=B98�=B�H<9�5;9B85�=H9A�C:�H<9�$9;5@�
*I67CAA=HH99�:CF�:IFH<9F�8=G7IGG=CBG�K<=7<�8=8�BCH�HIFB�M9H�=B�5�DFCDCG5@�:CF�:IHIF9�GH9DG��	�
 CK9J9F��H<9�A5B85H9�5B8�H<9�A9H<C8�C:�KCF?�C:�H<9��'(,'*�G99AG�BCH�HC�A99H�H<9�B998G�
:CF�=BH9FB5H=CB5@�CIH9F�GD579�A5B5;9A9BH�5B8�F9;I@5H=CB��@57?=B;�897=G=CB�A5?=B;�5IH<CF=HM	�
'B�H<9�7CBHF5FM�CF;5B=N5H=CBG�89JCH98�HC�HF5::=7�GH5B85F8G�B998�7CBH=BICIG�585DH5H=CB�8I9�HC�
H<9� 7<5B;9G� =B� H97<BC@C;M� 5B8� HF5::=7� DFC6@9AG	��G� =H� <5G� 699B�BCH98� S�'(,'*�� 5=898� 6M�
,&''*���<5G�CB@M�F97CAA9B85HCFM�5IH<CF=HM��=H�8C9G�BCH�<5J9�5IH<CF=HM�HC�58CDH�A5B85HCFM�
IB=:CFA� BCFAG� 6M�K<=7<� CD9F5HCFG� 75B� G5:9@M� 577CAD@=G<� H<9=F� 6IG=B9GG� 57H=J=H=9G� =B� CIH9F�
GD579T��	��
)979BH@M�H<9�B9K@M�!���GHI8M�CB�*+%�<5G�DFCDCG98�5�HCD�8CKB�5DDFC57<�:CF�5�7CADF9<9BG=J9�
*+%�F9;=A9�AC89@@98�:FCA�H<9�!+,�CF�!��'�GMGH9A��	�+<9�GHI8M�9AD<5G=G9G�H<9�B998�H<5H�
:FCA�H<9�DC@=H=75@�5779DH5B79�C:�5�7CADF9<9BG=J9�*+%�F9;=A9�HC�=HG�9@56CF5H=CB�5B8��9J9BHI5@@M��
=AD@9A9BH5H=CB��=H�7CI@8�H5?9�5B�9GH=A5H98����M95FG	�!B�H<=G�@=;<H��=H�=G�=BH9F9GH=B;�HC�BCH9�H<5H�
G=B79������,&''*��5B8�!��'�5F9�CF;5B=N=B;�5B��9FCGD579�GMADCG=IA�5BBI5@@M�H<5H�6F=B;G�
HC;9H<9F�6CH<�5J=5H=CB�5B8�GD579�7CAAIB=H=9G�HC�9LD@CF9�9L=GH=B;�F9;I@5H=CBG�5B8�DF57H=79G�K=H<�
F9;5F8�HC�7=J=@�5J=5H=CB��GI6CF6=H5@�:@=;<HG�5B8�89J9@CDA9BHG�=B�GD579�HF5BGDCFH5H=CB�+<=G�:CFIA�
KCI@8�69�5�:=FGH�GH9D�HC�DFCJ=89�5�;CC8�CJ9FJ=9K�C:�9L=GH=B;�F9;I@5H=CBG�5B8�DF57H=79G�KCI@8�
F9DF9G9BH�5B�=BH9F9GH=B;�CDDCFHIB=HM�C:�8=G7IGG=CB�:CF�H<9�B9K@M�58CDH98�$+*��5G�K9@@�5G�5�:CFIA�
:CF�G<5F=B;�J5@I56@9�9LD9F=9B79G�5B8�@9GGCBG�@95FB98	�.<=@9�H<9F9�5F9�CH<9F�7CAD5F56@9�AC89@G�
:CF�H<9�=BGH=HIH=CB5@=N5H=CB�C:�5�*+%��GI7<�5G�H<9�!+,��H<9�!��'�K5G�89G=;B98�HC�GIDDCFH�H<9�
89J9@CDA9BH�C:�5�;FCK=B;�7=J=@�5J=5H=CB�G97HCF�F9EI=F=B;�=BH9FB5H=CB5@@M�<5FACB=N98�GH5B85F8G	�
+<9�!��'�=G�5�GD97=5@=N98�5;9B7M�7F95H98�CB�H<9�������<=75;C��CBJ9BH=CB�;=J=B;�H<9�DCK9F�
HC�H<9��CIB7=@�HC�58CDH�F9;I@5H=CBG�:CF�H<9�G5:9HM�C:�=BH9FB5H=CB5@�5=F�B5J=;5H=CB�5B8�HC�BCH=:M�
H<9�%9A69F�*H5H9G�C:�H<=G�58CDH=CB��	�!B8998��5H�=HG�5FH	����H<9��<=75;C��CBJ9BH=CB�DFCJ=89G�H<9�
!��'�<5J9� HC�9BGIF9�SIB=:CFA=HM� =B� F9;I@5H=CBG�� GH5B85F8G��DFC798IF9G�� 5B8�CF;5B=N5H=CB� =B�
F9@5H=CB� HC� 5=F7F5:H�� D9FGCBB9@�� 5=FK5MG� 5B8� 5IL=@=5FM� G9FJ=79G� =B� 5@@� A5HH9FG� =B� K<=7<� GI7<�
IB=:CFA=HM� K=@@� :57=@=H5H9� 5B8� =ADFCJ9� 5=F� B5J=;5H=CBT�� B5A9@M� HC� 58CDH� GH5B85F8G� 5B8�
F97CAA9B898� DF57H=79G� �*�)(G���	� +<9M� 7CA9� =BHC� :CF79� :CF� 5@@�%9A69F�*H5H9G� IB@9GG� H<9�
A5>CF=HM�C:�H<9�%9A69F�*H5H9G�A9A69FG�897=89�8=::9F9BH@M	��IFH<9F��957<�%9A69F�*H5H9�75B�
GH=@@�BCH=:M�H<9�'F;5B=G5H=CB�H<5H�=H�K5BHG�HC�89J=5H9�:FCA�H<9�9L=GH=B;�H97<B=75@�F9;I@5H=CB��	�!H�
AIGH�69�G5=8�H<5H��GC�:5F��5@@�H<9�H97<B=75@�5BB9L9G�DFCDCG98�6M�H<9��CIB7=@�<5J9�699B�5DDFCJ98��
5@H<CI;<� BCH� =B:F9EI9BH@M� GCA9�%9A69FG� <5J9� 9L9F7=G98� H<9� DCK9F� HC� F9@95G9� H<9AG9@J9G��
7CBG=89F=B;� =H� =ADF57H=75@� HC� 7CAD@M� K=H<� H<9� DFCDCG98� F9;I@5H=CB	� !B� H<=G� 75G9�� H<9� *H5H9�
7CB79FB98�AIGH�8=G7@CG9�H<9�8=::9F9B79G�69HK99B�=HG�DF57H=79G�5B8�H<CG9�7CJ9F98�6M�H<9�!��'�
H97<B=75@� 5BB9L	� +<9� F9J=G=CB� C:� H<9� H97<B=75@� 5BB9L9G� HC� H<9� !��'��CBJ9BH=CB�� K<=7<� =G�
B979GG5FM�HC�585DH�H<9A�HC�H97<BC@C;=75@�DFC;F9GG��5@GC�:C@@CKG�5�G=AD@=:=98�DFC798IF9��	�+<9�
�<=75;C� �CBJ9BH=CB� 5DD@=9G� CB@M� HC� 7=J=@� 5J=5H=CB	� &9J9FH<9@9GG�� A=@=H5FM� 5=F7F5:HG� H9B8� HC�
:C@@CK�H<9�!��'�:@=;<H�GH5B85F8G�:CF�H<9=F�CKB�G5:9HM	�!B�H<=G�G9BG9��H<9�9@56CF5H=CB�C:�5�*+%�
G<CI@8�@CC?�HC�9L=GH=B;�AC89@G�=B�HF58=H=CB5@�5J=5H=CB�HC�:=B8�7CAACB�DF=B7=D@9G�H<5H�75B�69�
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1 INTRODUCTION
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2 SPOT ARCHITECTURE

2.1 On-board SPOT

•

•



1040

•

2.2 Ground SPOT

3 MATHEMATICAL MODEL

3.1 Magnitude evaluation

௦௧ௗܯ
௩ܯ

௩ܯ ൌ ௦௧ௗܯ െ ͳͷǤͷ  ���ଵ ቆ
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௦௧ௗܯ� ௩ܯ
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Ȱ ൌ Ͳι Ȱ ൌ Ͷͷι Ȱ ൌ ͻͲι Ȱ ൌ ͳ͵ͷι
0.3905 0.3394 0.2203 0.0858
3.905 3.394 2.203 0.8582

19.525 16.970 11.016 4.291
39.050 33.940 22.032 8.582
195.25 169.70 110.16 42.91
390.50 339.40 220.32 85.82
1952.5 1697.0 1101.6 429.1
3905.0 3394.0 2203.2 858.2

ܨ

ሺɔଵǡܨ ɔଶሻ ൌ
ͳ
ߨ ����ሺɔଵሻ����ሺɔଶሻ

߮ଵ ߮ଶ ߮ଵ ߮ଶ Ȱ

���Ȱ �ൌ ���߮ଵ ���߮ଶ  ���߮ଵ ���߮ଶ ��� ߠ

߮ଵ ൌ Ͳ ߮ଵ ൌ ͳͺͲ
ܨ ൌ Ͳ ߮ଶ ܨ

߮ଵ ߮ଶ

߮ଵ ߮ଶ Ȱ ߠ

 ൌ ι  ൌ ι  ൌ ૢι
߮ଶ ൌ ͳͲι 0.0937 ߮ଶ ൌ ͳͲι 0.1891 ߮ଶ ൌ ͳͲι 0.2249
߮ଶ ൌ Ͷͷι 0.1891 ߮ଶ ൌ Ͷͷι 0.3816 ߮ଶ ൌ Ͷͷι 0.4538
߮ଶ ൌ ͻͲι 0.2249 ߮ଶ ൌ ͻͲι 0.4538 ߮ଶ ൌ ͻͲι 0.5397
߮ଶ ൌ ͳͲι 0.4686 ߮ଶ ൌ ͳͲι 0.9455 ߮ଶ ൌ ͳͲι 1.1244
߮ଶ ൌ Ͷͷι 0.9455 ߮ଶ ൌ Ͷͷι 1.9080 ߮ଶ ൌ Ͷͷι 2.2690

߮ଵ ߮ଶ

Ȱ

ߠ
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߮ଶ ൌ ͻͲι 1.1244 ߮ଶ ൌ ͻͲι 2.2690 ߮ଶ ൌ ͻͲι 2.6983
߮ଶ ൌ ͳͲι 0.9371 ߮ଶ ൌ ͳͲι 1.8910 ߮ଶ ൌ ͳͲι 2.2488
߮ଶ ൌ Ͷͷι 1.8910 ߮ଶ ൌ Ͷͷι 3.8160 ߮ଶ ൌ Ͷͷι 4.5380
߮ଶ ൌ ͻͲι 2.2488 ߮ଶ ൌ ͻͲι 4.5380 ߮ଶ ൌ ͻͲι 5.3966
߮ଶ ൌ ͳͲι 4.6856 ߮ଶ ൌ ͳͲι 9.4552 ߮ଶ ൌ ͳͲι 11.2441
߮ଶ ൌ Ͷͷι 9.4552 ߮ଶ ൌ Ͷͷι 19.0799 ߮ଶ ൌ Ͷͷι 22.6900
߮ଶ ൌ ͻͲι 11.2441 ߮ଶ ൌ ͻͲι 22.6900 ߮ଶ ൌ ͻͲι 26.9831
߮ଶ ൌ ͳͲι 9.3711 ߮ଶ ൌ ͳͲι 18.9103 ߮ଶ ൌ ͳͲι 22.4883
߮ଶ ൌ Ͷͷι 18.9103 ߮ଶ ൌ Ͷͷι 38.1598 ߮ଶ ൌ Ͷͷι 45.3799
߮ଶ ൌ ͻͲι 22.4883 ߮ଶ ൌ ͻͲι 45.3799 ߮ଶ ൌ ͻͲι 53.9661
߮ଶ ൌ ͳͲι 46.8556 ߮ଶ ൌ ͳͲι 94.5516 ߮ଶ ൌ ͳͲι 112.4415
߮ଶ ൌ Ͷͷι 94.5516 ߮ଶ ൌ Ͷͷι 190.7991 ߮ଶ ൌ Ͷͷι 226.8997
߮ଶ ൌ ͻͲι 112.4415 ߮ଶ ൌ ͻͲι 226.8997 ߮ଶ ൌ ͻͲι 269.8307
߮ଶ ൌ ͳͲι 93.7112 ߮ଶ ൌ ͳͲι 189.1033 ߮ଶ ൌ ͳͲι 224.8829
߮ଶ ൌ Ͷͷι 189.1033 ߮ଶ ൌ Ͷͷι 381.5983 ߮ଶ ൌ Ͷͷι 453.7994
߮ଶ ൌ ͻͲι 224.8829 ߮ଶ ൌ ͻͲι 453.7994 ߮ଶ ൌ ͻͲι 539.6615
߮ଶ ൌ ͳͲι 0.4686×103 ߮ଶ ൌ ͳͲι 0.9455×103 ߮ଶ ൌ ͳͲι 1.1244×103

߮ଶ ൌ Ͷͷι 0.9455×103 ߮ଶ ൌ Ͷͷι 1.9080×103 ߮ଶ ൌ Ͷͷι 2.2690×103

߮ଶ ൌ ͻͲι 1.1244×103 ߮ଶ ൌ ͻͲι 2.2690×103 ߮ଶ ൌ ͻͲι 2.6983×103

߮ଶ ൌ ͳͲι 0.4686×103 ߮ଶ ൌ ͳͲι 1.8910×103 ߮ଶ ൌ ͳͲι 2.2488×103

߮ଶ ൌ Ͷͷι 0.9455×103 ߮ଶ ൌ Ͷͷι 3.8160×103 ߮ଶ ൌ Ͷͷι 4.5380×103

߮ଶ ൌ ͻͲι 1.1244×103 ߮ଶ ൌ ͻͲι 4.5380×103 ߮ଶ ൌ ͻͲι 5.3966×103

߮ଵ ് Ͳǡ ߮ଶ ് Ͳ

3.2 Dynamic condition analysis

.



ઢ ൌ ାଵሻݐሺ െ ሻݐሺ
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ܫ
௧ܫ
�Ǥ

4 SIMULATION ENVIRONMENT

4.1 Magnitude estimation
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4.2 Reference systems overview
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4.3 Visibility requirements 
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Observer [deg]� ષ [deg] e ࣓ [deg]  [km] Boresight LVLH
ڄ ͳͲିସ ڄ ͳͲଷ
ڄ ͳͲିସ ڄ ͳͲଷ
ڄ ͳͲିସ ڄ ͳͲଷ
ڄ ͳͲିସ ڄ ͳͲଷ
ڄ ͳͲିସ ڄ ͳͲଷ

ڄ ͳͲିସ ڄ ͳͲଷ
ڄ ͳͲିସ ڄ ͳͲଷ
ڄ ͳͲିସ ڄ ͳͲଷ
ڄ ͳͲିସ ڄ ͳͲଷ
ڄ ͳͲିସ ڄ ͳͲଷ
ڄ ͳͲିସ ڄ ͳͲଷ

ڄ ͳͲିଷ ڄ ͳͲଷ

5 RESULTS

•
•
•
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SIZING AND PERFORMANCE OF HYDROGEN-DRIVEN
AIRPLANES

ABSTRACT
A new, general methodology for the sizing of fuel cell-based hybrid-electric aircraft powertrain 
is illustrated. The method is based on an accurate physical model of the fuel cell module, 
integrated within a procedure that, given aircraft and mission parameters, estimates the
corresponding sizing and performance. The method is validated vs. a real flying prototype, the 
Hy4. This can be used in the design of conversions of existing aircraft to battery and fuel-cell
powertrains, as well as in the preliminary sizing of new propeller-driven air vehicles of 
arbitrary weight category. The results of the powertrain sizing for the conversion of two existing 
aircraft in the General Aviation category are presented, in connection to realistic values of the 
performance of electric motor, fuel cell, battery, and storage technologies involved.

Keywords: 

1 INTRODUCTION

i.e.
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2 FUEL CELL SYSTEM MODELLING
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3 POWERTRAIN SIZING AND PERFORMANCE
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4 NUMERICAL STUDIES

4.1 Validation

4.2 Applications to powertrain conversions
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i.e.

i.e.

i.e.

4.3 Cessna 172 Skyhawk
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i.e.

4.4 Tecnam P2012 Traveller
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4.5 Discussion
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A TRAJECTORY DESIGN ALGORITHM
FOR MULTIPLE ASTEROID FLYBY MISSIONS

Giuseppe Cataldi*, Salvo Marcuccio

Aerospace Division, Department of Civil and Industrial Engineering
University of Pisa - Via G. Caruso 8, 56122 Pisa, Italy

salvo.marcuccio@unipi.it

Abstract

Asteroid mining is one of the most promising private space ventures of the near future. Near-Earth
Asteroids (NEA), i.e. those with a perihelion at less than 1.3 AU from the Sun, are among the best
candidates for such venture. In preparation of mining expeditions, prospector missions will be carried
out well in advance so to assess the accessibility, possible critical issues and potential for revenues
of target asteroids. We study the problem of the feasibility of a single spacecraft prospector mission
capable of visiting as many asteroids as possible in one shot, focusing on Apollo-class asteroids only.
We assume a chemically propelled spacecraft with realistic specific impulse and propellant mass ratio,
so to allow for a credible mission design with a reasonable, cost-effective total duration. The domain
of trajectories considered is restricted to those lying in the plane of the ecliptic only; therefore, the
search for a maximum number of encounters is restricted to those occuoccurringring where the asteroid
orbit cross the ecliptic. We adopt a deterministic building blocks approach, dividing the optimization
problem in two parts: a local optimization for possible target determination; and a global optimization
for the choice of the overall trajectory. In this paper we present the algorithm and the main results
and discuss the extension of our method to non-planar, out-of-the-ecliptic encounters.

Keywords: asteroid mining, asteroid prospector, asteroid flyby

I Introduction
Near-Earth Asteroids (NEA) are defined as those asteroids with a perihelion distance of less than 1.3 AU .
In recent years the interest in such objects has considerably increased, both for scientific and industrial
purposes [2]: a better knowledge of the smaller bodies is essential to extend our understanding of the
birth and evolution of the solar system; and the possibility to open up a wholly new market based on
the exploitation of asteroid mineral resources is bringing around the birth of a new area of private space
industry. Among NEA, those with orbits crossing the Earth’s orbit and a semi-major axis larger than
Earth’s are identified as members of the Apollo group. Such asteroids are quite interesting targets for
mining ventures, as their relative proximity to the Earth makes them, in principle, easier to access. In
order to prepare properly for successful commercial exploitation of the awaiting riches, it is very likely
that future space miners will want to carry out a number of exploratory missions, so to gather important
information on the composition, size, shape, spin rate, etc. of the target bodies.

Our study is aimed at assessing the requirements, the constraints and the feasibility of a prospecting
mission capable to visit the largest possible number of Apollo asteroids with a single spacecraft. A visit is
defined as a fly-by at a distance sufficiently close so to allow for observation. The task is not trivial, due
to the great number of the Apollo asteroids (Fig.1), so to require the formulation of a dedicated method
for the resolution of the optimization problem about the selection of targets. In our study, we explicitly
assume that our prospector spacecraft is propelled by chemical rockets, contrary to several recent works in
the literature, where a similar asteroid tour problem is studied for low-thrust propelled spacecraft, either
electrical ([5], [7]), or solar-sailing ([10]). Moreover, this type of optimization problem is often solved
by heuristic genetic algorithms ([6]) that allow to evaluate a set of initial solutions, and, introducing
"disorder" elements, are able to create new solutions following an evolutionary path. The computational
cost for very complex problems is therefore reduced; however, the method does not guarantee that an
acceptable solution will be found. In this paper, a deterministic building blocks approach ([7]) is adopted,

Italian Association of Aeronautics and Astronautics
XXV International Congress
9-12 September 2019 | Rome, Italy
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Figure 1: Generic positions of Apollo asteroids in the heliocentric-ecliptic reference frame.

dividing the optimization problem in two parts: a local optimization for possible target determination;
a global optimization for the choice of the overall trajectory. Data of the Apollo asteroids (and Earth)
are retrieved from [8] and [9], respectively, and are relative to an heliocentric-ecliptic reference frame
in the epoch J2000. The asteroid database is updated daily with data about new bodies discovered, so
that the algorithm might produce very different results at different times in the future. The algorithm is
implemented in MATLAB R⃝.

II Assumptions
We start from the set of orbital parameters {a, e, i,Ω,ω} and the epoch of osculation tref with the relative
asteroid position expressed by the mean anomaly Mref, retrieved from [8]. Firstly, we assume that the
asteroids trajectories are not affected by perturbations from other bodies (keplerian orbits), so that the
asteroid orbital parameters stay constant during the mission. It can be seen from the distribution of
these values among the asteroids (Fig.2) that most of the asteroids have slightly inclined orbits; we
therefore assume that the visiting spacecraft trajectory lies on the ecliptic plane, in order to simplify the
problem and to minimize the inclination change maneuvers needed and the propellant required. With
these assumptions, the problem is reduced to finding a step-by-step defined trajectory that starts from the
Earth and intercepts the asteroids at their transition points on the plane of the ecliptic. Every element
of the overall trajectory followed by the spacecraft between two asteroids will be a keplerian arc with
the necessary properties. Moreover, in the heliocentric phase, all the maneuvers are assumed impulsive
without considering mass changes of the spacecraft and neglecting the details of what happens during the
flyby phase. The main idea is to use a building blocks approach ([7]), in which the design of a complex
trajectory is the result of an optimal assembly of solutions to a number of smaller problems, as will be
explained later in detail.

III Preliminary phase
The first building block concerns the use of asteroids data (time, tref, and position, Mref) in order to
determine the transition positions on the ecliptic plane. It can be easily seen that the condition of
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Figure 2: Distribution of orbital parameters among Apollo asteroids, after data from [8].



1078

Figure 3: Asteroid transition positions r(1)tr (left) and r(2)tr (right) on the ecliptic plane.

transition is expressed in terms of true anomaly νtr by considering the transformation from the perifocal
to the heliocentric-ecliptic reference frame:

⎧
⎪⎨

⎪⎩

x = r(ν) [(cosΩ cosω − sinΩ sinω cos i) cos ν + (− cosΩ sinω − sinΩ cosω cos i) sin ν]

y = r(ν) [(sinΩ cosω + cosΩ sinω cos i) cos ν + (− sinΩ sinω + cosΩ cosω cos i) sin ν]

z = r(ν) [sinω sin i cos ν + cosω sin i sin ν]

;

with:

r(ν) =
a
(
1− e2

)

1 + e cos ν
;

and imposing:

z = 0 ⇒ sinω cos νtr+cosω sin νtr = 0 ⇒ tan νtr = − tanω ⇒
(
ν(1)tr , ν(2)tr

)
∈ [0, 2π] with ν(1)tr < ν(2)tr

Two values of true anomaly result from this equation, each of them related to the position and velocity
vectors,

(
r(1)tr , r(2)tr

)
and

(
v(1)

tr ,v(2)
tr

)
, found by solving an initial value problem, the Direct Kepler’s Prob-

lem (DKP). It can be seen that the most of asteroids pass through the ecliptic plane at a distance from
the Sun of about 1 AU , in a region that we name high-density transition zone (Fig.3).

Four quantities are available to the user to choose as input parameters:

• Mission lifetime: [t0, tend];

• Mission area: [dmin, dmax];

• Maximum consumption per maneuver: ∆vmax;

• Maximum mission consumption: ∆vtot.

In this part of the analysis only the first two parameters are used, while the others will be useful later.
Mission lifetime is critical for knowing the order and the date relative to transitions (in this phase only
the first and the second ones are considered). For this purpose, the initial position of asteroids is found in
terms of true anomaly ν0 = ν (t0) by solving another initial value problem, the Reverse Kepler’s Problem
(RKP). Hence, a new DKP is resolved with respect to the initial time t0 to determine the transition
dates. Three cases must be considered (the roman number expresses temporal order and n is the asteroid
mean motion):
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a)

if 0 < ν0 < ν(1)tr ⇒
{

rItr = r(1)tr

rIItr = r(2)tr
⇒

⎧
⎨

⎩
tItr = t0 +

(
M (1)

tr −M0

)
/n

tIItr = t0 +
(
M (2)

tr −M0

)
/n

;

b)

if ν(1)tr < ν0 < ν(2)tr ⇒
{

rItr = r(2)tr

rIItr = r(1)tr
⇒

⎧
⎨

⎩
tItr = t0 +

(
M (2)

tr −M0

)
/n

tIItr = t0 +
(
M (1)

tr + 2π −M0

)
/n

;

c)

if ν(2)tr < ν0 < 2π ⇒
{

rItr = r(1)tr

rIItr = r(2)tr
⇒

⎧
⎨

⎩
tItr = t0 +

(
M (1)

tr + 2π −M0

)
/n

tIItr = t0 +
(
M (2)

tr + 2π −M0

)
/n

.

Finally, with the purpose of reducing the computational cost, the asteroids that transit too far in time
and in space from now on will not be considered. Therefore, the potentially observable asteroids
are defined as the asteroids that transit at least once in the chosen area during the mission. They must
satisfy the following conditions:

{
t0 < tItr < tend or t0 < tIItr < tend

dmin < |rItr| < dmax or dmin < |rIItr | < dmax
(1)

These conditions give the set of N asteroids that will be treated during the next phase.
Summing up the preliminary phase, we have:

{ak, ek, ik,Ωk,ωk} and tref,k,Mref,k for k = 1 : Ntot from [8];
{a⊕, e⊕, i⊕,Ω⊕,ω⊕} and tref,⊕,Mref,⊕ from [9];

tan νtr,k = − tanωk ⇒
(
ν(1)tr,k, ν

(2)
tr,k

)
for k = 1 : Ntot;

DKP ⇒
(
r(1)tr,k, r

(2)
tr,k,v

(1)
tr,k,v

(2)
tr,k

)
for k = 1 : Ntot;

RKP ⇒ (r0,k,v0,k) for k = 1 : Ntot;

RKP ⇒ (r0,⊕,v0,⊕) ;

DKP ⇒
(
tItr,k, t

II
tr,k, r

I
tr,k, r

II
tr,k,v

I
tr,k,v

II
tr,k

)
for k = 1 : Ntot;

(1) ⇒ N asteroids.

IV Research phase
This is the central core of the algorithm, in which the possible targets, depending on the spacecraft
position, are determined. The input variables are relative to the current state of spacecraft: (t, r,v). At
each generic iteration, a new calculation of the next transition data is needed. Hence, we must adopt a
general method as follows, that comprises various cases:

a)

if t < tItr ⇒

⎧
⎪⎨

⎪⎩

tnext
tr = tItr
rnext
tr = rItr

vnext
tr = vI

tr

;

b)

if t > tItr ⇒ λ = floor
(
t− tItr
T

)
⇒

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

if t < tIItr + λT ⇒

⎧
⎪⎨

⎪⎩

tnext
tr = tI+2λ+1

tr = tIItr + λT

rnext
tr = rI+2λ+1

tr = rIItr
vnext

tr = vI+2λ+1
tr = vII

tr

if t > tIItr + λT ⇒

⎧
⎪⎨

⎪⎩

tnext
tr = tI+2(λ+1)

tr = tItr + (λ+ 1)T

rnext
tr = rI+2(λ+1)

tr = rItr
vnext

tr = vI+2(λ+1)
tr = vI

tr
(2)
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where T is the asteroid period and λ is the number of periods elapsed since the first transition.
Now we introduce an observation area in which to analyse the best trajectories linking spacecraft and
asteroid transition position. We choose a semi-circular area in front of the spacecraft and centred on it
with radius:

δ = c1 min
{
|rnext

tr − r|
}
; (3)

where c1 is an arbitrary scale factor. With the right choice of c1 we can obtain a value of δ that ensures
to consider a good number of asteroids around the spacecraft (Fig.4). In our case we have reasonably
adopted a scale factor of one order of magnitude: c1 = 10.

Figure 4: Asteroids in the observation area (initial step). The mission area is defined as: [1 AU, 1.5 AU ].

From now on, there is the need of criteria forming a funnel structure (similar to local minimizers in
[1]) to select the best targets. Firstly, we consider only the asteroids that have at the same time the next
transition inside the mission and the observation areas:

{
|rnext

tr − r|< δ

dmin < |rnext
tr |< dmax

;

Then, with the purpose to have orbits that stay as close as possible to the high-density transition zone,
it is appropriate to choose only elliptical transfer orbits:

∆t =
(
tnext
tr − t

)
> tp

where ∆t is the transfer time and tp is the transfer time for parabolic orbit. At the same time we want
to minimize the transfer time between two consecutive flybys by choosing the arc trajectory as short as
possible. From Lambert’s theory, there are four different elliptical trajectories that link two positions
with a given transfer time. We choose arcs with:

0 < ∆ν < π and ∆t =
(
tnext
tr − t

)
< tm
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where ∆ν is the swept true anomaly and tm is the time of minimum energy ellipse. In this way we have
only selected the shortest arcs. Fig. 5 shows the differences between the chosen and the rejected orbits:
as it can be seen, the trajectories depicted in magenta would imply abrupt changes of direction later.

At this point, for all the remaining asteroids we have to solve a boundary value problem, the Lambert’s
Problem (LP), to get the transfer orbit parameters. Since the problem is ill-conditioned, it is better to
make use of the universal variable formulation to achieve robustness. Hence, if we consider two positions
in space, r and rnext

tr , linked by a trajectory with swept true anomaly ∆ν and time ∆t, the solution z of
LP is obtained by the equation:

√
µ⊙∆t =

√(
B

C(z)

)3

S(z) +A
√
B;

with:

A =

√
r rnext

tr sin∆ν√
1− cos∆ν

; B = r + rnext
tr +A

(zS(z)− 1)√
C(z)

;

C(z) =
∞∑

j=0

(−z)j

(2j + 2)!
; S(z) =

∞∑

j=0

(−z)j

(2j + 3)!

Then, the eccentricity and the semi-major axis of transfer orbits are obtained through:

atr =
y

zC(z)
; etr =

√

1− (1− cos∆ν) r rnext
tr

y atr

In order to compute the initial and final velocity vectors
(
vin

tr ,vfin
tr
)

of the arc, we use the expressions of
the Lagrangian coefficients (LC):

F = 1− rnext
tr (1− cos∆ν)

atr (1− e2tr)
; G =

r rnext
tr sin∆ν√

µ⊙atr (1− e2tr)
;

Ġ = 1− r (1− cos∆ν)

atr (1− e2tr)
; Ḟ =

FĠ − 1

G ;

obtaining:
vin

tr =
1

G
(
rnext
tr − Fr

)
and vfin

tr = Ḟr + Ġvin
tr

Finally, we consider only the arc trajectories that are compatible with the spacecraft propellant consump-
tion requirements:

∆v = |vin
tr − v| < ∆vmax

In many cases, it may happen that no suitable target is found inside the observation area. In such
cases, the algorithm will restart the selection using an increased observation area of radius:

δnew = c2δ up to δmax = 2dmax; (4)

where c2 is an arbitrary magnification factor (in our case c2 = 2), while the imposed δ maximum value
corresponds to the limit case in which the observation radius is as wide as the maximum mission distance
from the Sun.
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Figure 5: Short elliptical arcs (green) and not favourable orbits (magenta).
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Summing up, the funnel structure of the preliminary phase is:

Input variables: (t, r,v) ;
(2) ⇒

(
tnext
tr,k , rnext

tr,k ,vnext
tr,k

)
for k = 1 : N ;

(3) ⇒ δ;

|rnext
tr,k − r| < δ for k = 1 : N ⇒ N1 asteroids;

dmin < |rnext
tr,k | < dmax for k = 1 : N1 ⇒ N2 asteroids;

tnext
tr,k − t > tp,k for k = 1 : N2 ⇒ N3 asteroids;
0 < ∆νk < π and tnext

tr,k − t < tm,k for k = 1 : N3 ⇒ N4 asteroids;
LP ⇒ (etr,k, atr,k) for k = 1 : N4;

LC ⇒
(
vin

tr,k,v
fin
tr,k

)
for k = 1 : N4;

|vin
tr,k − v| < ∆vmax for k = 1 : N4 ⇒ Nfin asteroids;

if Nfin = 0 ⇒ (4) ⇒ restart;

Output variables:
(
tnext
tr,k , rnext

tr,k ,vnext
tr,k , etr,k, atr,k,vin

tr,k,v
fin
tr,k

)
for k = 1 : Nfin.

At the end of the research phase, we need to choose one of the Nfin asteroids, the funnel bottom,
following criteria that we will discuss in the next section. Let k = l be the index of the selected target;
in the next iteration we will have as input variables:

(t, r,v) =
(
tnext
tr,l , rnext

tr,l ,vnext
tr,l

)

V Implementation strategy
Two possible paths are considered for the final selection of target. Firstly, we can choose at every
iteration the orbit with minimum consumption. This strategy provides a low computational cost and
a local optimization (but not a global one for the mission), so it can be used when quick results are
wanted. In the latter strategy the research iteration is used with the purpose to determine all the
possible trajectories combinations (breadth first search [7]), and then to find the best spacecraft orbits
at the expense of a higher computational cost. In this way, we will obtain a tree-structure result
(Fig.6), from which we select the combination of orbits that predicts the largest number of flybys and
total minimum consumption, within the limits of mission lifetime (brunch and prune approach, [5]). In
both cases, the procedure will stop working when it arrives at a time t > tend (time over) or when the
total propellant consumption exceeds the expected one ∆vtot (propellant over).

In the present version of the algorithm, the tree search strategy is used. Because of its high compu-
tational cost, we need to reduce the number of instructions when it is possible. For this reason, during
the research phase it is preferable to work on temporary sets of data and, at the end, collect only the
useful results in bank carriers arrays. Hence, the funnel selection is done by eliminating the components
of a temporary vector Itemp, whose generic component is the asteroid list index in [8]. The remaining
components are collected in a related bank carrier and will act as identifiers of the target. In particular,
the main bank carriers are:

• Nbank: array whose i-th component is the number of possible targets found at the i-th iteration.

• Ibank: array whose i-th component is the list index of the i-th asteroid found since the beginning
of the procedure. As already mentioned, its components play the role of identifiers of target.

• tbank: array whose i-th component is the time of transition of the i-th target found since the
beginning of the procedure.

• rbank: array whose i-th component is the position vector of the i-th target found since the beginning
of the procedure.

•
(
vin

bank,vfin
bank

)
: arrays whose i-th component is respectively the initial and final velocity vector of

the i-th maneuver found since the beginning of the procedure. These data are essential for the
evaluation of consumption and the final selection of path.
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Figure 6: Tree-structure diagram with Nbank = [2, 1, 2, 2, 0, 11, 1, 14]. The order of exploration of nodes is shown
in red.

• (ebank, abank): arrays whose i-th component is respectively the eccentricity and the semi-major
axis of the i-th transfer orbit found since the beginning of the procedure.

• ∆νbank: array whose i-th component is the swept true anomaly during the i-th transfer orbit found
since the beginning of the procedure.

All the aforementioned bank carriers are essential for the reconstruction of trajectory. In particular, at
the end of the procedure, the array Nbank is fundamental for the codification of the tree-structured results
into a matrix J . If we assume Nbank = [N1, N2, . . . , NH ], it can be noted that

L =
H∑

k

Nk

corresponds to the overall nodes number of the tree-structure, and, therefore, to the main size of the
other bank carriers.

In order to explain the coding process, let’s introduce a parameter M , that represents the number of
already converted nodes. The procedure starts with a matrix

J0 =
(
1 2 . . . N1

)

and a value of M0 = N1. From now on, we continue iteratively. Let’s assume a generic form of the matrix
at the i-th iteration:

Ji =

⎛

⎜⎜⎜⎝

J11 J12 . . . J1,end
J21 J22 . . . J2,end
...

...
. . .

...
Jend,1 Jend,2 . . . Jend,end

⎞

⎟⎟⎟⎠

with a given value of Mi < L.
Every column (for j = 1 : end) is replaced, starting from the left, by the following submatrix:

a) if N(Jend,j+1) ̸= 0 and Jend,j ̸= 0
⎛

⎜⎜⎜⎝

J1j J1j . . . J1j
...

...
. . .

...
Jend,j Jend,j . . . Jend,j

M + S + 1 M + S + 2 . . . M + S +N(Jend,j+1)

⎞

⎟⎟⎟⎠
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with

S =
j−1∑

k=0

N(Jend,k+1)

b) if N(Jend,j+1) = 0 or Jend,j = 0 ⎛

⎜⎜⎜⎝

J1j
...

Jend,j
0

⎞

⎟⎟⎟⎠

After a complete iteration, we have a new row into the matrix and a new value of M given by:

Mi+1 = max
(i,j)

Ji,j

For example, in relation to Fig.6 we have a 4-by-27 matrix:

J =

⎛

⎜⎜⎝

1 1 . . . 1 2 2 . . . 2
3 3 . . . 3 4 5 . . . 5
6 7 . . . 7 0 8 . . . 18
19 20 . . . 33 0 0 . . . 0

⎞

⎟⎟⎠

The null terms in the matrix mean that the research phase did not produce any useful trajectory. Finally,
the columns with zero terms are deleted, so we can get the best trajectories in terms of number of asteroids,
and we choose the column with the corresponding minimum ∆v that represent the best overall trajectory.

VI Main results
The algorithm was tested with the following input values:

• mission lifetime: [t0, tend] = [t0, t0 + 5 years];

• mission area: [dmin, dmax] = [1, 1.5] AU ;

• maximum consumption per maneuver: ∆vmax = 0.5 km/s;

• maximum mission consumption: ∆vtot = 5.5 km/s.

Several test cases have been tried with t0 ranging from 1st of January 2020 to 1st of January 2030 with a
six months step. The best results have been obtained with a launch window in January 2024 (see Tab.1),
showing that is possible to consecutively reach 21 asteroids with a consumption of 5.3 km/s. The final
spacecraft trajectory is plotted in Fig. 7 (green). As we expected, the trajectory lies in the high-density
area of asteroids. Considering the possibility of launching two spacecrafts, the second best trajectory in
terms of total consumption with the same date of launch was determined. Both trajectories intercept the
same number of asteroids with a total consumption almost equal. Therefore, we are led to believe that
further trajectories with similar characteristics can be obtained, making it possible to consider prospect-
ing missions consisting of multiple spacecraft.
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Figure 7: Spacecraft trajectories. The first trajectory is related to the first spacecraft, the latter to the second
one. The blue cross represents the starting position and the red circles the target asteroids.
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Table 1: Two possible set of targets. Both cases present 21 asteroids, with a total consumption ∆vtot ≈ 5.3 km/s.

FIRST SPACECRAFT SECOND SPACECRAFT

Asteroid full name Flyby date [DMY ] Asteroid full name Flyby date [DMY ]

(2016 LJ10) 8th June 2024 (2011 LZ2) 6th June 2024
(2017 MF3) 27th June 2024 (2015 SH) 20th September 2024
(2010 VB99) 30th November 2024 (2015 XX169) 12th December 2024

164207 (2004 GU9) 21st May 2025 (2014 DE23) 2nd March 2025
(2016 NO56) 28th July 2025 (2016 LR51) 10th June 2025
(2017 FP101) 5th November 2025 (2017 BW30) 9th August 2025
(2006 AS3) 14th February 2026 (2010 SE) 23rd September 2025
(2015 EG7) 26th April 2026 (2013 XS23) 18th December 2025
(2016 WJ1) 25th July 2026 484506 (2008 ER7) 26th February 2026

163132 (2002 CU11) 12th October 2026 (2017 KC36) 6th June 2026
(2013 XS23) 21st January 2027 (2013 QF11) 11th September 2026

168318 (1989 DA) 3rd May 2027 (2014 GE35) 26th November 2026
(2004 LB1) 18th August 2027 418849 (2008 WM64) 16th January 2027

(2009 DM45) 5th November 2027 (2012 EP10) 3rd April 2027
(2009 WC) 23rd January 2028 (2004 GD) 12th May 2027

(2014 BP43) 9th April 2028 (2013 NS13) 18th August 2027
(2015 FL) 20th June 2028 (2012 UB174) 29th November 2027

(2004 JV20) 6th August 2028 (2015 BH514) 14th March 2028
(2005 MA) 10th September 2028 (2009 UU1) 13th June 2028

(2012 EP10) 11th December 2028 (2015 XZ168) 12th August 2028
433953 (1997 XR2) 14th March 2029 (2012 RR16) 27th November 2029

VII Conclusions
The algorithm has shown very good performance and a moderate computational cost, allowing for its
use in the context of an asteroid mining pre-Phase-A study carried out internally at the University of
Pisa. In addition to identifying the mission profile, the results provided have been quite helpful for the
preliminary design of various spacecraft subsystems. For example, evaluation of the relative velocity
between spacecraft and asteroid was used to help establish the requirements for the ADCS during the
prospecting phase.

The algorithm is based on several assumptions and its results are at a medium level of accuracy.
Further and more advanced versions of the code, e.g. including perturbation models, can be developed
to increase the accuracy. Also, the procedure can be applied to similar problems after some adaptations,
e.g. to the analysis of a different pool of celestial bodies or, in general, to space missions in Earth orbit
involving multiple targets (such as mission dedicated to the removal of space debris removal ([4]). As
examples of such other target groups, we may cite two noteworthy databases:

1. the Near-Earth Object Human Space Flight Accessible Target Study (NHATS), introduced by [3],
containing the possible NEA targets for a future manned mission; and

2. the Asteroid Lightcurve Database (LCDB) presented by [11], containing sets of data generated
from observational informations with the purpose to determine less known quantities to characterise the
asteroids.

These two databases could be integrated (like in [10]) to obtain a set of suitable targets for future
manned missions, and then used in the algorithm to design a precursor unmanned prospecting mission.
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ABSTRACT

This paper studies the dynamic responses of the engine-pylon-wing ensemble when FBO event
occurs using a multibody model. This model has relatively few degrees of freedom, but can
reproduce, in simplified forms, the main physical mechanisms involved. The general-purpose
Multibody Dynamics software (MBDyn) used in this study permits both the implementation
of various non-linear mechanisms, such as the gearbox or hinges with rotational limits, and
the integration of reduced models extracted from detailed FEM. Even if limited information
is available in case of early design phase, this model can be useful to extract a preliminary
evaluation of the loads’ magnitude and frequency content. Sensitivity analysis is also possible
due to the parametric nature of the model. The effects of the various model parameters variation
on the global dynamics is investigated.

Keywords: Multibody, Turbofan Engine, Fan Blade Out, Dynamic Model

1 INTRODUCTION

The history of turbofan engines’ design shows a clear tendency to increase the Bypass Ratio
(BPR): the Thrust Specific Fuel Consumption (TSFC) reduces as the BPR increases. To achieve
BPR even up to 17 and significantly reduce the fuel consumption, it is necessary to increase the
fan diameter. This, in turn, brings some important design issues: the larger the fan is, the greater
aerodynamic and structural loads are. Heavier rotating masses are also critical because of the
gyroscopic loads. To manage the fan rotational speed and control the blade tip tangential speed,
a planetary gearbox is also needed to connect the fan with the turbine.
The evaluation of the effects of these innovations on aircraft safety is required. This work
focuses on the possibility to build simplified models suitable to account for the interactions
between engine internal dynamics with engine mount systems and pylon dynamic properties
since an early stage of the design; the Fan Blade Out (FBO) event was used as challenging test
case.

2 FAN BLADE OUT

The FBO is a major hazard in modern jet-powered commercial and military aviation engines.
The failed rotating components are released at very high kinetic energy and the fragments can
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perforate the containment system and damage fuel tanks, hydraulic lines, auxiliary power units
and other aircraft systems. These effects are even more serious if large fans are considered: the
longer and heavier the blades are, the higher are their kinetic energy when they detach from the
hub and the unbalance loads acting on the shaft due to the unbalance.
The FBO dynamics can be divided into two main phases, each one has specific regulation re-
quirements [1]:

• Blade fracture and transient: the fracture of a fan blade is basically instantaneous and
causes a sudden unbalance that acts as a lateral force on the shaft. Its value is basically
equal to the centrifugal force generated by the blade opposite to the lost one. The released
blade moves outwards and can impact the following ones as well as the case. Some engine
components are designed to fail during this phase in order to redistribute the loads (‘fusil
mechanism’), typically the fan shaft bearing. The loss of fan mass changes the rotor
centre of gravity, causing a radial movement and an impact of the fan against the case
containment. The friction and the aerodynamic loads generate a decelerating torque on
the fan shaft, that starts to slowdown. The regulation states that during this phase the
engine must be capable to contain all the debris due to the blade fragmentation or case
rubbing, must not catch fire and the engine mounting system has to withstand the transient
loads without failure.

• Windmilling condition: the engine, after a decrease of the angular velocity, starts to rotate
at a constant speed, with the airflow-generated moment equilibrating the friction torque.
In this phase the engine is loaded by a harmonic force coming from the unbalance, and
can be subjected to friction loads. The aircraft must be capable to operate with a failed
windmilling engine under the Extended Operations (ETOPS) condition for several min-
utes.

3 FAN BLADE OUT SIMULATION

The regulation requirements on FBO are not tested on full-scale aircrafts since only the engine
standalone is tested, but it must be demonstrated through numerical simulation. Detailed Fi-
nite Element Models (FEM) are built simulating the entire event dynamics. These models, with
millions of elements, take into account contacts, gyroscopic effects and fracture mechanics. Ex-
plicit time integration is required, with significant computational costs. Many papers deal with
the full FEM FBO simulation. For example [2] presents a detailed turbofan model, and focuses
on the contact modelling. The computational cost can be reduced by performing an explicit
time integration for the transient load analysis and an implicit simulation of the windmilling
phase, see e.g. [3]. In more recent years attempts have been made [4] to simplify the engine
models for the load evaluation, sacrificing detail to increase the computational speed. These FE
analyses are possible, however, only at the final design phases: it is clear that any change of
the engine configuration would involve a significant pre-processing and computational effort.
For this reason simpler models are useful to give an estimate of the loads during the aircraft
early design and perform sensitivity analysis. Many analytical models, at various detail level,
have been developed to explore other approaches to the problem. In [5, 6] an overhung fan-
shaft model that takes into account blade flexibility and fan-case contact is presented. The same
author generalized the model to include material viscosity, multiple blade contact and blade pre-
twist [7]. A beam engine model is developed in [8]. The connection between the various shaft
and case components are made using lumped spring elements. This approach is used also in [9],
demonstrating that for a rough estimation of the loads this approach can be sufficient. A more
sophisticated beam model is used in [10], where the contact mechanics is analysed as well. A
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similar model is used in [11], where the effects of the contact parameters are studied. The pecu-
liar characteristics of the problem suggest also the possibility to approach it using a multibody
model. A multibody model can manage the non-linearities of finite rotations, hence the gyro-
scopic loads, as well as non-linearities in lumped joints, while maintaining a low computational
cost. A multibody turbofan engine model has been developed and presented in [12, 13, 14]. The
different engine components are condensed from FE models using normal modes and then used
to build the multibody model.
This work tries to build a multibody model of the entire engine structure, comprehensive of the
pylon and the wing flexibility. The software of choice is MBDyn [15]. The aim is to build up
a simplified model that can give an estimation of the loads transmitted to the wing structure
during a FBO. The model is built in a parametric way, so it is suitable to evaluate the effects
of different parameters on the global dynamics. It also allows to roughly estimate the effect
of some design features, such as the introduction of a mechanical fusil, thus speeding up the
design iteration process.

4 MODEL DESCRIPTION

The turbofan engine model can be divided into three main parts: the engine, the EMS and the
pylon-wing model.

4.1 Engine
The turbofan engine considered in this study has three shafts, each modeled using finite volume
three node beams elements. The High-Pressure Shaft is connected at its ends through two trans-
lational linear springs to the engine case. The high-power compressor and turbine are modeled
as lumped rigid bodies with suitable inertia properties. The low power shaft is connected to
the engine structure and supports the low power compressor and turbine stages. At the front
end, this spool is also connected to the fan shaft through a planetary gearbox that transmits the
torque and reduces the angular velocity. Linear springs connect the transmission block to the
engine case. Another elastic connection is present on the shaft, closer to the fan. The rigid body
representing the fan is placed at the shaft extremity. Its inertia properties are calculated account-
ing for the contribution of each blade and for the central hub. The engine body is composed of
several nodes, rigidly connected to each other and to the shafts through the aforementioned
springs. Several bodies, attached to these nodes, do reproduce the engine body inertia proper-
ties. The springs that connect the shaft to the engine are representative of the entire flexibility
that is present between the shafts and the EMS rods connections. Even if these springs can have
different stiffnesses in the three different directions, this is nonetheless a really simplified elastic
model, that was chosen only because more detailed information is missing. It has however been
deemed to be an acceptable approximation since the interest is focused on the load transmission
chain. Figure 1 presents a schematic view of the connection between these elements.

4.2 Engine Mounting System
The engine is connected to the pylon by seven beams hinged at both extremities, cfr. Figure 2.
Two vertical beams support the front part of the engine and connect the engine case to the
pylon. Two thrust links are connected to the engine front part on one end, while on the other
they are linked to a balance bar which, in turn, is connected to the pylon. The rear engine part is
sustained by to two vertical beams, while a third horizontal beam hold holds the engine torque.
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Figure 1: Body and joints scheme of the shafts and engine case.
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Figure 2: EMS, pylon and engine representation.

4.3 Pylon-Wing Ensemble
The pylon and the wing are introduced into the Multibody environment by means of a reduc-
tion technique. The mass and stiffness matrices of the pylon reduced model where explicitly
available and are used to build a generalized 14 node super-element. An FE beam model of
a Boeing 747-100 like wing [16] is instead reduced using 20 normal modes. The full engine
representation can be seen in Figure 2.

4.4 Contact Model
During a FBO event one of the main load sources is the contact between the fan blade tips
an the inner case. Many studies show how a simplified contact can capture the main contact
mechanism, see e.g. [7, 11]. The fan is modeled as a rigid disk and all the contact compliance
is related to the case. A spring is activated when the displacement of the fan center with respect
to the case center line exceeds a certain value that is representative of the fan-case clearance.
This generates a radial force FR pointing to the center that tends to restore the fan position.
A Coulomb friction model is used, hence a tangential force FT proportional to the radial one
and opposite to the fan rotational speed is generated. The contact forces scheme is sketched in
Figure 3.
The other forces that act on the fan and contribute to the slowdown, such as the aerodynamic
drag, are represented by a constant couple, as suggested in [17]. The value of this torque is



1093

Multibody Turbofan Engine Model
for Fan Blade-Out Event Simulation Caiani, Ghiringhelli and Morandini

FR

FT

Engine Case

Fan Disk

Fan Disk
Inner Case
Fan Reference Position

Figure 3: Contact Forces between fan and engine case.

determined by imposing that the angular velocity of the shaft should drop to the 15% of the
initial one at windmill.

5 SENSITIVITY ANALYSIS

Few data can be found in literature about this kind of simulation, and often the parameters of
those models are not reported. For this reason, quantitative comparisons are hardly significant
since are based on different starting conditions. In this work FBO phenomena are qualitatively
analyzed, to verify that the modeling choices of the multibody model can capture some charac-
teristics of the dynamics that are already reported in literature. Neither experimental data about
FBO events nor comparison with complete FE models were available to the authors. For this
reason it is basically impossible to try any correlation. Is has however been deemed interesting
to characterize the model response sensitivity to few critical parameters.

5.1 Shaft Connection Spring Stiffness
One of the more difficult parameters to estimate in our model is the stiffness of the shaft con-
nection springs. This data is really sensitive and owned by the engine manufacturers. For this
reason a set of simulation in which the stiffness of these connection varies form the 50% to the
200% of the nominal chosen value has been performed. The variation of the reaction force on
the springs was monitored, in particular the peak value of the reaction resultant perpendicular
to the shaft axis. In Figure 4 these parameters are compared. It is possible to notice not only
that the reaction forces increase as the stiffness does, but also that the distribution between the
different connection points changes. More compliant connections are able to reduce the overall
force peak in the first and most stressed joint. The mechanical fusil design on the first connec-
tion is also tested. Figure4 shows how the reaction forces can be regulated setting the maximum
load that the joint can suffer.
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Figure 4: Reaction forces on the shaft connections. FL = Connection Failure Load
(a): Reference case; (b): Doubled stiffness.

5.2 Contact Stiffness Parameter
Parametric studies on the effect of the contact stiffness on the fan dynamic considering contact
models similar to the one used in this work are presented both in [10] and [11]. The fan orbit
with respect to the fan case in several simulations at different stiffnesses is shown in Figure 5.
The increased stiffness not only reduces the displacement, but also changes the overall envelope
shape. As reported in [10], at lower stiffnesses values the fan suffers of intermittent rub, bounc-
ing on the case. As the stiffness increases, the rub becomes continuous and the orbit circular.
In our simulation after some tenths of second there is no more contact due to the flan slowdown
and the consequent lower unbalance forces.

5.3 Deceleration
During the fan deceleration it is possible that the frequency of the unbalance force passes across
a shaft critical speed or excites the natural frequency of any engine part. This phaenomenon is
dangerous since the ensuing dynamic amplification can lead to instability and ultimately dam-
age the engine and wing structure, with catastrophic consequences, see e.g. [10]. In Figure 6 the
displacement of the fan center with respect to the fan case is compared for three different simu-
lations. The difference between the three cases is the value of the slowdown couple, hence the
deceleration time. The displacement in all three cases decreases during time since the unbalance
forces are proportional to the progressively smaller angular velocity. It is also evident that when
the shaft passes across a certain frequency, the unbalance excites frequencies that are close to a
resonance, so that the displacement is again amplified. The engine design should ensure that the
natural frequencies of the system are properly separated from the windmill rotation frequency.
This can often be achieved by implementing a fusing design on the first bearing that fails under
a certain load and changes the bending stiffness of the shaft.
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Figure 5: Fan centre orbit considering different contact stiffnesses. (a): Comparison between
all the simulations; (b) Bouncing behaviour; (c) Intermediate case; (d) Continuous sliding.

5.4 Global engine movement
The multibody model presented in this work is the only one in authors knowledge that com-
prehends the pylon and wing flexibility in the FBO dynamics. Figure 7 reports the vertical
displacement, measured with respect to the wing root, of the fan tip, pylon and wing nodes.
Two different contributions can be identified after the first transient. The first one is a low fre-
quency high amplitude motion that comes from the excitation of the wing’s first bending mode.
This mode is excited at the beginning of the FBO, since the sudden blade detachment has an
impact-like effect, and its amplitude decreases in time due to the proportional damping model
introduced into the lumped joints. The second one is an higher frequency oscillation at the same
frequency of the unbalance forcing load. This remains constant since the load continues during
the windmill.

6 CONCLUDING REMARKS

A multibody model suitable for simulating FBO events taking into account the interactions
between engine internal dynamics with mount system and pylon is presented. The model can
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Figure 6: Fan centre displacement normal to the shaft axis with respect to the case, at different
slowdown rate.

Figure 7: Vertical displacement of few engine notable points.

represent some of the main mechanisms involved in the event such as contact dynamics and the
amplification of vibration due to dynamic coupling phenomena. The pylon and wing models
qualitative influence on the overall dynamics is of the system is studied. The overall dynamics
is driven by a transient excitation of the first wing bending mode and from a harmonic forcing
term. It is shown how this kind of model can give useful information about the transient and the
windmill, and if properly tuned, can be employed during the early design phase of an engine
system.
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ABSTRACT  
The worldwide incentive to reconsider commercial high-speed transport urges Europe to 
quantitatively assess the potential of civil high-speed aviation with respect to technical, 
environmental and economic viability, in combination with human factors, social acceptance, 
implementation and operational aspects. Only a dedicated multi-disciplinary integrated 
aircraft design approach can realize this goal, by considering airframe architectures 
embedding the propulsion systems as well as meticulously integrating crucial subsystems.  
In this context, this paper aims at providing guidelines to be used during the conceptual 
design phase for the identification of feasible design spaces for hypersonic aircraftIn 
particular, the design space of the STRATOFLY MR3 vehicle is presented, as a preliminary 
result of the Horizon 2020 STRATOFLY project currently on-going and dealingwith the 
design of a 300-passengers class vehicle able to cover long haul antipodal routes at Mach 8. 
 
Keywords: Hypersonic civil transportation, TRL6, Conceptual Design, Design space, 
Aircraft Design and Configuration. 

1 INTRODUCTION 
Currently, a worldwide growing attention on hypersonic transportation is visible in both 
aeronautical and aerospace domains. Instead, the idea of covering long haul routes in some 
hours (one order of magnitude shorter with respect to the current civil transportation) 
fascinates the aviation sector, with promising business cases. In parallel, the research 
activities in the field of hypersonic transportation system are also pushed by the aerospace 
sector because the development of key enabling technologies for the hypersonic flight may be 
considered a preparatory step towards the development of future reusable access to space 
vehicles.  
Moreover, following a bottom-up approach, the development of a new generation of high-
speed air-breathing propulsive concepts can be noticed as well. This technology-pushed 
approach results in the development of very innovative vehicle configurations, which might 
be considered as “flying engines” because of the prominent role of the propulsion plants and 
of their huge air intakes and nozzles to be integrated.  
This worldwide incentive to consider commercial high-speed transport, isparticularly urging 
Europe to quantitatively assess the potential of civil high-speed aviation with respect to 
technical, environmental and economic viability in combination with human factors, social 
acceptance, implementation and operational aspects.  
As eluded in previous studies, with special reference to those carried out in the European 
framework, some innovative high-speed aircraft configurations have now the potential to 
assure an economically viable high-speed aircraft fleet.Investigations carried out in a 
succession of EC-supported research projects have permitted maturing a number of 
configurations leading to the airframe-integrated propulsion concept: ATLLAS I/II [1], 
LAPCAT I/II [2], HIKARI, HEXAFLY [3], HEXAFLY Int.. They make use of unexploited 
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flight routes in the stratosphere, offering a solution to the presently congested flight paths 
while ensuring a minimum environmental impact in terms of emitted noise and green-house 
gasses, particularly during stratospheric cruise. Only a dedicated multi-disciplinary integrated 
design approach could realize this, by considering airframe architectures embedding the 
propulsion systems as well as meticulously integrating crucial subsystems. In this context, 
starting from an in-depth investigation of the current status of the activities, the STRATOFLY 
project has been funded by the European Commission, under the framework of Horizon 2020 
plan, with the aim of assessing the potential of this type of high-speed transport vehicle to 
reach TRL6 by 2035, with respect to key technological, societal and economical aspects. 
Main issues are related to thermal and structural integrity, low-emissions combined 
propulsion cycles, subsystems design and integration, including smart energy management, 
environmental aspects impacting climate change, noise emissions and social acceptance, and 
economic viability accounting for safety and human factors. 
This paper aims at depicting a feasible design space for hypersonic aircraft, highlighting the 
most impacting design variables and their links with performance. In particular, the design 
space of H2020 STRATOFLY project is presented, as a case study representative of a 300-
passengers class vehicle for long haul routes. 
Thus, after an introductory Section II presenting the main goals of H2020 STRATOFLY 
project, Section III describes the external vehicle layout and it provides some preliminary data 
related to the aerothermodynamic and propulsive characterization. In order to benefit from the 
European heritage, LAPCAT MR2.4 vehicle configuration was selected as starting point for 
the STRATOFLY MR3 vehicle configuration. In particular, the external vehicle shape and the 
propulsive subsystem including all inlet and outlet ducts are the same as developed in 
LAPCAT MR2.4, considering that these elements were the result of a series of in-depth 
investigations and multidisciplinary optimizations and they are fully characterized by a very 
detailed AeroPropulsive Database. Then, starting from this reference, clean configuration, 
new empennages and control surfaces have been designed and integrated. Section IV of this 
paper focuses on the internal vehicle layout, pointing out the main steps towards the 
integration of all on-board subsystems. Special attention is devoted to the definition of the 
passenger compartment concept, the propellant subsystem and the design and integration of 
the landing gear.  
Section IV specifically deals with the propellant subsystem architecture definition and sizing, 
considering the adoption of integral bubble tanks to host cryogenic fuels such as liquid 
hydrogen. This solution allows to maximize the volume available for fuel, minimizing the 
structural weight with respect to traditional tanks architecture. It is clear that the bigger is the 
amount of fuel that can be stored, the longer are the routes that can be flown. However, it is 
extremely important to guarantee enough room for the integration of the remaining on-board 
subsystems. Assumptions have been made to evaluate the volume breakdown in this 
preliminary design phase. For this purpose, semi-empirical models are presented and 
validated thanks to the results of the in-parallel on-going CAD modelling activities. 
Moreover, the semi-empirical models have also been enriched by the presence of parameters 
that accounts for the level of innovation of the selected solution. This is necessary to predict 
the performance of vehicles having a Time-To-Market in the far future. Consequently, 
Section IV shows also the design space, highlighting the impact of some design variables 
(such as, for example, the tank volumetric efficiency or the LH2 storage strategy) onto the 
maximum achievable range. In this context, the solution adopted for the STRATOFLY MR3 
configuration is presented along with the assumptions related to the level of innovation 
assumed. Eventually, the main results are discussed in Section V, together with the suggestion 
of the next steps of the H2020 STRATOFLY project. 
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2 H2020 STRATOFLY PROJECT 
Considering the European context that is currently urging the aeronautical and aerospace 
sectors to enhance the maturity level of key enabling technologies in the field of high-speed 
transportation, the STRATOFLY project has been funded by the European Commission, 
under the framework of Horizon 2020 plan. STRATOFLY project aims at assessing the 
potential of this type of high-speed transportation to reach TRL6 by 2035, with respect to key 
technological, societal and economical aspects. Main issues are related to thermal and 
structural integrity, low-emissions combined propulsion cycles, subsystems design and 
integration, including smart energy management, environmental aspects impacting climate 
change, noise emissions and social acceptance, and economic viability accounting for safety 
and human factors.Thus, one of the main objectives of the STRATOFLY project is to evolve 
and improve the starting reference configuration, i.e. LAPCAT MR2.4 moving to 
STRATOFLY MR3 (see Fig. 1a). This new configuration is currently under-development and 
it is resulting from refinements of the vehicle external layout as well as from improvements at 
subsystem level (Fig. 1b). It is worth noticing that in the past European projects, main 
attention has been devoted to the generation of vehicle layout targeting the optimization of 
aerothermodynamics and propulsive issues. Conversely, apart from some studies specifically 
tackling the propulsive subsystem or the Thermal and Energy Management subsystem [4], 
very few analyses were focusing on on-board subsystems. It is mainly for this reason, the 
H2020 STRATOFLY project is actually committed to the design, sizing and integration of all 
the main subsystems to be installed on-board.  

 
Figure 1: STRATOFLY MR3 vehicle configuration (a): rendering of the external layout; (b) Internal 

layout arrangement 

Parameter Value Unit of Measure 
Length 94 𝑚𝑚 

Wingspan 41 𝑚𝑚 
Wing surface 1365 𝑚𝑚� 
Aspect ratio ~1 - 

MTOW 400000 �� 
OEW 200000 �� 

N° of passengers 300 - 
Fuel Capacity 180000 �� 
Cruise Mach 8 - 

Service Ceiling 35000 𝑚𝑚 
Range 18800 �� 

 
Table 1: STRATOFLY MR3 data 
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2.1 Reference trajectory 
From the Mission Concept point of view, STRATOFLY MR3 shall be able to transport 300 
passengers along antipodal routes, combining propulsive modes to reach Mach 8 during 
cruise. Starting from the reference trajectory (Brussels-Sydney route) drafted during LAPCAT 
II project), a multi-objective optimization is currently undergoing,including the following 
criteria: aero-thermo-propulsive efficiency, environmental impact (pollutant footprint, noise 
emissions, sonic boom impact, etc…), safety and air traffic management. 
After all the necessary pre-departure procedures, the vehicle shall be able to perform taxi-out 
operations and to take-off. In order to diminish the impact of the introduction of these new 
vehicles onto the existing airports infrastructures, take-off and landing distances of 
STRATOFLY have been assumed in-line with those of the A380. After take-off and a first 
low-speed climb, exploiting the ATR engines, STRATOFLY MR3 vehicle might perform a 
subsonic cruise leg to ensure that the transonic condition is not reached over-land (sonic boom 
footprint optimization). This is related to the geographical location of the selected city-pairs to 
be connected. Then, the acceleration phases up to Mach 4.5 can be carried out exploiting the 
ATR engines in their ramjet mode. Moreover, the DMR engine can be used to bring the 
aircraft up to Mach 8 reaching 30-35 km of altitude. Then, once the proper kilometric range 
has been covered, the DMR engine can be switched off and the vehicle starts its own descent 
towards the final destination. Differently from the case of LAPCAT MR2.4 vehicle, 
STRATOFLY MR3 will perform powered approach and lading phases re-igniting one of the 
ATR engines on board.  
 

3 STRATOFLY MR3 VEHICLE EXTERNAL CONFIGURATION 
Considering the high-level of confidence of the outcomes of the previous research activities 
focusing on aero-thermo-propulsive integration, the STRATOFLY MR3 vehicle maintains the 
same outer shape resulting from the LAPCAT II project. A waverider configuration was 
defined to maximize the lift–to-drag ratio (L/D) during cruise, guaranteeing a maximum L/D 
of more than 6. This outer shape envelope contains an internal volume of approximately 
10000 m3 and it is characterized by a reference surface area of about 2500 m2, with a vehicle 
length of 94 m and wing span of 41 m. This external shape shall be able to host a passenger 
compartment able to accommodate 300 passengers,as well as a highly integrated air-breathing 
propulsive subsystem able to accelerate the vehicle up to Mach 8, the amount of liquid 
hydrogen requested to cover antipodal routes and all the other subsystems.  
Looking at the external vehicle layout (Fig. 3), the main improvements with respect to 
LAPCAT MR2.4 are related to the new empennages design and sizing as well to the 
definition of proper radius of curvature to be used as rounding for the various leading edges. 
Indeed, an increment in leading edge radius (moving from a pure wedge shape to a rounded 
contour) is necessary for manufacturing process as well as for the integration of subsystems 
and thermal Protection technologies such as the heat pipes. Conversely, the introduction of a 
rounding on the lips of the air-intake (lower, lateral and cowl) might have a detrimental effect 
on the propulsive characteristics. Thus, as a first attempt, the semi-empirical model presented 
in [5] has been used obtaining a suggested radius of 11.3 mm. Currently, detailed CFD 
simulations are being performed to evaluate and compare the impact of a specific radius on 
the overall propulsive performance.The review of the empennages and flight control surfaces 
design has been completed on the basis of modern aerospace integrated design procedures and 
of guidelines specifically developed for hypersonic vehicles [6]. This activity paved the way 
towards the update of the AEroDataBase (AEDB) as well as the definition and size of control 
surfaces and its Flight Control Subsystem. In the STRATOFLY MR3 configuration, the 
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canard has not been included a priori whilst its presence will be re-considered after a proper 
stability analysis. The current vehicle external configuration is reported in Fig. 2. 
 

 
Figure 2: STRATOFLY MR3 air intake leading edge design and analysis 

 
Ultimately, the waverider theory was considered as enabling methodology to properly sketch 
and refine the external vehicle layout.The waverider concept appeared for the first time just 
after the II World War, in a work of professor TerenceNonweiler of the Queen's University of 
Belfast [7]. Since this first idea, all developed methodologies were based on inverse 
approaches consisting in the development of the vehicle shape as function of the flow field in 
which it will be flown. This approach is called “inverse” because it operates in contrast to 
traditional aircraft design procedures, where the flow field and its characteristics are estimated 
on the basis of the designed shape. 

 
Figure 3: STRATOFLY MR3 Vehicle configuration 
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4 STRATOFLY MR3 VEHICLE INTERNAL LAYOUT 
Even though aero-thermal-propulsive and airframe integration is crucial and drives the 
external configuration, the mission concept feasibility is also strictly related to the possibility 
of integrating all the sufficient equipment within this well-defined shape. Indeed, the mission 
concept feasibility imposes a minimum required volume to host the payload, the propellant 
and all other subsystems to support it. In particular, for the STRATOFLY MR3 vehicle, the 
external shape shall be able to host a passenger compartment conceived to accommodate 300 
passengers,as well as a highly integrated air-breathing propulsive subsystem designedto 
accelerate the vehicle up to Mach 8, the amount of liquid hydrogen requested to cover 
antipodal routes and all the other subsystems (Fig. 4). 
Thus, the STARTOFLY MR3internal vehicle configuration has been entirely reconsidered, 
starting from the revised external vehicle layout (defining an internal volume of 9956 m3) and 
maintaining the same geometry of the propulsive system (taking up to 3327 m3, i.e. more than 
30% of the internal volume). Then, following a rational process, a cabin compartment of 
about 1200 m3 has been designed and size to host 300 passengers with a proper level of 
comfort. Details of the internal cabin layout are reported in Figure 5. Then, inthe remaining 
5429m3 the propellant tanks can be fit, simply remembering that a percentage about 30-32% 
of that remaining volume shall be accounted for the integration of all the remaining 
subsystems. Thus, a baseline vehicle configuration can be represented in terms of volumes, 
through the pie-chart in Figure 6. 

Figure 4: STRATOFLY MR3 vehicle internal layout overview 
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ABSTRACT 
The current wor  deals with the development of contact modelling capabilities in the framewor  
of the arrera nified ormulation ( ), which is a generalised framewor  for the 
development of advanced structural theories. The current modelling approach uses D 
elements with agrange polynomials being used to enhance the cross-section inematic field, 
leading to a layer-wise model and involving purely displacement degrees of freedom. Such a 
modelling approach results in D-li e accuracy of the solution, at a significantly reduced 
computational effort compared to standard D  EA. The current wor  considers normal, 
frictionless contact with a node-to-node discretisation, and the penalty approach is used to 
enforce the contact constraints. The resulting nonlinear analysis is implicitly solved using the 
Newton-Raphson method. The use of layer-wise modelling in  results in a high-fidelity 
solution which is capable of accurately evaluating the interlaminar stress fields, as well as 
accounting for transverse stretching. The development is extended to the case of dynamic 
contact, which uses a combination of node-to-node discretisation and agrange ultiplier 
constraints to model contact. Initial assessments consider elastic impact between two bodies 
and demonstrate the capability of  models in accurately modelling contact impact. 

Keywords: High-order modelling, CUF, contact modelling, impact 

1 INTRODUCTION 
Mechanical systems frequently involve physical contact among their various components, for 
instance the meshing of gear teeth. Contact can also occur in processes such as sheet metal 
forming, and in material characterisation tests such as indentation and three-point bending. 
Contact mechanics thus plays an important role in structural analysis, and by extension, in 
computational mechanics, where it still remains a challenging issue 1 . 

The earliest analytical formulation for contact was developed by Hertz, who applied the theory 
of elasticity to model contact between two elastic spheres 2 . Analytical solutions to contact 
problems are limited  and hence, over the past few decades, research has been focused on 
numerical approaches to contact modelling. Contact modelling techniques can be classified 
based on the discretisation used for the contact surface. The earliest solutions to contact analysis 
were based on node-to-node algorithms, where the contact constraints were enforced at a nodal 
level 4 . Such methods however have limited applications due to requirements of mesh 
compatibility at the contacting surface. The issue of compatibility requirements was alleviated 
by the development of node-to-surface contact algorithms, where a slave node is prevented 
from penetrating a master surface 5-8 . The limitation of such methods is that they do not place 
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constraints on master nodes penetrating the slave surface. This can be overcome by the use of 
two-pass methods i.e. running the node-to-surface algorithm twice and switching the master 
and slave definitions, but often leads to an over-constrained system. Recent efforts have been 
focused on the development of surface-to-surface contact algorithms, where the contact 
constraint is enforced in a wea  or integral form over the contact surfaces 9-12 . 

The present wor  deals with the development of contact modelling capabilities in the Carrera 
Unified Formulation (CUF) 1 . CUF is a generalised framewor  to develop advanced 1D and 
2D structural theories. Expansion functions are used to enhance the inematic field across the 
cross-section and through the thic ness for 1D and 2D models, respectively, which results in 
D-li e quality of results without incurring a corresponding computational expense 14 . The 

current wor  deals with cases involving normal, frictionless contact, and a node-to-node contact 
algorithm has been implemented with the penalty method of contact enforcement, to solve the 
contact problem. 

The paper is structured in the following manner. The CUF framewor  and an overview of 
contact mechanics and its implementation in CUF have been presented in Section 2. The 
numerical assessments and results are discussed in Section , followed by the conclusions in 
Section 4. 

2 METHODOLOGY 

2.1 Carrera Unified Formulation 

Figure 1: eam element aligned in the CUF coordinate system 

Consider a 1D element, shown in Figure 1, which is aligned in the CUF coordinate system. The 
generalized displacement field can be written as 

𝑢(𝑥, 𝑦, 𝑧) = 𝐹𝜏(𝑥, 𝑧)𝑢𝜏(𝑦), 𝜏 = 1,2, … , 𝑀 (1) 

where F (x, z) is an expansion function described across the beam cross-section, u  is the 
generalized displacement vector, and M is the number of terms in F (x, z). The expansion 
function and the number of terms M can be arbitrarily chosen and is a user input. The present 
wor  exploits the Component- ise (C ) approach, where 2D Lagrange polynomials are used 
to enrich the cross-sectional inematic field of 1D finite element. Such a formulation results in 
a layer-wise modelling of the structure and consists of only displacement degrees of freedom. 
The displacement field is obtained in the following manner 

𝑢𝑥 = ∑ 𝐹𝑖(𝑥, 𝑧)𝑢𝑥i(𝑦)
𝑛

𝑖=1

 
(2)
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where x denotes the displacement component of a node, and i is the node number. More 
information on the use of Lagrange polynomials as expansion functions can be found in 15 . 

Finite Element Formulation 

The stress and strain fields are given by 

𝛔 = {σxx σyy σzz σ𝑥𝑦 σ𝑥𝑧 σyz} ( ) 

𝛆 = {εxx εyy εzz εxy εxz εyz} (4) 

The linear strain-displacement relation is given by 

𝛆 =  𝐃𝐮 (5) 

where D is the linear differentiation operator. The constitutive relation is given by 

𝛔 = 𝑪𝛆 (6) 

where C is the material stiffness matrix. Using 1D elements along the beam length, with shape 
functions Ni (y), the D displacement field is written as 

From the principle of virtual displacements, 

where int is the virtual variation of the internal wor  and ext is that of the external wor  
due to the applied forces. The virtual variation of the former is given by 

where l represents the beam length and  is the beam cross-section. The fundamental nucleus, 
which is a x  matrix, can now be formulated based on Equations 5-8 and is given below 

Looping through the four indices i, , τ, s  results in the element stiffness matrix, which is then 
assembled to obtain the global stiffness matrix of the structure. A comprehensive overview of 
the fundamental nucleus and its role in CUF can be found in 1 . 

𝐮(x, y, z) = Fτ(x, z)Ni(y)𝐮τi ( ) 

δWint = δWext (8) 

δWint = ∫ ∫ δ𝛆T𝛔
Ω

dΩdl
l

(9) 

𝐤ijτs = ∫ ∫ 𝐃T(Ni(y)Fτ(x, z))𝑪𝐃(Ni(y)Fτ(x, z))dΩdl
Ωl

 (10)
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2.2 Contact modelling in CUF 

Figure 2: Two discrete bodies coming into contact under an applied deformation 

Consider two discrete bodies, Ω1 and Ω2, as shown in Figure 2. The points X1 and X2 on the 
boundaries of the respective bodies come into contact due to an applied deformation ϕ. The 
current position of the points is given by 

𝐱𝐢 = 𝐗𝐢 + 𝐮𝐢,  i = 1,2 (11) 

where ui is the displacement of the point Xi. At the moment of contact, the two distinct points 
X1 and X2 become coincident in the deformed configuration i.e. x1  x2. Such a case of contact 
can be modelled using geometric constraints such as the non-penetration condition. This 
requires a gap function, defined below as 

gN = (𝐮𝟐 − 𝐮𝟏) ⋅ 𝐧𝟏 + ginit ≥ 0 (12) 

where n1 is the normal to the body Ω1, and ginit is the initial gap between the bodies, given as 

𝑔init = (𝐗𝟐 − 𝐗𝟏) ⋅ 𝐧𝟏 (1 ) 

The variational form of the contact P is given by 

δ𝐿𝑖𝑛𝑡 ≥ δ𝐿𝑒𝑥𝑡 + δ𝐿𝐶 (14) 

where  δ𝐿𝐶 is the variational wor  due to contact. Considering the penalty approach for the 
enforcement of the contact constraint, the wor  due to contact be written as 

𝐿𝐶 =
1
2

∫ ϵ𝑁𝑔𝑁
2 𝑑𝐴

∂Ω𝐶

 (15) 

with its virtual variation given by 

δ𝐿𝐶 = ∫ ϵ𝑁𝑔𝑁δ𝑔𝑁𝑑𝐴
∂Ω𝐶

 (16) 

where ϵ𝑁 is the penalty parameter. In the case of node-to-node contact, the constraints are 
enforced at a nodal level. Using the penalty approach, the global equilibrium equation becomes 

[𝑲 + 𝑲𝒑]𝑼 = �̅� (1 )
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where Kp is the global contact penalty stiffness matrix, and is obtained by assembling the 
penalty stiffness ki for a given node pair i, defined below as 

𝒌𝒊
𝒑 = ϵ𝑁𝒏𝒊

𝑻𝒏𝒊 (18) 

where ni is the normal between the node pair i. Similarly, the contact force between the node 
pair i is given by 

𝑭𝑖
𝒄 = 𝜖𝑁𝑔𝑁𝒏 (19) 

The righthand side of Equation 1  can now be written as 

�̅� = 𝑭𝑪 + 𝑭𝑒𝑥𝑡 (20) 

3 NUMERICAL RESULTS 

3.1 3-point bending of a laminated beam 
The current numerical assessment considers a laminated composite beam sub ected to a -point 
bending test. The test setup has been schematically shown in Figure . The laminated beam is 
composed of 8 layers, with a stac ing sequence of 0 90 2s. The material system used is IM -
8552, whose properties have been listed in Table 1. A prescribed displacement uz  -1.0 mm 
has been applied on the central roller. 

Figure : Schematic representation of the laminated beam under -pt bending 

E11 
Gpa  

E22 
Gpa  

E  
Gpa  

ν12 ν1  ν2  G12
Gpa  

G1
Gpa  

G2
Gpa  

165.0 9.0 9.0 0. 4 0. 4 0.5 5.6 5.6 2.8 
Table 1: Material properties of the IM 8552 system 

The above structure has been analysed using the CUF-L  modelling approach, and reference 
numerical solutions have been developed using A A US- D. Modelling information related 
to the two approaches has been reported in Table 2. The results have been reported in the 
following: Figure 4(a) shows the vertical deflection uz along the line oining 5.0, 0.0,4.0  and 
5.0, 250.0, 4.0 , i.e. the longitudinal axis of the top surface of the beam. The axial stress σyy 

along the same line has been plotted in Figure 4(b). The axial strain εyy and axial stress σyy, 
through the thic ness of the laminate at the midspan, have been plotted in Figures 5(a) and 5(b), 
respectively. The axial strain εyy and axial stress σyy distribution through the cross-section, at 
the beam midspan, have been shown in Figure 6 and Figure , respectively. 
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Model Beam Discretisation Total DOF Analysis Time [s] 

A A US – D 2 ,200 C D8R,  
elements per layer 

99, 66 1 1  

CUF - L  20 4 – 2 L9 4,2 6 26 
Table 2: Mesh information for the various numerical models of the laminated beam 

Figure 4: (a) ertical displacement uz, and (b) axial stress σyy along the axis of the beam 

Figure 5: Axial stress σyy through the thic ness of the beam at its midspan 

Figure 6: Distribution of the transverse strain εzz through the cross-section at y  150  

Figure : Distribution of the transverse shear stress σyz through the cross-section at y  150  
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The following comments are made 

1. The current approach is capable of modelling an arbitrary number of structural entities,
and accounts for contact interactions among them.

2. The layer-wise modelling approach results in accurate stress fields through the thic ness
and can account for transverse stretching.

. The CUF – L  model requires over 11x fewer degrees of freedom and about 4x less
computational time than the D-FE model, for comparable quality of results.

3.2 Impact between two elastic rods 

Figure 8: Schematic representation of impact between two elastic rods 

The current numerical example constitutes an initial assessment of the capability of CUF in 
modelling dynamic contact and impact. Two elastic rods are considered, as shown in Figure 8, 
and one rod impacts the other under a prescribed initial velocity v0  -0.1 unit s . oth rods 
have the following material characteristics: oung s modulus E  100.0, and Poisson s ratio ν 

 0. 0. The CUF analysis is performed in an explicit dynamics solver based on the central 
difference scheme, using CUF theories for the structural modelling. Reference numerical 
solutions have been developed using A A US - D Explicit. A time period T  0, 1.0  has 
been considered for the analysis, with a time step Δt  5.0e-4. Numerical damping has not been 
considered in the current analysis. The axial displacement uy at the centre of the contact zone, 
as a function of time, has been plotted in Figure 9. The results of the initial assessment 
demonstrate the capability of CUF in modelling problems involving dynamic contact and 
impact. 

Figure 9: Axial displacement at the centre of the contact zone 
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4 CONCLUSION 
The focus of the current wor  is on the development of contact modelling within the CUF 
framewor . Node-to-node contact discretisation with the penalty approach to contact 
enforcement was considered, and the resulting nonlinear problem was implicitly solved using 
the Newton-Raphson method. The structural modelling was done using 1D CUF models with 
Lagrange polynomials being used to enrich the cross-sectional inematics, resulting in a high-
fidelity layer-wise model. Numerical assessments were performed to demonstrate the contact 
capabilities in CUF, and the results suggest that 

1. The CUF solutions are in very good agreement with reference D-FEA, thus verifying
the capability of the current framewor  in modelling contact.

2. The CUF-L  approach leads to accurate interlaminar stress fields, as well as transverse
stretching, with about an order of magnitude reduction in the computational size and
over a 4-fold improvement in the computational time, when compared to D-FEA.

. Initial assessments on dynamic contact and impact demonstrate the capability of the
CUF theories in accurately modelling such phenomena.

Future wor s include the further development of the explicit framewor  based on CUF, and its 
application to impact analysis of composite structures. 

5 ACKNOWLEDGEMENTS 
This research wor  has been carried out within the pro ect IC NIC (Improving the 
Crashworthiness of Composite Transportation Structures), funded by the European Union 
Horizon 2020 Research and Innovation program under the Marie S odows a-Curie Grant 
agreement No. 21256, and the pro ect FULLC MP (Fully Integrated Analysis, Design, 
Manufacturing, and Health-Monitoring of Composite Structures), funded by the European 
Union Horizon 2020 Research and Innovation program under the Marie S odows a-Curie 
Grant agreement No. 642121. 

REFERENCES 
1 M. A. Puso and T. A. Laursen. A mortar segment-to-segment contact method for large

deformation solid mechanics. omputer methods in applied mechanics and
engineering, (6-8), pp.601-629 (2004).

2 H. Hertz. Uber die beruhrung fester elastischer orper (on the contact of elastic solids).
. fur die Reine Angew. ath., 92, pp.156-1 1 (1881).

P. riggers. omputational ontact echanics. Springer- erlag (2006).
4 A. Francavilla and . C. ien iewicz. A note on numerical computation of elastic

contact problems. International ournal for Numerical ethods in Engineering, (4),
pp.91 -924 (19 5).

5 . . Hallquist, G. L. Goudreau and D. . enson. Sliding interfaces with contact-impact
in large-scale Lagrangian computations. omputer methods in applied mechanics and
engineering, (1- ), pp.10 -1  (1985).

6 . C. Simo, P. riggers and R. L. Taylor. A perturbed Lagrangian formulation for the
finite element solution of contact problems. omputer methods in applied mechanics and
engineering, (2), pp.16 -180 (1985).



ontact modelling of composite structures Nagaraj et al. 

 

P. Papadopoulos and R. L. Taylor. A mixed formulation for the finite element solution
of contact problems. omputer ethods in Applied echanics and Engineering, ( ),
pp. - 89 (1992).

8 G. avarise and L. De Lorenzis. The node-to-segment algorithm for 2D frictionless
contact: classical formulation and special cases. omputer ethods in Applied echanics
and Engineering, (41-44), pp. 428- 451 (2009).

9 F. . elgacem, P. Hild and P. Laborde. Approximation of the unilateral contact
problem by the mortar finite element method. omptes Rendus de l Academie des Sciences
Series I athematics, (1), pp.12 -12  (199 ).

10 G. avarise and P. riggers. A segment-to-segment contact strategy. athematical and
omputer odelling, (4-8), pp.49 -515 (1998).

11 T. . McDevitt and T. A. Laursen. A mortar‐finite element formulation for frictional
contact problems. International ournal for Numerical ethods in Engineering, (10),
pp.1525-154  (2000).

12 M. A. Puso and T. A. Laursen. A mortar segment-to-segment frictional contact method
for large deformations. omputer methods in applied mechanics and engineering, (45-
4 ), pp.4891-491  (2004).

1 E. Carrera, M. Cinefra, M. Petrolo and E. appino. inite element analysis of structures
through unified formulation. ohn iley  Sons (2014).

14 A. G. de Miguel, I. aleel, M. H. Nagara , A. Pagani, M. Petrolo and E. Carrera.
Accurate evaluation of failure indices of composite layered structures via various FE
models. omposites Science and Technology, , pp.1 4-189 (2018).

15 E. Carrera and M. Petrolo. Refined beam elements with only displacement variables and
plate shell capabilities. eccanica, ( ), pp.5 -556 (2012).



Italian Association of Aeronautics and Astronautics 

XXV International Congress 

9-12 September 2019| Rome, Italy

HIGH-FIDELITY DAMAGE ANALYSIS OF COMPOSITES USING A 
PLY-BASED CONTINUUM MODEL 

M. H. Nagara 1, . Reiner2, R. aziri2, E. Carrera1  and M. Petrolo1

1MUL2 Group, Department of Mechanical and Aerospace Engineering, Politecnico di Torino, 
Corso Duca degli Abruzzi 24, Torino, Italy 

2 Composites Research Networ , The University of ritish Columbia, ancouver, 
Canada 

E-mail: manish.nagara @polito.it, hannes.reiner@composites.ubc.ca, reza.vaziri@ubc.ca,
erasmo.carrera@polito.it, marco.petrolo@polito.it 

ABSTRACT 
The current work is based on the implementation of the CODAM2 intralaminar damage model 
in CUF-Explicit, an explicit nonlinear dynamics solver based on the Carrera Unified 
Formulation (CUF). The CODAM2 model is based on the concept of continuum damage 
mechanics, and stress-based failure criteria are used to determine the onset of damage. The 
damage progression makes use of the crack-band theory to scale the fracture energies, thus 
ensuring mesh objectivity. The structural modelling is performed using high-order 2D theories 
based on CUF. 2D elements are used to model the structural geometry, and 1D expansions 
based on Lagrange polynomials are used to define the thickness, resulting in a layer-wise 
modelling approach. Numerical assessments are performed considering single elements and 
tensile coupons. The results are in good agreement with reference numerical solutions and 
experimental data, thus verifying the current implementation. 

Keywords: High-order modelling, CUF, C DAM2, explicit damage modelling 

1 INTRODUCTION 
Carbon fibre reinforced polymers (CFRP) are a class of advanced materials that are increasingly 
becoming very popular in the aerospace industry. However, the analysis of such composite 
structures is difficult since they exhibit multiple complex damage mechanisms and failure 
modes. This is more evident in numerical analysis, where a high-fidelity model is often required 
to capture the failure modes necessary to accurately describe both the local and global behaviour 
of the structure. These issues ma e the numerical analysis of composite structures, especially 
on the scale used in industry, a computationally intensive tas . 

Modelling the material behaviour constitutes a very important aspect of the numerical analysis 
of composites structures. arious approaches to capture the nonlinear material response have 
been investigated in recent years. The discrete modelling approach involves techniques such as 
the Cohesive one Method (C M), where cohesive interface formulations are used to model 
intralaminar damage such as matrix crac s, and interlaminar damage such as delamination 1-

. However, such an approach typically involves significantly high computational costs. An 
alternative approach, with reduced computational demands, is Continuum Damage Mechanics 
(CDM). In this technique, the crac s are smeared into the continuum and represented using 
damage parameters, which account for the softening response in the damaged state. The 
relatively straightforward implementation and reduced computational costs ma es it a widely-

11 3
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used approach 4-6 . A popular method for numerical damage analysis is the use of CDM-based 
models for intralaminar damage, and a C M-based approach to model interlaminar damage i.e. 
delamination. This combines the efficiency of CDM models in representing the effective 
response of the damaged material while including the effects of delamination, which are critical 
in scenarios involving transverse loading such as impact of composite structures -10 .  

The current wor  involves the implementation of the C DAM2 damage model 11  within the 
framewor  of the Carrera Unified Formulation (CUF) 12 . C DAM2 is a CDM-based 
intralaminar damage model, where stress-based failure criteria are used to determine damage 
initiation, and the damage progression is determined based on the crac -band approach. The 
mesoscopic form of the C DAM2 damage model 1  has been used in the present wor , such 
that the damage initiation and progression are determined at the ply level. CUF is a generalised 
framewor  used to develop advanced structural theories for 1D and 2D models. Expansion 
functions are used to enrich the inematics of the cross-section in the case of 1D models, and 
the thic ness in the case of 2D models, which results in D-li e accuracy of the solution without 
the corresponding computational costs 14 . The ob ective of the current wor  is the explicit 
damage analysis of composite structures, where the C DAM2 damage model is used to 
describe the material behaviour and the structural modelling is performed using CUF.  

The paper is structured in the following manner. Section 2 describes the CUF framewor  and 
the C DAM2 damage model in detail. The numerical assessments and results are discussed in 
Section , and finally the conclusions are given in Section 4. 

2 METHODOLOGY 

2.1 Carrera Unified Formulation 

Figure 1: Schematic representation of 2D modelling in CUF 

Consider a 2D element aligned in the CUF coordinate system, as shown in Figure 1. The 
generalized displacement field can be expressed as 

𝑢(𝑥, 𝑦, 𝑧) = 𝐹𝜏(𝑧)𝑢𝜏(𝑥, 𝑦), 𝜏 = 1,2, … , 𝑀 (1) 

where F (z) is an expansion function described through the thic ness, u  is the generalized 
displacement vector, and M is the number of terms in F (z). The expansion function and the 
number of terms M can be arbitrarily chosen and is a user input. The current wor  uses the 
Component- ise (C ) approach, where 1D Lagrange polynomials are used to enhance the 
through-thic ness inematic field of the 2D finite elements. Such a formulation results in purely 
displacement degrees of freedom at each node. The displacement field is obtained in the 
following manner 
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𝑢𝑥 = ∑ 𝐹𝑖(𝑧)𝑢𝑥i(𝑥, 𝑦)
𝑛

𝑖=1

 
(2) 

where x denotes the displacement component of a node, and i is the node number. Further details 
on the use of Lagrange-based polynomials as a class of expansion functions may be found in 
15 . 

Finite Element Formulation 

The stress and strain fields are given by 

𝛔 = {σxx σyy σzz σ𝑥𝑦 σ𝑥𝑧 σyz} ( ) 

𝛆 = {εxx εyy εzz εxy εxz εyz} (4) 

The linear strain-displacement relation is given by 

𝛆 =  𝐃𝐮 (5) 

where D is the linear differentiation operator. The constitutive relation is given by 

𝛔 = 𝐂sec𝛆 (6) 

where Csec is the secant stiffness matrix obtained from the C DAM2 material model. Using 2D 
elements with the shape functions Ni (x, y) to model the in-plane geometry of the structure, the 
D displacement field is written as 

The dynamic equilibrium equation is solved explicitly using the central difference scheme, 
whose formulation can be found, for instance, in 16 . 

2.2 CODAM2 intralaminar damage model 
The mesoscopic form of the C DAM2 damage model considers damage initiation and 
propagation at the ply level. Fibre damage initiation is determined using the following stress-
based initiation function 

𝐹1 =
σ11

𝑋𝑇

(8) 

where 𝜎11 is the longitudinal stress and T is the fibre tensile strength. Similarly, matrix damage 
initiation is determined using the following relation 

𝐹2 = (
σ22

𝑌𝑇
)

2
+ (

τ12

𝑆𝐿
)

2 (9) 

where 𝜎22 and 𝜏12 are the transverse tensile and shear stresses, respectively. The transverse 
tensile and shear strengths are denoted by T and SL, respectively. The equivalent strain 𝜀𝛼

𝑒𝑞 in 
the principal directions are calculated as 

𝐮(x, y, z) = Fτ(z)Ni(x, y)𝐮τi ( )
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𝜀1
𝑒𝑞 = |𝜀11|,  𝜀2

𝑒𝑞 = √(𝛾12
𝑒 )2 + (𝜀22)2 (10) 

where 𝛾12
𝑒   is the elastic shear strain. The damage saturation strain is given by 

ε1
𝑠 =

2𝑔1
𝑓

𝑋𝑇
,  ε2

𝑠 =
2𝑔2

𝑓

𝑇
(11) 

where 𝑔𝛼
𝑓 is the fracture energy density of the constituent material α, and T is the equivalent 

transverse stress 𝜎2
𝑒𝑞 evaluated at F2  1 as shown below 

σ2
𝑒𝑞 =

τ12γ12
𝑒 + σ22ε22

√(γ12
𝑒 )2 + (ε22)2

|𝐹2=1 
(12) 

Finally, the damage variables are calculated as 

ωα = (
εα

𝑒𝑞 − εα
𝑖

εα
𝑠 − εα

𝑖 ) (
εα

𝑠

εα
𝑒𝑞) , α = 1,2 

(1 ) 

where εα
𝑖  is the failure initiation strain i.e. εα

𝑒𝑞|𝐹𝛼=1. The damage variables ωα are used to 
calculate the secant stiffness matrix, which is used in Eq. (6) to calculate the stresses in the 
damaged state. 

3 NUMERICAL RESULTS 

3.1 Single-element tests 
The initial numerical assessment consists of single-element tests, which are a convenient 
method to verify the implementation of the damage model. The analysis consists of a single 
square element of edge-length 1.0 mm, with a nominal ply thic ness of 0.125 mm. The material 
system considered is IM 8552, whose material properties have been listed in Table 1. The 
various load cases are discussed as follows: 

E11 
Gpa  

E22 
Gpa  

E  
Gpa  

ν12 ν1  ν2  G12
Gpa  

G1
Gpa  

G2
Gpa  

165.0 9.0 9.0 0. 4 0. 4 0.5 5.6 5.6 2.8 

T MPa  T MPa  ST MPa  G1
f m2  G2

f m2  

2560.0 .0 90.0 120.0 2.6 
Table 1: Material properties of the IM 8552 system 
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Figure 2: A schematic representation of the single-element tests. (a) tensile load along the fibre, and 
(b) tensile load transverse to the fibre.

3.1.1 Longitudinal tension 
The current assessment consists of a single-element test loaded along the fibre direction, as 
shown in Figure 2a. In such a case, failure is expected to initiate when the stress reaches a value 
equal to the fibre strength, which is an input parameter, with a subsequent reduction in the load-
bearing capacity. The stress-strain curve of the structure is shown in Figure a, which shows 
that the pea  stress in the single-element corresponds to the fibre strength. 

3.1.2 Transverse tension 
In this case, the tensile load is applied transverse to the fibre direction, as shown in Figure 2b. 
Under this configuration, the load is carried by the matrix, and failure initiation occurs when 
the stress reaches the matrix strength. This can be observed in the stress-strain curve plotted in 
Figure b, where the pea  stress corresponds to the matrix strength i.e. an input material 
property. 

Figure : Stress-strain response of the single-element test. (a) longitudinal tension, and (b) transverse 
tension. 

3.1.3 Single-element laminate in tension 
The last single-element assessment considers a quasi-isotropic laminate with a stac ing 
sequence of 90 45 0 -45 2s, loaded in tension as shown in Figure 4a. In the CUF analysis, each 
ply has been modelled using a first-order expansion through the thic ness, while the in-plane 
geometry is modelled using a single L4 element. The stress-strain response obtained as a result 
of the CUF analysis has been plotted in Figure 4b, along with reference numerical solutions 
obtained from 1 .  
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Figure 4: (a) Schematic representation of the quasi-isotropic single-element laminate sub ected to a 
tensile load, and (b) Stress-strain response of the laminate 

Some observations can be made 

1. The single-element test results verify the current implementation in the CUF framewor ,
as seen in Figure .

2. The results obtained from the CUF analysis are in good agreement with those of
reference numerical solutions 1 , as seen in Figure 4.

3.2 Centre-notched specimen in tension 

Figure 5: A schematic representation of the centre-notched tensile specimen (dimensions in mm) 

The next numerical assessment is that of a coupon-level specimen under tensile loading. A 
centre-notched specimen has been considered, as shown schematically in Figure 5. The laminate 
stac ing sequence is 45 90 -45 0 4s, and the material system is IM 8552, whose properties 
have been listed in Table 1. ne end of the coupon is clamped, while a displacement uy  .0 
mm has been prescribed on the opposite end. The structure is based on the scale-8 centre-
notched specimen investigated in 1 .  

The structure is modelled in CUF using 1 2 L9 elements within the plane of the coupon, with 
a first-order expansion modelling the thic ness of each ply, resulting in a layer-wise model. The 
results of the CUF analysis has been plotted in the form of the axial stress-strain curve, shown 
in Figure 6. The figure also shows the curve obtained from reference numerical simulations 
1 , as well as experimental test results from 1 . The following observations are made 

1. The global response predicted by the CUF analysis is in good qualitative agreement with
that of the reference numerical results.
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2. The pea  strength predicted by the CUF analysis matches that given by the reference
numerical solution, as well those obtained from experiments.

. The current approach offers flexibility in terms of structural modelling. The tensile
loading of the notched specimen does not require a detailed evaluation of the out-of-
plane terms, and therefore a first-order expansion can be used to model each ply. Higher-
order expansions can be used when a detailed evaluation of interlaminar stresses are
required, such as in the case of delamination.

Figure 6: Stress-strain plot of the scale-8 centre-notched specimen in tension 

4 CONCLUSION 
The current wor  involved the implementation of the C DAM2 damage model within an 
explicit dynamics framewor  based on CUF. High-order theories based on CUF were used to 
model the geometry of the composite structure, and 1D expansions based on Lagrange 
polynomials were used to describe the thic ness, leading to a layer-wise modelling approach.  
Numerical assessments such as single-element tests and coupon-level tests on centre-notched 
tensile specimens were performed. The results indicate that 

1. The solutions provided by the CUF analysis are in good agreement with reference
solutions, thus verifying the current implementation.

2. The higher-order models available in CUF leads to a high-fidelity and computationally
efficient model.

. In the current approach, differing levels of refinement can be considered for the in- and
out-of- plane geometries, which maintains the fidelity of the model as per the
requirement of the analysis.

Future wor s include the development of delamination capabilities, and the use of the current 
framewor  in the impact analysis of composite structures. 
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ABSTRACT (Times New Roman 12 pt, bold, single line spacing, left-aligned text) 
This paper addresses the main challenges and goals of the H2020 STRATOFLY Project, 
funded by the European Commission, under the framework of Horizon 2020 plan, with the 
goal of assessing the potential of hypersonic civil transportationdemonstrating the possibility 
of reaching TRL6 by 2035, with respect to key technological, societal and economical 
aspects. Starting from an overview of the past and currently on-going European-funded 
projects in the field of high-speed transportation, main lessons learned and the envisaged 
steps forward are listed. In this context, special attention is devoted to the description of the 
way in which the main technological and operational challenges are tackled. Hypersonic 
vehicles make use of unexploited flight routes in the stratosphere, offering a solution to the 
presently congested flight paths while ensuring a minimum environmental impact in terms of 
emitted noise and greenhouse gasses, particularly during stratospheric cruise. Only a 
dedicated multi-disciplinary integrated aircraft design approach could realize this, by 
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considering airframe architectures embedding the propulsion systems as well as meticulously 
integrating crucial subsystems.  

Keywords: Hypersonic civil transportation, TRL6, Conceptual Design, Technological and 
Operational Challenges. 

1 INTRODUCTION 
Currently, a worldwide growing attention on hypersonic transportation is visible in both 
aeronautical and aerospace domains. Instead, the idea of covering long haul routes in some 
hours (one order of magnitude shorter with respect to the current civil transportation) 
fascinates the aviation sector, with promising business cases. In parallel, the research 
activities in the field of hypersonic transportation system are also pushed by the aerospace 
sector because the development of key enabling technologies for the hypersonic flight may be 
a preparatory step towards the development of future high speed transportation systems.  
Moreover, following a bottom-up approach, the development of a new generation of high-
speed air-breathing propulsive concepts can be noticed as well. This technology-pushed 
approach results in the development of very innovative vehicle configurations, which might 
be considered as “flying engines” because of the prominent role of the propulsion plants and 
of their huge air intakes and nozzles to be integrated.  
This worldwide incentive to consider commercial high-speed transport, isparticularly urging 
Europe to quantitatively assess the potential of civil high-speed aviation with respect to 
technical, environmental and economic viability in combination with human factors, social 
acceptance, implementation and operational aspects.  
As eluded in previous studies, with special reference to those carried out in the European 
framework, some innovative high-speed aircraft configurations have now the potential to 
assure an economically viable high-speed aircraft fleet.Investigations carried out in a 
succession of EC-supported research projects have permitted maturing a number of 
configurations leading to the airframe-integrated propulsion concept: ATLLAS I/II [1], 
LAPCAT I/II [2], HIKARI, HEXAFLY [3], HEXAFLY Int.. They make use of unexploited 
flight routes in the stratosphere, offering a solution to the presently congested flight paths 
while ensuring a minimum environmental impact in terms of emitted noise and green-house 
gasses, particularly during stratospheric cruise. Only a dedicated multi-disciplinary integrated 
design approach could realize this, by considering airframe architectures embedding the 
propulsion systems as well as meticulously integrating crucial subsystems. In this context, 
starting from an in-depth investigation of the current status of the activities, the STRATOFLY 
project has been funded by the European Commission, under the framework of Horizon 2020 
plan, with the aim of assessing the potential of this type of high-speed transport vehicle to 
reach TRL6 by 2035, with respect to key technological, societal and economical aspects. 
Main issues are related to thermal and structural integrity, low-emissions combined 
propulsion cycles, subsystems design and integration, including smart energy management, 
environmental aspects impacting climate change, noise emissions and social acceptance, and 
economic viability accounting for safety and human factors. 
In this context, this paper aims at describing the main technical and operational challenges 
related to hypersonic flight. Making benefit of the on-going activities and projects in the 
framework of the H2020 STRATOFLY project, examples of the way in which each 
challenges has been tackled within the project are provided. In particular, technical and 
operational solutions envisaged to be implemented on-board the STRATOFLY MR3 vehicle 
are presented as a case study, all along the paper. It is mainly for this reason that after this 
introduction, Section II provides an overview of the H2020 STRATOFLY project, describing 
the current STRATOFLY MR3 vehicle configuration as well as depicting the main 
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characteristic of its mission concept. In this context, the Brussels-Sydney antipodal route is 
considered as reference. Then, Section III tackles the main technical and operational 
challenges faced by future hypersonic transportation at system level while Section IV is 
mainly devoted to depict those challenges affecting the System of System level. In both 
Section III and IV, examples taken from STRATOFLY project are presented for the sake of 
clarity. Eventually, open issues are presented and main conclusions are drawn. 

2 H2020 STRATOFLY PROJECT 
Considering the European context that is currently urging the aeronautical and aerospace 
sectors to enhance the maturity level of key enabling technologies in the field of high-speed 
transportation, the STRATOFLY project has been funded by the European Commission, 
under the framework of Horizon 2020 plan. STRATOFLY project aims at assessing the 
potential of this type of high-speed transportation to reach TRL6 by 2035, with respect to key 
technological, societal and economical aspects. Main issues are related to thermal and 
structural integrity, low-emissions combined propulsion cycles, subsystems design and 
integration, including smart energy management, environmental aspects impacting climate 
change, noise emissions and social acceptance, and economic viability accounting for safety 
and human factors. 
Thus, one of the main objectives of the STRATOFLY project is to evolve and improve the 
starting reference configuration, i.e. LAPCAT MR2.4 moving to STRATOFLY MR3 (see 
Fig. 1a). This new configuration is currently under-development and it is resulting from 
refinements of the vehicle external layout as well as from improvements at subsystem level 
(Fig. 1b). It is worth noticing that in the past European projects, main attention has been 
devoted to the generation of vehicle layout targeting the optimization of aerothermodynamics 
and propulsive issues. Conversely, apart from some studies specifically tackling the 
propulsive subsystem or the Thermal and Energy Management subsystem [4], very few 
analyses were focusing on on-board subsystems. It is mainly for this reason, the H2020 
STRATOFLY project is actually committed to the design, sizing and integration of all the 
main subsystems to be installed on-board.  

Figure 1: STRATOFLY MR3 vehicle configuration (a): rendering of the external layout; (b) Internal 
layout arrangement 

Parameter Value Unit of Measure 
Length 94 ! 

Wingspan 41 ! 
Wing surface 1365 !! 
Aspect ratio ~1 - 

MTOW 400000 !" 
OEW 200000 !" 

N° of passengers 300 - 
Fuel Capacity 180000 !" 
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Cruise Mach 8 - 
Service Ceiling 35000 ! 

Range 18800 !" 
ATR enginesthrust@sealevel (total) 7000 !" 

ATR enginethrust@ TOC subsonic (total) 15000 !" 
DMR enginethrust@ TOC supersonic 11000 !" 

DMR enginethrust@ hypersoniccruiselevel 500 !" 

Table 1: STRATOFLY MR3 data 

Figure 2: STRATOFLY MR3 vehicle mass breakdown 

The overall vehicle geometrical characteristics and performance are reported in Table 1, while 
Fig. 2 proposes a first mass breakdown of the vehicle. 

2.1 Reference trajectory 
From the Mission Concept point of view, STRATOFLY MR3 shall be able to transport 300 
passengers along antipodal routes, combining propulsive modes to reach Mach 8 during 
cruise. Starting from the reference trajectory (Brussels-Sydney route) drafted during LAPCAT 
II project), a multi-objective optimization is currently undergoing,including the following 
criteria: aero-thermo-propulsive efficiency, environmental impact (pollutant footprint, noise 
emissions, sonic boom impact, etc…), safety and air traffic management. 
Fig. 2 summarized the main phases which a typical STRATOFLY MR3 nominal mission 
shall consists of. After all the necessary pre-departure procedures, the vehicle shall be able to 
perform taxi-out operations and to take-off. In order to diminish the impact of the introduction 
of these new vehicles onto the existing airports infrastructures, take-off and landing distances 
of STRATOFLY have been assumed in-line with those of the A380. After take-off and a first 
low-speed climb, exploiting the ATR engines, STRATOFLY MR3 vehicle might perform a 
subsonic cruise leg to ensure that the transonic condition is not reached over-land (sonic boom 
footprint optimization). This is related to the geographical location of the selected city-pairs to 
be connected. Then, the acceleration phases up to Mach 4.5 can be carried out exploiting the 
ATR engines in their ramjet mode. Then, the DMR engine can be used to bring the aircraft up 
to Mach 8 reaching 30-35 km of altitude. Then, once the proper kilometric range has been 
covered, the DMR engine can be switched off and the vehicle starts its own descent towards 
the final destination. Differently from the case of LAPCAT MR2.4 vehicle, STRATOFLY 
MR3 will perform powered approach and lading phases re-igniting one of the ATR engines 
on board.  

Passengers kg 33000
Payload kg 50650,44
Wing kg 5856,32
Tail kg 3513,79
Fuselage kg 57583,71
Engines kg 1400
Landing	Gear kg 15300,83
On-board subsystems total kg 63115,94
Flight	control	system kg 5737,81
Hydrualic system kg 0
Electrical system kg 11475,63
Fuel system kg 5737,81
Air	conditioning system kg 15300,83
Avionic system kg 1912,6
Engine	system kg 3825,21
Furnishing system kg 19126,04

OEW kg 146770,6
Fuel	weight kg 152100,7

Payload
(passeggeri+imbarcato+sganciabile) kg 83650,44

MTOW kg 382521,7
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Figure 2: STRATOFLY MR3 design reference mission 

 

3 INTEGRATED DESIGN METHODOLOGY 
In order to cope with both technical and operational design spaces, providing sufficiently 
reliable results since the conceptual and preliminary design, a specific multidisciplinary 
methodology has been set up (Fig. 3). Differently from the classical conceptual and 
preliminary design approaches, the presence of subsystems is considered since the very 
beginning of the project, allowing more realistic estimations and avoiding painful iterations 
with noticeable design changes at advance design stages. 
 

 
Figure 3: Conceptual and Preliminary Design Methodology 
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4 TECHNOLOGICAL CHALLENGES OF THE H2020 STRATOFLY PROJECT 

4.1 Airframe-propulsion integration 
STRATOFLY MR3 configuration is a perfect example of a modern highly integrated vehicle. 
Looking at vehicle from a global perspective, first of all it is clear that it has been derived 
flowing a technology-push approach. Indeed, the vehicle is actually a flying engine, where the 
vehicle length (94 m) coincides with the integrated propulsive ducts’ extension. Therefore, the 
first technological challenge to be faced, since the very first design stages, is how to achieve 
an optimal airframe and propulsion integration. This is the only way to avoid the generation 
of unfeasible design options characterized by enormous air intake areas. Thanks to detailed 
studies in aerodynamic behavior of high-speed flows as well as the advancements in high-
speed propulsion, optimal airframe-propulsion integration can target. This is an outstanding 
result, allowing to widen the design space of high-speed vehicles to areas of the design space 
that would have been not achievable otherwise. A typical example is the possibility of aiming 
at increasing the range without diminishing the maximum speed in cruise. Indeed, an optimal 
airframe-propulsion integration, the aerodynamic performance of the overall vehicle can be 
enhanced. This is an important benefit especially for Cruise and Acceleration Vehicle(CAV) 
that requires high Lift-over-Drag ratio, to maximize range. To achieve this goal, the waverider 
theory can also be followed to derive the external shape of the vehicle. 
To achieve this goal, special attention shall be devoted to the design and integration of inlet 
air intake and nozzle. Air intake and nozzle of the propulsive subsystem can be stretched all 
along the vehicle and can be positioned at the top or at the bottom. In addition to that, the 
optimization of the air intake geometry shall also consider the possibility for the engine to 
gather pre-compressed air from the air intake and then directed towards the Environmental 
Control System. In this case, apart from the immediate advantages in terms of electric energy 
requested to compress the air to be used into the ECS (probably a sub-freezing architecture for 
the Air-Pack), the impacts of the bleed from the engine air intake onto the propulsion system 
performance shall be assessed carefully.  

4.2 Thermal issues 
Another issue that is strictly coupled with the one explain before is related to the aero-
thermodynamic domain. In particular, considering CAV vehicles, leading edge radius poses 
serious thermal, propulsive and manufacturing problems at the same time. Indeed, CAV 
vehicles require small leading edge’s radius to avoid the bow shock. Typical values are in the 
range of tenth of millimeters [5]. However, the smaller is the radius the higher are the thermal 
loads and the more critical is the manufacturing process and the integration of passive/active. 
These two conflicting requests forced engineers to look for innovative and highly integrated 
Thermal Protection System. A typical example is the development of heat-pipes that are 
integral solutions for the nose part as well as for the leading edges of the vehicle. In the past, 
similar solutions were tested for the NASP project and even for the Space Shuttle. In 
particular, considering the very wide range of temperature that some parts of the vehicle have 
to face, only heat pipes exploiting solid metals as working fluid can be considered and this 
imposes many other technical challenges, such as the increase in mass and volume, the 
toxicity of the fluids, the energy request for the phase start-up phase, the identification of 
proper materials for the wick and for the structural parts of the pipes to be compatible with the 
selected fluid. Then, depending on the Thermal Protection Strategy to be adopted, proper 
materials can be selected for the different areas of the vehicle.  
Therefore, the final objective is to find out the right balance among aerodynamic, thermal and 
propulsive issues. 
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However, it is worth noticing that, even though the aero-thermal-propulsive and airframe 
integration is crucial and drives the external vehicle configuration, the mission concept and in 
particular the optimization of the trajectory can be considered as another important lever for 
the integration of all these disciplines.  

4.3 Propellant issues 
The selection of a proper propellant is a key technological issue for high-speed vehicles with a 
noticeable impact on to the vehicle design. Indeed, the selection of a certain propellant, in 
view of its mass and volumetric densities strongly affects the vehicle configuration. However, 
on the other side, the propellant has a strong impact on the vehicle performance and of course 
on the mission concept feasibility. Indeed, each propellant is characterized by a proper 
internal energy that couples together maximum link and the request amount of fuel. In 
addition to that other important factors shall be considered during the selection of a proper 
propellant, such as the impact on the propulsive efficiency and the related pollutant emissions. 
For the STRATOFLY MR3 vehicle, liquid hydrogen has been selected as fuel mainly for its 
high energy content (the internal energy is more than 3 times higher with respect to 
hydrocarbon-based fuels currently used in aviation). The high energy content per unit mass 
acts as an enabling factor for covering antipodal routes at high-speed. In addition to that, the 
exploitation of liquid hydrogen is extremely beneficial in terms of environmental impact 
considering that carbon oxides and carbon dioxides emissions will be avoided. Conversely, 
the main drawback related to the use of LH2 as propellant is mainly due to its low volumetric 
efficiency. However, in order to solve this problem, many research activities are currently on-
going, targeting noticeable improvement. Other research activities are currently on-going 
aiming at developing new lightweight materials compatible with liquid hydrogen, not 
suffering from embrittlement, as well as new techniques to keep the liquid hydrogen 
cryogenic for longer periods without a dramatic impact onto the vehicle power budget. In 
addition to that, looking at the entire propellant subsystem, it is worth noticing that for this 
type of vehicles, it accomplishes many functions: it feeds the engine, it hosts the propellant 
and it provides cooling capabilities (heat sink for the heat pipes integrated as passive thermal 
control system in the leading edges, insulating structure between the external skin and the 
cabin, the propellant LH2 is exploited as coolant fluid in heat exchangers both as liquid and as 
boil off gases).  To guarantee the accomplishment of these capabilities the propellant 
subsystem shall be properly designed and sized. STRATOFLY MR3 vehicle has an overall 
available volume of about 10000 m3. Tanks occupy about 2700 m3 of volume. Considering 
enhanced tank efficiency and enhanced liquid hydrogen density, the aforementioned volume 
for the tanks guarantees the accomplishment of antipodal routes (about 19000 km of range).  

5 OPERATIONAL CHALLENGES OF THE H2020 STRATOFLY PROJECT 
Main operational challenges to be tackled during the design of high-speed transportation 
systems are mainly related to the following areas: the environmental impact both in terms of 
noise and pollutant emissions, the reliability and safety level of the vehicle and the sonic 
boom 
In the previous Section, some operational challenges, specifically related to the exploitation of 
liquid propellant has been already highlighted.  
Other operational challenges are related to the definition of the trajectory, such as the 
selection of a proper flight altitude, considering that the flight speed and altitude are strictly 
related. Indeed, the higher is the speed the higher is the flight altitude  
As a rule of thumb, efficient combustion in air-breathing scramjet engines requires a dynamic 
pressure of about& 48 kPa. Thus, flight at higher altitudes (lower air density) requires an 
increasingly higher Mach number to maintain the necessary dynamic pressure. In addition to 
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that, it has to be noticed that the vehicle shall be inside the Mach Cone. Therefore,the aim is 
to design vehicles able to fly at higher altitude when the speed is increasing, to still fit within 
the Mach cone. Higher altitudes are also beneficial from the emission point of view because 
of the faster chemical processes of the molecules at those heights. 
From the operational standpoint, the mitigation of sonic boom footprintis also affecting the 
trajectory definition both in terms of altitude. Indeed, according to the current regulations, the 
footprint of supersonic and hypersonic trajectory shall not lay on populated areas. Therefore, 
the transonic regime might be initiated only when a proper altitude and distance from the 
departure side has been reached. In order to cope with the sonic boom problem, city-pairs 
shall be properly selected, considering their proximity with respect to seas and oceans as well 
as the population density of the neighborhoods.  
Last but not least, human factors and passengers comfort pose crucial requirements onto the 
trajectory, especially as far as the climb phase is concerned. Assuming that non-trained 
passengers will fly on this new generation of commercial aircraft, the maximum acceleration 
shall not exceed current civil aviation standards. To guarantee proper passenger comfort, 
noise in cabin shall be kept as well under the limits imposed by current civil regulations. 
Thus, reduction of the noise due to the friction of the high-speed fluxes within the propulsive 
ducts shall be tackled as well as the contribution due to the extremely noisyturbomachinery. 

6 CONCLUSIONS 
This paper addresses the main challenges and goals of the H2020 STRATOFLY Project, 
funded by the European Commission, under the framework of Horizon 2020 plan, with the 
goal of assessing the potential of hypersonic civil transportation demonstrating the possibility 
of reaching TRL6 by 2035, with respect to key technological, societal and economical 
aspects. The paper highlights the main research activities currently undergoing, presenting 
some of the already achieved objectives.  
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ABSTRACT 
An extensive Wind Tunnel test campaign devoted to the characterization of the aerodynamic 
and aeroacoustic behaviour of the new Space Launcher VEGA-C has been carried out in the 
trisonic wind tunnel available at the National Institute for Aerospace Research (INCAS) in 
Bucharest. The present paper summarizes the main results of the aeroacoustic investigation 
with a specific focus on the buffeting analysis. Numerical simulations have been also performed 
to predict the boundary layer evolution along the launcher and to provide the overall external 
aerodynamic behaviour Data processing provides temporal statistics of the wall pressure 
signals as well as spectral quantities that give clear indications about the absence of buffeting. 

Keywords: buffeting, acoustic load, wall pressure, wind tunnel tests 

1 INTRODUCTION 
In 2014 ESA announced the beginning of the design process of a new European small-size 
launcher derived from the former EGA and named EGA-C. The first stage of the design has 
been completed and the present paper reports part of the ind Tunnel Testing ( TT) activity. 
The experimental programme was aimed at the aerodynamic and aeroacoustic characterization 
of a 1: 0 scaled model of the new launcher and the measurement campaigns have been carried 
out in the trisonic wind tunnel available at INCAS, the National Institute for Aerospace 
Research of Romania. The flow conditions analysed spanned from low subsonic (M 0.5) to 
high supersonic (M 2. ) Mach numbers but the present paper is focalized on the analysis of 
the transonic conditions (from M 0.8 to M 1.2) that are of interest for the investigation of the 
buffeting phenomenon. It is in fact nown that during the ascent in the atmosphere, thus at 
relatively low M, local flow separations and shoc -turbulent boundary layer (T L) interactions 
create large pressure fluctuations that may induce structural vibrations potentially dangerous 
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for the payload and for other components of the launcher. In view of the relevant implications 
related to design and safety, several studies have been carried out in the past to investigate this 
phenomenon (see e.g. 1 - 5 ). The literature studies clarified the physical mechanisms 
underlying the occurrence of the flow instabilities, the so-called buffet , which may couple 
with structural modes and cause vibrations, the structural instability being called buffeting  
(see also 6 ). The pre-design of a launcher usually follows the general recommendation of the 
NASA handboo  for a buffet-free con guration  and ta e advantages of high performing 
numerical simulations to verify the aerodynamic behaviour. However, extensive experimental 
campaign are still needed both to validate and complement the CFD solutions and to investigate 
unsteady uid dynamic phenomena, such as ow separations, transonic shoc  formation, and 
unsteady force generation, that cannot be reproduced correctly numerically.  
The recent paper by Panda and co-wor ers 8  provides an extensive description of the 
statistical indicators that have to be computed to investigate the buffeting phenomenon.  They 

include in the non-dimensional pressure fluctuations  𝐶𝑝 𝑟𝑚𝑠 = 𝜎𝑝

𝑞
, where 𝜎𝑝   is the pressure 

standard deviation and q is the dynamic pressure, and the Power Spectral Density (PSD) (or 
auto-spectrum) 𝑆𝑝𝑝(𝜔) that can be  obtained from the Fourier transform of the auto-correlation 
function Rpp (refer to 9 , for a detailed definition of these quantities). y definition, the integral 
of the auto-spectrum coincides with the signal variance, the dimension of the spectrum being 
Pa2 Hz. Note also that 𝜔 denotes the angular frequency, defined as 𝜔 = 2𝜋𝑓 being 𝑓 the 
frequency in Hz. 
In addition to highlight the possible occurrence of instabilities, the pressure distribution over 
the external surface of the launcher is needed to predict the vibro-acoustic response of the 
surface panels. Again, this issue is relevant at transonic flow conditions since the pressure load 
is maximum during the atmospheric phase of the ascent.  

2 EXPERIMENTAL SET-UP 
The T tests have been carried out with the scope of covering as much as possible the flow 
behaviour encountered by the EGA-C launcher during the dense atmosphere tra ectory. 
Measurements have been carried out in the 1.2 m x 1.2 m Trisonic ind Tunnel available at 
INCAS, a blow-down type tunnel with a speed range from low subsonic (M 0.1) to a maximum 
supersonic Mach number of .5. Two test sections are available, a solid wall for the subsonic 
and supersonic test conditions and an interchangeable perforated wall test section for transonic 
conditions. The transonic test section, selected for the present analysis, is characterized by 60  
inclined holes and by variable porosity between 0. 5  to 9.1 . A complete description of the 
test facility is reported in 10 . 
 The 1: 0 EGA-C scaled model is equipped with 24 ulite transducers, type C -062-
25PSID, flush mounted at the wall and positioned according to the scheme reported in Figure 
1. The transducers will be referred to in the following as Kxx where xx spans from 1 to 24
according to the numbering reported in Figure 1.
In addition the model is equipped with 5  pressure taps connected to two Scaninvalve

C22 2px pressure transducers with full scale range of - 25 psi and - 50 psi
respectively and accuracy of 0.02  of F.S. and a six component internal balance mounted
inside the model as close as possible to the force application centre. Two accelerometer sensors
are mounted on the nose and on the base respectively to monitor the model vibration and an
internal inclinometer is installed on the ogive in order to ta e into account the model
deformations. A motorised rear sting supports the model and allows the angle of attac  variation
in the range between -10  to 10  for the present investigation.
The signals from the ulite sensors have been recorded by the INCAS NI-P I acquisition
system and all the acoustic transducers have been calibrated using a Druc  DPI-515 calibrator.
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Noise floor data were ta en on the instrumentation used in the tests and fluctuating pressure 
data were acquired with a sampling frequency fs for 4 seconds. A band pass filter was set to 
select in the frequency range of interest. Additional transducers are installed at the wall of the 

T, their signals being of relevant importance for the acoustic qualification of the T and the 
bac -ground noise identification and decontamination. They have been flush mounted at the 
wall of the ind Tunnel in order not to be influenced by the flow hydrodynamic pressure. 
These additional transducers were installed in the following positions: on the surface of the Flap 
installed in the test section (the system supporting the strut where the model is mounted)  at the 
wall of the porous test section  at the solid wall of the test section  at the inlet of the test section 
(the so-called Front position). Those transducers are denoted as 1 , 160, 16 , 16  
respectively and were present also during the ind Tunnel acoustic qualification. In this case, 
an additional transducer has been installed within the test section centerline on a streamlined 
sting in order to measure also in-flow pressure fluctuations. 
The test matrix adopted for the aeroacoustic measurements consisted of 55 runs that were 
performed to cover 11 Mach numbers, spanning from 0.5 to 2. 5, and five AoA from -10  up 
to 10 . The Reynolds number, based on the launcher first stage diameter, was maintained 
constant and equal to 8.0x106, approximately a factor 4 lower than the Reynolds number of
the full scale launcher. 

Figure 1: A s etch indicating the location of the pressure transducers and the numbering adopted for 
their identification 

3 BOUNDARY LAYER EVALUATION THROUGH DEDICATED CFD 
The characterization of the aeroacoustics environment around the EGA C launcher at flight 
conditions can be obtained by tuning the semi-empirical models representing the wall pressure 
spectra at model scale. The models require the characterization of the boundary layer integral 
properties, specifically the displacement thic ness, denoted as G . Since not all the required 
information are directly available from measurements on the model, a simplified CFD support 
is needed. 
The proposed CFD model for the L characterization considers a number of simplified 
hypotheses that are listed below: 

1. the geometry of the EGA launcher is considered axisymmetric
2. the fluid dynamics is in all cases axisymmetric
. the compressible boundary layer is solved along a stream line using the external

boundary conditions given either by experimental measurements (pressure coefficients)
and or, for some conditions, by numerical simulated results of external flow

4. the wall of the launcher is considered adiabatic and its temperature is equal to the total
temperature,

5. the flow is considered steady.
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The CFD code is based on the solution of the boundary layer equations, a simpler set of 
equations obtained by means of a suitable order-of-magnitude reduction of the Navier-Sto es 
equations. In the following, the main concepts are breifly wor ed out.  
The compressible boundary layer equations here considered can be indifferently applied to a 
wide spectrum of flow conditions, including both the subsonic and supersonic regime. The 
governing boundary layer equations for steady, compressible, axisymmetric flows 11  are 
reported in the following  
Continuity:   

𝜕(𝑟𝜌𝑢)
𝜕𝑥

+
𝜕(𝑟𝜌𝑣)

𝜕𝑦
= 0

Momentum: 

𝜌𝑢
𝜕𝑢
𝜕𝑥

+ 𝜌𝑣
𝜕𝑢
𝜕𝑦

= −
𝑑𝑝
𝑑𝑥

+
1
𝑟

𝜕
𝜕𝑦

[𝑟 (𝜇
𝜕𝑢
𝜕𝑦

− 𝜌𝑢′𝑣′)]

Energy (Total Enthalpy): 

𝜌𝑢
𝜕𝐻
𝜕𝑥

+ 𝜌𝑣
𝜕𝐻
𝜕𝑦

=
1
𝑟

𝜕
𝜕𝑦

[𝑟 (
𝜇

𝑃𝑟
𝜕𝐻
𝜕𝑦

+ 𝜇 (1 −
1

𝑃𝑟
) 𝑢

𝜕𝑢
𝜕𝑦

− 𝜌𝑣′𝐻′)]

The coordinate system and the basic notation are shown in Fig. 2. The origin of the cylindrical 
coordinate system is located at the top of the ogive and z is the axis launcher. The coordinate x 
denotes the distance along the surface measured from the stagnation point or from the leading 
edge and the coordinate y is normal to the surface.  

Figure 2. Cylindrical and wall coordinate systems for the boundary layer computation. 

ithin the boundary layer, the velocity components in the x and y directions are denoted u and 
v, respectively. The symbol H is used to denote the total enthalpy. The radial distance 𝑟(𝑥, 𝑦) 
is related to the body radius 𝑟0(𝑥) by the equation  

𝑟(𝑥, 𝑦) = 𝑟0(𝑥) + 𝑦 cos(∅(𝑥)) 
where 

∅ = tan−1(
𝑑𝑟0

𝑑𝑥
)

Defining 

𝑡 =  
𝑦 cos(∅)

𝑟0
we can write 

𝑟 = 𝑟0(1 + 𝑡) 
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where t represents the deviation of  𝑟(𝑥, 𝑦) from 𝑟0(𝑥) and is called the transverse curvature 
term. hen the body radius is quite large relative to the boundary layer thic ness, as for the 
applications reported in the present report, the effect of the transverse curvature is very small 
and can be neglected. In this case, it is possible to introduce a transformation, nown as Mangler 
transformation, that reduces the boundary layer equations exactly in two-dimensional form. To 
solve the system of the boundary layer equations a closure assumption must be introduced to 
model the effect of the turbulent transport terms 𝜌𝑢′𝑣′ and 𝜌𝑣′𝐻′. To that purpose, we use the 

oussinesq s eddy-diffusivity concept and we write 

𝜌𝑢′𝑣′ =  𝜌𝜀𝑡
𝜕𝑢
𝜕𝑦

𝜌𝑣′𝐻′ =  𝜌
𝜀𝑡

𝑃𝑟𝑡 
𝜕𝐻
𝜕𝑦

where 𝜀𝑡 is the eddy viscosity and where the turbulent Prandtl number 𝑃𝑟𝑡 is assumed to be a 
constant equal to 0.9 throughout the boundary layer. 
To obtain the solution of the axisymmetric coupled turbulent mass, momentum and energy 
equations for external flows we first apply a transformation obtained by combining the Mangler 
and the compressible version of the Fal ner-S an transformation 11 . The first one allows to 
put the boundary layer equations into an almost two-dimensional form (exactly 2D if the 
transverse curvature is neglected), whereas the latter removes the large variation in boundary 
layer thic ness along the surface and ta es into account the effect of compressibility. To solve 
the boundary layer equations we assume the Cebeci-Smith turbulence model 12 , and we 
remind to the literature for the details (e.g. 11 ). 
The numerical solution of the coupled mass, momentum and energy equations for the 
axisymmetric turbulent boundary layer is obtained by means of the ox method, developed by 

eller 1  for the solution of parabolic partial differential equations and applied to the 
boundary layer equations by eller  Cebeci ( 14  and 15 ) and Cebeci  eller  ( 16  and 
1 ). An accurate description of the method can be found in 11 .  

Examples of results achieved at model and full-scale are presented in Figures  for M 0.8, 
where the distribution of the displacement thic ness along the launcher surface is shown for 
three different values of the AoA. 

Figure : Distribution of the compressible displacement thic ness at M 0.8 along the EGA-C 
launcher (left) and the model (right). 

x (m) x (m) 
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4 WALL PRESSURE STATISTICS 
Local flow separations and shoc -boundary layer interactions generate large pressure 
fluctuations that may occur mainly in the transonic and low-subsonic regimes. Unsteady 
aerodynamic pressure can excite the vehicle dynamic modes of vibrations since they are the 
forcing function of the vibro-acoustic response and may induce buffeting.  all pressure 
measurements are usually carried out to characterize this phenomenon. According to literature 
approaches, the indicators  analyzed to predict the buffet occurrence are the wall pressure 
coefficient r.m.s. and the pressure spectra computed along the surface of the scaled model 
installed inside the ind Tunnel test section. 

ne of the main problems encountered in aeroacoustic measurements carried out in transonic 
wind tunnel is the presence of relevant spurious fluctuations induced by the bac ground noise 
that, in facilities that are not acoustically treated, might be relevant. The INCAS ind Tunnel 
( T) have been carefully qualified from the acoustic viewpoint so that the effect of the 
bac ground noise on the model wall pressure measurements can be clearly identified. 
Specifically, tonal effects induced by the compressors and by the porous surface of the transonic 
test section have been found to be relevant and partially affect the model surface pressure (see 
e.g. 8 ).
Figure 5 reports examples of the evolution of a modified 𝐶𝑝 𝑟𝑚𝑠 along the launcher for different
AoA. The amplitudes of the actual  𝐶𝑝 𝑟𝑚𝑠 are divided with respect to a mean value calculated
over the whole set of Mach and AoA considered. The results are in line with literature (e.g.
Panda 2018) and the positions where possible critical situations may occur are clearly visible
where the maxima are located. Similar results are obtained in the other transonic cases, results
are not reported for the sa e of brevity. The presence of pea s in the 𝐶𝑝 𝑟𝑚𝑠 ∗ distribution is due
to local flow separations that might be induced by wall surface pressure gradients and shoc
waves. Indeed, the pressure transducers where the pea s are located correspond to positions
where the wall inclination change significantly. This happens for example at the end of the
ogive (transducer 4), at the end of the fairing (transducer 14), on the oat-tail (transducers 15-
16-1 -18). n the other hand, no effects are observed in correspondence of the second cone
(transducers 22-2 -24).

Figure 5: Cprms  evolution along the launcher model for M 0.8 and different AoA. The pressure 
r.m.s. is obtained by integrating the pressure spectra decontaminated by the bac -ground tonal noise.

The overall investigation of the Cprms  clarifies where possible critical situations are present. 
In those positions a detailed analysis of the pressure spectra has to be carried out in order to 
clarify whether tonal effects, i.e. the possible causes of buffeting, are present. An explanatory 
example is reported in Figure 6, where a set of spectra corresponding to the location of the 
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Cprms  maxima at different AoA, are reported for M 0.9. The spectra exhibit a relevant energy 
bump at low frequencies, however, except for those induced by the bac -ground noise 
(evidenced by the arrows), no physical tones are observed.   

Figure 6: Examples of Pressure spectra computed where the Cprms  reaches its maximum (M 0.9), 

5 CONCLUDING REMARKS 
An extensive experimental investigation has been carried out on a 1: 0 scaled model of the new 

EGA-C launcher installed within the trisonic ind Tunnel of INCAS. The scope of the 
experimental tests was the characterization of the aeroacoustic behaviour through the 
measurement of the wall pressure fluctuations at the launcher surface. The experimental tests 
have covered a wide range of flow conditions, including transonic Mach numbers, and have 
been targeted mainly to analyse and predict the occurrence of buffeting.   
Dedicated numerical simulations have been carried out to compute the boundary layer thic ness 
at the model- and full-scale, this parameter being relevant for the full-scale extrapolation of the 
spectral quantities. The buffeting analysis has been carried out by examining relevant statistical 
indicators, namely the normalized pressure signals standard deviation and the Fourier auto-
spectra. The analysis in the Fourier domain confirms that the pressure signals do not exhibit 
discrete tones at low frequencies that can be ascribed to the buffet instability and thus the 
occurrence of structural buffeting is not expected. The full-scale extrapolation of the measured 
spectra (not reported therein) has confirmed that pressure fluctuations are not expected to excite 
the main structural modes of the actual launcher. 
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ABSTRACT 
In the aerospace sector, aluminium alloys are largely adopted for primary and secondary 
structures and Additive Manufacturing (AM) processes are receiving more and more attention 
to produce metal parts with complex geometry, lighter and with additional functional 
properties. In this view, the influence of different manufacturing parameters on microstructures 
and mechanical properties of AlSi7Mg0.6 aluminium alloy realised by Selective Laser Melting 
(SLM) is investigated in this research adopting different experimental techniques. Results 
highlight the effects of position on the build platform and thermal-treatments on fracture and 
fatigue responses of the manufactured samples. 

Keywords: additive manufacturing, post-processing, Al-alloy, mechanical properties 

1 INTRODUCTION 
The application of additively manufactured metal components in the aerospace sector is 
attractive due to a number of potential benefits. Engineers have the possibility to obtain 
optimized and lightweight structures than s to the design freedom granted by additive 
manufacturing (AM) technology. However, there are a number of challenges to be solved 
before AM can be fully utilized for critical structural component. ne of the ma or issues 
concerns the understanding of the lin  between fabrication process, post-processing and 
resulting mechanical properties 1,2 . Important requirements for the application of these 
materials produced by AM are strength, structural durability and corrosion resistance 
comparable or even superior to materials produced by conventional technologies. In this view, 
post-processing, such as thermal-treatment, Hot Isostatic Pressing (HIP), surface finishing play 
crucial role to reach these requirements –5 . However, compared to conventional 
technologies, such as casting, AM processes can give materials with completely different 
microstructure and the application of standard heat treatments, generally used for aluminium 
alloy in the aerospace field, may results in unexpected mechanical response. Dedicated post 
processing parameters have to be applied and further research is needed to understand how heat 
treatments change the microstructures and mechanical properties of additively manufactured 
aluminium alloys. 
The present research investigates the influence of heat treatments on microstructures and 
mechanical properties (static and fatigue) of AlSi Mg0.6 aluminium alloy samples realised by 
Selective Laser Melting (SLM). Samples are fabricated at different locations on the building 
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platform in order to evaluate the effect of this processing parameter on their mechanical 
properties. 
During SLM production process, the metal undergoes to extremely rapid super-heating and 
under-cooling, generating ultrafine microstructure (-Al matrix super saturated with Si and Mg) 
and high residual stresses inside the as-built material, thus, it is fundamental to perform a stress 
relieving treatment in order to release the thermal stresses generated during SLM process. Such 
treatment results in a reduction of static tensile strength, with an increasing of ductility, as 
compared to the as-built condition. Similar results have been recently reported in other 
researches 6, . Furthermore, considering fatigue response, it emerges that the performance of 
the SLM manufactured material is slightly lower than the one exhibited by the cast alloy 8 . 
The obtained results indicate that post-processing procedures established for standard 
technologies are not suitable to increment mechanical properties of the selected alloy produced 
by SLM technique but they have some positive effect such as the homogenization of the 
properties of the produced components. 

2 EXPERIMENTAL PROCEDURES 

2.1 Material and manufacturing 
A Renishaw AM250 SLM was employed for producing the test specimens. The machine is 
equipped with a 200  fibre laser wor ing in pulsed mode by power modulation, producing a 
spot diameter of 5 m at the focal point. Prior to processing, vacuum is applied (oxygen level 
lower than 1000 ppm), and the wor ing chamber is filled with Argon. No preheating was 
applied to the platform. The powder used is alloy AlSi Mg0.6 (A 5 ) produced via Gas 
Atomization (LP  Ltd, United ingdom). The powder Particle Size Distribution follows a 
lognormal distribution with a mean particle size of 41 m. 
The process parameters selected were optimized in a previous experimentation employing an 
iso-fluence strategy 9 . The chosen parameters are reported in Table 1. All specimens were 
built in the vertical direction (specimen axis perpendicular with respect to the build platform 
plane). The experiments aimed to address the influence of stress relieving on the tensile 
properties and the position of the build platform on static and fatigue properties. 
A total number of 55 samples were produced: 40 samples for fatigue evaluation and 15 samples 
for tensile characterization. Tensile specimens were divided into two batches: 5 samples were 
tested as-built, 10 samples were stress-relieved before testing. Stress relieving was applied at 
00 C for 2 h. Two different position were investigated: internal and external, as showed in 

Figure 1. External positions were closer to the gas flow inlet and outlet, which could potentially 
perturbate the powder bed. Two fatigue curves were generated with 20 specimens for each 
position on the build platform. 

Table 1. Process parameters chosen for the processing of AlSi7Mg0.6 specimens. 

Parameter Value 
Power, P 200  

Exposure time, t 1 1 s 
Hatch distance, dh 1 9 m 
Point distance, dp 80 m 
Layer thic ness, z 25 m 
Energy density, E 94 mm  
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Figure 1. Definition of the internal and external regions on the build platform and reference directions 
(N,S,E,W). 

2.2 Density and surface roughness measurements 
Surface roughness was measured using a tactile roughness measurement instrument 
(Perthometer S6P). The acquisition length was 1.2 mm with a 0.8 mm cut-off length. Average 
roughness (Ra) was the measured output. This measurement was repeated 4 times for each 
specimen by rotating the sample of approximately 90 degrees along its axis ta ing 
measurements along the four reference directions (N, S, E, ) as defined in Figure 1. 
Specimens were measured in as-built and sandblasted conditions. Sandblasting was performed 
manually on all the samples. The duration of the sandblasting was experimentally evaluated to 
obtain a final average surface roughness lower than 10 m on all the measured sides. The final 
procedure involved a sandblasting duration of 200 s per sample. 
Density measurement were carried out using Archimede s method. An electronic scale with a 
it for density measurement (Sartorius D 01) was employed. Part density was evaluated as: 

𝜌 = 𝑊𝑎∙𝜌𝑊
𝑊𝑎−𝑊𝑤

(1) 

where a is the weight of the sample in water, w is the density of water and w is the weight 
of the sample in water. Density measurement was replicated three times for each sample, and 
eventually the mean of the three measures was used. 

2.3 Mechanical measurements 
Elastic modulus, yield strength, tensile strength, elongation, reduction of area and potential 
anisotropy of the mechanical properties were obtained from static tensile tests. Experiments 
were performed according to ASTM E8 standard. A number of five specimens were chosen to 
be tested for each condition, allowing to identify the variability of the properties. The statistical 
analysis will give average values for representation of the specimens and will provide 
information about the uniformity of the material and the repeatability of the test. 
Axial force controlled fatigue tests were carried out to obtain the fatigue strength of the 
materials selected in this study. Fatigue tests were performed according to ASTM E466 
standard. The experiments were limited to the testing of axial unnotched specimens sub ected 
to constant amplitude, periodic forcing function in air at room temperature. The geometry of 
the specimens was the same adopted for tensile tests and indicated in the ASTM E466. The 
number of the specimens was reduced from the one indicated in the standard in order to 
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minimize the testing time. The fatigue test will be performed at R 0.1 using a 20 Hz sinusoidal 
wave form under load control to a maximum of 10  cycles. The selected testing frequency was 
in the range indicated by ASTM E466 for which fatigue results are generally unaffected for 
most metallic engineering materials. R 0.1 corresponds to a tension-tension cycle in which the 
minimum stress is equal to 0.1 times the maximum stress. y eeping the stress ratio R to a 
lower value, the mean stress remains low and therefore high stress amplitudes can be sustained 
by the material. The results were plotted on stress vs. cycles-to-failure (S-N) curves. Data 
analysis was performed according to ASTM E468. Fatigue tests were subdivided in low cycle 
fatigue range (i.e.104 to 106 cycles) and high cycle fatigue range ( 106 cycles). Run-out was 
fixed to 10  cycles. The Staircase method was adopted to evaluate the fatigue limit. 
For both tensile and fatigue specimens, the fracture surfaces were analysed using scanning 
electron microscopy (SEM) and the fractography results were correlated with the resulting 
mechanical properties. 

3 RESULTS AND DISCUSSION 

3.1 Density and surface roughness of SLM produced specimens 
Considering the reference density of AlSi Mg0.6 (2.68 g cm ) all samples produced have a 
relative density higher than 98.8 . The mean density of samples produced in the internal  
position is 2.656r0.001 g cm , while for external  position is 2.65 r0.00  g cm . It can be 
concluded that the differences are not significant from a practical point of view. 
Manual sandblasting was performed for all samples for 200 s  after this process, all Ra values
were lower than 10 m, as required for fatigue testing. Figure 2 shows the results of the average 
surface roughness as a function of post-processing and position on the specimen. It can be seen 
that the sandblasting procedure effectively reduces the average surface roughness to 
approximately 6 m and provides a more homogenous surface quality across the specimens. 

Figure 2. Average roughness of the specimens in as built conditions and after sandblasting as a 
function of position. 

3.2 Tensile static properties 
From the data obtained during tensile tests, graphs that illustrate the engineering stress-strain 
curves have been built. A comparison of stress-strain curves for specimens in different 
conditions is displayed in Figure . It can be observed that stress relieved treatment leads to an 
increase in ductility and decrease in strength. 
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Figure 3: Stress-strain curves for the tested samples: effect of thermal treatment on static tensile 
properties 

Ta ing the average value with standard deviation of the measured mechanical properties for 
each condition (as-built and stress relieved) and position on the building plate (internal and 
external), it is possible to obtain the data shown in Table 2. Loo ing at this table it is possible 
to observe that the oung modulus (E) values are comparable for all specimen families, as 
expected. n the other hand, a significant reduction in strength (yield and ultimate) is detected 
for stress-relieved samples. An increase in strain at brea  from as-built to stress relieved 
condition is also measured. Regarding the position on the building plate, no significant 
difference in mechanical properties can be reported. 

Table 2: Average mechanical properties measured for different samples in tensile mode. 

Position Conditioning E 
[GPa] 

Yield stress 
[MPa]

Ultimate 
stress [MPa] 

Strain at 
break [%] 

Internal As-built 64.1  1.6 222.   2.0 41 .   1.5 10.8  0.5 

Internal Stress relief 65.0  1.2 16 .   .4 254.2  1.6 15.1  1.  

External Stress relief 6 .8  1.2 169.1  .1 254.4  2.4 14.8  0.  

Studying the fracture surfaces, characteristic cup and cone fracture can be observed, indicating 
the ductile behaviour of the aluminium alloy. In the centre of the most stressed section, some 
small holes appear (micro-voids), as shown in Figure 4(a). ith continuing stress, micro-voids 
grow and coalesce forming a cavity, which propagates towards the external surface until the 
final fast fracture. Furthermore, SEM micrographs of the tested as-built samples reveal that the 
fracture surface is characterized by an extremely fine roughness, consisting of microscopic 
voids and dimples, which is expected to be formed by the yielding material during the load 
application. These characteristics indicate the ductile rupture failure mechanism of the material 
and confirm the fine microstructure formed during the SLM process. The fracture surfaces of 
the stress-relieved samples appear less brittle and with less cleavage planes than those of the 
as-built ones. This is coherent with the tensile curves, where the changes in fracture surfaces 
correspond to the change in ductility. Characteristic cup and cone fracture is more evident and 
nec ing is clearly observed for stress-relieved specimens, as depicted in Figure 4(b). 
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(a) (b) 
Figure 4: Example of a SEM micrograph of the fracture surface, as-built sample (a) and detail of 

necking for a stress-relived sample during tensile testing. 

3.3 Tensile fatigue properties 
Results of the fatigue tests are presented in Figure 5. The fatigue response for stress-relieved 
samples located in different position of the building plate does not show significant difference 
in all regions of the hler diagram. The fatigue endurance calculated with the Staircase 
method are 12  MPa and 1  MPa for specimens built in the internal and external regions of 
the build plate, respectively. An initial analysis points out that the position of the sample on the 
build plate does not strictly affect defect type or quantity and hence the fatigue properties. This 
limited difference is more li ely to be due to the statically nature of the fatigue behaviour. 
Further analyses, adopting a higher number of fatigue samples, are undergoing for a more clear 
understanding of this issue. 

Figure 5: Fatigue response of internal and external samples, arrows indicate run-out samples. 

4 CONCLUSIONS 
AM techniques are quic ly developing in the recent years, as they can provide advantages 
especially in terms of time between design and production, scrap and weight reduction. Among 
these techniques, SLM is characterized by the highest industrial maturity, especially concerning 
Al alloys such as the one tested in this research. 
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Mechanical testing of the produced SLM samples showed important points concerning the 
overall production cycle including the stress relieving treatment. The reduction in mechanical 
response from as-built condition suggests that a dedicated heat treatment must be developed to 
maintain high mechanical performances. Furthermore, the fatigue resistance is lower compared 
to the conventionally produced cast alloy, due to the high surface roughness (even after 
sandblasting post-processing) and the presence of internal defects. These results confirm that 
SLM is a promising technique, but it still has some disadvantages when compared to more 
traditional techniques. In particular, improvements in static and fatigue properties are required 
being critical aspects for primary aerospace structures. 
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ABSTRACT
Continuous thrusting or environmental disturbance forces (which may represent the action of
a low-thrust electrical propulsion system, used for orbit manoeuvres, or the effect of drag on 
a Low Earth Orbit) induce a continuous variation of orbital elements. An approach based on 
shape-functions offers the possibility of evaluating a reasonable shape for such a trajectory
that, when carefully selected, allows to analytically derive an acceleration profile, from which 
it is possible to estimate orbit transfer or decay time. The classical approach based on an 
exponential sinusoid has been widely used in the literature, with some limitations in the
practical possibility of implementing its shape for a generic choice of the set of parameters. 
The acceleration profile along the exponential sinusoid is zero at periaxis and apoaxis and 
conditions on parameters need to be enforced for avoiding mathematically or physically
unfeasible trajectories. The objective of the present paper is thus to investigate different
formulations of the shape function which better capture the realistic features of perturbed 
trajectories. The paper thus analyses various modifications of the classical exponential
sinusoid, for describing the effect of (almost) constant acceleration profiles, for low-thrust
trajectories during orbit transfer manoeuvres, or increasingly negative acceleration terms
during orbit decay. In both cases, the availability of a semi-analytical formulation depending 
on a small number of relevant parameters allows one to rapidly scan the parameter space for
investigating the considered problems and derive relevant information (e.g. fuel consumption 
or decay time).

Keywords: low thrust propulsion; orbit decay; shape function; exponential sinusoid.
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ABSTRACT

Environmental monitoring represents one of the various civil application frameworks of electrical multi-
rotor platforms, yet it poses several challenges for an optimal use of the capabilities of the vehicle. The
paper investigates these issues and discuss the techniques that are being developed in the framework of a
research project funded by the Apulia Regional Government, with a particular focus on mission planning.
Depending on the sensor installed on board, the mission may require long hovering phases, waypoint
navigation or scanning an area. In all these cases, the best mission profile may significantly depend on
environmental conditions (e.g. wind). A trajectory discretization method and an empirical battery dis-
charge model will be coupled in order to preliminary identify promising mission profiles that maximize
a relevant performance index for each type of mission. An efficient path planning technique will also be
discussed, which is capable of providing possibly sub-optimal trajectories in quasi-real time.

Key words: electric multirotor vehicles; environmental monitoring; mission planning.

1. INTRODUCTION
The use of small-size remotely operated rotorcraft is becoming increasingly popular in many civil ap-
plications, which include, among many others, precision farming and environmental monitoring. These
two scenarios share the need for scanning possibly wide areas with some sensor. Careful planning of
the trajectory can provide a more efficient use of vehicles in monitoring tasks, especially when electri-
cally driven multirotor platforms are considered as sensor platforms, because the limited capacity of the
battery pack usually results into severe constraints on their maximum endurance and range performance.

The SAGACE project (Sistema Avanzato di MonitoraGgio AmbiEntale in Italian, which translates
into Advanced System for Environmental Monitoring’) is a research program funded by the Apulia
Regional Government, which is aimed at developing innovative low-cost tools for efficient and reliable
environmental monitoring. The system proposed combines various sensors for monitoring air and water.
Among many others, a set of airborne sensors is being developed by the Department of Mathematics and
Physics at the University of Salento and by a small University spin-off company, ISALIT s.r.l., based in
Alessandria, Italy. The sensors will be installed on board of multirotor platforms developed by another
Italian company, which is a partner in the project, namely IDS S.p.A.

One of the objectives of the project is to provide mission planning tools for maximizing the effec-
tiveness in the use of electric multirotor platforms in the framework of environmental monitoring. In
this respect, a set of numerically efficient tools for quasi-real time mission and/or path planning will be
analyzed. The objective is to identify which strategy allows for an efficient monitoring campaign, pro-
viding (possibly optimal) coverage performance and indications on the number of vehicles required for
completing the monitoring mission within a prescribed time over the considered area.
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Electrically powered aircraft are often built on the basis of practical experience of the manufacturer,
rather than a consistent set of design tools based on a combination of performance evaluation and statis-
tical data for existing vehicles, a common practice for aircraft preliminary sizing techniques. Similarly,
the operational use of electrical remotely operated aircraft is often based on some reasonable practical
experience of pilots and operators, rather than a careful mission planning based on vehicle performance
limits and environmental conditions. Some recent papers revisited range and endurance performance for
electrically powered fixed- as well as rotary-wing aerial vehicles [1, 2]. Hinging on these results, design
guidelines for both classes of vehicles were recently derived [3, 4], based on an accurate battery dis-
charge model, propeller performance, aerodynamic properties of the vehicle, thus providing some design
tools for filling the first gap between flight mechanics theory and design practice.

The present paper aims at filling the second gap, providing a set of mission planning tools, where
vehicle performance limitations provide constraints to feasible trajectories, whereas an optimal mission
strategy is derived, in the sense of maximizing some relevant performance index for the considered type
of mission (e.g. time spent in flight for the measure or size of the area monitored during the available
flight time).

When a set of waypoints needs to be reached or a given area is required to be scanned, a trajectory
that allows for fulfilling the mission objectives needs to be envisaged. The path planning algorithm is
based on a technique derived from the robotic literature [5], recently applied to the definition of a risk
analysis procedure for use of remotely operated flying vehicles over populated areas [6]. The trajectory is
divided into motion primitives, that is, segments or arcs that the vehicle can fly at steady state. Unsteady
manoeuvres in transitioning from one primitive to the following one are neglected. Feasibility of each
trajectory element is assessed, provided aerodynamic, structural or propulsion performance limits are not
violated. Three kinematic variables (namely velocity, rate of climb and rate of turn) fully describe the
steady state. Trajectory element length or flight time increment completes the set of parameters required
for describing it.

In the next Section, three different mission scenarios will be introduced, together with a description of
the trajectory discretization procedure. Section 3 revises the equations for estimating electric multirotor
performance limits, including range and endurance on the basis of a reliable battery discharge model. In
Section 4 mission planning techniques will be provided for the mission scenarios described in Section 2.
A section of concluding remarks ends the paper.

2. MISSION PLANNING
2.1 Mission types in environmental monitoring
Three different mission scenarios will be considered, all relevant for environmental monitoring opera-
tions. Given an area to be monitored, the sensor may be required to

1. sample the area at one or more prescribed spots for long time intervals;

2. sample the area at a given number of spots with short term measures or photos;

3. scan the whole area.

In mission type #1 (Fig. 1.a) the sensor installed on the multirotor requires to hover at a given point,
in order to perform the required measure. This is a typical scenario for collecting particulate required
for particulate concentration estimates [7], where a pump drives air on filters which, in turn, collect
particulate of a prescribed size that will be analyzed once the filter is taken back to the laboratory. The
measure is more accurate, if the pump works for longer time intervals. As a consequence, time spent
at the prescribed particulate collection point is a possible mission performance index to be maximized
(Fig. 1.b). Mission type #2 (Fig. 1.c) requires that the multirotor flies over a set of waypoints. This is
a typical sampling scenario, where at each waypoint a short operation is required (e.g. a snapshot or
a quick scan of some sort of target). In such a case, optimal coverage is obtained when the minimum
length flight path is determined, which completes the tour of the required waypoints, within maximum
range vehicle performance, as depicted, in Fig. 1.d. If the total length of the trajectory is longer than
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Figure 1. Sketches of three possible mission scenarios.

the maximum available vehicle range, an optimal path visits the maximum number of waypoints among
those required for the mission. Finally, mission type #3 requires to scan the operational area (Fig. 1.e and
f), as it happens when instruments such as a ground penetrating radar [8] are installed in order to map
properties of the ground. In this case, the mission planning tool should determine the shortest and/or
simplest path which covers the whole area or, as an alternative, the path which maximize the coverage
percentage.

2.2 Trajectory discretization by means of motion primitives
In the robotic literature, motion primitives are trajectory elements that the considered vehicle can run
along at steady state, that is, constant motion variables (such as velocity and/or angular rate). An efficient
path planning algorithm can be derived by considering a sequence of motion primitives, while neglecting
(usually short) maneuver transients between one steady state and the next one [5]. When a flying vehicle
is considered, a steady state results into a (possibly degenerate) arc of helix, which can degenerate into a
circle, when the climb angle is zero, or into a (possibly climbing) straight flight path segment, when the
curvature of the trajectory is zero [9].

A total of three kinematic parameters are sufficient for describing an aircraft steady state, namely
airspeed (V ), climb rate ( ˙h, where h is altitude) or, equivalently, the climb angle (�, where ˙h = V sin �),
and turn rate (�̇ = V/R, where � is the course angle and R is the radius of curvature of the trajectory).
At steady state all the parameters are constant. The length of the segment or arc is given by s = V�t,
where �t is the time spent by the aircraft along the considered trajectory element. A total of 4 parameters
thus fully describe one motion primitive. Initial conditions at the departing position (coordinates of
the departure spot and an initial course angle) are also required. Once initial conditions and kinematic
parameters for each trajectory element are known, the resulting trajectory is easily evaluated, as discussed
in detail in [6]. Figure 2, taken from [6], provides an elementary example with 4 trajectory elements (one
straight level climb, a turn, a rectilinear descent, and an ascent along a helicoidal pattern).

As a relevant difference with respect to Ref. [6], where the practical application of the trajectory
planning for minimum risk was proposed in the framework of remotely operated (or autonomous) fixed
wing aircraft, rotorcraft capable of hovering and/or vertical takeoff and landing are here considered. Care
is thus needed in selecting the relevant motion primitive parameters. When V = 0 during a hovering

3
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Figure 2. Discretization of a trajectory by means of motion primitives (from [6]).

phase, the trajectory element degenerates into a point, such that the turn rate is not defined. Moreover, it
is not possible to use s as the fourth parameter for the element, inasmuch as �t = s/V is not defined,
for s and V equal to zero. At hovering, a non-zero turn rate can be associated to a yaw rotation of the
vehicle, so that the resulting trajectory may exhibit discontinuities on the course angle �.

3. ELECTRIC ROTORCRAFT PERFORMANCE ANALYSIS
3.1 Flight and maneuvering performance limits
One of the advantages in the use of motion primitives lies in the fact that it is relatively easy to enforce
a feasibility constraint to each trajectory arc. Given the values of kinematic variables at steady state,
it is possible to evaluate the power required for flying each one of the considered motion primitives
used for discretizing the entire mission trajectory. In the most general case, all performance limits are
satisfied if structural, aerodynamic and propulsion constraints are met. For a fixed wing aircraft, wing
lift coefficient C

L

= L/(0.5⇢V 2S) must be less than C
Lmax

at stall, where L is lift, ⇢ is air density and
S is wing reference area; the load factor n

z

= L/W is less than the maximum structural limit, where
W is vehicle weight, and DV  P

a,max

, where D = 0.5⇢V 2SC
D

is aircraft drag, with C
D

being the
aerodynamic drag coefficient, and P

a,max

the maximum available power (see [6] for more details). The
load factor is n

z

= 1 in steady rectilinear flight, n
z

= cos � in climbing flight and n
z

= [1+(V �̇/g)2]1/2

in turning flight.
For small-size electric multirotor platform, the only relevant constraint is the maximum electric

power delivered by the battery pack to rotor electric motors. No stall limit is present, and the maximum
load factor is hardly met at steady state. Following an approach similar to that proposed in [10] for single
main rotor helicopters, total power required at steady state is

P
req

= P
par

+ P
rot

+ P
cl

+ P
sys

where parasite power is P
par

= DV , climb power is P
cl

= W ˙h, and P
sys

is power required by onboard
systems and payload, in those cases when electricity is not provided by a separate battery pack.

Assuming that all N
rot

rotors deliver the same amount of thrust also during a turning maneuver
(which is a reasonable approximation), total rotor power is equal to

P
rot

= N
rot

(P
ind

+ P
prof

)

where induced power is P
ind

= 1.15Tw
i

depends on thrust delivered by the rotor, T = n
z

W/N
rot

,
and the corresponding value of induced velocity, w

i

, which can be evaluated following the approach
described in [10]. The empirical factor 1.15 is introduced in order to account for dissipation due to
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tangential and radial velocity increments, not included in the elementary momentum theory model at the
basis of the ideal power estimate, P

id

= Tw
i

, which assumes axial velocity increments only. Profile
power is

P
prof

= (⇢⇡⌦2R4

)(�C
d

/8)(1 + 3µ2

)

where ⌦ is rotor angular rate, � = N
b

c/(⇡R) rotor solidity (with R rotor radius, N
b

number or blades
and c blade chord), C

d

is blade airfoil average drag coefficient, and µ = V/(⌦R) the advance ratio.
Two constraints need to be enforced, such that P

ind

+ P
prof

 P
eng,max

, and P
req

 P
bat,max

,
with P

eng,max

equal to the maximum power delivered by each electric motor power and P
bat,max

the
maximum power delivered by the battery pack. If the kinematic parameter of the trajectory element
result into violation of one of these two constraints, the motion primitive is not feasible. In any other
case, it is possible to estimate the amount of battery charge required to fly it.

3.2 Battery discharge process
The overall flight time and/or distance flown by an electric rotorcraft depend on how efficiently the avail-
able battery charge is exploited. For an ideal discharge process, the voltage of the battery is constant and
the charge extracted from the battery per unit time proportional to the current drawn, i. Unfortunately,
the intensity of the current affects the actual capacity of the battery, with the actual charge drawn being
reduced for currents higher than the nominal one, because of higher internal losses. This phenomenon,
known as Peukert’s effect, can be accounted for by means of Peukert’s law [11], where, for a constant
current discharge process, discharge time t

D

and current i satisfy the law t
D

ik = constant, where Peuk-
ert’s exponent k < 1 characterizes the class of batteries. Peukert’s law provides a better approximation
for battery discharge time than the ideal model. Nonetheless, the hypothesis of a constant current is often
far from the actual operational use of a battery pack, provided that voltage also decreases during the
discharge, thus affecting the relation between current drawn for a given power.

In many applications, a constant power discharge process is often a more accurate hypothesis.
Reference [12] introduced an empirical battery discharge model experimentally obtained for constant
power discharge processes by means of a controllable electric load. The discharge time is expressed as
t
D

= �P "

d

C�

0

, where P
d

and C
0

are discharge power and nominal capacity at full charge, respectively.
The coefficients �, ", and � are empirically derived for the considered class of batteries cells. An ideal
discharge process is obtained for � equal to battery nominal voltage, " = �1 and � = 1.

3.3 Distance flown and flight time for time-varying required power
If instantaneous required power is at the basis of motion primitive feasibility, feasibility of the mission
depends on wether the available battery charge is sufficient for flying the whole sequence of segments
and arcs for the planned trajectory. Breguet equations for endurance and range performance of electric
fixed wing aircraft were derived in [13], whereas conditions for best range was the subject of [14]. Best
endurance performance was derived for battery-powered rotary-wing aircraft in [15] only at hovering.
In all these cases, the power required for flying the vehicle is constant. If different segments need to
be flown, which require different power levels, none of these results provide information on trajectory
global feasibility.

For missions flown along trajectory elements requiring different power levels, it is possible to extend
the model to time-varying values of P

d

. Assume that the discharge process at power P
d1

is performed
for a time t

1

< t
D

. It is possible to assume that a residual nominal capacity C
1

is left, such that
t
D

� t
1

= �P "

d1

C�

1

, that is, C
1

= [(t
D

� t
1

)/(�P "

d1

)]

1/� . The residual discharge time at a different power
level, P

d2

thus becomes t
R1

= �P "

d2

C�

1

. If the discharge time at power P
d2

is t
2

< t
R1

, the process can
be iterated, and a new residual nominal capacity is evaluated in the form C

2

= [(t
R1

� t
2

)/(�P "

d2

)]

1/� .
The whole mission is feasible if each one of the N trajectory elements is feasible, in terms of required
power, and if the final residual time is t

RN

� 0.
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Figure 3. (a) Hovering time at 0.5 to 5 km from launch site; (b) Sparse waypoints in operation area.

4. MISSION PLANNING
4.1 Direct planning
A direct planning of the environmental monitoring mission is possible when the trajectory is immediately
identified, as in mission #1. In this case, the distance d flown from the starting point to the site of the mea-
sure needs to be covered twice, for reaching the spot and returning to the launch site. Flight time �t =
d/V and required power P

req

depend on velocity V , only. Knowing that C
1

= [(t
D

��t)/(�P "

req

)]

1/�

is the residual charge after the transfer to the site to be monitored and C
2

= [�t/(�P "

req

)]

1/� is the
minimum residual charge required for getting back to the launch site, the available time for performing
the measure is given by t

mes

= �P "

hov

(C�

1

� C�

2

). where P
hov

is required power at hovering. Being
V the only free parameter, a simple one-dimensional search algorithm can be used [16]. An analytical
solution is available for an ideal battery discharge process, where best range airspeed V

br

corresponds to
the minimum value of the ratio P

r

eq/V , which also offers a suitable starting point for the identification
of the best range airspeed for a non-ideal discharge model.

A preliminary result for a 5.5 kg quadrotor is reported in Fig. 3.a, where it is apparent that maximum
hovering time at desired measuring site is almost unaffected by airspeed during transfer, for shorter
distances (below 1 km). The same approach can be used also for mission #2, if the number of waypoints
is limited or they are regularly distributed, so that a minimum length trajectory is easily identified, which
connects all of them with straight elements (neglecting small turning maneuvers), and assuming that the
whole trajectory is performed at a constant airspeed, such that only one mission design parameter is
again present.

4.2 Search tools for optimal mission planning
When a larger number of waypoints sparse over the operational area is to be dealt with, as depicted
in Fig. 3.b, or an area with a non-regular shape needs to be scanned, the design of an optimal pattern
(minimum-length or maximum coverage) becomes less trivial. Computationally more demanding meth-
ods need to be envisaged. Nonetheless, if an efficient search needs to be performed in-situ in quasi-real
time, simplified methods providing possibly sub-optimal solutions should be preferred to more accurate,
yet more complex, ones.

The need to find out an optimal path for visiting every waypoint of a given set exactly once with the
minimum total cost is represented by the so-called Travelling Salesman Problem (TSP). It is a combi-
natorial minimization problem which is known to be NP-hard: for this reason, it is possible to find an
optimal solution in reasonable time only for a small number of waypoints.

An extension of the TSP problem is the Steiner Travelling Salesman Problem [17], which considers
an incomplete network, where there is not always an edge between two nodes. In such a scenario, some
nodes could be of no interest, but sometimes it could be necessary to visit them to go from a node
of interest to another one. Given a connected graph G = (V,E) of N nodes and a N ⇥ N matrix of
distances, there is always an optimal solution in which each edge is traversed at most twice [18][19]. This
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property allows for a problem formulation based on two sets of binary variables, x
e

and y
e

, representing
the first and the second traversal of each edge, which has a cost c

e

� 0. For any non-empty node subset
S ⇢ V , �(S) is the set of edges in the cut between S and V \ S. V

R

✓ V denotes the subset of vertices
of interest and d 2 V denotes the starting node, representing a depot or the headquarters. The resulting
formulation of the problem is given by the minimization of

J
opt

= min

X

e2E
c
e

(x
e

+ y
e

) with x
e

, y
e

2 {0, 1} , y
e

 x
e

, e 2 E (1)

(x+ y) � (S) � 2 S ✓ V \ {d} , S \ V
R

6= ↵ (2)

(x� y) (� (u) \H) � x (H)� |H|+ 1 u 2 V,H ✓ � (u) , |H| odd (3)

The Traveling Salesman Problem with Neighborhoods [20] represents a variant of the path planning
problem, relevant for the considered operational scenario, where also the communication range or the
footprint of the sensor installed on board of the aircraft are considered. In this case, the goal is to find
not only a sequence of regions to be visited, but also the optimal entry point for each region.

Integer linear programming techniques, such as branch and bound or branch and cut, can be em-
ployed to find the optimal solution of such problems. In particular, multi-thread concurrent programming
techniques based on shared memory can be adopted to speed up the execution time of branch and bound
algorithms: a thread can save its partial results into a shared data structure to enable the reuse of such
data by other threads [21], with significant savings in terms of computation workload. However, for
large problem sizes, which involve hundreds of locations, heuristic techniques are preferred to achieve
in reasonable times suboptimal solutions, which are just 2-3% away from the optimal solution with high
probability [22].

5. CONCLUSIONS AND FUTURE WORK
An overview on methods adopted in the framework of the research project SAGAcE (Advanced System
for Environmental Monitoring) for designing small-size electrically powered multirotor platform mis-
sions for environmental monitoring is discussed. The final outcome of the project will be the availability
of a set of low-cost tools for environmental monitoring, which will include airborne sensors for air qual-
ity monitoring. Different mission classes were considered, which pose different numerical challenges for
the mission design process. In all cases, a realistic battery discharge model is recommended, as battery
capacity and its optimal use is the most relevant factor in maximizing mission effectiveness. Future work
will be focused on the implementation of search algorithms for solving a traveling salesman-like problem
for the optimal path visiting a sparse set of waypoints.
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ABSTRACT 

The amount of data and information collected and processed byspace technologies, in 
particular through Earth observation programs and telecommunication services, is 
increasing day by day. Meanwhile, the socio-economic environment surrounding such 
activities is rapidly changing: data are employed for new purposes, private actors are 
involved in the dissemination of these information and new users get access to space data.In 
this context, international lawis required to addressed the new challenges deriving from such 
changes such as the protection of data protection andthe right to privacy. 
The paper aims at analysing the state of the art, focusing on the main provisions of 
international space law, including both hard law and soft law instruments, covering the 
collection and dissemination ofspace data, especially those coming from remote sensing 
satellites. Then, the focus will shift on assessing the scope of application of new legal 
provisions which are applicable to this matter, in particular the recent regulation on data 
protection adopted by the European Union (GDPR). 
In conclusion,the research aims at assessing a legal framework for the big data, which 
represents a necessary step to minimize the risks and maximize the benefits stemming from 
those technologies. 

Keywords: big data; data protection; international law; space law. 

1. INTRODUCTION

In the recent years issues concerning big data have become a central topic in scientific 
research and analysis covering several fields of study, such as technology, economy, social 
sciences, and law, among the others. Although there is not one accepted definition of the term 
big data, most of the attempts on defining this phenomenon share some common elements. 
Thus, dealing with big data means referring to a large amount of multiple and speed 
informationcollected, analyzed and used in different ways for a number of purposes. 
Due to these characteristics, big data encompass great values which make them an essential 
tool for economic investments as well as scientific and social development[1].  
In these sense, an appropriate definition, which has also be quoted by the OECD, appears to 
be the following: big data is the information asset characterized by such a high volume, 
velocity and variety to require specific technology and analytical methods for its 
transformation into value [2]. 



Ital ian Associat ion of Aeronautics and Astronautics 

XXV International Congress 

9-12 September 2019| Rome, Italy

11  

Furthermore, this large amount of data can be used by different actors such as government 
and political bodies, entities working in private or private-public sector as well as private 
companies[3]. 
Nowadays, also space studies are dealing with the big data matter, since more and more large 
amounts of data are coming from satellite technologies, namely Earth observation satellites 
and telecommunication systems. As reported in several studies, the largest amount of big data 
from space are deriving from remote sensing satellites and their high-resolution images, the 
paper will mainly focus on the regime applicable to Earth observation technologies and data 
[4].  
Moreover, even the socio-economic environment surrounding the space sector is changing in 
the same way as IT field: private actors are getting more involved in collecting and 
disseminating these information, new users have easier access to space data and these data are 
employed for new purposes.These changes have brought to increased investments in space 
technologies, which identify a new era of space activities: the new space economy era [5]. 
At the same time, space-related data remain anessential tool for the sustainable societal 
development, as has been underlined by the United Nations project called “Data revolution 
initiative” [6] and the following Italian proposal to the UN Committee on Peaceful Uses of 
Outer Space (COPUOS) “Open Universe” for expanding availability of and accessibility to 
open source space science data [7]. 
Thus, since data can be handled by multiple users and due to the sensible content of some 
information,  a specific set of rules for the protection of data it is needed to minimize the risks 
and maximize the benefits. From the side of international space law, hard law instruments 
provide for general binding principles valid on all kind of space activities, while soft law 
instruments are dealing with specific activities – such as the remote sensing activities- but are 
not binding on States and not updated to the recent developments.  
For this reason, the adoption of the European Union Regulation for the protection of general 
data (Reg.(EU)2016/679) so far represents an useful attemptto ensure a secure use of data, 
including those deriving from satellites[8].   

2. BIG DATA AND SPACE LAW

Due to the time in which international space treatieswhere developed, they do not contain 
specific provisions on space data. In fact, this issue was not yet concerning the international 
community while the exigence of that time was to establish a set of basic principles to be 
applied in order to deploy space mission in conformity with the rule of law[9]. For this 
reason, the core treaties on space law concerns principles on exploration and use (Outer Space 
Treaty, 1967), the status of astronauts (Astronauts Rescue and Return Agreement, 1968), the 
liability regime (Liability Convention, 1972), the registration of space objects (Registration 
Convention, 1975), and the exploitation of the moon and other celestial bodies, even though 
the established regime has not yet entered in force (Moon Agreement, 1979). 
After the so called treaty-making phase, states adopted other international instruments, which 
are not binding as the treaties, but lay down dispositions to be applied by states to specific 
issues such as remote sensing, nuclear power sources, international cooperation or national 
legislation, but still nothing concerning the flow of data. Nevertheless, through this 
instruments it is possible to find some provisions which can be applied to the recent issue of 
big data.     
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Since the increased participation to space activities, specific regulation of data,  especially 
those related to dual use satellites, have been agreed in contractual agreement or in specific 
programs policies. 

2.1 Outer Space Treaty 

The Treaty on Principles Governing the Activities of States in the Exploration and Use of 
Outer Space, including the Moon and Other Celestial Bodies (Outer Space Treaty or OST), :  
At article I the Treaty provides that: “The exploration and use of outer space, including the 
Moon and other celestial bodies, shall be carried out for the benefit and in the interests of all 
countries, irrespective of their degree of economic or scientific development, and shall be the 
province of all mankind. Outer space, including the Moon and other celestial bodies, shall be 
free for exploration and use by all States without discrimination of any kind, on a basis of 
equality and in accordance with international law, and there shall be free access to all areas 
of celestial bodies. There shall be freedom of scientific investigation in outer space, including 
the Moon and other celestial bodies, and States shall facilitate and encourage international 
cooperation in such investigation.” 
According to this article and to the interpretation given by states and by prominent scholars, 
the international regime of space activities includes freedom to access, explore and use Outer 
Space and celestial bodies by all States,although discussions on the term “use” and its 
controversial possible interpretation in the sense of exploitation, are still ongoing. 
Nevertheless, such freedoms are not unconditional, but they shall be conducted for the 
benefits and the interests of all countries, without any kind of discrimination. Then, other 
provisions included in the Outer Space Treatyset out limits to these freedoms. Firstly, as 
established at article III, while carrying out space activities states shall comply with 
international law and the provisions of the United Nations Charter, in order to avoid threats to 
international peace and security. Furthermore, according to article VI, states are responsible 
for the activities carried out in Outer Space by both governmental and non-governmental 
bodies, so they shall previously authorize these activities, and then continuously supervise 
them, thus ensuring compliance with the international law.At the same time, states maintain 
jurisdiction and control over the objects registered in their country registry. 
Moreover, as provided at article IX of the Treaty, states shall conduct all their space activities 
in line with the principles of cooperation and mutual assistance, with due regard to the 
corresponding interests of other states and respecting the duty to avoid harmful interferences. 
Later on, article XI establishes the obligation to inform the UN Secretary General and the 
international scientific community of their space activities [10]. 

2.2 Remote SensingPrinciples 

In 1986, following a long lasting negotiation within the COPUOS, the UN General Assembly 
adopted the resolution 41/65 on “Principles Relating to Remote Sensing of the Earth from 
Outer Space”[11]. This resolution was aimed at addressing the legal issues concerning the fast 
and increased development of remote sensing satellites, which at that time was becoming not 
only a political instruments with great power, but also an economic tool for investments, as 
demonstrated by the adoption of the American Land Remote Sensing Commercialization Act 
in 1984 [12]. 
The resolution is composed by twenty-five principles non-binding on states, which include 
technical definitions, general duties of states involved in sensing activities and basic rules on 
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managing data derived by Earth observation. Some of the principles merely reaffirm the 
norms already established by the treaties, especially those included in the Outer Space Treaty, 
while some are properly directed to remote sensing activities. 
The first principle identify the definition of remote sensing, specifically those to which the 
resolution applies. According to the definition, remote sensing means “the sensing of the 
Earth’s surface from space by making use of the properties of electromagnetic waves emitted, 
reflected or diffracted by the sensed objects, for the purpose of improving natural resources 
management, land use and the protection of the environment”. Further, it declares that remote 
sensing activities are meant as “the operation of remote sensing space systems, primary data 
collection and storage stations, and activities in processing, interpreting and disseminating 
the processed data.” 
Even though, according to the first part of the principles, the dispositions apply only to some 
specific activities, namely those concerning civil uses, natural resources and environmental 
issues, essential elements of general nature can be pointed out. 
In the same principle the declaration define the meaning of three different kind of data, as part 
of remote sensing activities: “primary data”, raw data that are acquired by sensors part of a 
space object, transmitted or delivered to the ground from space by telemetry in the form of 
electromagnetic signals, by photographic film, magnetic tape or any other means;“processed 
data”, as the products resulting from the processing of the primary data, needed to make such 
data usable; and “analysed information”, the information resulting from the interpretation of 
processed data, inputs of data and knowledge from other sources.  
Most of the following principles mainly recall and reaffirm the provisions of the Outer Space 
Treaty, such as the need to operate for the benefit and the interests of all countries (Principle 
II), in accordance with international law and the UN Charter (PrincipleIII), and strengthening 
international cooperation through specific agreements and arrangements and offering 
technical assistance to states which may need it (Principles V, VI, VII). 
For the purposes of theresearch here presented, it is interesting to notice the provisions 
included at principle IV. After having reaffirmed that states shall carry out space activities in 
compliance with the principles included at article I of the Outer Space Treaty, at the second 
paragraph states that “these activities shall be conducted on the basis of respect for the 
principle of full and permanent sovereignty of all States and peoples over their own wealth 
and natural resources, with due regard to the rights and interests, in accordance with 
international law, of other States and entities under their jurisdiction.”In conclusion, the 
same article provides that “such activities shall not be conducted in a manner detrimental to 
the legitimate rights and interests of the sensed State”. 
Moreover, principle XII provides for procedural rules concerning the use and dissemination 
of data, and establishes that “as soon as the primary data and the processed data concerning 
the territory under its jurisdiction are produced, the sensed State shall have access to them on 
a non-discriminatory basis and on reasonable cost terms. The sensed State shall also have 
access to the available analysed information concerning the territory under its jurisdiction in 
the possession of any State participating in remote sensing activities on the same basis and 
terms, taking particularly into account the needs and interests of the developing countries”.  
Although, as said before, the resolution is non-binding, most of the space-faring nations have 
implemented the disposition included thereto through national legislations regulating either 
space activities in general or the sole remote sensing sector. Moreover, further developed 
regimes on data deriving from sensing activities have been developed through the so called 
data policy, by national space agencies or governmental bodies in charge of regulating this 
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field [13]. Due to the broad respect and the implementation of the 1986 Principles, several 
scholars have affirmed the consolidate customary nature of these principles[14].  

2.3 Space Data Policy in Europe 

Due to outstanding value of spaceborne data and in particular of the remote sensing imaging, 
most of the space actors have adopted  ad hoc policy on data collection and dissemination.  
Of relevant interest are those adopted by both the European Space Agency (ESA) and the 
European Union (EU).  
According to the ESA Convention, adopted in 1975 and entered in force in 1980,as provided 
at article III on information and data, the member states and the Agency shall facilitate the 
exchange of scientific and technical information and their space applications, but member 
state remain free to not communicate information obtained outside the agency’s works. The 
Agency shall made widely available its scientific results after prior use by those responsible 
for scientific experiments. Nevertheless, the resulting data shall be the property of the 
Agency. While contracting with third parties through contractual arrangements, the Agency 
shall ensure the protection of its interests, of those of the Member States, and of those of 
persons and bodies under their jurisdiction. These rights shall include in particular the rights 
of access, of disclosure, and of use. Those inventions and technical data that are the property 
of the Agency shall be disclosed to the member states and may be used for their own purposes 
by thesestates and by persons and bodies under their jurisdiction, free of charge.[15]  
Furthermore, ESA has recently updated its policy on Earth observation missions data. This 
new policy applies to missions ERS-1, ERS-2, Envisat, GOCE, SMOS, CryoSat and future 
Earth Explorer missions, and it provides for two different set of data with their own policy. 
On one hand, the so called“free dataset” includes information available onweb platform and 
which requires a basic online registration procedure to get access. On the other hand, the 
restrained dataset includes data which are mostly free of charge, but which require the 
submission of a project proposal to be accepted by the Agency in order to get access. 
For what concerns the data of European Union space programs, the EU has not established a 
general regulation for all space programs, but instead it has included a data policy for each 
single mission.  
The Copernicus program is the EU Earth observation mission, established by EU Regulation 
377/2014. It is based on a partnership between the Union, ESA and the member states, and 
aims at providing operational services in the field of the environment, civil protection and 
civil security, and contributing to the economic growth of the economic space sector[16]. 
The fourth chapter of the Copernicus Regulation is devoted to data and security policy and at 
article 23 states that Copernicus data and information shall be made available through 
Copernicus dissemination platforms, under predefined technical conditions, on a full, open 
and free-of-charge basis. Nonetheless, this open access is subject to certain limitations listed 
in the same article which are: (a) licensing conditions for third party data and information; (b) 
formats, characteristics and dissemination means; (c) security interests and external relations 
of the Union or its Member States; (d) risk of disruption, for safety or technical reasons, of the 
system producing Copernicus data and Copernicus information; (e)ensuring reliable access to 
Copernicus data and Copernicus information for European users. 
This model of space data policy has a great value since it operates a balance between the open 
access and the more restrictive approachesto data protection [17]. 
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Such provisions have also an impact in the context of the EU space strategy, which the 
Council adopted in 2016. The Strategy, setting out the main purposes and objectives of the 
Union,  aims at increasing the benefits of space application for the society and the EU 
economy, but also at reinforcing Europe's autonomy and strengthening Europe’s role in the 
development of space activities [18]. 
3. EU DATA PROTECTION REGULATION

A further point which need to be address while analysing the issue of big data in the context 
of European Union law, is the recent EU General Data Protection Regulation (GDPR), 
adopted in 2016 and officially entered in force in May 2018[19]. Since the quality and the 
resolution of space images are easily improving, it would not be hard to imagine the possible 
application of this regulation also to data derived from Earth observation programs.    
The purpose of the GDP regulationis to protect the personal processed data of natural persons 
in Europe, through a general harmonization of single nationals law on privacy, without 
restrict the flow of data within the EU. 
According to the set of rules included in the regulation, the provisions do not apply in case the 
data processing falls outside the scope of Union law or concern the common foreign and 
security policies, or  regard a natural person in the course of a purely personal or household 
activity.Another exception apply in case data are collected by competent authorities for the 
purposes of the prevention, investigation, detection or prosecution of criminal offences or the 
execution of criminal penalties, including the safeguarding against and the prevention of 
threats to public security. Moreover, the dispositions can have an extraterritorial application, 
thus applying todata controller or processor not established in the Union, but who are dealing 
with processing activities related to offering of goods or services to data subjects in the Union 
or monitoring their behaviour within the Union. 
Article 4, paragraph 1, defines personal data as any information related to an identified or 
identifiable natural person – called “data subject”- who can be identified, directly or 
indirectly. 
Whenever personal data are processed, these proceedings shall comply with the principles 
listed at article V, of which the main relevant are: principle of lawfulness, fairness and 
transparency; the need of specific and explicit purposes;  amount of data adequate, relevant 
and limited to what is necessary;processing data which are accurate and, where necessary, 
kept up to date, kept in a form which permits identification of data subjects for no longer than 
is necessary for the purposes identified; collect data in a manner that ensure appropriate 
security of the personal data, including protection against non-authorized or unlawful 
processing and against accidental loss, destruction or damage, using appropriate technical or 
organizational measures. 
The further provisions which have been included in the GDPR establish the legal basis for 
processing data (art.6), unless such data fall into the definition of sensible data, so they have 
to be processed on the ground of article 9, or article 10 in case these data are related to 
criminal convictions and offences.   
Afterwards, the third chapter states the rights of data subjects, namely transparency (art.12), 
information on processing and access to personal data (art.13-15), and the protection of rights 
to rectification and erasure (art.16-20).  
Lastly, the remaining parts are devoted to the obligations for controller and  processors 
(Chapter IV, articles 24-43) as well as liability attribution and remedies procedure (Chapter 
VIII , articles 77-84) [20]. 
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4. CONCLUDING REMARKS

In conclusion, some remarks need to be addressed. The more the amount of data from space 
grows, the more law and lawyers have to provide clear and homogeneous rules to apply to 
such issues. As seen above, international space law provides for some general principles, 
which determine a general freedom for states carrying out space activities, balanced by 
provisions whichdemark specific limits. In this way, it may be ensured that states act in 
accordance with international law but also respect the sovereignty and the interests of other 
countries. Nevertheless, there is not a provision contained into international instruments 
which is expressly ruling on data, unless considering the principles on remote sensing, 
although their limited scope of application and their non-binding nature. 
Further regulations,such as specific agreement or data policy,set out for specific programs 
have given more specific attention to collecting, processing and disseminating data, but still 
remain usually limited to a group of states if not applicable only to national activities. 
Throughout the years, the European Union has done a number of steps forward in establishing 
a more complete set of rules and a broader relation for the protection of data. The provisions 
for the protection and dissemination of Copernicus data clearly appear as a good practices in 
this sense. Nonetheless, further developments are expected to come in the next years, due to 
the increased amount of activities as well as of data coming from space. Thus, lawyer and 
law-makers will be called to work on new rules to ensure a collective, harmonised and 
valuable set of rules dealing with big data coming from space to Earth.  
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ABSTRACT 
CubeSats are becoming one of the ma or points of interest for the new Space Economy and they 
are gaining the interest of space agency and industry for the definition of the future missions. 
To cover this important role, CubeSats need to improve their technology. Electric propulsion is 
one of the technologies that provide a ump of quality but the actual miniaturized electric 
propulsion systems present some issues for their integration on board the modern CubeSat 
platforms due to the lac  of nowledge on the impact and requirements in terms of power 
consumption, chemical contamination and generated thermal environment and electro-
magnetic compatibility and the difficulty to integrate and verify a CubeSat, especially if 
equipped with an electrical propulsion system. The paper aims at demonstrate the capabilities 
of a test platform developed to host electric propulsion system and fit the facilities (i.e. vacuum 
chambers and thrust balance). The test platform is crucial ground support equipment for the 
verification of the propulsion system at CubeSat-level and the assessment of the effects of the 
operations and the interactions between miniaturized propulsion systems and a CubeSat 
platform.
Keywords: Miniaturized Electric Propulsion system, CubeSat Technology, CubeSat 
verification 

1 INTRODUCTION 
CubeSats represents one of the most valuable innovations in the future of space missions. 

CubeSats are standardized small satellites that were born with educational purposes in academia 
as hands-on-practice activity for students 1  but are gaining the interest of governments, space 
agencies, private companies that recognize CubeSats as attractive space platforms for pursuing 
a broad set of mission goals, including science and Earth observation, technology 
demonstration, communication. 
New CubeSats missions are very promising : constellation of nanosatellites in Low Earth rbit 
are become a reality 2 , and CubeSat community has been exploring the possible applications 
of small satellites for interplanetary missions, and some CubeSats are already traveling towards 
Mars . 
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Small satellite engagement in the future space missions is pushing the boundaries of the 
technology but the road to reach the performance and reliability of bigger and space-qualified 
equipment and subsystem is ust started.  
Among the enabling technologies for nanosatellites, such as high data rate communication lines 
4 , high accuracy attitude and orbit determination and control 5 , thermal control system 6  

and the new logical and physical architectures, small propulsion systems are the ey for 
innovative applications and unprecedented missions where small platforms can be main 
characters.  

The number of developers of small electric propulsion systems are growing and complete 
surveys are provided by many authors in literature , 8 , 9 . From the analysis of these 
wor s, it seems that the actual level of readiness of these technologies are increasing but still 
remains low.  
Developers of stand-alone miniaturized electrical propulsion system are improving the state of 
art of this technology but they rarely integrate them into a CubeSat platform. That carries out 
to have few data are available about verification of CubeSats with propulsion systems, 
generating a gap of nowledge on the interactions between propulsion system and other 
onboard subsystems. The limited integration among new and existing solutions and between 
the new technologies, especially for emerging  disruptive technologies that affect the design of 
the entire spacecraft, is a ma or issue. Moreover, verification of ePS is often strictly constrained 
by severe rules (i.e. safety requirements and constraints) that shall be applicable for any type of 
propulsion system (chemical or electric, miniaturized or very large). Any propulsion system 
requires particular conditions to be tested. It means increase the schedule and the cost of a 
pro ect opposing the paradigm low cost and fast delivery . Miniaturized ePS are often stand-
alone tested at component or subsystem level and, rarely, they can be tested at system level. In 
this context, a limited standardization of the  process for small satellites is observed. Up 
to now, small satellites are extensively tested only against launch environment requirements 
upon request of launch authorities, but minor efforts have been committed to the verification of 
functional and operational requirements, that are fully demanded to CubeSats developers. This 
difficulty to verify small platforms through effective tests carried out to an excessive use of 
pure simulation in small satellites verification.  
The challenge is to fill the gap between the miniaturized ePS technology and the CubeSat 
technology, still so far in terms of required powered, type of interfaces, and mutual 
compatibility.  
Since 201 , ESA Propulsion Laboratory and Politecnico di Torino are carrying out a research 
program that aims at offer a one-stop test facility for CubeSats with propulsion system that 
include tests needed for qualification for launch. It means to provide the capability to lead both 
functional and performance tests and environmental tests (thermal, mechanical, EMI EMC). 
The roadmap of the program foresees three steps: the first step deals with the development and 
validation of a Test Platform based on Cubesat technology that is able to host a a wide range of 
miniaturized (electrical) propulsion systems and fits with the facilities of the ESA ESTEC 
Propulsion Laboratory (EPL) 10 . In the second step, a selection of uePS are integrated with 
CTP in order to carry out complete verification campaigns and assess the mutual effects of ePS 
and CTP in vacuum chamber. The third step has the ob ective to perform a complete 
qualification of CubeSats with propulsion system.  

The present paper deals with the final activities of the first step and describes the verification 
and validation campaign of the CTP up to the fully integration in the EPL facility. Section 2 
describes the CTP features while the section  presents the Assembly Integration and 

erification (AI ) showing the model philosophy and describing the entire process. Section 4 
summarizes the final results of the verification and validation campaign.  
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2 PLATFORM DESIGN 
The platform features an Al-alloy 6U structure, which hosts the propulsion system (at least 2U), 
on-board avionics (1U), and PS battery (1U). The Propulsion System includes the Thruster, the 
Power Processing Unit (PPU) and the Propellant Feed System (PFS), and the propellant tan . 
The avionics is constituted by the on-board computer for command and data handling functions, 
the electrical power system (PCDU and battery, no solar panels), and the communication 
module (UHF for house eeping and experiment data). The battery included in the EPS supplies 
the avionics, while additional batteries are used to supply the propulsion system. The structure 
is built through metal additive manufacturing, and it is fully compliant with the CDS in terms 
of external geometrical interface and material (apart from surface coatings and treatments). 

atteries (both the battery included in the avionic pac  and the EP ) can be recharged during 
the test than s to an external line connected to GSE through EPL Chamber umbilicals. The 
structure is constituted by two truss-li e parts oined together through four brac ets, and closed 
by panels. The internal layout can be adapted depending on the specific test. For the first 
application, a bul head is fixed to separate the propulsion box from the rest of the platform. 
The PS thruster is mounted on this bul head, with the thrust axis along the  geometrical axis 
of the satellite. The PPU and PFS (including propellant tan ) are also located in the propulsion 
box. The avionic system is enclosed in an avionic box and interfaced with other onboard 
systems and GSE through  connectors. Avionics is based on in-house developed electronic 
boards resulting representative of the basic Cubesat technology. Two lines guarantee 
communications between the platform and EPL operators: a RF lin  in UHF band and a wired 
serial line that directly connect the on board computer with the Ground Support System. 
Command  Data Handling is based on ARM-9 microcontroller that manages data and 
commands time, operations and on board failures. Sensors and acquisition circuits provide the 
information (e.g. voltages, currents, temperatures, accelerations, magnetic fields, and electrical 
fields). Electrical Power System is constituted by a mother board that controls and distributes 
power to the other subsystems, and manages PS battery recharging, and a daughter board that 
manages the avionics battery pac s recharging. .  
The test platform designed so far shows a high degree of flexibility with respect to the ability 
to host different EP systems, and can be also adapted for installation of miniaturised propulsion 
systems based on other technologies (e.g. cold gas). The platform is fully representative of a 
6U CubeSat flight unit, which can be used for qualification of propulsion systems as well as 
verification of onboard avionics. 

Fig. 1: CTP platform layout 
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3 ASSEMBLY INTEGRATION AND VERIFICATION 
Assembly Integration a erification (AI ) plan defines all the activities up to integration of the 
CTP in the ESA-ESTEC chamber, called Small Plasma Facility (SPF). Two main stages of 
development and verification have been identified: development and integration. The ob ective 
of the first stage is to support the design feasibility and to assist in the evolution of the design. 
The purpose of integration is to demonstrate that the items perform satisfactorily in the 
laboratory environment and prepare it for the future verification in the intended environment. 
In the first stage, three sets of models have been produced. The irtual Moc  Up ( MU) of the 
subsystems and ma or equipment, developed in Solid or s environment, aim at the 
optimization assessment of the layout of parts, sub-assemblies and the interfaces, the validation 
of the assembly and integration procedures and the chec  of the accommodation. The MUs 
are representative of the geometrical configuration, the layouts, and the interfaces. A Mass 
Dummy Unit (MDU) of the structure subsystem has been manufactured in Polylactic Acid 
(PLA) for testing activities, and fit chec s because MDU is representative of the platform for 
dimension, external envelope and interfaces. The Electrical and Functional (EFM) models are 
functionally representative of the final products in both electrical and software terms. The 
ob ectives of the EFMs are the functional and software development, the validation of the 
procedures, and the preparation of the functional tests on the ualification Model. The EFMs 
are representative of the functionalities of the test ob ect and can be used at all levels, both in 
development and in qualification testing. They are in the middle between moc -up and EM. 
EFM can also be simulators that substitute hardware and software functionalities or contour 
conditions. In ESA Prop, the main EFM is the Development board of CDH (CDH-EFM): it has 
been used for the software development, data acquisition circuits and command transmission. 
The Engineering ualification Model (E M) fully reflects the design of the end product from 
the functional and mechanical point of view. The E M is used for functional performance 
(including verification of procedures for failure detection, isolation, and recovery and for 
redundancy management) and environmental pre-qualification.  
In this paper, the step-by-step sequence of assembly. integration and verification of the E M 
model delivered to ESA-ESTEC and integrated in Small Plasma Facility (SPF) is shown in Fig. 
2.  
Ten main tests are planned : the first three main verification refers to chec  the functions of the 
CDH. All the interfaces and protocols, the data acquisition lines of any sensors, the capability 
to store data in the non-volitile memories (EEPR M and SD-card). The second phase foresees 
the confirmation of the data and commands exchange between C M S S and GSS and a 
communication test shows that the trasmission and reception chains wor  properly. The third 
phases aims at the verification of the EPS system : batteries and electronic boards are integrated 
and the capabilities to regulate and distribute energy, to discharge and recharge the batteries are 
confirmed. Then the entire avionics box is integrated and a preliminary full functinal test is 
completed. The next phase is to integrate the avionics box with the primary structure after the 
chec  of its mechanical properties. The final test is the full functional test that shows all the 
capabilities of CTP and GSS (details are provided in the next paragraph). efore the 
transportation and the delivery at ESA ESTEC, a reduced functional chec  allows to confirm 
that CTp wor s properly. 
The activities are carried out in the IS -  Clean Room at STARLab of Politecnico di Torino 
and, also, involve the GSS and proper GSE. The test results shall be assessed by means of direct 
measurements, visual inspection and data evaluation (from real-time data, data stored on SD 
and GCS log file, and directly measured by means of GSE). 
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Fig. 2: AIV process for the EQM 

4 RESULTS 
This paragraph aims at summarize the results of the full functional tests and briefly describe the 
successfully integration of CTP in SPF. 
The traditional House eeping  functions of the Cubesat avionics are confirmed: in particular, 
the two communication lines towards GSS (and the operator) operate as follow: 

• ired Hardline (UART-115200 or 9600 bps) sends nominally 12 pac ets minute, with
a pea  of 1 pac et per second during the safe modes operations.

• RF lin  (9600 bps – AFS  modulation) transmits nominally 2 pac ets minute while it
is disabled during the off-nominal operations.

Information redundancy algorithms are applied to any pac et in order to improve data reliability 
The House eeping telemetry includes 5  us, .   us consumption and the Avionics battery 
voltages, currents, temperatures, and recharging currents. 
The mission  data refer to the measurements of mutual impact between ePS under test and 
CTP accomplished with on board sensors  devices and tools by CTP. Going into details: 

20 NTC sensors provide temperatures in determined points inside and on the
surfaces of the CTP
1 MEMS triaxial magnetometer posed inside the avionics box gives the
magnetic fields measurements enveloping the avionics.
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current and voltage sensing circuits provide the consumptions of the ePS and
other circuits on board (such as the Step-Up voltage and the P M outputs)
open resistors strips return the electro-static in specific points of the surfaces.

apton tape and silica wafers is posed on the surface in order to capture chemical
contaminants for further, post-processing analyses.

These measurements will be merged with the GSE provided by ESA-EPL installed inside the 
chamber. Moreover, all the data will be post-processed to a completed overview of the behavior 
both of the ePS and CTP. 
The storage capability of the CDH is guaranteed for long duration tests (tens of days, 
continuously) and an Hamming code is added to any stored data  
From the electrical point of view, the EPS regulates the .  bus and 5  bus and supplies the 
power line towards the ePS. More in details, the A  battery pac s guarantee 8 hours of 
operativity (without battery recharging) and PS battery pac s guarantee about two hours of 
continuous operativity (without battery recharging) for a 50  ePS. Nevertheless, the A  
battery pac s are completely recharged in less than 2 hours (in Laboratory conditions) while PS 
battery pac s are completely recharged in less than 4 hours (in Lab conditions). 
The CTP total mass of the platform is less than  g and the CTP dimensions compliant with 
6U CubeSat Design Specification.  
During the full functional test all the operative modes and the transitions (as in Fig. ) are 
verified adopting a resistive load as simulation of a ePS. 

Fig. 3: Operative modes and their transitions 

Finally, Fig. 4 summarizes the final activities during the integration of CTP in the SPF . Two 
reduced functional tests types are followed :  

• RFT-A: CTP is out of the chamber, RFT-A is performed before and after the
transportation, stowage, and test campaign.

• RFT- : CTP is in the chamber. RFT-A is performed after the integration and before
the de-installation of CTP from the chamber.
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Fig. 4: integration planning activities @ ESA/ESTEC EPL 

5 CONCLUSION 
In the context of the presented research, a CubeSat test platform devoted to hosts miniaturized 
electrical propulsion system is already available. Using this platform, a complete qualification 
campaign of the entire system can be performed assessing the efficiency of the solution under 
investigation through a great number of measurements and post-processing analysis of the 
related data ta en with sensors and other equipment mounted inside and outside the CubeSat 
test platform. Information about electromagnetic compatibility, thermal environment induced 
by the operations of the subsystems (specifically of the propulsion system but not only that), 
electrical behaviors (e.g. power consumption) are made available to users and developers. The 
actual results are the design and initial functional verification of the CubeSat test platform and 
a planned setup configuration that fit with goal of the program. 
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ABSTRACT 
Space Situational Awareness  (SSA) has become a ma or issue in the international debate 

due to the growth of commercial space activities and the correspondent increase of ob ects 
orbiting around the Earth.  
As no State can conduct a comprehensive monitoring of the whole space environment and 
orbits, SSA requires a strong international cooperation both on the technical aspects of 
surveillance and on the sharing of information acquired.  
In this sense, States conclude bilateral agreements and public-private arrangements to 
promote wider exchange of information. These agreements pose conditions on the circulation 
of data, such as economic requirements, limitations on subsequent sharing of information with 
other entities, waiver of liability for damages derived by errors in the data or in their analysis. 
The corpus of these agreements creates a complex system of bilateral obligations, which is 
additional to the general legal framewor  of the UN space treaties and relevant non-binding 
instruments. Furthermore, specific provisions applicable to SSA activities could derive from 
general rules and other domains of international law. 
In this context, the paper aims to explore the legal framewor  applicable to SSA in order to 
clarify existing international obligations for States and other actors involved in such activities. 

Keywords: Space Situational Awareness, Space Law, International Cooperation, Information 
Sharing 

1 PREMISE 
The Preamble of the Guidelines on the Long-Term Sustainability of uter Space Activities 
(LTSSA), adopted by the Committee on the Peaceful Uses of uter Space (C PU S) in une 
2019, defines the Earth s orbital space environment as a finite resource that is being used by 
an increasing number of States and other actors 1 . The current situation of functional 
satellites summed with the number of expected ob ects in the near future picture a landscape 
of congested outer space, which poses ris s for the operational satellites in orbit, threatened 
by thousands of man-made non-functional ob ects in space as well as natural ob ects or small 
debris. The latter, in particular, needs to be trac ed and monitored to predict its tra ectory and 
avoid collision 2 .  

Addressing these developments and ris s requires international cooperation by States 
and international intergovernmental organizations, in order to prevent harm to the space 
environment and guarantee the safety of space operations. Space Situational Awareness  
(SSA) refers to the actions aimed at monitoring outer space environment and locating natural 
and man-made ob ects in outer space, with the ob ective of assess and avoid ris s and 
collisions. The SSA is based on active observation, navigation and telecommunications 
satellites that provide images and data. These activities seem to be complementary to Space 
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Traffic Management (STM), which is the set of technical and regulatory provisions for 
promoting safe access into outer space, operations in outer space and return from outer space 
to Earth free from physical or radio-frequency interference . 

2 AREAS OF INTEREST AND INTERNATIONAL COOPERATION 
The SSA activities comprise three areas of interest: 1) Space Surveillance and Trac ing (SST) 
of ob ects in Earth orbit, which refers both to active and inactive satellites, discarded 
launchers stages and debris  2) monitoring of Space eather (S ) conditions that could 
affect communications between space ob ects and ground-based infrastructures or endanger 
human life  ) detection of Near-Earth b ects (NE s) that could impact the Earth. The 
indicated areas express the broad scope of the activities that, although heterogeneous, are 
brought together by a common thread: the preventive nature of such actions aimed at 
preventing harms and damages. The differences lie in the aim of the specific activity. SST 
aims at preventing and avoiding collisions between satellites in orbit, while S  could prevent 
malfunctioning of satellites derived from space weather phenomena, such as solar storms. 
Detection and trac ing of NE s is fundamental to prevent damages to satellites, but also on 
Earth and loss of lives. 

From a temporal perspective, SSA could be helpful during all phases of a space 
mission: the launching, the in-orbit operation and the re-entry of the ob ect 4 . hile during 
the first and the last phases SSA could help the operators to avoid any ris  of interference in 
the ascending and descending trac  of the satellite, the in-orbit phase lies at the heart of SSA.  

These activities require a high level of technological development and expertise, 
which only few space-faring countries possess. States that are depending on the services 
provided by satellites have developed strong capabilities to trac  ob ects and eep outer space 
safe. Notwithstanding the technologies developed by the spacefaring countries, no State can 
conduct a comprehensive monitoring of the whole space environment and orbits. For this 
reason, SSA requires a strong international cooperation both on the technical aspects of 
surveillance and on the sharing of information acquired.  

In general terms, international cooperation is a pillar of the of contemporary 
international law and lies at the foundations and of the United Nations (UN) both as mean and 
ob ective of the international actions 5 . It could be seen as a sort of super-principle aimed to 
ensure the implementation of the other obligation of the Charter 6 . The Declaration on 
Principles of International Law concerning Friendly Relations and Cooperation among States 
in Accordance with the Charter of the United Nations, which specifies the obligation 
contained in the UN Charter, affirms that States should cooperate in the field of science and 
technology and in the promotion of economic growth, especially that of the developing 
countries . The Declaration embodies basic principles of international law, which apply, 
with no doubts, also to the cooperation in the context of space activities.  

International cooperation in the context of SSA activities will contribute to the 
development of mutual understanding and the strengthening of friendly relations among 
States, in line with the wording of the Preamble of the Treaty on Principles Governing the 
Activities of States in the Exploration and Use of uter Space, including the Moon and other 
Celestial odies ( uter Space Treaty, ST) 8 . Furthermore, according to the Declaration on 
International Cooperation in the Exploration and Use of uter Space for the enefit and in the 
Interest of all States, Ta ing into Particular Account the Needs of Developing Countries, 
States are free to determine all aspects of their participation in international cooperation for 
the exploration and use of outer space on an equitable and mutually acceptable basis. 
International cooperation should be conducted in the modes that are considered most effective 
and appropriate by the countries concerned, including, inter alia, governmental and non-
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governmental fora  commercial and non-commercial areas  global, multilateral, regional or 
bilateral negotiations 9 . 

In the case of SSA, the vast ma ority of practical cooperation derives from technical 
arrangements. The cooperation agreements on SSA activities detail a series of services and 
information that shall be provided by the Parties. In this context, the services relate to actions 
ta en in response to an anomaly condition affecting operating payload or subsystem, 
measures of manoeuvre planning support and post-manoeuvre analysis for collision 
prevention, prediction and reporting service of the close approaches between space ob ects, 
deorbit and re-entry support, as well as disposal end-of-life support, investigation on 
electromagnetic interferences, launch screening for determining the available launch windows 
for a space or missile launch and early orbit determination. 

In addition to States, international intergovernmental organizations have also 
developed SSA programmes. For example, the European Space Agency (ESA) has started a 
programme in 2009 to support Europe s independent utilisation of, and access to, space 
through the provision of timely and accurate information regarding the space environment, 
and particularly regarding hazards to infrastructure in orbit and on the ground.   

3 EXPLORING THE LEGAL FRAMEWORK 
International law, in its unity and diversity, is a unique legal order with a well-defined 
systemic coherence. It is articulated in various sectors that aim at defining special norms. 
These rules, developed on the basis of the necessity to regulate specific aspects of 
international relations or the protection of particular common interests, can be identified in the 
framewor  of the coordination between lex generalis and lex specialis. The legal framewor  
of SSA can thus be deduced from the special regime of the relevant bilateral agreements and 
the space treaties and the general rules and principles of international law deriving both from 
the space sector and further domains relevant to SSA.  

The special regime applicable to SSA activities is composed by a plethora of bilateral 
agreements and by the general principles enshrined in the UN space treaties. Concerning the 
first element, States conducting SSA activities, as well as international organizations, have 
started to conclude agreements and public-private arrangements to promote wider exchange of 
information and data among the operators involved. All these treaties recognise a mutual 
interest in the use of space for peaceful purposes, the importance of maintaining safe space 
flight operations, and the desirability of enhanced cooperation.  

As for the general regime, even if the activities could be not entirely developed in 
outer space, SSA is a space activity, in line with the broad interpretation of the concept 
deriving from the ST, which include terrestrial activities directly related to activities in outer 
space 10 . To this end, the general and conventional space legal regime is applicable to SSA 
activities. ther specific relevant provisions could derive from different areas of international 
law, such as environmental law or human rights. 

3.1 Bilateral Agreements on SSA 
ilateral agreements on SSA mostly concern sharing and dissemination of information among 

operators.  These agreements pose conditions on the circulation of data, such as economic 
requirements, limitations on subsequent sharing of information with other entities, waiver of 
liability for damages derived by errors in the data or in their analysis. 

The United States (USA) are at the forefront. Since November 2011, the United States 
Strategic Command (USSTRATC M), which is charged with the tas  to sign and implement 
these agreements, concluded 100 SSA agreements 11 . 20 of them have been concluded with 
the competent authorities of other States (in order of conclusion, Australia, apan, Italy, 
Canada, France, South orea, the United ingdom, Germany, Israel, Spain, the United Arab 
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Emirates, elgium, Norway, Denmar , razil, the Netherlands, Thailand, New ealand, 
Poland and Romania). Furthermore, intergovernmental organizations also participate in the 
sharing of SSA information. In this sense, the European Space Agency and the European 

rganization for the Exploitation of Meteorological Satellites concluded bilateral agreements 
with the USA. In addition to these bilateral agreements, public-private partnerships have been 
developed between the USSTRATC M and 8 commercial entities operating satellites. 

Loo ing at the content of these agreements, they establish substantial obligations 
concerning the exchange of SSA services and data, management of classified and unclassified 
information, warranties and immunities. 

ne of the first memoranda of understanding was concluded, by exchange of notes, in 
201  between USA and apan. This agreement represents a model, which has been applied in 
the subsequent cases 12 . The Memorandum provides for the exchange of SSA services and 
information, in a manner consistent with US national laws and security interest 1 . After 
receiving an orbital data request and other relevant information, the USSTRATC M may 
provide a number of services and information: con unction assessment, launch support, 
deorbit and re-entry support, disposal end-of-life support, collision avoidance, anomaly 
resolution, and electromagnetic interference investigation.  

These services are sub ect to disclaimer of warranties and immunities. In this sense, 
the Parties provide or exchange information and services as is  and ma e no warranty, either 
express or implied, as to the condition or suitability of the information and services, nor its 
fitness for a particular purpose. Furthermore, these agreements recognize cross-waiver of 
liability for damages derived by errors in the data or in their analysis.  

The Memorandum recalls the provisions already settled by the 1995 Agreement 
between the two States concerning cross-waiver of liability for cooperation in the exploration 
and use of space for peaceful purposes. It is important to specify that liability for errors as 
well as for inaction in this context cannot be referred to the liability regimes established in the 

ST or in the Liability Convention, because of the notion of damage contained in the 
Convention on 19 2, which refers to damages caused by space ob ects. However, general 
rules of international responsibility and liability may be applied, depending on the context and 
specific circumstances, in the cases of gross negligence in providing false data. The 
Memorandum prevent also situation in which any agencies corporations and individuals, 
should be suited for SSA services or information provided, establishing immunity for them.  

Circulation of data and information are the most sensitive issue. The Parties shall not 
exchange classified SSA information. Controlled unclassified information shall be limited to 
personnel of a Party, and the latter shall ta e all steps available to it, including appropriate 
classification, to prevent unauthorized disclosure of SSA controlled unclassified information. 
In the event of an unauthorized disclosure, or if it becomes probable that a Party shall be 
required to disclose SSA controlled unclassified information pursuant to its national laws or 
regulations, the recipient shall immediately notify the originating participant. Prior to 
authorizing the release of unclassified information to contractors, the releasing Participant 
shall ensure that the contractors are legally bound under contract, law, or regulation to control 
such information entrusted to them.  

The information originating from a participant remains the property of the participant. 
The receiving participant may release the unclassified information to its contractors or 
agencies when required to perform SSA activities (sub ect to prohibition on the further 
reproduction, release, or use of the unclassified information). All other releases must be 
preceded by the prior written approval of the originating participant.  

In the exchange of notes, it is specified that relevant competent authorities shall 
consult with each other, or through diplomatic channels, on any matter that may arise from the 
SSA cooperation with a view to finding a mutually acceptable solution.  
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3.2 Relevant Principles of the OST 
The obligations contained in the legal framewor  of international space law described by the 
five UN space treaties are relevant to the SSA activities. In particular, the principles, 
established by the ST, concerning the use of outer space as province of all human ind, 
cooperation and mutual assistance, prevention of harmful interferences, and due regard to the 
corresponding interests of other States seem to be crucial.  

In general, SSA must be carried out in accordance with international law and, as it is a 
use of outer space, all States have the right to conduct space-based SSA activities, according 
to the freedoms established by Art. I of the ST 14 . In the wording of the Article, the 
exploration and use of outer space shall be carried out for the benefit and in the interests of all 
countries, irrespective of their degree of economic or scientific development, and shall be the 
province of all human ind. 

Furthermore, Art. I  of the ST specifies the guiding role of the principle of 
cooperation and mutual assistance in the exploration and use of outer space. States shall 
conduct their space activities with due regard to the corresponding interests of the other States 
15 . In addition, if a State has reasons to believe that an activity planned by it or its nationals 

in outer space would cause potentially harmful interference with other activities, it shall 
underta e appropriate international consultations before proceeding with such activity or 
experiment. This obligation is certainly relevant in the case of pre-launch or con unction 
assessment. A correct approach before deciding would involve such measures when there is a 
ris  of possible interference. n the same line, in the opposite views, a State which has reason 
to believe that an activity or experiment planned by another State in outer space would cause 
potentially harmful interference may request consultation concerning the activity or 
experiment 16 . 

Finally, according to Art.  of the ST and in order to promote international 
cooperation in the exploration and use of outer space, States shall consider on a basis of 
equality any requests by other States to be afforded an opportunity to observe the flight of 
space ob ects launched by those States.  The nature of such an opportunity for observation and 
the conditions under which it could be afforded shall be determined by agreement between the 
States concerned. The article promotes the conclusion of agreements to grant access to 
information without discrimination 1 . 

3.3 Non-binding Instruments 
esides bilateral and multilateral treaties, the legal framewor  on SSA is completed by non-

binding instruments, such as the previously mentioned 1996 Declaration on International 
Cooperation and the 200  C PU S Space Debris Mitigation Guidelines 18 . The latter, in 
particular, seems to have a great role to play in this context. Guideline , which aims at 
limiting the probability of accidental collision in orbit, provides that the probability of 
accidental collision with nown ob ects during the system s launch phase and orbital lifetime 
should be estimated and limited. If available orbital data indicate a potential collision, 
ad ustment of the launch time or an on-orbit avoidance manoeuvre should be considered. 
Collisions are the primary source of new space debris and it is important to adopt collision 
avoidance procedures, which are at the core of SSA activities and have already been adopted 
by some member States and international organizations. 

ther non-binding initiatives aim at encouraging greater responsibility in space. Some 
of these initiatives are nown as Transparency and Confidence- uilding Measures  
(TC Ms), and other approaches involve participating in multilateral cooperation activities 
such as the Guidelines on LTSSA adopted by C PU S. 

In the first case, the Report of the Group of Governmental Experts on Transparency 
and Confidence- uilding Measures in uter Space Activities (GGE on TC Ms), adopted by 
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consensus in 201 , affirms that TC Ms can reduce, or even eliminate, misunderstandings, 
mistrust and miscalculations with regard to the activities and intentions of States in outer 
space 19  and some of them have already been enacted at the multilateral and or the national 
level. Such measures include pre-launch notifications, space situational awareness data-
sharing, notifications of hazards to spaceflight safety and other significant events, and the 
publication of national space policies 20 .  

In the second case, Part  of the Guidelines on LTSSA, dedicated to the safety of 
space operations, specifically refers to SSA activities. The Guideline .1 recognizes the need 
to provide updated contact information responsible for adopting precautionary and response 
measures and share information on space ob ects and orbital events. The information should 
be provided in a timely manner and on a mutually agreed basis. 

 Guideline .2 requires States to improve accuracy of orbital data on space ob ects and 
enhance the practice and utility of sharing orbital information on space ob ects. Guideline .  
encourages the promotion of the collection, sharing and dissemination of space debris 
monitoring information while according to Guideline .4, States should perform con unction 
assessment during all orbital phases of controlled flight. ith due consideration to Article I 
of the ST, States should encourage entities, including spacecraft operators and con unction 
assessment service providers under their urisdiction and or control to perform con unction 
assessments through national mechanisms, when applicable. Guideline .5 is devoted to the 
development of practical approaches for pre-launch con unction assessment.  

Guidelines .6 and .  regard space weather. States should support and promote the 
collection, archiving, sharing, intercalibration, long-term continuity and dissemination of 
critical space weather data and space weather model outputs and forecasts and should 
consider adopting policies for the free and unrestricted sharing of critical space weather data. 
All governmental, civilian and commercial space weather data owners are urged to allow free 
and unrestricted access to and archiving of such data for mutual benefit.  

 Guideline .8 regards design and operation of space ob ects, regardless of their 
physical and operational characteristics, in order to increase the trac ability of space ob ects, 
regardless of their physical and operational characteristics, including small-size space ob ects.  

Guideline .9 requires States to ta e measures to address ris s associated with the 
uncontrolled re-entry of space ob ects. If a State or an international organization has early 
information on forecasted uncontrolled re-entry of potentially hazardous space ob ects it 
should share such information. States and international intergovernmental organizations with 
relevant technical capabilities and resources and States which exercise urisdiction over the 
ob ects forecast to re-enter the atmosphere should assist each other (in a proactive manner 
and or in responding to a request) to improve the reliability of results. This conduct is in line 
with the Principles Relevant to the Use of Nuclear Power Sources in uter Space, adopted by 
the UN General Assembly in 1992. Principle  requires States that, upon the notification of an 
expected re-entry into the Earth s atmosphere of a space ob ect containing a nuclear power 
source on board and its components, all States possessing space monitoring and trac ing 
facilities, in the spirit of international cooperation, shall communicate the relevant information 
that they may have available on the malfunctioning space ob ect to the Secretary-General of 
the United Nations and the State concerned as promptly as possible to allow States that might 
be affected to assess the situation and ta e any precautionary measures deemed necessary 
21 .   

These Guidelines cover all aspects of the SSA activities and, although not legally 
binding, they can significantly affect States  behavior and may still possess some normative 
value. As in the case of some UN General Assembly resolutions, adopted by consensus, 
which express the acceptance of some principles or recommendations as law (opinion iuris 
communis), the Guidelines may provide evidence of the legal practice of States or they may 
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generate expectations regarding future behavior. It is fundamental to verify how these 
recommendations are, and will be, reflected in treaties, acts of international organizations, 
State practice and international commitments of other ind 22 . 

Finally, the UN General Assembly Resolution 41 65 on Principles relating to remote 
sensing of the Earth from space, adopted on  December 1986, seems to be of particular 
relevance with regard to the duty to inform during SSA activities. Principle  refers to States 
that have identified information in their possession that is capable of averting any 
phenomenon harmful to the Earth s natural environment shall disclose such information to 
States concerned  2 . Although this principle relates to the observation of the Earth from 
space, it could be extended, per analogia, to the observation of outer space and reiterates the 
idea of sharing information to mitigate a possible damage (as could be in the case of NE s 
threat) 24 .  

3.4 On the Duty to Share SSA Information 
Art. III of the ST explicitly states that States shall carry on activities in the exploration and 
use of outer space in accordance with international law, including the Charter of the United 
Nations, in the interest of maintaining international peace and security and promoting 
international cooperation and understanding. SSA, as it is a use of outer space, is also 
regulated by international law, which in the last years has evolved due to the imperative need 
for global partnership to maintaining international peace and security. 

A general obligation of exchange and sharing information exists in particular areas of 
international law, as a measure to implement the principles of prevention and cooperation 
between States, for example in the environmental field in relation to the customary 
prohibition of transboundary harm. It is recognised by the International Court of ustice (IC ) 
in the advisory opinion on the Legality of the Threat or Use of Nuclear Weapons, where the 
Court affirms that the general obligation of States to ensure that activities within their 
urisdiction and control respect the environment of other States or of areas beyond national 

control is now part of the corpus of international law relating to the environment  25 . This 
implies on obligation to prevent and, where necessary, to mitigate the harm also through 
notification, cooperation and exchange of information with the affected State 26 . 

The obligation to share information could derive also from other obligations, as a 
direct consequence of the duty of the State to protect life of persons under its urisdiction. The 
right to life, enshrined in the most important universal and regional treaties on human rights 
2 entail a positive obligation on the State to ta e actions to guarantee the en oyment of this

right. This should not imply per se a duty to protect persons under the urisdiction of other
States.

An obligation to inform could however derive from general principles and elementary 
considerations of humanity. As recalled by the IC  in the famous Corfu Channel case, the 
obligation Albania to inform foreign vessels about the existence of a minefield in its territorial 
waters was based on general and well-recognized principles, namely: elementary 
considerations of humanity  28 . In the case of a significative danger for a State or persons, 
such as in the case of a threat posed by a NE , this principle could be the basis of a duty to 
share information in order to prevent massive deaths. Legitimate ground for refusal to share 
information in the case of ris  of NE s collision could only involve extreme situations in 
which essential interests of the State are at sta e. Such exception should be interpreted and 
applied in a restrictive manner. 

Concerning the significance of the term information , most treaties dealing with 
information contains a broad definition, such as in the case of the Aarhus Convention, 
adopted in the context of the United Nations Economic Commission for Europe (UNECE). 
According to the Convention, information means any information in written, visual, aural, 
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electronic or any other material form  29 . A specific type of information certainly regards 
those data acquired through the use of satellites or ground-based activities.  

4 CONCLUSIONS 
The practice shows that the USA share, by notifying the interested operator, a large amount of 
SSA data through its operational centre (the oint Space perations Center, SP C). The 
operators are encouraged to share the ephemeris data, in order to increase the accuracy of 
assessing the ris  of collisions, especially in the cases of recent manoeuvres.  

In addition, since 2009, private operators, such as Eutelsat, Inmarsat, Intelsat and SES, 
have created an international association, the Space Data Association (SDA) with the aim to 
improve coordination among satellite operators. The membership of the SDA includes also 
governmental agencies.  

International cooperation has become essential not only in expanding the availability 
of space technology and applications so that all countries may benefit from them, but also, 
and mainly, in promoting international security in all its forms, including avoiding ris  to 
critical infrastructures and human security, as in the case of prevention of space weather s 
phenomena or NE s threat 0 . 

Cooperation agreement and private practices result in a large amount of SSA data 
shared on a daily basis. This, of course, does not mean that there is a customary rule on the 
sharing of such data. However, it highlights the existence of an undeniable general trend that 
is permeating all the space activities 1 . The increasing international cooperation in the 
sharing of information involves commercial, civil and military assets to detect dangers and 
identify actions that are contrary to responsible use of the outer space. This could be a 
fundamental element to enhance transparency and confidence in space, which are essential to 
build sustainable and safe space activities and to guarantee free access to outer space for all 
states. 

In conclusion, the increasing presence of satellites and mini-satellites orbiting the 
Earth poses new challenges and ris s of new debris that could be prevented by a 
comprehensive system of SSA, through increasing cooperation between space-faring and 
developing States, with the active collaboration of international organizations and non-state 
actors, in order to consolidate the legal framewor  for sharing these inds of data. Promote 
the safety and sustainability of the activities in outer space is an essential ob ective that could 
be reached by promoting the practice of bilateral agreements for the exchange of SSA data. 
Furthermore, the quality of the sub ect involved, as to say specially affected states that have 
the capacity to conduct SSA activities, represent a fundamental element for the formation of a 
nascent customary rule. The IC  explicitly recognizes that practice must include that of States 
whose interests were specially affected 2 .  

As today, it is too soon to argue for the consolidation of a general rule on the 
obligation to conduct SSA activities or to cooperate on them. There is an evident lac  of 
generalized practice. Nevertheless, the trend highlights that rapidly even more States are 
conducting SSA activities and concluding treaties to promote wide exchange of SSA 
information. This consistent practice, started in parallel with the wor s of C PU S on the 
issue of the long-term sustainability of outer space activities, denotes an exponential growth 
which could crystallize an obligation to share SSA information over the next years. 
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ABSTRACT
The advancement of technologies for the realization of rocket thrust chambers allows the

selection of new design and materials as well as new liquid propellants as coolants. Keys

for the success of a new technology is the capability to realize safe and high-performance

designs of the cooling systems. To this goal, an important support is provided by numer-

ical simulations, which must be reliable and efficient. The present approach is based on

in-house solvers of the steady Reynolds Averaged Navier Stokes (RANS) equations for the

coolant and of the Fourier heat conduction equation for the duct walls. The reliability of

the approach is evaluated by an additional analysis of the fully developed thermal state,

carried out with Direct Numerical Simulation (DNS). The in-house DNS code solves the

3D unsteady Navier-Stokes equations down to the dissipative scale, and Conjugate heat

transfer is handled through local suppression of the convective terms and change of the

heat conduction coefficient within solid zones. The selected test case is a straight cool-

ing channel with constant rectangular cross section and constant properties water as the

coolant. Comparison of results obtained with the two approaches is presented on thermally

developed water solutions.

Keywords cooling channel; liquid rocket engine; conjugate heat transfer; CFD

1 INTRODUCTION

The technological advancements for the realization of rocket thrust chambers allow the
selection of innovative designs and materials as well as new liquid propellants as coolants.
One of the keys to success of a new technology is the capability to realize safe and efficient
cooling systems, requiring an adequate physical understanding of phenomena and effects
associated with the selection of a given material or design. To this extent, a crucial
support is often provided by numerical simulations. The temperature distribution within
the solid walls of a cooling jacket and the resulting heat fluxes strongly affect the system
performance, and are strictly dependent on the thermal conductivity and geometry of the
walls materials. The resulting coupling makes the numerical solution of the coolant alone
only partially effective. A conjugate heat transfer approach (CHT) is therefore needed
to achieve correct estimation of the heat loads and temperature distributions within a
discretized system consisting of zones controlled by different governing equations. In this
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manner, the estimate obtained is physically consistent as a consequence of the coupling
between the boundary conditions at the interfaces.
In the present study two different numerical approaches will be used: a conjugate heat
transfer approach based on a RANS equation solver for the fluid flow and a conjugate heat
transfer approach based on a Direct Numerical Simulation (DNS) solver for the fluid flow.
The first approach is based on a RANS equations solver developed within the research
team and including Spalart-Allmaras closure for the evaluation of turbulent diffusion; it
includes a solver of heat equation for conjugate heat transfer computations. The solver
has been validated against experimental data for supercritical pressure coolant in a heated
channel [1]. The second approach is based on DNS of the Navier-Stokes equations in their
three-dimensional, unsteady form, and it is carried out by means of an incompressible flow
solver developed within the research team, which has been applied to a variety of wall-
bounded turbulent flows of academic and engineering interest [2–5]. The DNS solution
provides a richer set of data compared to experiments, and it provided all the necessary
details for evaluating capabilities and weaknesses of RANS solvers. The RANS approach
is validated by solving a test case consisting of a cooling channel with rectangular cross
section flowing with incompressible and constant properties water. The solution is then
compared with the results obtained with a Direct Numerical Simulation for the purpose
of validation.

2 TEST CASE

The test case used for validation is a rectangular cooling channel with constant cross sec-
tion and with smooth walls, subjected to a uniform heat flux at the channel base, also
referred to as liner. The coolant fluid is incompressible water with constant properties,
which is specially suitable for validation, as the relationship between heat flux and tem-
perature is nearly linear. As a consequence, the heat transfer coefficients and the pressure
gradient are independent of the input heat flux, once the flow becomes fully developed.
The main geometrical quantities describing the channel cross section are reported in Fig-
ure 1. The rectangular channel selected for the study is identified by the values of lengths
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Figure 1: Schematic of the channel cross section, with definition of the main geometrical

parameters.



RANS and DNS conjugate heat transfer for LRE Torricelli, Nasuti, Pirozzoli

nondimensionalized with respect to the channel hydraulic diameter D

h

, as reported in
Figure 1. The channel length, on the other hand, is set to L = 240D

h

, in order to obtain
outlet conditions close enough to fully developed for the sake of comparison with the DNS
solution. The ratio of the thermal diffusivities of the duct walls and water is assumed
to be ↵

s

/↵

f

= 20, and the bulk Reynolds number, based on the mean flow velocity, the
hydraulic diameter, and the fluid kinematic viscosity is Re

Dh
= 20000, at which DNS is

feasible.

i
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j
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Coarse grid 30 7 6
Reference grid 60 14 12
Fine grid 120 28 24

Figure 2: Channel cross section and number of cells for the three grids used for RANS

simulation in the grid refinement study.

3 RANS SETUP

A conjugate heat transfer model based on the coupled numerical integration of the Navier-
Stokes Equations for the coolant flow and the Fourier’s law of conduction for the heat
transfer within the wall is adopted in the present study [6, 7]. In particular, the coolant-
flow solver integrates the Reynolds Averaged Navier-Stokes Equations, written in the
conservation form, by a Godunov-type finite volume scheme, which is second-order accu-
rate in space. Its main feature is the capability to deal with any compressible fluid whose
behavior is represented by a generic equation of state, as the fluid thermodynamic proper-
ties are stored in a look-up table. Turbulence is computed according to the one-equation
model of Spalart-Allmaras [8]. Validation of the coolant-flow solver has been reported
by comparison made with available experimental data on supercritical nitrogen [9] and
transcritical hydrogen [10]. The coupled solution of the coolant flow and the wall heat
conduction is achieved by an iterative procedure in which the wall temperature distribu-
tion obtained by a finite-volume solver, which is second-order accurate in space, of the
Fourier’s thermal problem is used as boundary condition for the coolant-flow computa-
tions. In the present study, the thermodynamic properties of water have been assumed
as constant and therefore a simplified table is considered.
The numerical analysis is conducted on fluid and solid domains that reproduce the channel
geometric features described in Sec. 2 and Fig. 1. As for the boundary conditions, the
imposed inlet conditions are the static temperature T

i

and the mass flow rate per unit
area G, while the outflow condition is the static pressure p

e

. The wall boundary condition
of incoming heat flux q

w

is imposed on the bottom of the solid wall block. Adiabatic
boundary conditions are considered on all the other surfaces (lateral, top, front, back).
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A grid refinement study for the test case geometry has been carried out. The assumed
channel length is L/D

h

= 120. The number of cells of the coarse, reference and fine grids
are reported in Figure 2, indicating the streamwise, horizontal and vertical grid resolution
in the three spatial directions. Differently than in the coupled CHT test case, only the
channel is solved here, having imposed a isothermal boundary condition T

w

= 400K on
the walls. Moreover, carrying out the grid refinement study in a uncoupled manner allows
us to solve one quarter of the full channel. The different resolution is obtained while
keeping the same clustering laws, as required by grid convergence analysis. Therefore, the
resulting values of the dimensionless wall distance y

+ change according to the grid level.
The maximum value of y+ of a wall cell occurring for each grid is 9.364, 4.103 and 2.106
for the coarse, reference and fine grid, respectively. Values of order one, which are required
to solve up to the wall, are thus obtained with reference and fine grid. Note that, local
values are in average significantly smaller than the maximum as shown in Figures 3 and
4, which report the average values of y+ on the vertical and horizontal walls are shown.
In Figures 5(a), 5(b) and 5(c) the coolant pressure, bulk temperature and averaged wall
heat flux for the three grids are reported. Similar changes with grid resolution are found
for each of the variables under scrutiny. The results show relevant variations between the
coarse and reference grids. Further doubling the number of cells in every direction still
causes changes. As a matter of fact, however, the changes between reference and fine grid
are H quite smaller, such as the adoption of the fine mesh in place of the reference one
is not justified. Overall, the reference grid features from one hand a good resolution at
wall such to allow for solving the boundary layer up to the wall (i.e. y

+ order one) and
on the other hand the final solution quite close to a double grid. Therefore, its resolution
is selected for the studies carried out in the next sections.
The symmetry of the CHT problem, with the channel heated asymmetrically, forces to
discard the one-quarter symmetry assumption. In this case there is still a symmetry
plane but at least one half of the channel has to be included in the simulation. The
overall number of cells is therefore higher and in particular it has to be doubled in the
z direction. However, its has been found that, due to the presence of large temperature
gradients, a finer resolution in the cross section is required. Therefore, the final grid
used has 75⇥56⇥52 as the number of cells in the x, y and z spatial directions. The
channel length is 240D

h

. The mesh for the computation of temperature evolution wiithin
solid wall is made o five blocks with the following resolution 75⇥15⇥9 below the channel,
75⇥5⇥9 below the rib, 75⇥5⇥60 along the rib, 75⇥5⇥60 above the rib, 75⇥15⇥60 above
the channel. In Figure 6, the velocity profiles are shown on the vertical and horizontal
geometrical symmetry planes. It is found that velocity profiles are practically unaltered
at axial positions downstream of x ⇠= 50D

h

, indicated with a dashed line. The evaluation
of nondimensional heat transfer coefficients and total pressure gradient is also relevant
from a flow development perspective; they are defined as:
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w,lin

is the average wall heat flux on the liner/coolant interface. T
w

and T

w,lin

are the
corresponding average wall temperatures, T

b

is the coolant bulk temperature and T

w,hg

is
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Figure 3: Dimensionless wall distance on

bottom wall averaged in the y direction.

Figure 4: Dimensionless wall distance on

side wall averaged in the z direction.

(a) Coolant total pressure p0i/p0,exit (b) Bulk temperature T

b

/T

b,inlet

(c) Average wall heat flux q

w

/q

w,exit

Figure 5: Nondimensionalized quantities along the channel for the diffrent grids.

the maximum hot gas side wall temperature. The h

c

and h

f

are compared in Figure 7
with the heat transfer coefficient h

DB

estimated with the Dittus-Boelter correlation. Such
correlation reads:

Nu = 0.023Re

0.8
Dh

Pr

0.4 =
h

DB

D

h

k

(3)

The nondimensional p0 and h

c

gradients are practically constant for most of the channel
length (Figure 8). The nondimensional gradient of the h

f

coefficient, on the other hand,
requires a greater channel length to develop, hence providing the rationale for doubling it
from 120D

h

to 240D
h

.
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Figure 6: Velocity profiles (the x�component, U) as a function of y and z at different axial

positions, on the two channel symmetry planes.

Figure 7: Nondimensional h

c

and h

f

along the channel.

Figure 8: Nondimensional p0 gradient,

h

c

and h

f

along the channel.

4 DNS SETUP

The reference solution is computed by means of direct numerical simulation (DNS), namely
simulation of the Navier-Stokes equations in their unsteady, three-dimensional form, with
sufficient resolution to resolve all the scales of turbulent flow motion, down to the dissi-
pative (Kolmogorov) scale. Assuming an incompressible, ideal fluid model, we solve the
Navier-Stokes momentum equations for a divergence-free velocity field
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� dp
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�

i1, (4)

where dp/dx is the pressure gradient required to balance friction and maintain a constant
mass flow rate along the x direction. The equations are discretized in a Cartesian coordi-
nate system (x, y, z denote the streamwise, wall-normal and spanwise directions, respec-
tively) using staggered central second-order finite-difference approximations, to guarantee
that kinetic energy is globally conserved in the limit of inviscid flow. Time advancement is
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carried out by means of a hybrid third-order low-storage Runge-Kutta algorithm coupled
with the second-order Crank-Nicolson scheme combined in the fractional-step procedure,
whereby the convective terms are treated explicitly and the diffusive terms are treated
implicitly, limited to the y direction. The Poisson equation for the pressure field stemming
from the incompressibility condition is efficiently solved through Fourier transform-based
methods [11]. The fluid equations are augmented with the transport equations for the
temperature field (T )
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@Tu

j

@x

j

= ↵

@

2
T

@x

j

@x

j

+Q, (5)

where Q is a suitable heating term, which is dynamically adjusted in such a way that
the bulk temperature (T

b

) across the channel is kept constant in time. In the numerical
discretization the transported variable is located at the cell centers, in such a way that
the variance of ✓ is exactly preserved in the limit of inviscid flow. Periodic boundary
conditions are used in the streamwise direction for both the velocity and the temperature
fields, hence fully developed flow conditions are considered. In order to study conjugate
heat transfer problems as the present one, the transport equations (4), (5) are advanced in
time in the same form at all grid the points, by simply setting u

j

= 0 at solid points, and
changing the local values of the thermal diffusivity (↵). The numerical simulation has been
carried out on a 768⇥ 768⇥ 384 mesh, and carried out for about five hundred times units
(based on D

h

/u

b

), to achieve convergence of the mean flow statistics, including friction and
heat transfer coefficients, whereas proper convergence of the secondary motions probably
requires even longer time.

5 COMPARISON AND DISCUSSION

Comparison of RANS and DNS results is carried out by considering the exit section of the
channel computed by conjugate RANS/Fourier approach, and the time- and streamwise-
averaged flow statistics obtained by DNS. As expected, the results bring out some dif-
ference, which points to opportunities and limitations of either computational approach.
Figure 9 shows the nondimensional field of the axial velocity component, defined as

U

⇤ =
U

U

max

(6)

Although the mean velocity is obviously the same in the two simulations, smoother contour
lines are observed in the RANS/Fourier approach, whereas DNS shows clear asymmetry
between the lower and the upper part of the channel, due to slow convergence of the flow
statistics, as noted above. It is also clear that the DNS velocity field is more uniform
over the cross section, and the iso-lines better follow walls, with higher values in the
duct corners. This difference may be attributed to the inability of the RANS/Fourier
model, based on a linear eddy-viscosity ansatz to predict secondary eddies, thus inhibiting
additional momentum and heat transfer from the duct center toward the corners [12].
The question is whether this large topological changes translates into differences in terms
of the friction and heat transfer coefficients of engineering interest. Indeed, it has been
recently shown [5], that the effect of the secondary motions on the friction coefficient in a
square duct is very small, and their artificial suppression also yields no substantial effect.
Hence, we proceed to compare the pressure drops with those obtained from the Prandtl
friction law estimate, namely

dp0

dx

= �f

D

⇢V

2

2D
h

(7)
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Figure 9: Nondimensional axial velocity U/U

max

distribution at the channel exit: RANS

(left) and DNS (right).

Figure 10: Ratio of pressure gradient to

Prandtl friction law estimate for DNS

and RANS.

Figure 11: Ratio of pressure gradient to

Prandtl friction law estimate for RANS

at different grid resolution.

with f

D

the Darcy-Weisbach friction factor yielded by solution of the Colebrook equation.
Figure 10 shows that the theoretical value is very close to the DNS data, supporting the
findings of Ref. [5], whereas RANS yields a value which is about 7 % lower than the
estimate. This under-prediction partly results from lack of the secondary motions, and
partly from lack of axial mesh resolution. In fact, the ratio of the Prandtl estimate to
the numerical value obtained with each resolution shows tendency to a unit value as the
mesh resolution is increased, as shown in Figure 11.
The RANS and DNS temperature fields are compared next. For that purpose, we consider
the nondimensional temperature distribution, defined in (2). It can be easily shown that,
for the present test case, changes of temperature after full thermal development of the
flow do not affect the nodimensional temperature distributions. The nondimensional
temperature distributions in the duct cross section are shown in Figure 12. Owing to
turbulent motion within the duct, the mean temperature is very nearly constant over the
cross section, supporting effectiveness of the cooling channel. The largest temperature
gradients are mainly confined to the bottom lower wall, whereas finite conduction effects
are also visible along the vertical walls. Close similarity of the temperature fields is
observed in this case between RANS and DNS, and especially satisfactorily is the similarity
of the temperature distributions within the duct walls. Figure 13 further shows that
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Figure 12: Nondimensional temperature ✓ = (T � T

w,hg

)/(T
w,hg

� T

b

) distribution at the

channel exit for RANS (left) and DNS (right).

the heat flux coefficient (h
f

) obtained with RANS and DNS solutions are in very good
agreement at the channel exit, pointing substantial overprediction of the classical Dittus-
Boelter correlation in this case.

Figure 13: Ratio of the heat transfer coefficient h

f

to the Dittus-Boelter estimate for RANS

and DNS.

6 CONCLUSIONS

Solutions of a conjugate heat transfer problem in a fully developed cooling channel ob-
tained by a RANS solvers are compared with those obtained with a DNS solver. The
results support the effectiveness of RANS as a reliable tool in the engineering prediction
of coupled solid/fluid problems. In fact, although differences are found in the spatial
organization of the velocity, related to the absence of the secondary motions which occur
in DNS, RANS yields very satisfactory prediction of the temperature field, also inside the
duct walls. This reflects into accurate prediction of the heat transfer coefficient, which
in both RANS and DNS is 20% lower than predicted by the Dittus-Boelter correlation.
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Slight under-estimation of the pressure gradient is found in RANS, which is presumably
due to the importance of the streamwise grid resolution. Further actions will be directed
to exploring this grid sensitivity issue into greater detail, as well as to improve the time
convergence of the DNS statistics.
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ABSTRACT 
ith the aim of characterizing the behaviour of paraffin-based fuels for hybrid roc et 

application, research activities are currently ongoing at niversity of Naples ederico II  by 
means of experimental testing and numerical modelling. In the present wor , first the results of 
an experimental campaign performed on a laboratory-scale hybrid roc et engine of  N 
class, with gaseous oxygen and paraffin-fuel grains, are presented. The relatively vast quantity 
of the collected data supported the definition, tuning and validation of proper computational 
fluid dynamic models for the prediction of the fuel consumption behaviour. After that, effects of 
grain geometrical dimensions on the fuel regression rate are investigated, starting from 
preliminary considerations obtained for the case of a classical polymeric fuel and then 
extending the study to the case of paraffin-based fuel. 

Keywords: hybrid roc et  paraffin-based fuel  regression rate  modelling

1 INTRODUCTION 
The hybrid roc et is a chemical propulsion engine in which fuel and oxidizer are separated in 
different physical states 1 . In the classical system configuration, fuel is stored in the 
combustion chamber in the solid state and a liquid or gaseous oxidizer is in ected into single or 
multiple ports obtained in the solid fuel grain. 
In the last few years a significantly growing interest has been addressed towards hybrid roc et 
propulsion, than s to its numerous advantages relative to traditional solid and liquid systems, 
which include, among the main features, the re-ignition and throttling capabilities combined 
with the possibility of employing environmentally sustainable propellants and, most 
importantly, its intrinsic safety 2, . 
Practical application of hybrid thrusters is, however, still hindered much probably for the low 
fuel regression rate compared to solid roc ets 1, 4 . In particular, for conventional polymeric 
fuels, such as polyethylene and hydroxyl-terminated polybutadiene (HTP ), the burn rate is 
limited by the diffusion processes occurring in the boundary layer developing on the solid-fuel 
surface, and by the reduction of the heat transfer from the flame zone caused by gas blowing 
from the fuel surface 5 . In this scenario, paraffin-based fuels gained much attention, due to 
higher regression rates with respect to classical polymeric fuels 6 . Specifically, in addition to 
the classical fuel regression rate due to evaporation, in this class of polymers there is a further 
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contribution to regression rate due to entrainment. The formation of a low-viscosity unstable 
melt layer on the burning surface leads to fuel liquid droplets entrainment into the main gas 
stream, which significantly increases the solid regression rate. 
Anyway, as a consequence of this additional phenomenon, the behaviour of paraffin-based fuels 
can significantly change depending on the specific fuel formulation, the manufacturing process 
and the motor operating conditions. This is the reason why non-negligibly different fuel 
performance is often observed in the literature . Moreover, with liquefying fuels the classical 
theories, starting from the famous wor  of Marxman et al. 5 , elaborated to predict the 
regression rate of standard fuels are no longer valid, while the analytical models specifically 
developed, such as the one in Ref. 8 , are based on semi-empirical equations. 
In this framewor , on one side, dedicated testing is needed for understanding which 
macroscopic operating parameters have a significant effect on the fuel behaviour and the 
internal ballistics in the combustion chamber, with the aim to allow the prediction of the engine 
performance and to support the design of full scale roc ets 9, 10 . n the other side, numerical 
modelling of the roc et internal thermo-fluid-dynamics, with predictive capabilities of the fuel 
regression rate and overall engine performance, is becoming a ey tool for optimizing the 
experimental activities and the system design process, supporting the data interpretation and 
reducing the number of motor optimization trials 11, 12, 1 . 
In this wor , different aspect of paraffin fuels behaviour are investigated and discussed. In 
particular, the results of a first experimental testing campaign carried out with a lab-scale hybrid 
roc et engine in a wide range of oxidizer mass flux are presented. Data gathered from these 
tests have been considered as reference for tuning and validation of a proper numerical thermo-
fluid dynamic model defined for the simulation of hybrid roc ets internal ballistics and the 
prediction of the fuel consumption behaviour on the basis of a dedicated treatment of the 
interaction between the gaseous combusting flow and the solid grain surface. 
Finally, the influence of the fuel grain geometrical parameters, i.e. the port diameter and the 
length, on the fuel consumption rate are investigated. In fact, the former parameter is nown to 
have an effect on the surface heat transfer to fuel surface, depending on the oxidizer in ector 
arrangement and the consequent oxidizer et fluid dynamics. For instance, when a conical axial 
in ector is employed, the motor internal ballistics is governed by the recirculation zone induced 
by the oxidizer et discharged from the in ector into the solid fuel port 14 . The ensuing 
flowfield is typical of reattaching regions, and the resulting heat transfer to the wall depends on 
the fuel port-to-in ector diameter ratio. The macroscopic result is that the fuel regression rate 
increases with the port diameter at constant mass flux. n the other hand, the fuel grain length 
directly affects the overall oxidizer-to-fuel ratio and, consequently, the average temperature and 
gas properties in the aft-mixing chamber. Therefore, it is interesting to understand if the local 
thermo-fluid dynamic conditions are someway affected, influencing in turn the fuel 
consumption. The abovementioned analysis is first preliminary assessed both experimentally 
and numerically for the case of a classical High-Density Polyethylene (HDPE) fuel. Then, the 
study is extended to the case of paraffin fuel highlighting similarity and differences. 

2 EXPERIMENTAL FACILITY 
The experimental test facility and the lab-scale roc ets used in the present investigation are 
described in this section. 
The test facility is a versatile experimental setup primarily designed for firing hybrid roc et 
engines of several sizes 15 . The equipment includes a test rig and a general-purpose data 
acquisition system, which allow performing several types of test. 
Figure 1 shows the piping and instrumentation schematic of the test rig.  
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Figure 1: Test facility schematic 

Gaseous oxygen is supplied by a reservoir of four cylinders  pressure regulators set the 
operating pressure along the motor feed line. xygen mass flow rate is evaluated through gas 
temperature and pressure measurements upstream of the throat of a choc ed enturi tube 
mounted along the feeding line. Nitrogen is purged into the chamber for the burn out and in 
case of an emergency shutdown. 
Figure 2 shows the schematic of one of the hybrid roc ets employed in this study. The roc et 
has an axisymmetric combustion chamber, with 50 mm length and 69 mm case inner diameter. 
The motor forward closure accommodates a converging nozzle in ector whose exit-section 
diameter is 6 mm. Upstream and downstream of the solid grain a dump plenum (25 mm long 
and with 44 mm inner diameter) and an aft-mixing chamber (58 mm long and with 45 mm inner 
diameter) are set up, respectively. This configuration allows testing 220 mm long fuel grains. 
Finally, the exhaust gases are expanded through a graphite converging-diverging nozzle 
generating the thrust. 
For evaluation of the grain length effect on the fuel regression rate and engine internal ballistics, 
another roc et has been employed, which is identical to the above described one except for the 
combustion chamber length. This second configuration allows testing fuel grain with a length 
equal to 0 mm, using a 8 mm long post-chamber. 

Figure 2: Motor layout 

The equipment allows the full automation of the motor ignition, the firing test execution and 
the measurement of significant data during the test. In particular, the engine ignition is realized 
in ecting, in the early moments of the test, a small amount of methane simultaneously with the 
prescribed oxygen mass flow rate. In this way the two gases mix in the prechamber where a 
spar  plug, powered by a Honeywell solid-state igniter spar  generator, is arranged. This 
process ensures repeatable ignition conditions. Chamber pressure is measured with two Setra 
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C206 transducers, which are set up in the prechamber and in the aft-mixing chamber. 
Furthermore, the roc et is supported on the test bench with four load cells, which allow 
evaluating the motor thrust by computing the sum of the loads measured with each cell. The 
analog signals generated by thermocouples, pressure transducers and load cells are sampled at 
5 Hz, digitally converted, processed and recorded on the hard dis  by a National Instruments 
P I Express standard system interconnected with the computer by means of fiber optic 
connections. All the acquired signals are stored in binary format (for post-processing). 
The weight of each propellant grain was measured before and after the firing tests for estimating 
the respective time-averaged fuel mass-flow rate and the corresponding time-averaged mixture 
ratio. Moreover, the mass loss method has been employed to estimate the space-averaged final 
port diameters, allowing computing the time-space averaged oxidizer mass-fluxes and fuel 
regression rates. For a detailed description of the data reduction technique refer to 16 . 

3 NUMERICAL MODEL 
Numerical simulations are carried out with a commercial fluid dynamic solver with ad-hoc user-
defined functions. The Reynolds-Averaged Navier–Sto es (RANS) equations for single-phase 
multicomponent turbulent reacting flows are solved with a control-volume-based technique and 
a pressure-based algorithm. 
The Shear Stress Transport (SST) turbulence model 1  has been employed for its improved 
capability of predicting flows with separated regions. 
Assuming that the chemical inetics is fast compared to the diffusion processes occurring in 
the motor for the typical mass fluxes and chamber pressures considered here 18 , the non-
premixed combustion of oxygen and the gaseous fuel in ected from the grain wall is modelled 
by means of the Probability Density Function (PDF) approach coupled to chemical equilibrium 
19 . Accordingly, combustion is simplified to a mixing problem and the difficulties associated 

with closing non-linear reaction rates are avoided. The turbulence-chemistry interactions are 
described by means of the average mixture fraction, 𝑓, and its variance, 𝑓’2. The shape of the 
assumed PDF is described by the E-function of these two quantities. nce 𝑓 and 𝑓’2 are 
calculated at each point in the flowfield, the nown PDF is used to compute the time-averaged 
values of individual species mole fractions, density, and temperature with simple 
thermochemistry calculations based on the minimization of Gibbs free energy 20 . Although 
the actual products of solid fuel phase change are numerous and their composition depends on 
both the wall temperature and heating rate, here, fuel is supposed to enter the combustion 
chamber as 100  gaseous ethylene (which is expected to be the main product of both HDPE 
thermal pyrolysis and paraffin-wax decomposition). 
Heat capacities, molecular weights, and enthalpies of formation for each species considered are 
extracted from the solver chemical database  the specific heat is determined via the mixing law. 
Molecular dynamic viscosities and thermal conductivities of each species are calculated as 
functions of local temperature, according to Ref. 20 . 
The typical computational domain represents the internal volume of the prechamber, the fuel 
grain, the postchamber and the nozzle. Figure  shows an example of computational grid. 

n the inner surface of both the prechamber and postchamber as well as on the nozzle wall no-
slip and adiabatic boundary conditions are imposed. At the in ector exit section, a mass flow 
boundary condition is prescribed along with the temperature (equal to 00 ), the oxygen mass 
fraction and the turbulent quantities, while a pressure outlet condition is set at the nozzle exit 
section. 
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Figure : Example of computational grid 

3.1 Gas-solid interface modelling 
The theoretical model formulation is completed by assigning the boundary conditions at the 
interface between the gaseous flow region and the solid fuel wall, which can properly describe 
the fuel consumption mechanism. 
Now it is necessary to separate the case of classical polymers from the one of liquefying fuels. 
In fact, while regardless of the type of fuel the gas surface interface treatment relies on local 
mass, energy and mean mixture-fraction balances, in the former case an additional pyrolysis 
rate equation is needed for modelling the regression rate, whereas in the latter case a different 
formulation is introduced to account for the entrainment of liquid paraffin from the unstable 
melt layer forming along the fuel surface, which is the dominant consumption mechanism. 

. .  lassical non-liquefying fuels 
In the case of pyrolyzing fuels, since no material is removed from the surface in a condensed 
phase, the mass conservation at the gas-solid interface imposes that  

(𝜌𝑣)𝑤 = 𝜌𝑓�̇� (1) 

where 𝜌 is the gas density at the wall, and 𝑣 is the normal-to-wall velocity component due to 
the pyrolysis products in ection  𝜌𝑓 is the solid fuel density and �̇� is the local regression rate. 
The energy balance at the gas-solid interface, ta ing into account the convective heat transfer 
from the gas to the fuel surface, the heat conduction into the solid, and neglecting the radiation  
leads to the following relationship between the convective heat flux to the wall, �̇�𝑤, and the 
regression rate 

�̇�𝑤 = (𝑘𝑔
𝜕𝑇
𝜕𝑛

)
𝑤

= 𝜌𝑓 �̇�[∆ℎ𝑝 + 𝐶𝑠(𝑇𝑤 − 𝑇𝑎)] (2) 

where 𝑛 is the coordinate normal to surface oriented from solid to gas, 𝑘𝑔 the gas thermal 
conductivity, 𝐶𝑠 is the solid heat capacity per unit mass, ∆ℎ𝑝 the so-called heat of pyrolysis, Tw 
is the fuel surface temperature, and Ta is its initial temperature (which is assumed equal to the 
one of the external surface of the fuel). 
The fuel pyrolysis is modelled with the following semi-empirical Arrhenius-type equation 21  
relating the regression rate to the fuel surface temperature 

�̇� = 𝐴 · exp (−
𝐸𝑎

2𝑅𝑇𝑤
) ( ) 

where 𝐴 is the pre-exponential factor, 𝐸𝑎 is the activation energy and 𝑅 is the universal gas 
constant.  
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The values of the constants appearing in Eq. (2) and Eq. ( ) considered for the HDPE fuel grains 
analyzed in this wor  are ta en from Refs. 21, 22  and are summarized in Table 1. 

Fuel Density, 
𝜌𝑓  g m  

Specific heat, 
cf g  

Heat of 
pyrolysis, 

∆ℎ𝑝 M g 

Initial fuel 
temperature, 

Twi  

Pre-exponential 
factor, A 

mm s 

Activation 
Energy, Ea, 

mol 
HDPE 950 28  4.045 00 4. 8�106 190 

Table 1: HDPE fuel properties and rate constants 

Finally, an additional equation for the mean mixture fraction balance at the gas-solid interface 
is needed as well 2 , which can be expressed as 

(𝜌𝑣)𝑤𝑓𝑤 − (
𝜇𝑡

𝑃𝑟𝑡

𝜕𝑓
𝜕𝑛

)
𝑤

= 𝜌𝑓 �̇� (4) 

According to this equation, the total mass flux entering the gaseous domain due to the solid fuel 
regression, which appears on the right-hand side of the equation and represents the production 
term, is partially balanced by the convection and partially by the diffusion of the fuel mass 
fraction. 
Note that Eq. (2), Eq. ( ) and Eq. (4) constitute a system of three algebraic equations in the 
three un nowns regression rate, surface temperature and mixture fraction, which needs the 
computation of the flowfield at each iterative step to be solved. 
Finally, the enhanced wall treatment is employed for the turbulence boundary conditions at the 
gas solid interface. 

. .  iquefying fuels 

In the case of liquefying fuels, the regression rate, �̇�, can be assumed composed of two terms: 
the vaporization fraction, �̇�𝑣, that is generated by the liquid thermal decomposition and later 
vaporization into the gas stream, and the entrainment fraction, �̇�𝑒𝑛𝑡, that is related to the 
mechanical transfer of the liquid from the surface melt layer 

�̇� = �̇�𝑣 + �̇�𝑒𝑛𝑡 (5) 

A set of equations is, thus, needed for the calculation of the regression rate and its two 
components, along with the resulting fuel mass flow rates, whose solution has to be 
incorporated in the fluid dynamic computation. As in the previous case, the mass, energy and 
mixture-fraction balances at the gas fuel surface boundary are formulated, with the difference 
that an additional equation for the calculation of the entrainment component of the fuel mass 
flow rate is required. 
Following the arguments in Ref. 8 , by coupling the energy balance equations at both the 
liquid-solid and gas-liquid interfaces, at the steady state the following relationship of the total 
surface heat flux with the total and the vaporization regression rate is obtained 

�̇�𝑤 = (𝑘𝑔
𝜕𝑇
𝜕𝑛

)
𝑤

= 𝜌𝑓 �̇�[𝐶𝑠(𝑇𝑚 − 𝑇𝑎) + 𝐿𝑚 + 𝐶𝑙(𝑇𝑤 − 𝑇𝑚)] + 𝜌𝑓�̇�𝑣𝐿𝑣 (6) 

where 𝜌𝑓 is the solid fuel density, 𝐶𝑠 and 𝐶𝑙 are the specific heats of the solid and liquid fuel 
(which are here considered independent from temperature), respectively, 𝑇𝑚 is the fuel melting 
temperature, and 𝐿𝑚 and 𝐿𝑣 are the fuel heat of fusion and the heat of pyrolysis, respectively. 
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In the absence of clear paraffin pyrolysis data, the latter term has been assumed equal to the 
heat of vaporization (therefore, neglecting the heat required for the thermal degradation of the 
paraffin into gaseous ethylene monomers). all temperature has a significant influence on the 
fuel regression rate, but can be hardly determined and in Ref. 24  a sensitivity analysis was 
performed for which the value of 6 5  is the one allowing for the best fit of the experimental 
data. An isothermal boundary condition is set all over the fuel wall. 
Material constants appearing in Eq. (6) are listed in Table 2. 

Solid fuel 
density, 

𝜌𝑓, g m  

Specific 
heat solid 

phase, 
s, g  

Specific 
heat liquid 

phase, 
l, g  

Heat of 
fusion, 𝐿𝑚, 

g 

Heat of 
vaporization, 

𝐿𝑣, g 

Melting 
temperature, 

𝑇𝑚,  

Surface  
temperature, 

𝑇𝑤,  

920 20 0 2920 16 .2 16 .5 9.6 6 5 

Table 2: Paraffin fuel properties 

According to the approach described in 8 , the following semiempirical relationship has been 
considered for modelling the entrainment component of the fuel regression rate 

�̇�𝑒𝑛𝑡 = 𝑎𝑒𝑛𝑡
𝐺3

�̇�1.5
( ) 

where 𝐺 = 4�̇� 𝜋𝐷2⁄  is the total mass flux in the local section of the grain port, and 𝑎𝑒𝑛𝑡 is the 
entrainment factor depending on the physical properties of the selected fuel, primarily on the 
fuel liquid viscosity, and on the average gas density in the chamber as 

𝑎𝑒𝑛𝑡 ∝
1

𝜇𝑙𝜌𝑔
1.5 (8) 

Eq. (8) is derived from a theoretical assessment of the surface liquid-layer fluid dynamic 
stability  the main result is that the susceptibility of a given fuel to the instability increases with 
decreasing viscosity and surface tension of the melt layer  the entrainment component of fuel 
regression rate is, therefore, roughly inversely proportional to viscosity at the characteristic 
temperature of the layer, while it depends directly on the dynamic pressure. 

nce Eqs. (5), (6) and ( ) are combined, given the heat flux to the wall and the total mass flux, 
the three components of the fuel regression rate can be calculated. The fuel mass fluxes 
associated to the vaporization and entrainment components, respectively, are obtained as 
follows 

𝐺𝑓,𝑣 = 𝜌𝑓�̇�𝑣 (9) 
𝐺𝑓,𝑒𝑛𝑡 = 𝜌𝑓�̇�𝑒𝑛𝑡 (10) 

aporization and entrainment components are handled differently. 
The vaporization component is treated equally to the case of pyrolyzing fuels, considering the 
mass and mixture-fraction balance equations at the grain wall, given by 

(𝜌𝑣)𝑤 = 𝐺𝑓,𝑣 (11) 

(𝜌𝑣)𝑤𝑓𝑤 − (
𝜇𝑡

𝑆𝑐𝑡

𝜕𝑓
𝜕𝑛

 )
𝑤

= 𝐺𝑓,𝑣 (12)
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This allows ta ing correctly into account the bloc ing effect on the heat transfer to the wall, 
while, as explained in the previous section, Eq. (12) is needed to ensure the mixture fraction 
global balance. 
The entrainment mass flux does not contribute to the bloc ing effect, thus a specific treatment 
is adopted for the introduction of the entrainment component into the computational domain. 
For the sa e of simplicity, assuming that, despite the entrained paraffin is initially in the liquid 
phase, it immediately gasifies because of the large combustion heat release, the local 
entrainment contribution is uniformly assigned as a mass production term in the local volume 
of the grain port corresponding to the surface cell of length ∆𝑥 through which the fuel mass 
enters the fluid domain, 𝜋𝐷2∆𝑥 4⁄ : 

𝑆𝑚 = 4
𝐺𝑓,𝑒𝑛𝑡

𝐷
(1 ) 

In order to satisfy the species balance, an equal production term is assigned also for the mean 
mixture fraction.  
Also in this case, as the heat flux to the surface and the total mass flux needed for the calculation 
of the regression rate are outputs of the flowfield resolution, which, in turn, depends on the 
regression rate itself, an iterative procedure is needed for the problem solution. 

4 RESULTS AND DISCUSSION 

4.1 Regression rate results and validation of the numerical model 
A first experimental test campaign was carried out burning 220 mm-long paraffin-based grains 
with gaseous oxygen in different operating conditions, in order to evaluate the regression rate 
and the mechanical behaviour 16 . The fuel formulation is a blend of paraffin waxes which 
include mainly microcrystalline paraffin commercialized by SAS L  (labelled with the trade 
code 090 ). ther paraffin-waxes are included in the adopted formulation to enhance both 
mechanical characteristics and performances. A small amount of a blac ening additive was 
added to the melted wax, to increase the thermal radiation absorption at the fuel surface 
improving the regression rate 25 . 
Several tests were performed, up to 60 g s oxygen mass-flow rate corresponding to 1.9 MPa for 
chamber pressure and about 200 N thrust. Results in terms of fuel regression rate against 
oxidizer mass-flux are reported in Figure 4. The paraffin-based fuel showed good mechanical 
properties and good performances in terms of regression rate. 

Figure 4: Regression rate versus oxidizer mass-flux for the 200 N test article 
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Some of the data gathered from the experimental tests allowed the validation of the numerical 
model described in Sec. . 
In particular, a first analysis has been carried out considering the operating conditions of a 
reference test, which for readers  convenience are summarized in Table , to highlight the role 
played by the entrainment component of regression rate on the flowfield. 

Average oxidizer mass flow rate, g/s 42.0 
Time-space averaged grain port diameter, mm 27.1 
Time-space averaged oxidizer mass flux, kg/m2 s 72.58 
Time-space averaged regression rate, mm/s 2.29 
Postchamber pressure, bar 12.9 

Table : Reference test operating parameters 

For this test case, first an extreme case is analysed in which the entrainment component is 
assumed to be zero, so that the overall regression rate, li e with a standard polymer, is only due 
to vaporization, i.e. �̇� = �̇�𝑣, and it is compared to a second case in which also the entrainment 
term is included in the calculations. In addition, calculations are repeated with a HDPE fuel 
grain of equal dimensions by imposing equal oxygen mass flow rate. 
Figure 5a shows the obtained fuel regression rates and Figure 5b the corresponding surface heat 
fluxes. It is worth noting that, as the heat requested for HDPE pyrolysis is larger than that used 
in Eq. (6) for modelling paraffin melting and vaporization (about 5500 g against 1400 g, 
respectively), in the first extreme case, without considering the entrainment contribution, the 
regression rate (see the dar  grey continuous line in Figure 5a) is fairly higher than that obtained 
with HDPE (light grey continuous line in Figure 5a) at equal oxidizer mass flux, despite the 
fact that the enhanced bloc ing effect determines a significantly lower surface heat flux (see 
Figure 5b). However, the spatially-averaged regression rate obtained in this case is equal to 
1.11 mm s, which is still significantly lower than the corresponding measured value of 2.29 
mm s (see Table ). hen the entrainment component is ta en into account, the calculated 
regression rate is more than doubled (see the blac  continuous line in Figure 5a) because, with 
the set of parameters considered here, the most significant contribution is given by the 
entrainment itself (blac  dotted line), the vaporization component (blac  dashed line) being 
much smaller than the entrainment fraction. ith the larger mass flux due to the entrained fuel, 
as entrainment does not contribute to the heat-transfer bloc ing, the heat flux is raised (see the 
blac  line in Figure 5b).  

a) Regression rate b) Heat flux to fuel grain surface

Figure 5: Comparison between the results obtained with and without considering the entrainment. 
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After that, a parametric analysis has been carried out, considering again the reference test 
operating conditions, to evaluate the effect of the wall temperature and entrainment parameter 
on the regression rate components and to determine the values of these parameters which allow 
the best fit of the experimental data. The details of this parametric analysis are described in Ref. 
24 . The best prediction of the measured regression rate was obtained with a wall temperature 

of 6 5  and an entrainment parameter equal to 2.1 10-1  m8.5s0.5 g . 
Finally, other six test cases in a significant range of the average oxidizer mass flux, gathered 
from the experimental firings presented before, have been simulated for the sa e of model 
validation. The abovementioned value of the grain surface temperature has been used in each 
test case, while the entrainment parameter has been obtained by scaling the reference value with 
the ratio (𝜌𝑔

∗ /𝜌𝑔)
1.5

, where 𝜌𝑔
∗  is the average gas density in the grain port calculated in the 

reference test, and 𝜌𝑔 is the corresponding value calculated in the analysed test case. 
Figure 6a shows the calculated fuel regression rates averaged along the grain compared with 
the measured time-space averaged ones  the maximum deviation of 11  is reached at the 
minimum mass flux. Numerical prediction improves with higher mass fluxes showing excellent 
agreement at the largest mass fluxes where the deviation is only 0. . 

a) Regression rate b) postchamber pressure

Figure 6: Comparison between computed and measured a) regression rate, b) pressure

In Figure 6b calculated chamber pressures in the whole set of test cases are compared with the 
measured values  data are retrieved in the roc et aft-mixing chamber. A detailed analysis of the 
factors of deviation between computed and measured pressure is addressed in Ref. 24 . 
However, the displayed deviation trend can be explained observing that the critical pressure of 
paraffin wax is 6.5 bar and that the chamber pressure attained in the test with the largest 
deviation is lower than the critical pressure. The agreement with experiments is improved as 
pressure increases with the mass flux. In fact, below the critical pressure, neglecting the effects 
of the entrained liquid paraffin dynamics is a much less suitable assumption. 

4.2 Effect of fuel grain dimensions 
Although it is common use in literature to correlate regression rate data as a function of the 
oxidizer mass flux only, other operating parameters can have a significant role in the interaction 
between the gas stream and the fuel grain consumption mechanism. 
In particular, in this section, the effect of the grain geometry parameters, i.e. the average port 
diameter and the grain length, are investigated, considering first the case of classical polymeric 
fuels for a preliminary assessment of the behaviour, and then analysing the case of paraffin-
based fuel. 
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. .  Effect of grain port diameter and length for classical polymeric fuel 
Three firings were performed with gaseous oxygen as oxidizer and HDPE fuel grains 
combining two different lengths and two different initial port diameter, as reported in Table 4. 

hen the initial grain port diameter is changed, the oxygen mass flow rate is varied 
correspondingly with the aim of getting similar values of the average oxidizer mass flux. For 
each case the same oxidizer in ector arrangement and pre-chamber have been employed. 

Test H1 Test H2 Test H3 
Average oxidizer mass flow rate, g/s 25 60 60 
Initial port diameter, mm 15 25 25 
Grain length, mm 220 220 70 

Table 4: Test with HDPE fuel grains 

The graphs in Figure  show the measured time-averaged regression rate axial profile in the 
different cases obtained by sectioning the grains transversally in a number of slices, measuring 
the port diameter by means of a caliper and dividing the port radius variation in the firing by 
the burning time. Each case has been numerically rebuilt with the model described in Sec. .1.1 
for supporting the experimental findings and the computed regression rate profiles are also 
reported. It is worth noticing that numerical and corresponding measured profiles are in good 
agreement. Figure 8 shows further results of the numerical simulations in terms of temperature 
contour with the streamlines overlapped on the top half, and the fuel mass-fraction in the 
unburned mixture isolines drawn on the bottom half. 

a) Effect of grain port diameter b) Effect of grain length

Figure : Comparison of numerical and experimental regression rate profile at different initial port 
diameter. 

In particular, from Figure a, it can be observed that the grain port diameter has a significant 
effect on the fuel consumption rate. In fact, when the port diameter is enlarged, the recirculation 
region, where the heat flux to the grain surface is enhanced, becomes more extended, as it can 
be noticed also comparing the streamlines attained in Test H1 and Test H2 in Figure 8. 

n the other hand, from Figure b, it can be noticed that the profile of the regression rate in the 
case of short fuel grain is almost coincident with the corresponding first part of the profile 
obtained with the longer grain. This behaviour can be explained comparing the temperature 
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contours and mixture fraction isolines of Test H2 and H  in Figure 8. In fact, although the grain 
length affects the overall oxidizer-to-fuel ratio obtained at the grain exit section, influencing 
the temperature and gas properties in the post-chamber (i.e. the characteristic velocity), locally 
no significant variation of the mixture fraction occurs and, consequently, the local temperature 
and heat flux remain unchanged. 

Figure 8: Temperature contour plot with overlapped streamlines (top half) and mixture-fraction 
isolines (bottom half). 

. .  Effect of grain port diameter for paraffin fuel 
Referring to Figure 4, it can be noticed that also in the case of paraffin-based fuel grain the 
regression rate data as function of the oxidizer mass flux are quite scattered. Therefore, 
following the arguments of the previous section, the effect of the average port diameter on the 
regression rate caused by the augmentation of the surface heat flux due to the recirculation 
region has been included in the correlation law. 
In particular, the impact of this effect on the overall fuel regression rate depends also on the 
oxidizer in ector arrangement (i.e. in the case of conical axial in ector on the in ector diameter 
𝐷𝑖𝑛𝑗) and the pre-chamber length 𝐿𝑝𝑟𝑒. In fact, referring to Figure 9 which schematically shows 
the development of the oxygen et core in the case of conical axial in ector, the part of the grain 
touched by the recirculation region, i.e. the axial distance between the impingement point and 
the grain port inlet section Δ𝑥, can be expressed as 

Δ𝑥 =
(�̅� − 𝐷𝑖𝑛𝑗)

2 tan 𝛼
− 𝐿𝑝𝑟𝑒 (14)
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where �̅� is the average port diameter and 𝛼 is the spreading angle, which for a free et pattern 
can be realistically assumed to be equal to 8  independently from the mass flow rate 26 . 

Figure 9: Axial in ection fluid dynamics schematic (Ref. 2 ) 

The impact of the augmented heat transfer in the recirculation region on the average regression 
rate depends on how large this distance Δ𝑥 is with respect to the overall grain length 𝐿, i.e. on 
the aspect ratio parameter defined as 

𝐴𝑅̅̅ ̅̅ =
Δ𝑥
𝐿

(15) 

The following correlation law has been then obtained 

�̅̇� = 𝑎�̅�𝑜𝑥
𝑛 𝐴𝑅̅̅ ̅̅ 𝑚     𝑎 = 0.308;    𝑛 = 0.574;    𝑚 = 0.331 (16) 

where the regression rate is expressed in mm s and the mass flux in g m2s. 

. .  Effect of grain length for paraffin fuel 
After that, also in this case the effect of grain length has been investigated, carrying out two 
firing tests burning paraffin grains of different lengths with the same mass flow rate of gaseous 
oxygen. The main results of the two tests are reported in Table 5, while Figure 10 shows the 
measured fuel regression rate axial profiles. 

Test P1 Test P2 
Average oxidizer mass flow rate, g/s 25 25 
Initial port diameter, mm 15 15 
Grain length, mm 220 70 
Time-space averaged oxidizer mass flux, kg/m2s 48.8 38.8 
Time-space averaged regression rate, mm/s 1.82 2.44 

Table 5: Test with paraffin-based fuel grains of different lengths 
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Figure 10: Experimental regression rate axial profiles for paraffin-based fuel 

Contrarily to the case of HDPE fuel, a significant difference in the consumption behaviour has 
been detected. In particular, the shorter grain presented a regression rate profile shifted upward 
with respect to the relevant region of the longer grain, resulting in a time-averaged regression 
rate increase of about 5 . 
Since both the numerical simulations and the experimental results with HDPE fuel grains 
suggest that in normal operating conditions no changes of local thermo-fluid dynamic 
conditions occur, the reason of the different consumption should be found in an unusual system 
behaviour. 
A possible explanation can be found loo ing at the traces of the pressure measured in the post-
chamber over the burning time shown in Figure 11. In fact, while pressure oscillations in Test 
P1 was relatively low (about r 5  of the average value during the burning), an unstable engine 
operation occurred in Test P2, with oscillations of about r 0  of the average operating 
chamber pressure. As observed in literature 28 , during unstable hybrid roc et instances, a 
sudden rise of the mean fuel regression rate and chamber pressure are often observed, 
displaying a typical phenomenon referred to as DC shift. Therefore, it might be hypothesised 
that although the local mean thermo-fluid dynamic conditions in the relevant region are the 
same independently from the grain length, the velocity fluctuations induced by the instabilities 
aroused with the shorter grain determined an increase of the heat transfer to the grain surface 
which enhanced the fuel consumption. 

Figure 11: Measured chamber pressure vs operating time for firings with paraffin-based fuel 
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Current activities are focused on the analysis of the combustion instabilities with the aim of 
understanding the physical phenomena which trigger the anomalous behaviour and the role of 
the fuel nature and the grain length on it. 

5 CONCLUSIONS 
The results of current research activities carried out at University of Naples Federico II  by 
means of both experimental testing and numerical modelling for the characterization of 
paraffin-based fuel behaviour have been presented and discussed. 
A first experimental test campaign was carried out employing a lab-scale 200N-thrust class 
engine, burning 220 mm-long paraffin-based grains with gaseous oxygen in different operating 
conditions. The fuel formulation showed good mechanical properties and good performances 
in terms of regression rate.  
A series of test cases, gathered from these static firings, were numerically reproduced in order 
to assess the numerical model capability of predicting the regression rate and chamber pressure. 
In all the analysed cases, satisfactory agreement between the calculated regression rates and 
chamber pressure with the relevant measured data is obtained. In particular, chamber pressure 
is predicted with lower accuracy  a more accurate prediction much li ely requires modelling 
the two-phase flow dynamics ensuing from the melted paraffin in ection into the chamber, 
which is the sub ect of future developments. 
Finally, a special focus has been dedicated to the analysis of the effect of grain dimensions, i.e. 
the port diameter and the grain length, on the fuel consumption behaviour. A preliminary 
analysis carried out in the case of HDPE showed that the grain port diameter can affect the 
oxidizer et dynamics dependingly on the in ector arrangement, influencing the heat transfer to 
the grain surface and consequently the regression rate, while no effect of the grain length on the 
local behaviour was detected. 
The effect of the average grain port diameter has been ta en into account also for the case of 
paraffin-based fuel, introducing the aspect ratio parameter, which ta es into account the relative 
importance of the recirculation region extension with respect the overall grain length, and 
including it into the correlation law for the experimental data along with the oxidizer mass flux. 
Finally, a higher consumption rate has been experienced with a shorter paraffin grain, which 
could be due to the triggering of combustion instabilities and the consequent increase of the 
mean chamber pressure and regression rate nown as DC shift phenomenon. 
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ABSTRACT 
The aerodynamic characterization of the new Vega C space launcher has been carried out by 
CIRA in collaboration with AVIO. The aerodynamic database is an important input for the 
flight dynamics and the structural design. The Vega C behaviour has been studied through wind 
tunnel tests in the range of Mach 0.5 and 3.5 and through numerical simulations for the entire 
atmospheric flight envelope. A large test matrix was considered, covering four stages and three 
stages configurations, with and without protrusions, including plume, canted nozzle, wind 
tunnel sting and Reynolds number from flight to wind tunnel conditions. The paper describes 
the experimental and numerical activities, considering global aerodynamic coefficients and 
pressure distributions, together with flow visualizations.  

Keywords: EGA-C, Space Launcher, Aerodynamic, E P CFD characterization. 

1 INTRODUCTION 
In 195 , the Soviet Union launched Sputni  1, the first artificial satellite, a sphere of 58 cm in 
diameter and weighing about 84 g, equipped with four antennas and two radio transmitters. 
This event started the race for space exploration and its commercial and strategic exploitation. 
Since then, an enormous development has been achieved in many fields as communications, 
electronics, computing science, numerical simulation, environmental measurement techniques, 
sensors, image and spectral detection systems that has allowed the creation of ever more 
sophisticated and efficient satellites compared to the founder Sputni  1. These allowed the 
creation of a worldwide telecommunications networ , geo-navigation systems, earth 
monitoring systems, meteorological satellites and a great improvement in the scientific research 
of our planet and the space that surrounds us. All this has required and continues to require 
efficient and reliable transport systems for the launch of new satellites families or space 
vehicles.  
In this context, the European Space Agency (ESA) offers a fleet of launch vehicles (L ): 
Ariane, Soyuz and ega. Than s to their complementarities, they cover all commercial and 
governmental missions  requirements, providing access to the different types of orbit from Low 
Earth rbit (LE ) to Geostationary Transfer rbit (GT ), and even to interplanetary 
destinations. The ega solution complements the Ariane 5 and Soyuz offers for small to 
medium payloads, for Sun-Synchronous (SS ) and Low-Earth (LE ) rbits. ega is a four 
stages launcher vehicle (L ), operative since 2012. The Italian company A I  is in charge of 
the ega L  development and production.  
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Following the decisions ta en during the December 2014 and December 2016 ESA Ministerial 
Councils, ESA and European industry are currently developing ega C, an upgraded and more 
powerful version of ega. The main ob ective is to increase the launcher performance and the 
flexibility for multiple payloads missions. The published user manuals ( 1  and 2 ) indicate a 
performance improvement of about 65  with respect to ega.  
The ega C configuration foresees the development of a new and more powerful Solid Roc et 
Motor (SRM), named P120c, for the 1st stage, which will also be used as a strap-on booster for 
the Ariane 6-2 (2 boosters) and Ariane 6-4 (4 boosters) configurations. The 2nd stage is up-
graded using the more powerful SRM efiro 40 ( 40). The rd stage SRM remains almost 
unchanged with the 9 SRM. The 4th stage provides an improved A UM  with 0  more 
propellant. A new fairing allows the accommodation of larger and heavier pay loads (Figure 1). 
The ega evolution involves considerable differences in the external geometry. The main ones 
are larger first and second stages, new interstage components, larger payload fairing, different 
external protrusions both in terms of position and quantity. In Figure 2, ega and ega C 
geometries are superimposed to highlight the differences. These changes require an in-depth 
study of the launcher s new aerodynamics in order to guarantee the correct balance in terms of 
weight, thrust and aerodynamic forces, the absence of potentially destructive aerodynamic 
instability phenomena as the buffeting  and the correct structural design providing the 
distribution of aerodynamic loads on the various components of the launcher.   

Figure 1: ega C configuration, (figure 1.4.1 of ega C user s manual 2  . 

Figure 2: ega C (grey colour) vs ega (light blue colour) geometry. 

CIRA and A I , in close collaboration, conducted a numerical  experimental investigation 
aimed at defining the launcher s aerodynamic behaviour in all its flight phases. The article deals 
with the numerical and experimental activities aimed to characterise the aerodynamic behaviour 
at different Mach and Reynolds number. A dedicated scaled model has been designed, 
manufactured and subsequently tested in the trisonic INCAS wind tunnel. The paper briefly 
describes the experimental and numerical activities and discuss part of the obtained results. 

2 EXPERIMENTAL SET UP 
The experimental test campaign was conducted at INCAS trisonic blowdown wind tunnel. The 
pressurised circuit and the test section sizes (1.2m x 1.2m ) allow to reach high Reynolds 
number values. The facility operates in the Mach range between M 0.5 to M .5. Two test 
sections are available: one with solid walls for subsonic and supersonic speed regimes the 
second one with perforated walls for transonic flow. A complete description of the facility is 
reported in Munteanu 4 . A modular 1: 0 scaled model was designed and manufactured in 

1st stage (P120c) 2nd stage (Z40) 3rd stage (Z9) 4th stage 
(AVUM+) 

Fairing 
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order to withstand the severe aerodynamic conditions and allowing the investigation of multiple 
configurations. The model replicates, with and without the external protrusions, both the  
stages and the 4 stages configurations.  
The model was equipped with: a six-component strain gauge balance model TAS  2  (main 
features are summarised in Table 1), 5  pressure ports (PTS) distributed along two azimuth 
planes at \  120  and \  00  respectively (Figure ) and an array of 24 dynamic pressure 
sensors along the plane at \  0 .   

Fz N  Fy N  Fx N  Mx Nm  My Nm  Mz Nm  
Full Scale 1 800 1 800 26 0 9 16 8 1 56 
Accuracy 5.6 5.6 5. 4 0.6 8 .2 6 2. 12 

Table 1: TAS  2 balance characteristics. 

Figure : Pressure Ports location on model : a) front view, b) rear view, c) iso-view (right). 

In the fairing, two Scaninvalve C22 2px pressure transducers with full scale range of ±
25 psi and ±50 psi respectively and accuracy of 0.02  of F.S. were installed and connected to 
the pressure ports. Furthermore, an electronic inclinometer was mounted in the fairing in order 
to evaluate possible model sting deformation at high incidence angles and permits post 
processing data correction. Two accelerometers were installed on the fairing and on the 
launcher base to monitor the start and shutdown wind tunnel shoc s. A motorised rear sting 
supported the model, allowing a sweep angle between  -10  to  10  with an accuracy of 
0.1 .  

Figure 4: Protrusion description and positions: a) front view, b-c) top view, d) side view 

n the model several protrusion were installed reproducing the shape of the following systems: 
four Horizontal Separation Systems (HSS) located on the 4th stage at \ 0  and every 90  two 
Roll and Attitude Control Systems (RACS) located ust downstream of the hammerhead , at 

120° 

300° 

Y 

Z 

0° 

+90° 

+15° 

+45° 

+80° 

+345° 

+135° 
+120° 

+315° 

+280° 

+165° 

+195° 

+225° 

HSS-1 

RACS 

Wiring Tunnel 
III° Stage 

Wiring Tunnel 
II° Stage 

Wiring Tunnel 
I° Stage 

Ullage Motors Ullage Motors 

Wiring Tunnel 
II° Stage 

Wiring Tunnel 
I° Stage 

HSS-2 HSS-2 

a) 

b) 

c) 

a) b) d)c)



Vega C Aero characterization Vitagliano et al. 

 

\ 90  and \ 2 0  four wiring tunnels mounted on the rd and 2nd stage respectively at \ 
90  and \ 2 0  eight dummy fairings for the ullage motors on the 1 2 interstage at \ 15 , 

45 , 1 5 , 165 , 195 , 225 , 15  and 45  and two wiring tunnels mounted on the 1st stage 
placed at \ 80  and \ 280 . Figure 4 provides an overview of the location of each protrusion 
on the model. Hereinafter, the clean model configuration is named as baseline, while the 
configuration with the external fairings installed is indicated as protrusion. 

3 NUMERICAL SIMULATIONS 
The ob ectives of the CFD activities were to produce a numerical data base of global and local 
aerodynamic coefficients 5 , together with distributed loads, to cover the complete range of 
the launcher atmospheric flight and to allow for extrapolation of wind tunnel data to flight 
conditions. It is worth to note that wind tunnel measurements were carried out without engine 
plume, at low Reynolds number and limited Mach number range, and they did not provide 
information suitable to compute distributed loads. In particular, CFD results were required in 
the Mach number range above .5, since no data was available from the T test. 
A large test matrix was considered, covering 4 stages and three stages configurations, with and 
without protrusions, including plume, canted nozzle, wind tunnel sting and Reynolds number 
from flight to wind tunnel conditions. 
Computations from subsonic to supersonic regimes were carried out using the multibloc  
structured flow solver EN, for steady and unsteady RANS equations, which has been 
developed at CIRA for more than two decades 6 , . It was used in the past for analysis of 

EGA configuration both in flight and in wind tunnel conditions, demonstrating good 
agreement in the complete range of Mach and Reynolds numbers considered 8 , 9 . Present 
results were obtained with -  TNT turbulence model.  
Aerothermodynamic analysis in hypersonic range were carried out using the CIRA NExT code 
10 , that solves, on a multi-bloc  structured grid, the RANS equations in a density-based 

approach. 
Several computational grids were produced in order to perform the flow simulations: 4 stages 
clean configuration with nozzle and with wind tunnel sting for subsonic and transonic flows 
(free stream Mach from 0.5 to 1.2)  4 stages for supersonic flow (from M 1.  to M 2.0), axi-
symmetric, with 6 degrees canted nozzle and with wind tunnel sting  4 stages for hypersonic 
flow (from M .5 to M 6.0) and  stages for hypersonic flow (from M 4.0 to M .0). Finally, 
a grid for complete 4 stages configuration with protrusions for transonic and supersonic flow. 
1  different Mach numbers in the range between M 0.5 to M .0 were simulated, at three 
different angles of attac  ( 0 , 5  and 10 ) for 4 stages and  stages configurations.  

Figure 5: Complete configuration with protrusions. Left: loc s boundaries on the surface. Right: 
Detail of the surface mesh in the boat-tail region. 
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Furthermore the effect of the canted nozzle thrust vectoring was examined in flight conditions 
at M 1.  and M 2.0. Particular care was ta en to examine the Reynolds effect by simulating 
the two wind tunnel Reynolds number conditions in addition to the flight Reynolds number and 
an intermediate value between the experiments and the flight condition. The 4 stages 
configuration with protrusion was investigated in T and flight Reynolds conditions at fixed 
incidence angle of 5  for different Mach (M 0.95, 1.8 and 5.0) and varying the roll angle. 

4 WIND TUNNEL TEST PLAN 
The experimental test campaign covered a variety of speed conditions from M 0.5 to M .5 
investigating the 4 stages configuration with and without protrusions. Each T run was carried 
out varying the model incidence angle in the range between -10  to 10  in sweep mode 
with an angle resolution of 0.5 degree for the force and moment measurement and a better angle 
resolution of 0.1 degree for the pressure measurements. All runs were conducted to the 
maximum achievable Reynolds number (Re 8x106), except some ones (M 0.95, 1.05, 1.2, 1.8 
and 2.0) that were also performed at the minimum Reynolds (Re 2.5x106) to be exploited for 
extrapolation to flight. Each polar was repeated varying the model roll angle, from I - 0  to 
I 150  with step of 0  in order to measure the pressure distribution on different azimuthal 
planes. Same procedure was used for the configuration with protrusions in order to evaluate the 
effect of the external fairings on the lateral stability.  

5 RESULTS 
The extensive numerical and experimental test campaign provided a complete aerodynamic 
database. The baseline configuration has been investigated varying Mach, Reynolds and 
incidence angle. The T test allowed to investigate a limited range of Mach and Reynolds 
number with respect the flight envelope but provided the aerodynamic loads for the complete 
range of the incidence angle between -10  to 10  with a step of 0.5 . Figure 6 shows the 
experimental and numerical aerodynamic coefficients versus , at M 0.95 and M 1.8 
respectively. The diagrams show a good agreement between experiments and CFD for lift and 
pitching moment whereas larger difference occurs for CD. The reason is partly due to the 
malfunctioning of the balance and partly to the adopted correction procedure to remove the 
contribution from the base. This difference is ta en into account by the accuracy of the 
aerodynamic database. arying the flow speed from M 0.5 to M 1.2 the drag coefficient 
reaches a maximum value induced by the shoc  wave in front of the vehicle nose. y further 
increasing the free stream velocity (up to M ), the drag coefficient shows a continuous 
reduction. Experimental and numerical results have the same trend even when the angle of 
attac  varies. The experimental results show a negative shift with respect to the CFD due to the 
lac  of the base contribution. Drag difference becomes negligible at M  .5, due to the 
reduction of the base pressure contribution with respect to the total drag.  

Figure 6: E P and CFD forebody results: CD, CL and CMy behaviour versus  at Mach 0.95 and 1.8. 



Vega C Aero characterization Vitagliano et al. 

 

At 5 , launcher lift coefficient increases up to M 2, and then it remains constant. The 
absolute value of the pitching moment shows a similar trend. At 10 , the CL and CMy have 
a different behaviour with respect to 5 , with the CL increasing up to M .5 and then 
decreasing, similar behavious shows the absolute value of the CMy. oth CL and CMy are 
characterised by a pea  at sonic conditions (Figure ).  
The Reynolds effect presents a decrease of the drag and lift coefficient as the Reynolds number 
increases. Trend is confirmed by both experimental and numerical results (Figure 8). The 
pressure measurements provided a remar able agreement with the CFD simulation confirming 
the reliability of the obtained results (Figure 9). 

Figure : CD, CL and CMy versus Mach number for CFD and E P respectively. 

Figure 8: CD and CL versus Reynolds number at Mach 0.95 and 5  for CFD and E P data.

Figure 9: a) CFD Cp distribution colour maps, b) CFD  E P Cp distribution comparison at < 90 , 
Mach 1.8, 10  and Re 8 x106 and flight respectively. 

The numerical simulation provided a detailed description of the external flow field behaviour 
detecting the location of the shoc  wave and the detachment of the longitudinal vortices. At the 
same time, the oil flow visualization (Figure 10-a) results confirmed the goodness of the CFD 

Top View 

Side View 

Bottom View 
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s in friction lines (Figure 10-b) showing similar flow pattern. ust the location of the boat tail 
vortex is slightly mismatched due to the different Reynolds number. The flight Reynolds CFD 
simulation locates the shoc  wave on the boat tail more downstream with respect to the oil flow 
image ta en at Reynolds of 5x106. Figure 10-c shows the external flow field in terms of iso-
level of the -criterion surfaces. The iso-view and the cross planes clearly show the longitudinal 
vortex on the upper surface and the shoc  waves occurring on the boat tail and on the 2  and 
1 2 interstages.  
The contribution of the external fairings induces a substantial increment of the drag coefficient 
and almost negligible contribution on the lift and the pithing moment (Figure 11-a). arying 
the roll angle, a clear effect of the protrusions on the rolling moment is observed. (Figure 11-
b). The roll angle position induces positive and negative rolling moment depending on the 
relative position of the wiring tunnels.  

Figure 10: a) il flow visualization, b) CFD s in friction lines, c) Iso-level -criterion surface at 
Mach:1.8 and 10  

Figure 11: Protrusion effects am M 1.8: a) CD, CL and CMy vs , b) CMz vs I at 5 . 

6 CONCLUDING REMARKS 
An extensive numerical and experimental investigation was carried out in order to build up the 

ega C aerodynamic database. A successful wind tunnel test campaign was performed at 
INCAS trisonic wind tunnel on a 1: 0 scaled model integrated by a large number of numerical 
simulations to cover the complete range of atmospheric flight conditions. Main effect of the 
Reynolds, Mach, incidence angle, roll angle, protrusions on  and 4 stages configuration were 
addressed. Good agreement between numerical results and experimental measurements in wind 
tunnel conditions give confidence about the accuracy of data extrapolated in flight conditions.  

a) 

b) 

c) 

b) a) 
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ABSTRACT 
The IN SIT  Bioanalysis  project aimed at developing a simple bioanalytical device for 
measuring salivary cortisol levels of crewmembers onboard the International Space Station 
(ISS). The device was based on the ateral low Immunoassay ( IA) approach coupled with 
chemiluminescence ( ) detection and consisted of a D-printed plastic cartridge 
encapsulating a sealed fluidic element containing all the reagents required for the analysis. A 

 reader based on an ultrasensitive cooled charge-coupled device ( D) camera was also 
developed. The analytical system was successfully used by the European Space Agency (ESA) 
astronaut aolo Nespoli during the mission ITA  (Expedition , uly   anuary 

). Access to the ISS utilization resources was granted by the Italian Space Agency (ASI  
Agenzia Spaziale Italiana) in the framewor  of a dated bilateral agreement with NASA. The 
experiments proved that sensitive - IA analysis of salivary cortisol (down to 0.4 ng/mL) 
could be performed onboard the ISS. The IN SIT  analytical system enables, for the first 
time, crewmembers to perform ultrasensitive quantitative bioassays in space. ngoing 
research is focusing on the development of multiplexed analyses, in which several biomar ers 
of a pathology are simultaneously detected in a sample, to obtain panel tests of high 
diagnostic and prognostic value. 

Keywords: Cortisol  Chemiluminescence biosensor  Lateral-flow immunoassay  Space 
medicine 

1 INTRODUCTION 
The increasing duration of space missions and the possible future expeditions to Mars and or 
establishment of permanent settlements on the Moon require that astronauts are adequately 
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trained and equipped for performing on-site diagnostics and therapeutic intervention 1,2 . In 
this context, the International Space Station (ISS) is an ideal test bench for the development of 
diagnostic devices suitable for space and to verify the fulfilment of peculiar requirements such 
as long shelf-life of reagents and operation in microgravity and in presence of high radiation 
levels . However, until now only a few clinical chemistry tests have been performed in 
space and biological samples are usually sent bac  to Earth for analysis. Among the few 
clinical chemistry analyzers used in space, it is worth to mention the i-STAT and Reflotron 
systems, which were employed for measuring blood parameters 4 .  

New, rapid diagnostic tools following the point-of-care testing (P CT) approach are 
therefore required to provide clinically relevant information directly onboard a spacecraft. 

Paper-based chemistry 5  represents a promising format for space applications. 
Contrarily to conventional microfluidic devices, paper-based devices do not require 
components such as pumps and valves because the flow of sample and reagents is driven by 
capillary forces, i.e., the dominant forces controlling fluids behaviour in microgravity 6 . 
Lateral Flow Immunoassays (LFIAs) are the most common paper-based P CT devices . In 
LFIAs, the immunological analysis is performed on a membrane on which specific 
immunoreagents are immobilized in defined positions, while sample and reagents are 
transported by the flow driven by capillary forces. Detection may be visual or instrumental: 
visual detection often relies on antibodies labelled with colloidal gold (which produces 
coloured bands along the strip and provides a visual yes no  readout) while instrumental 
detection can be used to obtain a quantitative response. Labels used for instrumental detection 
include colloidal gold, enzymes, fluorescent nanoparticles and electroactive species 8 .  

Here we report on the development, in the frame of the IN SITU ioanalysis  
pro ect, financed by the Italian Space Agency (ASI), of a chemiluminescence (CL) Lateral 
Flow Immunoassay biosensor for the measurement of cortisol in oral fluid. The CL-LFIA 
biosensor combined the advantage of the LFIA format with the sensitivity of CL detection, 
allowing accurate measurement of cortisol at the nanomolar level. Moreover, CL detection 
was particularly suited for the biosensor due to its inherent simplicity (no specific sample 
geometry is required) and the possibility to image the emitted light with inexpensive, robust 
portable charge-coupled-device (CCD) cameras 9 . Flight experiments have been carried out 
by the Italian astronaut Paolo Nespoli during his ITA mission ( uly 201  – anuary 2018) 
10-12 . 

2 MATERIALS AND METODS 

2.1 IN SITU Bioanalysis  biosensor payload 
The IN SITU ioanalysis  payload consisted of three components: (a) disposable LFIA 
cartridges, (b) disposable oral fluid sampling equipment ( FSE), (c) a CL reader and its 
accessories. A detailed payload description has been already reported elsewhere 11 . 

. .  IA cartridge 
The disposable LFIA cartridge consisted of: 

(i) a LFIA fluidic element (size 120 x 95 x  mm) containing the LFIA nitrocellulose
membrane with anti-cortisol (Analytical Antibodies, ologna, Italy) and anti-HRP (Sigma 
Aldrich, St. Louis, M ) immobilized antibodies, as well as the other reagents necessary for 
the analysis, i.e., HRP-cortisol con ugate (generously provided by Diametra, Milano, Italy) 
and estern Lightning Ultra CL substrate for HRP (Per in Elmer, altham, MA). The LFIA 
fluidic element consisted of a laser micromachined adhesive polypropylene layer (ca. 190 m 
thic ) sandwiched between two transparent thermoformed polypropylene layers (200 m 
thic ) and it was thermally sealed along its perimeter. It contained the microfluidics for 
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delivering sample and reagents on the LFIA strip: a) a unidirectional valve for sample loading 
(Cole-Parmer Instrument Company, LLC., ernon Hills, IL), b) a 5- L sample metering 
chamber connected to a waste chamber for excess sample discharge (the waste chamber 
provided a visual confirmation of correct sample in ection through a white-to-red colour 
change), c) pressure-actuated pouches that contained the HRP-cortisol and CL substrate 
reagents, d) pressure-actuated elastomeric valves for controlling flow directions.  

(ii) a LFIA fluidic element holder (size 150 x 115 x 25 mm) that encapsulated the
LFIA fluidic element. It was produced in acrylonitrile-butadiene-styrene (A S) copolymer by 
Fused Deposition Modelling (FDM) D printing and included nylon screws for the actuation 
of the elastomeric valves and A S buttons for actuating the pouches and delivering sample 
and reagents to the LFIA strip. An aperture in the bottom accommodated fiber optic faceplate 
of the CL reader, allowing imaging of the CL signal during the measurement.  

. .  ral fluid sampling equipment 
The FSE comprised: a) a Salivette (Sarstedt AG  Co, N mbrecht, Germany)  b) a needle-
less polypropylene syringe (Artsana SpA, Como, Italy) employed for in ecting the sample in 
the LFIA cartridge from the Salivette cotton swab, c) a plastic tube containing another cotton 
swab used to remove air bubbles from sample prior to in ection in the LFIA cartridge. 

. .   reader 
The CL reader (size 1 5 x 150 x 125 mm) consisted of: 

(i) a commercial CCD camera (ATI  11000, ATI  Cameras, New Road, Norwich)
equipped with a large format, high-resolution monochrome CCD sensor ( oda  AI 11002, 
sensor size .25 x 25. 0 mm) cooled by a two-stage Peltier element. The CCD camera was 
modified by removing the CCD sensor compartment and the optical glass window 

(ii) an aluminium cartridge housing assembly with a cavity that fitted the dimensions
of the LFIA cartridge and containing: a) a polymethylmethacrylate (PMMA) fiber optic 
faceplate (size 26 x 26 x 1  mm, Edmund ptics, arrington, N ) that provided thermal 
insulation of the cooled CCD sensor as well as coherent transmission of the CL signal from 
the LFIA strip to the CCD sensor, b) a desiccant element which prevented condensation of 
moisture on the cooled CCD sensor, c) a lid equipped with an inner layer of padding foam 
material ( TE  F 0, otefoams plc, Croydon, United ingdom) that assured contact of the 
LFIA cartridge with the fiber optic faceplate in microgravity, d) a fixing plate mounted on the 
bottom of the CCD camera and anchored to the lateral wings  of the cartridge housing.  

The CL reader was connected to an ISS laptop via an US  interface and controlled 
through the Artemis Capture (v. 4.5.0.0) software provided by ATI  Cameras. An AC DC 
power adapter and a set of power cables were included in the IN SITU ioanalysis  payload. 

2.2 Assay procedure 
An oral fluid sample was collected by holding the Salivette cellulose swab in mouth for a few 
minutes (without chewing to limit bubbles) and placing the swab into the syringe body. Then, 
the syringe was connected to the FSE plastic tube and the piston was gently pushed to 
remove air bubbles. Upon connecting the syringe to the inlet valve of the LFIA cartridge, the 
sample was slowly in ected until observing the white-to-red colour change inside the waste 
chamber. 

y operating on screws (to control valves) and buttons (to control pouches) the sample 
was conveyed, together with the HRP-cortisol con ugate, to the LFIA strip. After 1-h 
incubation, the HRP CL substrate was delivered to the LFIA strip, then the cartridge was 
placed into the CL reader. 
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After 15-min incubation, a series of CL signal acquisitions with different integration 
times (from 2 to 0 s) were performed in a pre-programmed sequence. The images were 
stored in the ISS laptop, then transmitted to ground for analysis.  

Images were elaborated employing the Image  image analysis software (v. 1.46, 
National Institutes of Health, ethesda, MD). First, the mean photon emissions of the C-line 
and T-line of the LFIA strip were measured and corrected for the bac ground signal, then the 
T-line C-line CL signals ratio was calculated. Cortisol concentration was calculated by
interpolating the T-line C-line ratio on a calibration curve obtained by analysing standard oral
fluid samples using CL cartridges of the same production lot. A four-parameter logistic
equation was used to fit experimental data and to obtain calibration curve parameters.

2.  ISS fli ht e periments and the VITA  mission 
The Italian Space Agency (ASI – Agenzia Spaziale Italiana) has granted, in the framewor  of 
a dated bilateral agreement with NASA, access to the ISS utilization resources and in 201  
has assigned the last agreed long-duration mission to the European Space Agency (ESA) 
astronaut Paolo Nespoli. The mission called ITA  has foreseen Paolo Nespoli performing 
several investigations, including IN SITU ioanalysis , during Expedition 52 5  in the 
period uly 201  – anuary 2018. For this mission, ASI availed itself of the industrial support 
services provided by ayser Italia for the new payload integration process, safety, operations 
and logistics. 

The IN SITU ioanalysis  hardware ( FSE, CL reader and accessories) was 
delivered to the ISS with the Space  CRS-11 flight ( une , 201 ), while LFIA cartridges 
were shipped to NASA ennedy Space Centre in Cape Canaveral, Florida at controlled 
temperature (4 C) and loaded onboard the Space -12 Dragon capsule two days before launch 
(August 14, 201 ). After doc ing to the ISS, the LFIA cartridges were cold stowed onboard 
until use.  

The Italian astronaut Paolo Nespoli performed five measurement sessions at 
approximately 1-month interval: August 18th, August 1st, ctober 6th, ctober 1st, and 
December 6th. Experiment procedures were set up to optimize crewtime use: during the 1-h 
incubation time the experiment was unattended, while to 15-min incubation time was 
employed to connect and set up the CL reader.  

ral fluid samples were also collected before and after the space mission and analyzed 
as reference samples from the same sub ect. 

RESULTS AND DISCUSSION 
A biosensor designed for space missions should provide adequate analytical performance 
employing a robust instrumentation, operate in microgravity and enable crewmembers to 
easily perform the analysis. Additionally, NASA safety standards must be fulfilled to ensure 
safety of crewmembers and compatibility with ISS onboard equipment. 

The LFIA format was employed in the IN SITU ioanalysis  biosensor, as it is a 
well-established format for P CT that relies on capillary forces for fluids handling and is thus 
expected to operate properly in microgravity. Materials and microfluidics geometry were 
selected to avoid the most common problems encountered in fluids handling in space, e.g. 
bubbles formation and surface wetting impairment.  

To perform salivary cortisol level measurement, a direct competitive LFIA with CL 
detection was developed (Figure 1a). In the assay, cortisol contained in the oral fluid sample 
and an HRP-cortisol con ugate competed for binding to a limited amount of anti-cortisol 
antibody immobilized in the T-line of the nitrocellulose strip. An anti-HRP antibody 
immobilized in the C-line captured the excess of HRP-cortisol con ugate to provide 
confirmation of correct assay performance and result normalization. Upon addition of a 
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luminol enhancer oxidant CL substrate for HRP, the CL signal on the nitrocellulose strip was 
imaged employing the CL reader (Figure 1b). According to the competitive assay format, the 
intensity of the T-line CL signal was inversely related to the sample cortisol concentration. 

The T-line CL signal was normalized by calculating the T-line C-line signals ratio: 
this allowed to improve assay reproducibility with respect to environmental and matrix factors 
that might affect the intensity of the CL signal (e.g., changes in ambient temperature or 
presence of HRP inhibitors in the sample). Then, the normalized signal was plotted vs. the 
logarithm of cortisol concentration to obtain typical sigmoidal calibration curves (Figure 1c). 

Figure 1: Direct competitive LFIA with CL detection developed for salivary cortisol detection. (a) 
Assay principle  (b) typical CL image  (c) typical calibration curve.  

.1 Immunoassay optimi ation and performance 
The CL-LFIA analytical conditions were optimized to enable direct analysis of cortisol in oral 
fluid in the relevant physiological range (i.e., 0.6 - 10 ng mL-1) and to provide a simple and 
rapid protocol for onboard analysis execution 11 . 

The optimal concentration of reagents (i.e., the anti-cortisol antibody immobilized in 
the T-line, the rabbit anti-HRP antibody immobilized in the C-line, the HRP-cortisol 
con ugate concentration) were assessed, as well as the LFIA strips treatment with a saturation 
agent to reduce nonspecific adsorption of the immunoreagents, thus improving the 
signal bac ground ratio. Accelerated storage tests were performed on the HRP-cortisol 
con ugate solution prepared in different buffers to ensure reagents stability for the entire 
expected duration of the ITA mission (6 months). Finally, the materials to be assembled for 
obtaining the LFIA strip were selected: for example a sample pad providing the best 
performance for oral fluid direct analysis (e.g., providing a sort of sample pre-treatment 
filtering out particulate matter or disrupting matrix components such as salivary mucins) was 
selected. 

Calibration curves were produced by analysing spi ed cortisol-free oral fluid samples. 
The assay L D (the cortisol concentration corresponding to the T-line C-line CL signal ratio 
of the blan  minus three times its standard deviation) was 0.2 ng mL-1. Assay reproducibility, 
evaluated on three replicates, was satisfactory, providing relative coefficient of variation 
(C ) associated to the T-line C-line CL signal ratio for each concentration below 15 . 
Assay accuracy, evaluated by comparing results obtained on 10 saliva samples analysed with 
the CL-LFIA biosensor and a commercial ELISA it for salivary cortisol (Diametra), 
provided recovery values comprised between 84  and 112 . Storage tests, performed by 
periodically testing LFIA cartridges stored at 4 C for 6 months, demonstrated no loss of 
analytical performance. 

.2 Desi n issues and safety re uirements 
The IN SITU ioanalysis  LFIA cartridge and CL reader are shown in Figure 2. 
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Figure 2: IN SITU ioanalysis  LFIA cartridge and CL reader: (a) LFIA fluidic element  (b) LFIA 
cartridge  (c) CL reader.  

The LFIA cartridge provides a system in which all the reagents are preloaded into the 
cartridge and the analysis is performed with a simple manual procedure. The cartridge was 
designed to deliver the appropriate volumes of sample and reagents to the LFIA strip: the 
volume of each reagent pouch has been ad usted ta ing also into account the dead volume of 
the flow channels, and the 5- L sample metering chamber in the sample loading path 
controlled the amount of sample delivered on the LFIA strip (excess sample loaded in the 
cartridge was discharged in the sample waste chamber). The flow of the sample was 
controlled by simple (open close) elastomeric valves operated by hand screwing or 
unscrewing the corresponding nylon screws. nce a button is pressed and the correspondent 
pouch is squeezed, the reagent into the pouch can flow in only one direction (oral fluid and 
reagents have to be delivered in pairs to the LFIA strip, thus each button simultaneously acts 
on two fluid reservoirs). 

The biosensor s design was defined to fulfil the standard requirements of safety and 
ISS onboard operability requested by NASA, in order to successfully pass the three-level 
NASA Safety Review. As an example, due to the relatively low toxicity and the small volume 
(less than 150 L overall) of chemical reagents NASA toxicologists rated the LFIA cartridge 
as a marginal hazard  and requested a single containment level. This requirement was 
fulfilled by thermally sealing the LFIA fluidic element along its perimeter and using a 
unidirectional valve for sample loading. The efficacy of the containment was verified in an 
ultra-high vacuum chamber, in which a series of LFIA fluidic elements were exposed to 
vacuum for 0 min and then inspected to confirm the absence of any lea age of reagents (this 
also demonstrated the ability of the LFIA cartridge to withstand sudden depressurization 
events). 

The CL reader itself was tested for electromagnetic emissions and susceptibility, for 
the generation of magnetic fields and for acoustic emissions (tests were performed at G.S.D. 
S.r.l., Pisa, Italy). Requirements for thermal and mechanical stiffness were also verified by
numerical simulations.

.  Onboard e periments 
Figure  shows ESA astronaut Paolo Nespoli executing the IN SITU ioanalysis 

experiment. All the experimental sessions allowed measurement of the oral fluid cortisol 
concentration except the last one (no CL signal was observed). Detachment of the adhesive 
polypropylene layer inside the LFIA fluidic element or a defect in the cartridge has been 
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proposed as possible explanations. Indeed, LFIA fluidic elements and LFIA cartridges were 
visually inspected after production but no complete functional tests were possible. As the 
results are concerned, the oral fluid cortisol levels measured in flight were in the expected 
range and comparable to those obtained in pre- and post-flight analyses. 

Figure : ESA astronaut Paolo Nespoli executing the IN SITU ioanalysis  experiment onboard the 
ISS. Courtesy of NASA. 

Results of the experiments carried out onboard the ISS were also used to obtain 
information about the possible effect of the space environment and the long-term stability of 
the reagents. For this purpose, the results were compared with those obtained in the parallel 
tests carried out on ground using twinned LFIA cartridges stored at 4 C in our laboratory. 
Comparison of the C-line intensities measured onboard the ISS with that obtained in parallel 
on ground experiments showed no systematic difference or time trends, although the values 
obtained onboard the ISS showed a higher variability. Indeed, the mean C-line intensity 
obtained onboard the ISS was (29  6) x 106 RLU (C   20 ), while that of the ground 
experiments was ( 2  ) x 106 RLU (C   9.5 ). 

4 CONCLUSIONS 
The developed device demonstrated the feasibility of performing sensitive immunological 
clinical chemistry analyses directly onboard the ISS. No significant alterations of reagents 
handling were observed, such as bubble formation, alterations in solution mixing and surface 
wetting. The cortisol concentrations measured in flight experiments were consisted with the 
expected cortisol levels in oral fluid. 

The IN SITU ioanalysis  pro ect paves the way for clinical chemistry analyses 
performed directly in space. ngoing wor  regards the development of multiplex CL-LFIA 
assays that enable detecting panels of biomar ers at nanomolar range. Analyses could be 
expanded to include biomar ers of inflammation, infection, bone loss, muscle atrophy, 
cardiovascular disorders and other physiological changes that astronauts often experience 
during spaceflight. In addition, to further optimize onboard resource utilization, reusable 
cartridges with disposable LFIA fluidic elements will be developed and the use of CM S 
smartphone cameras in alternative to cooled CCD cameras are being evaluated for CL 
imaging. 
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ABSTRACT 

The “Tracking and Attitude Radio-based Determination in Stratosphere” (TARDIS) experiment 
aims at testing an alternative navigation system exploiting the VHF Omnidirectional Range 
(VOR) radio-navigation system signal. This radio-based navigation system could be exploited 
by stratospheric vehicles, being able to determine the position and the attitude of the platform 
in case of a main system failure or degradation of the GNSS signal. The tested technology could 
represent an innovative method to exploit the VOR frame to increment the reliability of the 
future stratospheric aviation navigation systems and it could be implemented in the next phases 
of the stratospheric environment exploitation. The experiment aims also at testing a radio-
frequency source tracking system performed by a steerable antenna. The TARDIS team has 
been selected to participate to the REXUS/BEXUS Programme cycle 12, the experiment will be 
launched on the stratospheric balloon BEXUS 28 in late October 2019. The experiment 
concept, mechanical setup, digital processing algorithms and expected results are presented in 
this paper. 

Keywords: VOR, stratospheric experiment, attitude determination, radio-frequency tracking 

1 INTRODUCTION 

The VOR (VHF Omnidirectional Range) is a reliable and mature radio-navigation system used 
for aircraft routing since the late 1940s. This system is based on ground station transmitting a 
high power complex signal in VHF (Very High Frequency) band and on airborne receivers 
decoding the signal to extract navigational information [1]. 
The signal is based on an identifier audio signal sub-modulated at 1200 Hz from the carrier 
frequency, transmitting seven times per minute three Morse code letters identifying the name 
of the station. The station also transmits two sine waves sub-modulated at 30 Hz (in Amplitude 
Modulation, AM) and at 9960 Hz (sub-modulated in Frequency Modulation, FM). The sine 
wave at 30 Hz is transmitted omnidirectionally and works as reference signal, while the sine 
wave sub-modulated in Frequency Modulation (FM) at 9960 Hz presents a phase shift (with 
respect to the reference signal) that is proportional to the bearing angle of the receiver with 
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respect to the Magnetic North. The receiver is able to calculate the phase shift between the two 
sine waves to extract the so-called VOR radial, which is equal to the angle between the 
Magnetic North and the line between the ground station and the aircraft. 
Pilots since the late 1940s have used VOR as primary navigation system, usually dividing their 
optimal route into straight segments between each couple of VOR station, in order to maintain 
a single radial per VOR station overflight. VOR is nowadays used, as long as the other 
conventional radio-navigational aids, jointly with INS (Inertial Navigation Systems) and GNSS 
(Global Navigation Satellite Systems). The role of radio-navigational aids is mainly constrained 
to the utilization as back-up systems [2]. 
VOR stations for navigation are transmitting at high power (usually, 200 W, [3, p. 52]) and 
their service volume spans for 185 km in range and 17 km in altitude. However, simple link 
budget calculations suggest how the minimum power density prescribed by the International 
Civil Aviation Organization (ICAO) can be achieved several km outside the service volume 
boundary. This suggests a potential application of VOR in stratosphere, with particular regards 
to High Altitude Platform Stations (HAPS), meteorological balloons or scientific sounding 
balloon missions. The prescribed power density suggests the applicability of VOR with an error 
lower than 1.4 degrees (for the most recent design of the ground stations, often defined as 
“Doppler VOR” or DVOR) or 4 degrees (for the older design, defined as “Conventional VOR” 
or CVOR) for more than the 99% of the measurements. The STRATONAV Experiment [4], 
[5], flown on a stratospheric balloon from Kiruna, Sweden, in 2016, demonstrated the 
capabilities of VOR in stratospheric flight, up to an altitude of 32.2 km. VOR can be used as 
back-up system for positioning and yaw angle determination if implementing airborne signal 
processing units. 

HAPS are unmanned aircrafts which are able to achieve quasi-stationary operations with low 
energy consumption through exploiting the stratospheric low speed winds. 
The altitudes reached by HAPS are between 17 and 25 km. They can be entirely powered by 
solar panels thanks to the absence of clouds in this part of the atmosphere and the relatively 
small amount of energy needed to stabilize these vehicles. Their fields of application include 
broadcast communications, GNSS (Global Navigation Satellite Systems), Earth observation 
and emergency operations management.  
They are characterized by a faster deployment than space-based platforms and they can provide 
broadband coverage with less ground stations. The shorter distances from the ground stations 
grant low latency (about 0.26 ms against 30 ms for LEO satellites and 250 ms for GEO) and 
lack of Doppler shift [6]. Today the amount of HAPS projects is constantly rising [7]–[9]. 
These stratospheric platforms require high-precision pointing systems to grant communication 
services, in addition to high reliability navigation systems to be able to perform their tasks for 
months. 

TARDIS (Tracking and Attitude Radio-based Determination In Stratosphere) is an experiment 
designed and developed by a team of eleven students from the S5Lab (Sapienza Space Systems 
and Space Surveillance Laboratory) at Sapienza University of Rome. The main objectives are 
to exploit the VHF Omnidirectional Range (VOR) signals to determine attitude and position of 
the vehicle in stratosphere and to track a fixed RF ground target to simulate quasi-satellite 
applications. The project has been selected for the 12th cycle of the REXUS/BEXUS 
Programme and it will be launched on-board the BEXUS 28 stratospheric balloon in October 
2019, from the Esrange Space Centre in Kiruna (Sweden).  
TARDIS will be tested and developed at S5Lab, whose research team has many years of 
experience in the development of stratospheric and space systems [4], [10]–[12] and in the 
installation and management of ground-based observatories for space debris optical tracking. 
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In this paper the TARDIS experiment concept and set-up are described in Sections 2 and 3. 
Section 4 summarizes the digital processing techniques used to fulfil the experiment objectives, 
while in Sections 5 and 6 expected results and final remarks on the project are exposed. 

2 TARDIS EXPERIMENT CONCEPT 

The TARDIS experiment has two main objectives: 

• to compute the position and the attitude of the BEXUS gondola during the flight by
digital processing of the VOR signal;

• to track a fixed Radio Frequency (RF) target through a steerable antenna.
The experiment employs four magnetic loop antennas in order to receive the VOR signals. The 
position of the balloon will be determined by decoding radials from at least two VOR stations 
and by intersecting them through a geodesy algorithm. The experiment attitude will be deduced 
by tuning all the four antennas on a single VOR station and determining the signal direction of 
origin using a radio direction finding technique based on the Doppler effect. This method is 
performed by connecting the four antennas sequentially to a Software-Defined Radio (SDR) 
using an RF electronic chip. The switching process simulates a rotating antenna and it generates 
a Doppler frequency shift in the received signal; by analysing the shift it is possible to determine 
the signal direction of origin. The navigation data accuracy will be assessed by employing a 
GPS receiver and an Inertial Measurement Unit (IMU) as reference sensors. 
As far as the tracking process is concerned, a directional ground-based antenna located near the 
launch site will transmit a carrier wave in the S band during the balloon flight. A steerable 
biquad antenna mounted on the experiment will track the target signal demonstrating the 
capabilities of a pointing system relying on a radio-based attitude determination. The accuracy 
of the tracking system will be evaluated by computing the received signal power with an SDR 
and by means of an IMU mounted on the stepper motor shaft linked to the antenna. 

3 EXPERIMENT SET-UP 

The experiment is composed of three main unites: 

• an experiment box with the electronics inside;

• a mechanical arm where a stepper motor is placed to steer the tracking antenna;

• the attitude and position antennas pole.
The experiment mechanical set-up is shown in Figure 2. The experiment box is made of an 
external aluminium bearing structure and an inner extractable structure with all the electronic 
components placed on it. An insulation layer of high-performance insulating material will be 
set between the two assemblies. Outside the case the experiment has a mechanical arm powered 
by the main box with the actuation unit. The latter includes a stepper motor placed inside an 
insulated polycarbonate box in order to protect it against the temperature conditions of the 
stratospheric environment. A thermocouple is employed to monitor the inner temperature of the 
case while a patch heater placed inside the case will be activated automatically to avoid the 
freezing process. Finite elements method (FEM) analysis have been performed for thermal 
monitoring, considering the worst hot and worst cold scenarios in order to assure that all the 
components will work in the right temperature ranges. A thermo-vacuum test has been 
scheduled to analyse the experiment behaviour at -40°C and 5 hPa. To perform the pseudo-
doppler radio direction finding technique, a minimum of four omnidirectional antennas 
disposed in a circular array is required. The experiment employs four magnetic loop antennas 
set at the extremities of two polycarbonates tubes; these are locked at the end of a 1.20 m-long 
polycarbonate pole that leans out one meter below the Gondola in order to avoid reflections of 
the metallic parts of the vehicle. 
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The magnetic loop antenna is a curved hollow pipe with an inner diameter of 21 cm and a 
capacitor to adjust the resonance frequency. This antenna detects the magnetic field of the signal 
which concatenates with the loop; the VOR signal is horizontally polarised and the antenna has 
an omnidirectional pattern in the horizontal configuration. This fact has been proven through 
some tests performed in the proximity of a VOR station in Rome. The magnetic loop antenna 
has a narrow bandwidth that attenuates the noise outside the VHF band increasing the Signal-
to-Noise Ratio (SNR), which is expected to be around 27 dB during the flight.  
As far as the tracking process is concerned, a Biquad antenna tuned at 2060 MHz will be used 
in order to track the ground antenna throughout the flight. The antenna is composed of a curved 
copper filament held in front of a 7x14 cm copper reflector. The antennas designs are shown in 
Figure 1. The experiment weight is 13 kg and the structure stability has been proven by 
performing a FEM structural and modal analysis; results shown the right behaviour of the 
structure under loads during the whole mission time. 

          (a)     (b) 

For the data acquisition processes, two SDRs are used to acquire the signals, two high power 
On-Board Computers (OBCs) for the signal processing and two Solid-State Drives (SSDs) for 
storing the acquired data (both raw and processed data). The on-board reference sensors data 
will be used for a post flight comparison with the VOR-based measurements. The experiment 
will be powered through the 28.8V bus provided by an external battery pack and it is expected 
to consume around 34 W during the floating phase. It will communicate with the ground station 
through the BEXUS telemetry system during the entire duration of the flight. Housekeeping 
sensors data will be collected and sent to the ground station together with the processed 
navigation and tracking system data and the reference sensors data. The experiment processes 
have been designed be fully automatic but it will possible to upload commands from the ground 
station in order to adjust experiment parameters and improve its performances. 

Figure 1: TARDIS experiment antennas prototypes. (a) Magnetic loop antenna; 
(b): Biquad antenna. 
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4 DIGITAL SIGNAL PROCESSING ALGORITHMS 

The experiment uses digital signal processing in order to receive and decode the VOR signal 
for attitude and position determination and to evaluate signal power for the tracking process. 
Two SDRs are employed, one for the navigation system (14-bit-resolution) and one for the 
tracking system (8-bit-resolution). Digital signal processes are managed by GNU Radio [13], 
an open-source development toolkit that provides signal processing blocks to implement 
software-defined radios and signal processing systems. 

The position determination process requires two radials from two different VOR stations. To 
extract the radial, the complex signal coming from the SDR is first AM demodulated, and then 
split in two different paths. In the first path, the signal passes through 3 digital filters (Low Pass 
Filter, Decimating FIR Filter and Band Pass Filter) in order to retrieve the reference wave, 
which is AM modulated. In the second path, instead, the spectrum of the signal is centred at 
9960 Hz by multiplying for a cosine wave, then passed through a low pass filter and then it is 
FM demodulated to retrieve the variable signal; finally, it is passed through a band pass filter 
to isolate the tone at 30 Hz. Both paths end with a DC-blocker to remove the DC component of 
the signals. The output of the two paths, that ideally represents two float 30 Hz sinusoids, are 
the input of a phase comparator algorithm, which is needed to find the phase difference between 
the signals, which represents the radial. The SDR tunes alternatively one loop antenna on two 
different frequencies while the OBC extracts the radials and performs a geodesy algorithm 
considering the VOR stations geographical coordinates and the intersection of the decoded 
radials. It is also possible to perform an in-flight position optimization using more VOR 
stations. 

As far as the attitude determination process is concerned, the magnetic bearing of the BEXUS 
gondola is computed using a radial and the VOR signal direction of origin. The determination 
of the radio-source direction with respect to the experiment is based on a technique called 
pseudo-doppler radio direction finding. This method employs an electronic circuit which 
switches the four antennas in order to simulate a rotating antenna moving closer and further 
away from the radio source, resulting in a Doppler frequency shift in the received signal which 

Figure 2: TARDIS experiment mechanical setup integrated on the BEXUS gondola. 
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appears as a superimposed frequency modulation. By FM-demodulating the received signal it 
is possible to obtain a sine wave at the frequency of the electronic switching signal. The signal 
direction of origin is obtained by calculating the phase-shift between the demodulated Doppler 
signal and the signal acquired from the antenna rotating circuitry [14], [15]. It is possible to 
evaluate the frequency shift using (1). 

∆𝑓 =  
𝑟 × 𝜔 × 𝑓𝑐

𝑐
(1) 

Where ∆𝑓 is the frequency shift in Hz, 𝑟 the antenna configuration radius in meters, 𝜔 the 
simulated angular velocity of rotation in radians per seconds, 𝑐 the speed of light in meters per 
second and 𝑓𝑐 the carrier frequency of the received signal in Hz. The antenna switching process 
is managed by a microcontroller intergrated in the OBC.  

The pseudo-doppler direction finding technique has been tested and performed successfully 
both in the amateur radio and academic environments. [16]–[18] 
The yaw angle of the experiment with respect to the Magnetic North can be determined 
employing a geodesy algorithm which processes the VOR decoded radial and the signal 
direction angle.  

The tracking process starts with a 360 degrees sweep so as to associate an RF power value to 
every direction; the antenna is the pointed towards the maximum RF power bearing. 
Throughout the flight, the biquad antenna is steered to compensate the balloon experiment 
carrier vehicle rotations. Once every minute the control software carries out a 5 degrees sweep 
check in order to verify if the antenna is still tracking the ground target. The antenna motion is 
monitored through an IMU mounted on the stepper motor shaft. 

5 EXPECTED RESULTS 

In order to estimate the TARDIS experiment results, the STRATONAV experiment mission 
has been carefully analysed and several mission analysis simulations and digital processing 
models have been computed. The navigation system has been designed targeting a precision of 
less than 5 km for position estimation and less than 6 degrees for attitude determination. The 
precision of the tested technology will be assessed by comparing the obtained results with the 
data collected by the GPS and the IMU. For the tracking system, the performance are analysed 
through comparing the received signal power intensity and the data collected by the IMU 

Figure 3: Pseudo-Doppler radio direction finding technique visualized [14]. 
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mounted on the stepper motor shaft. The tracking error is expected to be less than 5 degrees 
during the 80% of flight time. 

6 CONCLUSIONS 

The TARDIS experiment has been selected to fly on stratospheric balloon BEXUS 28 in the 
framework of REXUS/BEXUS programme in October 2019. The experiment aims at testing an 
alternative navigation system based on the VOR navigation system and a radio-tracking 
procedure based on coarse attitude data. 
The experiment is expected to reach an altitude of 25 km, outside the VOR SSV. The 
experiment geographical coordinates will be determined by intersecting two or more radials at 
a time using geodesy algorithms. The experiment attitude angle with respect to magnetic North 
will be obtained by integrating the balloon position and the VOR signal direction of origin, 
which is measured using a radio direction finding method based on Doppler effect. A directional 
antenna is added to the experiment in order to track an S-band ground target; the antenna is 
steered by a stepper motor which compensates the balloon yaw motion. The tracking process 
will be performed using the attitude and position data computed using the VOR-based 
navigation system. During the flight the experiment will acquire data from reference sensors 
which will be used to prove the navigation and tracking systems accuracy.  

The TARDIS experiment could improve the reliability of future stratospheric platforms 
navigation systems.  In fact, the need of a backup resource for the main GNSS navigation 
system is vital in order to improve the resiliency and efficiency of HAPS. Moreover, the tested 
systems could be employed onboard amateur sounding balloons avoiding the implementation 
of expensive GNSS receivers. 
As far as the tracking is concerned, the TARDIS experiment would also demonstrate that, in 
case of a major failure of the main attitude system, antenna tracking can still be done with 
sufficient precision relying on the VOR-based attitude and position determination.  
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ABSTRACT 
Resistance to ballistic impacts is a key requirement for an effective use of composite structures 
in many engineering applications. In fact, when fiber-reinforced composites are subject to high-
velocity impacts (HVI), they are likely to suffer complete perforation, eventually causing the 
dramatic failure of the overall system. Moreover, elements with shielding requirements often 
feature nontrivial curvatures, so that their use in many engineering applications must undergo 
a precise evaluation of the effects of curvature on their resistance to impacts. The objective of 
the present work is to present an analytic formulation to model high-velocity impacts on both 
plane and curved (cylindrical and spherical) thin woven fabric composite targets, relying on 
the geometric and the elastodynamic characteristics of the target. 

Keywords: Analytical model, High-velocity impact, allistic limit, Composite targets. 

1 INTRODUCTION 
Composite materials have steadily received more attention primarily due to their increased 
usage over the past twenty years in the aerospace field, mainly for structural and shielding 
applications. In particular, when survivability of personnel and equipment against penetration 
by external ob ects is required, 2D woven fabrics are nown to represent the best option in 
terms of impact performance 1 . Due to the large computational costs of numerical simulations 
and the specific nature of experimental tests, in the last decades research has focused on finding 
an accurate analytical model to fully understand and predict the behaviour for this type of fabric 
2 . The ma ority of research on ballistic impact has been conducted on plane targets. ver the 

past fifteen years, more research efforts have examined the effects of curvature on the impact 
response of materials, with the focus, however, being mainly ept on low-velocity impact tests. 
Recent wor s on the impact on curved composite targets have focused the attention on the 
effects of curvature on damage evolution  and on the dynamic response of the structure 4, 
5 , showing that the main effect of curvature is to increase the damaged area. Comprehensive 
reviews describing the fundamental parameters which determine the low-velocity impact 
resistance of continuous fibre-reinforced composite materials can be found elsewhere 6, . The 
ob ective of the present wor  is to present an analytic formulation to analyse the effects of 
curvature on high-velocity impact resistance of thin woven fabric composite targets, relying on 
the geometric and the elastodynamic characteristics of the target 8,9,10 , drawing attention to 
the properties defining the damage mechanisms onset and propagation. In particular, a 
parametric study of the target impact performance with varying values of the radius of curvature 
for cylindrical and spherical specimens is carried out. Numerical predictions are finally 
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discussed and compared with literature results for flat targets featuring the same material 
properties. 

2 PHYSICAL MODEL 

Figure 1: Schematic view of the target: primary and secondary yarns areas are shown, with the 
generation of a conical region about the impact point corresponding to the propagation of transverse 

waves 

Depending on the mechanical and inematic parameters characterizing the pro ectile-target 
pair, a ballistic impact can result into three different scenarios: (i) the pro ectile completely 
perforates the target and exits with non-null residual velocity  (ii) the pro ectile partially 
penetrates the target, either remaining stuc  within it or rebounding  (iii) the pro ectile 
completely perforates the target with zero exit velocity (see Figure. 1).  
The energy transfer from the pro ectile to the target is defined by seven energy 
absorbing dissipating mechanisms: (i) cone formation on the bac  face of the  
target  (ii) tensile failure of primary yarns  (iii) tensile deformation of secondary yarns  (iv) 
bending of primary and secondary yarns  (v) shear plugging  (vi) delaminations onset and 
growth  (vii) matrix crac ing. During the ballistic impact event, the energy associated to the 
pro ectile-target pair must match at every instant of time the inetic energy possessed by the 
pro ectile before the impact. Enforcing the energy conservation 11 :  

𝐸0
𝐾𝑃 = 𝐸(𝑖)

𝐾𝑃 + 𝐸(𝑖)
𝐾𝐶 + 𝐸(𝑖−1)

𝑃𝑌 + 𝐸(𝑖−1)
𝑆𝑌 + 𝐸(𝑖−1)

𝐵𝑁 + 𝐸(𝑖−1)
𝑆𝑃 + 𝐸(𝑖−1)

𝐷𝐿

+ 𝐸(𝑖−1)
𝑀𝐶 , for 𝑖 = 1, . . . , 𝐼 (1) 

where 𝐸0
𝐾𝑃 is the inetic energy of the pro ectile ust before it comes in contact with the target  

𝐸(𝑖)
𝐾𝑃 and 𝐸(𝑖)

𝐾𝐶  are the inetic energies of the pro ectile and of the conical region of the target 
spanned by transverse waves at the 𝑖-th time interval, respectively  𝐸(𝑖−1)

𝑃𝑌  represents the energy 
dissipated by the fracture of primary yarns while 𝐸(𝑖−1)

𝑆𝑌  is the impact energy absorbed by tensile 
deformation of secondary yarns until the (𝑖 − 1)-th instant of time  𝐸(𝑖−1)

𝐵𝑁  is the energy 
absorbed by bending of primary and secondary yarns  𝐸(𝑖−1)

𝑆𝑃  is the energy dissipated via shear 
plugging  𝐸(𝑖−1)

𝐷𝐿  and 𝐸(𝑖−1)
𝑀𝐶  are the energy-dissipating contributions due to delamination and 

matrix crac ing until the same instant (𝑖 − 1)  finally, 𝐼 is the last instant of time of the impact. 
Given that 𝐸(0,𝑖)

𝐾𝑃 = 1
2

𝑚𝑃𝑉(0,𝑖)
2 , 𝐸(𝑖)

𝐾𝐶 = 1
2

𝑚𝐶(𝑖)𝑉(𝑖)
2 , where 𝑚𝑃 and 𝑚𝐶(𝑖) are the pro ectile and the 

cone masses, respectively, and defining 
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Figure 2: Schematic view of the yarn deformation in presence of curvature 

𝐸(𝑖−1)
𝑇𝑂𝑇 = 𝐸(𝑖−1)

𝑃𝑌 + 𝐸(𝑖−1)
𝑆𝑌 + 𝐸(𝑖−1)

𝐵𝑁 + 𝐸(𝑖−1)
𝑆𝑃 + 𝐸(𝑖−1)

𝐷𝐿 + 𝐸(𝑖−1)
𝑀𝐶  (2) 

the energy balance equation in (1) can be rewritten as 

1
2

𝑚𝑃𝑉0
2 =

1
2

𝑚𝑃𝑉(𝑖)
2 +

1
2

𝑚𝐶(𝑖)𝑉(𝑖)
2 + 𝐸(𝑖−1)

𝑇𝑂𝑇  ( ) 

From the above equation, the velocity of the pro ectile (and of the target onto which the 
pro ectile is stitched) is  

𝑉(𝑖) = √
𝑚𝑃𝑉0

2 − 2𝐸(𝑖−1)
𝑇𝑂𝑇

𝑚𝑃 + 𝑚𝐶(𝑖)
(4) 

so that, given the pro ectile speed at the previous step, its velocity can be obtained at any time 
as a result of the energy-absorbing dissipating mechanisms occurring in the target. Additional 
details on the proposed numerical scheme can be found in 11 . 

 TARGET DEFORMATION 
The deformation of the target (with single or double constant curvature at the impact region) 
along the lines of curvature of the surface is shown in Figure 2 for the case of non-null curvature. 
The information of the pro ectile impacting the target propagates in the laminate under the form 
of strain waves: in-plane-propagating waves are assumed to originate from the pro ectile edge 
to travel along the radial direction. Such waves are characterized by a polarization direction 
which is either parallel (longitudinal waves) or normal (transverse waves) to the direction of 
propagation, governing the different deformation mechanisms occurring in the target. 

.1 Impact description 

The length of the impacted yarn in its undeformed configuration reads 𝐴𝐶 = 𝑟𝑡(𝑖) + 𝑑
2
 (see

Figure 2), with 𝑟𝑡(𝑖) being the distance travelled by transverse waves at the i-𝑡ℎ instant and 𝑑 
the pro ectile diameter 12 . The associated central angle is then 𝛽 = 𝐴𝐶

𝑅
, where 𝑅 denotes the 

yarn radius of curvature. As long as the pro ectile comes in contact with the target, however, 
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the yarn is assumed to rigidly rotate about the wavefront of the propagating transverse wave 
(represented by point 𝐴 in Figure 2), with the impact point 𝐶 ideally describing the arc 𝐶𝐶′ so 
that the radius of curvature of the yarn is preserved (i.e., 𝑂𝐶 = 𝑂′𝐶′ = 𝑅). The axial symmetry 
of the problem, however, forces point 𝐶 to remain on the axis of symmetry described by the 
tra ectory of the pro ectile s center of mass (represented in Figure 2 by the segment 𝑂𝐶) during 
the deformation, so that the actual configuration of the yarn is represented by the arc 𝐴𝐶′′̂, with 
corresponding central angle 𝛽′.  
It is apparent to verify that fibre elongation occurs if 𝐶𝐶′′ > 𝐶𝐵, with 𝐵 being the symmetric 
of the impact point 𝐶 with respect to the horizontal axis 𝐴𝐷. This result depicts two deformation 
scenarios:  

- the distance travelled by the pro ectile since the impact start 𝐶𝐶′′ is larger than two
times the pro ection 𝐶𝐷 of the propagation path of the transverse waves along the yarn
on the pro ectile tra ectory, so that positive elongation of the yarn occurs

- the distance travelled by the pro ectile since the impact start 𝐶𝐶′′ is smaller than two
times the pro ection 𝐶𝐷 of the propagation path of the transverse waves along the yarn
on the pro ectile tra ectory and in this case yarn compression ta es place.

.2 Lon itudinal wa es 
hen a yarn is impacted by the pro ectile, longitudinal strain waves propagate outwards along 

the filament 11,12 . The innermost and outermost longitudinal waves propagating in the target 
when it is undeformed or when the yielding deformation value 𝜀𝑦 has been reached, 
respectively, have velocities 1   

𝑐𝑒,𝑝 = √
1
𝜌

(
𝑑𝜎
𝑑𝜀

)
𝜀=0,𝜀𝑦

(5) 

and are termed elastic and plastic (longitudinal) wave. The distance travelled by such waves at 
the 𝑖-th instant of time is 𝑟𝑒(𝑖) = 𝑖𝑐𝑒Δ𝑡 and 𝑟𝑝(𝑖) = 𝑖𝑐𝑝Δ𝑡. As a result of stress wave attenuation 
from the point of impact up to the point where the longitudinal stress wave has reached, there 
would be strain variation also, namely 1   

𝜀(𝑥) = 𝜀𝑜𝑏𝑥/𝑎 (6) 

where 𝜀𝑜 is the strain at the point of impact, 𝑎 is the yarn thic ness and 𝑏 is referred to as 
transmission factor and it assumes positive values smaller than 1. From the definition of the 
Cauchy strain  

𝜀𝑜(𝑖) =
𝑙(𝑖) − 𝐿(𝑖)

𝑎(𝑏𝐿(𝑖)/𝑎 − 1)
ln ( 𝑏) ( ) 

with 𝐿(𝑖) and 𝑙(𝑖) representing the reference and actual length of the primary yarn at the 𝑖-th 
instant of time. If the transverse motion of a flat target under the action of the pro ectile of 
diameter 𝑑 is ta en into account the expression of 𝜀𝑜(𝑖) becomes  

𝜀𝑜(𝑖) =
√(𝑟𝑡(𝑖) + 𝑑

2)2 + ℎ(𝑖)
2 − (𝑟𝑡(𝑖) + 𝑑

2)

𝑎(𝑏𝐿(𝑖)/𝑎 − 1)
ln ( 𝑏)     (8) 

The expression of 𝜀𝑜(𝑖) in presence of curvature becomes instead (see Figure 2) 
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𝜀𝑜(𝑖) =
𝑅(𝛽′ − 𝛽)

𝑎(𝑏𝐿(𝑖)/𝑎 − 1)
ln ( 𝑏) (9) 

hen the value of dynamic tensile failure strain 𝜀𝑟 is reached in a particular yarn, failure occurs. 
As a result, if the inetic energy of the pro ectile is large enough, a sequential failure of yarns 
starting with the yarns in the top layer and proceeding toward the bottom layer can be obtained. 
The elastic energy dissipated by failure of a primary yarn therefore reads  

𝑒(𝑖)
𝑃𝑌𝑤𝑟,𝑤𝑓 = 2𝜋𝑎2 ∫ ∫ 𝜎

𝜀=𝜀𝑟

0

𝑟𝑡(𝑖)
𝑤𝑟,𝑤𝑓

0
(𝑥)𝑤𝑟,𝑤𝑓𝑑𝜀𝑑𝑥 (10) 

where the 𝑤𝑟 and 𝑤𝑓 superscripts refer to yarns collinear to the wrap or to the weft direction, 
with possible different radii of curvature and, therefore, different values of deformation and 
stress. The total energy dissipated by primary wrap and weft yarns failure is, respectively  

𝐸(𝑖)
𝑃𝑌𝑤𝑟,𝑤𝑓 = 𝑁(𝑖)

𝑟𝑤𝑟,𝑤𝑓𝑒(𝑖)
𝑃𝑌𝑤𝑟,𝑤𝑓 (11) 

with 𝑁(𝑖)
𝑟𝑤𝑟,𝑤𝑓 representing the number of bro en primary wrap and weft yarns at the 𝑖-th time 

instant. The total amount of energy dissipated by primary yarns failure is, therefore, 

𝐸(𝑖)
𝑃𝑌 = 𝐸(𝑖)

𝑃𝑌𝑤𝑟 + 𝐸(𝑖)
𝑃𝑌𝑤𝑓 (12) 

n the other hand, secondary yarns constitute the region of the target travelled by transverse 
waves with the exception of the yarns passing through the area of impact, as shown in Figure 
1. Differently from primary yarns, secondary yarns do not brea  under the effects of the tensile
stresses induced by the impact, as for the assumed strain distribution primary yarns are
modelled to fail first, with the strain being reset to zero after fiber brea age 1 .
The inetic energy of the pro ectile transferred to the target is partially absorbed by secondary
yarns elongation as elastic energy. Considering a linear variation of the strains between points
𝑂′′ and 𝑃 of Figure , the following expression is obtained for the case of a spherical target:

𝜀(𝑖)(𝑟) =
√2𝜀𝑜′′(𝑖)

√2𝑟𝑡(𝑖) − 𝑑
(𝑟𝑡(𝑖) − 𝑟) (1 ) 

Figure : The propagation of transverse waves at the impact point for the case of a spherical target 
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The elastic energy absorbed by secondary yarns therefore reads 

𝐸(𝑖)
𝑆𝑌 = ∫ ∫ 𝜎

𝜀(𝑖)(𝑟)

0𝑉
(𝑟)𝑑𝜀𝑑𝑉 (14) 

The estimation of the elastic energy associated to the deformation of secondary yarns for the 
case of a cylindrical target can be achieved resorting to the homeomorphism existing between 
a cylindrical and a plane surface. Introducing the eccentricity 𝑒(𝑖) = 𝑅(𝑖)

𝑤𝑓/𝑅(𝑖)
𝑤𝑟 between the 

portion of the target spanned by transverse waves along the weft and wrap directions, the elastic 
energy absorbed by secondary wrap weft yarns at the 𝑖-th instant of time is  

𝐸(𝑖)
𝑆𝑌𝑤𝑟,𝑤𝑓 = 4ℎ ∫ [∫ (∫ 𝜎

𝜀(𝑖)(𝑥,𝑦)

0
(𝑥, 𝑦)𝑑𝜀)

𝑒(𝑖)√(𝑅(𝑖)
𝑤𝑟,𝑤𝑓)

2
−𝑥2

𝑑/2
𝑑𝑦]

𝑅(𝑖)
𝑤𝑟,𝑤𝑓

𝑑/2
𝑑𝑥 (15) 

.  Trans erse wa es 
The transverse motion of the conical region of the target about the impact point due to transverse 
waves onset and propagation is responsible of the bending of primary and secondary yarns as 
well as of cone generation. 
The displacement 𝛿(𝑖) imposed at the impact point is introduced so that no elongation of the 
yarns (already ta en into account in Section .2) is generated. In presence of curvature, a 
rotation of the yarns about the front of transverse waves is considered, ideally ma ing point 𝐶 
moving to point 𝐸 describing the angle 𝜃(𝑖) = 𝜋/2 − 𝛼(𝑖) + 𝛾(𝑖) in Figure 2, with  

𝛾(𝑖) = tan
−1

(
ℎ(𝑖) − 𝐴𝐶(𝑖) 𝑐𝑜𝑠 ( 𝛼(𝑖))

𝐴𝐶(𝑖) 𝑠𝑖𝑛 ( 𝛼(𝑖))
) (16) 

Depending on whether the considered curvature characterizes warp or weft directions, 
𝐴𝐶(𝑖)

𝑤𝑟,𝑤𝑓
= 2𝑅 sin ( 𝛽(𝑖)

𝑤𝑟,𝑤𝑓/2). n the other hand, if no curvature is present along the 

considered direction, 𝜃(𝑖) = tan
−1

(ℎ(𝑖)/𝐴𝐶(𝑖)), and 𝐴𝐶(𝑖)
𝑤𝑟,𝑤𝑓

= 𝑟𝑡(𝑖)
𝑤𝑟,𝑤𝑓 + 𝑑/2. In both cases, the

displacement 𝛿(𝑖) can be written as 

𝛿(𝑖)
𝑤𝑟,𝑤𝑓 = 2𝐴𝐶(𝑖)

𝑤𝑟,𝑤𝑓
sin (𝜃(𝑖)

𝑤𝑟,𝑤𝑓/2) (1 ) 

ith this mechanical data, the curvature along warp and weft directions reads, respectively 

𝜒(𝑖)
𝑤𝑟,𝑤𝑓(𝑟) =

6𝛿(𝑖)
𝑤𝑟,𝑤𝑓

(𝑅(𝑖)
𝑤𝑟,𝑤𝑓)

2 (1 −
2

𝑅(𝑖)
𝑤𝑟,𝑤𝑓 𝑟) (18) 

The elastic energy associated to the pure bending of a yarn of length 𝑙 has the well- nown 
expression 𝐸𝐵𝑁 = (1/2) ∫ 𝐸𝑙

0 𝐽𝜒2𝑑𝑙, where 𝐸(𝜀𝑜) is the oung s modulus of the beam 
estimated at the impact point and 𝐽 denotes the inertia moment. The calculus of 𝐽 for the case 
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of cylindrical and spherical targets delivers the bending energy for the problem at hand. 

4 TARGET DAMAGE 
hen the ballistic limit is reached for a pro ectile-target pair, the energy transferred from the 

pro ectile to the target during the impact is partially absorbed by the target (through the 
deformation mechanisms already described), while the rest is dissipated through the onset and 
growth of damages in the impacted specimen. The damage scenario, in particular, is eventually 
characterized by the presence of delamination, matrix crac ing and shear plugging.  

4.1 Matri  crac in  
The presence of crac s in the matrix is limited to a region of the target about the point of 
impact, namely, where the strain exceeds a threshold value 𝜀𝑀𝐶  which is characteristic of the 
laminate. Defining 𝑟(𝑖)

𝑀𝐶𝑤𝑟,𝑤𝑓 as the distance from the impact point along wrap and weft yarns 
where the strain is larger than the value of matrix crac ing onset 𝜀𝑀𝐶 , the portion of the 𝜂-th 
layer of the cylindrical target 𝑉(𝑖)

𝑀𝐶  where matrix crac ing has occurred is  

𝑉𝜂(𝑖)
𝑀𝐶 = ℎ𝑙 (𝑟(𝑖)

𝑀𝐶𝑤𝑟𝑟(𝑖)
𝑀𝐶𝑤𝑓) (19) 

The same quantity for a spherical target reads  

𝑉𝜂(𝑖)
𝑀𝐶 =

2
3

𝜋 [1 − cos (
𝑟(𝑖)

𝑀𝐶

𝑅 + ℎ𝜂
)] [

ℎ𝑙
3

4
+ 3(𝑅 + ℎ𝜂)

2
ℎ𝑙] (20) 

so that the energy dissipated by matrix crac ing in the 𝜂-th layer between the (𝑖 − 1)-th and 
the 𝑖-th instants of time is  

Δ𝐸𝜂(𝑖)
𝑀𝐶 = 𝜒𝑀𝐶𝑒𝑀𝐶Ψ𝑆𝑎𝑛𝜋(𝑉𝜂(𝑖)

𝑀𝐶 − 𝑉𝜂(𝑖−1)
𝑀𝐶 ) (21) 

where 𝜒𝑀𝐶  is the percent of crac ed matrix with respect to the whole volume, 𝑒𝑀𝐶  is the 
energy dissipated by matrix crac ing per unit volume, Ψ is the matrix volume fraction and 
𝑆𝑎𝑛 is a factor ta ing into account the non perfect circularity of the crac ed area due to the 
anisotropy of the target.  

4.2 Delamination 
The portion of the target where the strain values exceed the delamination initiation threshold 
strain 𝜀𝐷𝐿 undergoes damage in the form of delamination.  
Defining 𝑟(𝑖)

𝐷𝐿𝑤𝑟,𝑤𝑓 as the distance from the impact point along wrap and weft yarns where the 
strain is larger than the value of delamination onset 𝜀𝐷𝐿, the area 𝐴𝜂(𝑖)

𝐷𝐿  of the 𝜂-th layer of the 
spherical target where delamination has occurred is  

𝐴𝜂(𝑖)
𝐷𝐿 = 2𝜋(𝑟(𝑖)

𝐷𝐿)
2

[1 − 𝑐𝑜𝑠 (
𝑟(𝑖)

𝐷𝐿

𝑅 + ℎ𝜂
)]

(
𝑟(𝑖)

𝐷𝐿

𝑅 + ℎ𝜂
)

2 (22)
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The same quantity for a cylindrical target reads 

𝐴𝜂(𝑖)
𝐷𝐿 = (𝑟(𝑖)

𝐷𝐿𝑤𝑟𝑟(𝑖)
𝐷𝐿𝑤𝑓) (2 ) 

so the energy dissipated by delamination in the 𝜂-th layer between the (𝑖 − 1)-th and the 𝑖-th 
instants of time is  

Δ𝐸𝜂(𝑖)
𝐷𝐿 = 𝜒𝐷𝐿𝐺𝐼𝐼𝑆𝑎𝑛𝜋(𝐴𝜂(𝑖)

𝐷𝐿 − 𝐴𝜂(𝑖−1)
𝐷𝐿 ) (24) 

where 𝜒𝐷𝐿 is the percent of delaminated area with respect to the whole surface, 𝐺𝐼𝐼 is the 
strain energy release rate for delamination in mode II.  

4.  Shear Plu in  
The contact force generated during the impact event causes the onset of shear stresses, which 
can push forward the material situated beneath the pro ectile, so as to generate a hole into 
which a plug moves towards the bac  face of the target.  
Given the shear modulus of the target 𝐺(𝑖), the velocity of the shear wave propagating in the 
target thic ness direction is 𝑐(𝑖)

𝜏 = √𝐺(𝑖)/𝜌 so that the shear stress induced by the impact ust 
beneath the pro ectile at the 𝑖-th instant of time reads   

𝜏(𝑖) =
𝐹(𝑖)

𝜋𝑑𝑐(𝑖)
𝜏 𝛥𝑡 + 𝜂(𝑖)ℎ𝑙

(25) 

where 𝜂(𝑖) is the total number of bro en layers. The energy dissipated in the failure at the 𝑖-th 
time instant of 𝜂(𝑖)

𝑆𝑃 layers due to shear plugging finally reads  

𝐸(𝑖)
𝑆𝑃 = 𝜂(𝑖)

𝑆𝑃𝐸𝑟
𝑆𝑃 (26) 

 RESULTS AND DISCUSSION 
The variation of the pro ectile velocity with the ballistic limit 𝑉𝐵𝐿 set as initial velocity for 
various radii of curvature is shown in Figure 4 a for the case of a spherical plain-weave E-
glass epoxy target with specs reported in Table 1. It is apparent to notice that an increase of the 
ballistic limit ta es place when smaller radii of curvature are considered, ranging from 𝑉𝐵𝐿 =
151 ÷ 152 m s for the composite plate (𝑅 = ∞) to 𝑉𝐵𝐿 = 168 ÷ 169 m s for 𝑅 = 0.5 m. The 
same monotonic variation is not found for the duration of the impact, which is first seen to 
increase and subsequently to decrease with decreasing radii of curvature of the target. 
Increasing the target curvature causes a mitigation of the maximum values of the deformations 
experienced by the specimen, resulting into an increase of the impact duration due to the smaller 
amount of elastic energy absorbed by primary and secondary yarns.  As predicted in Section 
.1, additional increases of the target curvature ma e the deformations become negative and 

the yarns undergo compression: this results into a decrease of the impact duration. These 
phenomena can be observed in Figure 4 b, where the variation in time of the elastic energy 
absorbed by secondary yarns 𝐸(𝑖)

𝑆𝑌 for different radii of curvature of the target, is shown. 
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(a) (b) 
Figure 4: (a) Evolution of the pro ectile velocity with the ballistic limit VBL set as initial velocity for 
various radii of curvature  (b) The energy absorbed by secondary yarns deformation E(i)

BN with the 
ballistic limit VBL set as initial velocity for various curvatures 

A first decrease of the elastic energy for smaller radii of curvature is followed by a very steep 
rise of the values of 𝐸(𝑖)

𝑆𝑌 for a further decrease of 𝑅: such rapid increase of the elastic energy 
absorbed by secondary yarns is found to be driven by compression occurring in the whole 
thic ness of the specimen. The values of the ballistic limit 𝑉𝐵𝐿 for spherical and cylindrical 
targets with various radii of curvature are shown in Table 2: those corresponding to 𝑅𝑤𝑟 =
𝑅𝑤𝑓 = 𝑅 refer to spherical specimen, while the case of cylindrical laminates is represented by 
the third column at 𝑅𝑤𝑟 = ∞ (or 𝑅𝑤𝑓 = ∞). bserving the results it is straightforward to notice 
that while the two types of specimens share a decrease of 𝑉𝐵𝐿 with increasing 𝑅, no significant 
difference in terms of ballistic limit arise between spherical and cylindrical targets featuring the 
same curvature. Although counter-intuitive, this result can be explained considering that while, 
on one side, the presence of non-null curvature in the target causes a mitigation of the positive 
values of the deformations and a successive compression of the yarns, on the other hand the 
area of the spherical target involved in the damage energy-absorbing phenomena is smaller than 
the area on a plane or on a cylindrical surface characterized by the same distance travelled by 
longitudinal and transverse waves.  

Pro ectile mass g  𝑚𝑃 2.8   Fracture shear stress MPa  𝜏𝑆𝑃 120  
Pro ectile diameter mm  d 5  Shear modulus GPa  𝐺𝛾=0 2.0  
Matrix volume fraction %  Φ 50   Anisotropy factor 𝑆𝑎𝑛 0.9  
Density g  m3  𝜌 1 50  Transmission factor b 0.825  
Thic ness mm  h 2  Damage initiation threshold %  𝜀𝑑 1.8  
Number of layers N 6  Strain energy release rate  m2  𝐺𝐼𝐼 800  
Number of yarns M 6  Matrix crac ing release rate M  m3  e𝑀𝐶 0.9  
Fracture strain %  𝜀𝑟 4.50   arn width mm  a 1.92  
Fracture stress MPa  𝜎𝑟 8    Primary secondary strain ratio %  𝛼 40  

oung s modulus GPa  E𝜀=0 56   Through-the-thic ness strain rate %  𝛽   
Fracture shear strain %  𝛾𝑆𝑃  11.99  Time step 𝜇s  Δ𝑡 1  

Table 1 The input data of the simulations for plain-weave E-glass epoxy targets 1 ,14  
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Radius 𝑅 m  VBL (𝑅𝑤𝑟,𝑤𝑓 = 𝑅) m s  VBL (𝑅𝑤𝑟,𝑤𝑓 = 𝑅, ∞) m s  
1 161÷162 16 ÷164 
2 158÷159 160÷161 
 155÷156 15 ÷158 

4 154÷155 156÷15  
5 15 ÷154 155÷156 
6 15 ÷154 154÷155 
 152÷15  154÷155 

8 152÷15  15 ÷154 
9 152÷15  15 ÷154 

10 151÷152 15 ÷154 
∞ 151÷152 151÷152 

∞ 14  159÷158  150÷149 

Table 2: The ballistic limit VBL for spherical and cylindrical targets of various radii of curvature 

Finally, in the last two rows of Table 2, the ballistic limit of a target with infinite radii of 
curvature both in the wrap and weft direction (i.e., a flat target) is compared with the numerical 
(159÷158 m s) and experimental (150÷149 m s) values estimated in 14  for a target featuring 
the properties of Table 1: a good agreement is found. The dependence of the ballistic limit on 
the target curvature leads to search for a possible optimal value of the radius of curvature for 
spherical and cylindrical laminates capable to guarantee the highest resistance to ballistic 
impacts. As shown in Figure 5 a concave relationship is found. The optimal value of 𝑅𝑜

𝑠 = 0.52 
m is found for a spherical target, with an associated ballistic limit of 𝑉𝐵𝐿 = 169.8 m s and an 
increase of 1 .8 m s with respect to the case of the plane target, for which 𝑉𝐵𝐿 = 151 ÷ 152 
m s. An optimal radius of 𝑅0

𝑐 = 0.76 m is instead estimated for the cylindrical target, capable 
to guarantee a ballistic limit of 𝑉𝐵𝐿 = 166.4 m s and an increase of 14.4 m s with respect to the 
composite plate.  

 Figure 5: The variations of the ballistic limit VBL with the radius of curvature R: dots indicate 
numerical estimations, while solid thic  and thin lines denote polynomial interpolation for the 

spherical (VBL = 169.8 m s for Ro
s = 0.52 m) and the cylindrical (VBL = 166.4 m s for Ro

c = 0.76 m) 
targets, respectively 
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6 CONCLUSION 
An analytical formulation aimed at estimating the effects of curvature on high-velocity impacts 
resistance of thin woven fabric composite targets has been presented in this wor . The 
estimation of the ballistic limit for the impactor-target pair has been carried out ta ing into 
account the different deformation damage mechanisms which characterize the target response 
during the impact. The effects of curvature have been then investigated for the case of a 
spherical E-glass epoxy target of various radii of curvature, showing that, as expected, 
compression of primary and secondary yarns is found to occur for radii of curvature sufficiently 
small, driving the transfer of energy from the pro ectile to the target, and resulting into an 
overall increase of the ballistic limit with respect to the plane case. The subsequent estimation 
of 𝑉𝐵𝐿 for cylindrical targets has shown that no substantial difference arises in terms of ballistic 
resistance with spherical targets possessing the same radii of curvature.  The estimation of the 
optimal values of the radii of curvature for spherical and cylindrical targets has been finally 
carried out via polynomial interpolation: starting from the numerically obtained values of the 
ballistic limits 𝑉𝐵𝐿 for spherical and cylindrical targets of given radius of curvature, the optimal 
values of 𝑅𝑜

𝑠 = 0.52 m and 𝑅𝑜
𝑐 = 0.76 m have been found for the two cases, capable to 

guarantee a ballistic limit of 𝑉𝐵𝐿 = 169.8 m s and 𝑉𝐵𝐿 = 166.4 m s, respectively, with an 
increase of 17.8 m s and 14.4 m s with respect to the case of a plane target 𝑉𝐵𝐿 = 152 m s.  
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ABSTRACT 
The Turbo-electric Distributed Propulsion (TeDP) is a novel concept of hybrid aircraft 
propulsion for commercial aircraft. TeDP employs electrically powered fans dedicated to 
thrust generation which are distributed in clusters along the wingspan, together with one gas 
power unit providing the electrical power for the fans and for the re-charging of the energy 
storage system using superconductors. Furthermore, aft-positioned propulsive compartment 
enables the advantages of Boundary Layer Ingestion (BLI) phenomenon. The paper deals with 
the preliminary sizing of Li-air battery pack for the TeDP considered. A comparison between 
Jet A-1, liquid natural gas (LNG) and liquid hydrogen (LH2) fuels is performed with an interest 
on the energy storage system. Furthermore, the impact of different fuels on some of the aircraft 
subsystems is discussed. Finally, the results are discussed, and the future activities are 
suggested. 
Keywords: hybrid propulsion, cryogenic fuels, Li-air batteries, E-Thrust. 

1 INTRODUCTION 
In the current scenario of air traffic growth, research activities are continuously carried out to 
find solutions for reducing environmental and noise pollution as well as decreasing the fuel 
consumption 1 – 4 . These issues ustify an effort towards the development of Turbo-electric 
Distributed Propulsion (TeDP) for transport aircraft. Hereafter the paper focuses on a solution 
having a configuration similar to the E-Thrust proposed by Rolls-Royce and Airbus 5 6 . The 
configuration comprises of i) a thrust generation module made of six electrically powered fans 
distributed three per each wingspan, ii) a gas power generation module composed by a 
turboshaft and an electric power generator, briefly referred to as turboalternator, iii) a Li-air 
energy storage and power transportation module, as illustrated in Figure 2-1. 
The paper presents the results obtained at University of Pisa in preliminary sizing the energy 
storage system of the E-Thrust. Section 2 provides a description of the thrust module, the power 
generation module and the in-flight power management  Section  provides a comparison 
between the analyzed fuels  Section 4 reports the main results obtained by way of a one-
dimensional calorically perfect gas model  Section 5 describes the impact on the system 
architecture for different fuels. 

2 E-THRUST MODULES AND IN-FLIGHT POWER MANAGEMENT
Thrust and power generation modules are hereafter described. Moreover, a medium-haul flight 
of the aircraft is discussed, from which the main requirements that must be met to evaluate the 
total mass of the Li-air battery pac  are extracted. 

mailto:*%20bruno.moriconi92@gmail.com
mailto:alfioemanuele.vinci@gmail.com
mailto:fabrizio.paganucci@unipi.it
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2.1 Thrust Module 
The electrically powered fans produce thrust without employing combustion and share the same 
inlet to reduce the wet area. Thrust is obtained through small pressure ratio values, hence the 
use of a variable area nozzle to produce sonic condition is needed to maximize the airflow. Aft-
positioned propulsive compartment provides a reduction of the aerodynamic drag by re-
energising the boundary layer, by means of the oundary Layer Ingestion ( LI). However, LI 
determines a reduction in the flow total pressure. 

2.2 Power Generation Module 
The turboalternator supplies power according to the strategy described in Section 2. . 
Furthermore, the turboalternator must generate only a small amount of thrust thus to 
compensate the aerodynamic drag it induces. This design choice allows a strong reduction of 
the noise produced. 

2.3 In-flight Power Management 
1. Take-off and Climb Phase. Since TeDP relies on the cruise phase optimization of the

turboalternator, at ta e-off and climb phase the energy storage system will provide the
required extra power.

2. Cruise Phase. The turboalternator will provide the power required to operate the fans
and to recharge the energy storage system. If a failure of the turboalternator occurs
during this phase, the energy storage system must be able to provide the power to
continue the flight and safely land at the closest airport

. Descent Phase. At first, the turboalternator will be switched off and no power will be
provided to the fans. The energy storage system will supply the power for the on-board
systems. Then, the fans will generate the electrical power to completely recharge the
energy storage system

4. Landing Phase. The turboalternator is re-started to provide a small amount of power to
the propulsion system for safety reasons, to counteract a possible failure in the energy
storage system during this phase.

Figure 2-1: E-Thrust Modules Schematics 18 . 
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3 FUEL COMPARISON 
The reduced fuel consumption TeDP introduces, 5 , can be enhanced by the use of alternative 
fuels. They can, at least in principle, enable environmental advantages as well as increase 
performance and economical return 1 , , – 10 . The alternatives analysed in this paper 
are Liquid Hydrogen (LH2) and Liquified Natural Gas (LNG). The relevant characteristics are 
compared in the following.  

• Lower Heating Value (LHV). A comparison of Lower Heating alue for the considered
fuels is reported in Figure -1. Higher LH  is favourable so as to increase the allowed
flight length or equivalently the payload. For instance, LNG possess 1  higher LH
with respect to conventional et fuel which means the aircraft flight length increases by
1  at fixed payload.

Figure -1: Lower Heating alue Fuel Comparison. 

• Cooling properties. Cooling properties are relevant to increase turbine inlet temperature
which indirectly means increase the overall efficiency. The extremely low temperature
at which cryogenic fuels are stored increases cooling capabilities of these fuels. Hence,
heat on the turbine blades can be dissipated more efficiently thus higher temperatures
are allowed at the combustion chamber exit. Additionally, cooling capabilities are
crucial for the employment of superconductors, as further described in Section 4.

4 ENERGY STORAGE SYSTEM PRELIMINARY SIZING
ith reference to Section 2, Phase 1 and Phase 2 result to be the scenarios about which the Li-

air battery pac  must be sized. The aim of this section is to outline the procedure employed to 
obtain the proper value of the energy storage system mass. The procedure applied is the same 
for both the scenarios: i) the power required by the fans in a certain time interval is evaluated 
with respect to the level of thrust needed, thereby estimating the energy to be provided  ii) the 
total mass is evaluated from the energy density of the Li-air batteries  (𝜌𝐿𝑖−𝑎𝑖𝑟 = 3.8 h g, 
11 , 12 ) and the total energy to be provided to the fans.  

The schematics of the thrust module and power generation module are reported in Figure 4-1 
and 4-2 respectively. 

Figure 4-1: Thrust Generation Module. Figure 4-2: Power Generation Module. 
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In the thrust generation module, the airflow coming from the shared inlet is compressed by each 
fan, then it flows inside a stator that properly directs the flow towards the nozzle. The pressure 
ratio of each fan has been assumed to be equal to 𝜋𝐶 = 1.3. The stator has been considered as 
isentropic, so that the total properties of the airflow remain unchanged through it.  
In the power generation module, the airflow from the inlet is directed towards the gas generator. 
The free turbine after the gas generator generates the power needed from the turboalternator. A 
99  efficiency converter downstream of the turboalternator allows to convert AC in DC for 
recharging the batteries during the cruise phase. Finally, a 99  efficiency inverter allows to 
further convert the DC in AC used to move each fan. 
The model implemented for both the scenarios involves a steady adiabatic power balance, 
considering a one-dimensional calorically perfect gas. The efficiency of the Li-air battery has 
been assumed unitary and the Depth of Discharge (DoD) has not been considered, due to a lac  
of reliable data. In addition, superconducting transmission lines have been implemented in the 
model, considering a power loss of 5 m, 1 – 1 . The total weight of the aircraft has been 
considered to be equal to 𝑀𝑎𝑖𝑟𝑐𝑟𝑎𝑓𝑡 = 84000 g (batteries mass included), in agreement with 
current values of aircraft weight for medium-haul flight. In both the analyses, the thrust 
produced by the turboalternator has been neglected. The energy the Li-air battery pac  must be 
able to provide can be obtained either as the energy to be provided to the fans in the case of 
failure of the turboalternator (Section 4.1) or as the difference between the energy required by 
the fans and the energy available from the turboalternator (Section 4.2). In addition, different 
fuels are considered in the model, in accordance with Section .  

4.1 Turboalternator Failure in Cruise Phase 
If the turboalternator fails during the cruise phase, the Li-air battery pac  must be able to 
provide enough power to guarantee a safe landing of the aircraft at the closest airport. In this 
scenario it has been assumed that the power to be supplied to the fans is equal to the power that 
would be provided by the turboalternator in nominal condition. According to 18 , 4  of total 
pressure losses arising from the LI is assumed. For initial analysis, the aircraft mass reduction 
in time has not been considered. The cruise condition analysed refers to a medium-haul flight 
at an altitude of 9000 m ISA, with a flight Mach equal to 0.9, corresponding to a cruise velocity 
𝑢∞ = 273 m s. The medium-haul flight lasts between 2-  hours and 6-8 hours, with varying 
limits depending on the airlines. Hence, the final mass of the battery pac  varies significantly 
depending on the reference time employed, which in turn depends somehow on the distribution 
of the airports. To consider these occurrences, a mean flight time has been ta en as a reference, 
evaluated by means of a statistical approach. Considering the flight time of all the possible 
couples of cities among Paris, Istanbul, London, Amsterdam, Prague, ienna, udapest, 
Athens, Dublin, Madrid, erlin, Copenhagen, Stoc holm, russels, ucharest, urich, Lisbon 
and Rome, a distribution of 15  values has been obtained. The Gaussian distribution in Figure 
4-  is used to describe these data. The mean value of the gaussian distribution results to be 
𝑡𝑚𝑒𝑎𝑛 = 4963 s, with 𝜎 = 2.5 ∙ 103 s. The value of 𝑡𝑚𝑒𝑎𝑛 has been ta en as a reference time 
for the analysis.  
The LI phenomenon enables a lift-to-drag ratio up to 20, 19 . Hence, in steady level flight 
conditions, each fan must be able to provide a thrust equal to 7000 N. The required thrust allows 
to evaluate the power to be supplied from the battery pac  to move each fan. A choc ed flow 
has been assumed for the nozzle of the thrust module. From the preliminary analysis performed 
under the simplified assumptions stated, the total power to be provided by the battery pac  to 
the six fans results to be 𝑃𝐿𝑖−𝑎𝑖𝑟 = 2.94 M . 
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Therefore, the estimated value of 𝑃𝐿𝑖−𝑎𝑖𝑟 allows to obtain the final mass of the battery pac  as 
a function of the time during which the energy storage system is expected to supply power as  

𝑀𝐵𝑎𝑡𝑡𝑒𝑟𝑦 =
6 ∙ 𝑃𝐿𝑖−𝑎𝑖𝑟 ∙ 𝑡

𝜌𝐿𝑖−𝑎𝑖𝑟
(1) 

The procedure has been implemented in MATLA  and the results are shown in Figure 4-4. 
The mass of the Li-air battery pac  can vary up to 6225 g when 𝑡𝑚𝑒𝑎𝑛 is used as the total time 
of supplied power. As the analysis performed involves a power balance between the battery 
pac  and the six fans considering a failure of the turboalternator, the results shown are 
independent on the fuel employed.  

4.2 Take-off and Climb Phase 
To assess the power the battery pac  must supply during ta e-off and climb phase, a preliminary 
sizing of the turboalternator is required. The relevant output of this analysis is its inlet area. It 
is obtained by means of a steady adiabatic power balance accounting for the power required to 
recharge the batteries and to move the fans during cruise phase. The 20  of the total power 
provided by the turboalternator is used for recharging the battery pac . This procedure has been 
repeated considering et A-1, liquid natural gas (LNG) and liquid hydrogen (LH2) as fuels. As 
a result, the power required from the battery pac  is essentially obtained by means of a steady 
adiabatic power balance, written as difference between the power to be supplied to the six fans 
and the power supplied by the turboalternator. For the climb phase, the aircraft is assumed to 
ta e off with a velocity equal to 100 m s, a constant inclination of 20 deg and a constant 
acceleration (parallel to the velocity vector) equal to 1.23 m s2. The transient before the climb 
in which the aircraft starts accelerating with zero initial speed has not been considered. This 
transient may imply an additional amount of mass of the energy storage system. Finally, the 
performance of the fans has been assumed to be constant during the climb phase, as the relevant 
performance maps are not available. Under these assumptions, the ta e-off and climb phase 
lasts about 140 s. The mass of the battery pac  is obtained from the duration of the ta e-off and 
from the power to be supplied. The results of the described procedure are reported in Table 1, 
obtained by means of MATLA  and Simulin . The mass of battery necessary for the ta e-
off and climb phase, as well as the inlet area of the turboalternator, are different depending on 
the employed fuel. However, the largest mass fraction of the battery pac  arises from the 

Figure 4- : Gaussian Distribution of Flight Time. Figure 4-4: attery Mass as a Function of Flight Time. 
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requirement related to the failure of the turboalternator. Thus, the final choice of the fuel cannot 
depend on the mass of the battery pac  only. Hence, additional considerations are provided in 
Section 5. 

5 IMPACT ON SYSTEM ARCHITECTURE FOR DIFFERENT FUELS 
The architecture afore described adds significant flexibility to the propulsion system and the 
vehicle itself. Indeed, the employment of electric components allows the mechanical separation 
between the power generation module and the thrust module. In addition, the electric 
components can actually operate as continuously-variable-ratio gear box 20 . This 
functionality enables the best performance attainement since turbine and fan shaft speeds can 
vary completely indepentendly.  As a result, TeDP propulsion system mainly relies on power 
electronics which transmit shaft power from the turboalternator to the shaft of each individual 
fan. It is worth considering that the use of superconducting transmission lines rather than 
conventional ones is required for transport aircraft, thus to reduce the weight fraction of the 
propulsion system 8 . Indeed, conventional transmission lines are too heavy to be implemented 
on air vehicles. Superconductors are so called as they lose all the electric resistance below a 
certain critical temperature 16 . Also, they can transmit high current densities in small wires 
or tapes thus to increase system compactness and reduce weight 20 . The operative temperature 
ranges from 20  (hydrogen boiling point) and 65 . Conventional systems require lubricant 
and, in similar fashion, low temperatures are required for superconductors to remove the heat 
dissipated in trasferring power between components. Differently from what concerns the energy 
storage system mass for the TeDP system, the cooling method deeply depends on the fuel 
engaged on board. In accordance with 20 , different architectures are thereafter discussed.  

• Jet-fueled system. et fuels store at approximately room temperature, therefore
cryogenic coolers, i.e. cryo-coolers, are definitely required. They would operate in a
refrigeration cycle, removing the dissipated heat with the erosene as the heat sin  at
ambient conditions. This architecture requires several technological developments to
ma e the refrigeration system viable.

• LH2-fueled system. Fully liquid hydrogen fueled aircraft would entirely eliminate the
need for cryo-coolers. Indeed, liquid hydrogen possesses a latent heat capacity high
enough to refrigerate the electric components directly before entering the combustion
chamber. As a drawbac , density considerations yield that the tan  volume required for
a fully LH2 fueled system is 400  larger than that required for et fuel. et, for the
equivalent amount of stored energy, liquid hydrogen would weight only 6  compared
to et fuel.

• LNG-fueled system. Methane boiling point is excessively high for direct cooling the
superconductors. Neverthless, its use presents advantages when compared to a et-
fueled system. In fact, in this architecture, cryo-coolers would operate in a refrigeration
cycle with liquid methane at only 120  as the heat sin  in place of 00  ambient
temperature. However, liquid methane is cold enough to cool directly the power
inverters. As a result, cryo-coolers for a fully LNG fueled system would be way smaller
and lighter than that required for a et fueled system. Density considerations yield that

Inlet Area m2  attery Energy G  attery Mass g  
et A-1 0. 60 1. 1  0 

LNG 0. 12 1.6 4 1  
LH2 0.206 1.591 6 8 

Table 1: Ta e-off and Climb Phase Results.
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the tan  volume required for a fully LNG fueled system is 64  larger than that required 
for et fuel. et, for the equivalent amount of stored energy, liquid methane would 
weight only 86  compared to et fuel. 

According to 20 , optimal cooling performance using a cryogenic liquid are attained when the 
coolant is at atmopsheric pressure thus to maximise the energy absorption during phase 
transition. Hence, TeDP systems cannot rely on cryogenic pumps. n the contrary, they would 
require gas compressors to raise hydrogen or methane pressure up to burner values. The need 
of these compressors plus cryogenic tan s may not compensate the weight saved in eliminating 
the cryo-coolers. A full system analysis is required in assessing the quantitative results which 
profoundly depend on the future technological development regarding, in particular, cryogenic 
coolers, superconductors and cryogenic inverters. efore suitable development of light-weight 
cryo-coolers, a fully LH2 fueled system seems to be the most convenient architecture yet it 
engages some issues as well.  
Low density of cryogenic fuels, e.g. LH2 and LNG, trivially affects the tan  volumes, as 
previously stated. The extra volume required on board must be located in such a way to 
minimise the structure weight and the aerodinamic drag 2 . Moreover, due to the low 
temperatures, cryogenic fuels are sub ect to be ept in thermally insulated tan , increasing 
system complexity. Furthermore, performance advantages associated to the introduction of 
cryogenic fuels require to be coupled with economical analyses related to airports upgrade in 
terms of fuel storage, transportation and refuelling. Significant changes in technology for pre-
flight and post-flight operations maintenence are needed. Nevertless, according to , 
calculations seem promising accounting all the mentioned circumstances for the introduction 
of LNG fuelled aircraft.   

6 CONCLUDING REMARKS 
A reduced order model has been developed to preliminary size the energy storage system for a 
TeDP aircraft. Despite its simplified assumptions, the model allows obtaining the results 
considering also different fuels.  
It has been assumed that the power to be supplied to the fans during cruise phase is the optimal 
one even in the condition of a failure of the turboalternator. In the scenario of the failure of the 
turboalternator, only a minimum power would be required from the battery pac , to conclude 
the mission safely. The mass of the aircraft has been assumed to be constant. However, as the 
mass of the aircraft decreases in time, an increase in the altitude of the aircraft should be 
considered during the cruise phase. 
Moreover, in preliminary sizing of the turboalternator, a parametric study may be performed to 
determine the optimum value of the total power provided by the turboalternator used with the 
aim of recharging the battery pac . This optimum value probably relies on the distribution of 
the airports and on the final dimensions and weight of the turboalternator necessary to meet the 
requirement. Clearly, a higher percentage of the total power provided by the turboalternator to 
recharge the batteries allows to top-up the energy storage system in less time. Nonetheless, the 
size and weight of the turboalternator increase.  
Different fuels have been analysed with the relative impact on the system components.  Despite 
of the technological difficulties associated with the employment of cryogenic fuels, they can 
add important advantages to aviation. This is particularly true given that electrical components 
are becoming more and more integrated with the aircraft, especially for a TeDP technology. 
Hence, the electrical power to be dissipated increases considerably. In this scenario, cryogenic 
fuels can lighten, if not completely eliminate in some cases, the cooling sub-systems. Thus, 
they can comply with the requirements of next generation aviation. 
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ABSTRACT 

Nowadays the concept of Simulation Driven Design is generally accepted, for the evident benefit 
that running analysis during design provide more and better informed decisions.  

rom one side the simulation tools must be not only accurate and efficient but fully integrated each 
other, providing multidiscipline and ultiphysics mathematical modelization, achieving the target 
of simulating reality to  deliver certainty  at the same time, this requires s ills and nowledge in 
different areas, that include strong engineering science, understanding of method of analysis, great 
competence with software, capability of teamwor  and collaboration and the right adoption and 
usage of tools in the full design process. To achieving this target, it becomes crucial that a software 
house collaborate closely with Academia and Industry in order to get industrial requirements and 
and at the same time to educate and leverage future generation of engineers about simulation      

In the current presentation the implementation of the above described ecosystem is shown 
exhaustively through a collection of case studies and thesis developed with our help and support in 
many Italian universities. 

Keywords:  Multibody  Multidiscipline  Simulation  Education.

INTRODUCTION 

Starting from pioneering period of Apollo Mission, the adoption of numerical simulation in the most 
important space pro ects has increased his diffusion and importance. The concept of Simulation 
Driven Design is generally accepted, for the evident benefit that running analysis during design 
provide more and better informed decisions: it is crucial to identify problems earlier and avoid 
potential critical and dangerous failures during and after system and component production, allowing 
reduction of ris s, better money investment,   and, principally, enabling engineers to explore more 
design alternatives and achieve the optimal solution reducing limited, expensive, long, sometime 
destructive physical tests, considering at the same time that model complexity increases continuously. 

To ma e this disruptive concept a winner one, there at least 2 requirements to satisfy: from one side 
the simulation tools must be not only accurate and efficient but fully integrated each other, providing 
multidiscipline and Multiphysics mathematical modelization,achieving the target of simulating 
reality to  deliver certainty  at the same time, this requires s ills and nowledge in different areas, 
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that include strong engineering science, understanding of method of analysis, great competence with 
software (multibody, FEM, Controls, Acoustic, Thermal, CFD analysis, integrated with CAD tools), 
capability of teamwor  and collaboration and the right adoption and usage of tools in the full design 
process. For addressing this topics it becomes crucial that a software house collaborate closely with 
Academia and Industry in order to get mar et, design, industrial requirements and be reactive to 
provide answer through software development, and at the same time to educate and leverage future 
generation of engineers about simulation, starting from the beginning of their academia career, to 
ma e them ready, learned, prepared for the design challenges      

In the current presentation the implementation of the above described ecosystem (industry, academia, 
software house) is shown exhaustively through a collection of case studies and thesis developed with 
our help and support in many Italian universities:  all the presented activities (on rover, inflatable 
system, doc ing system)  emphasize the importance of multidiscipline simulation and tools 
integration, to create digital twins  in order to verify feasibility of a solution, to increase performances, 
to characterize and optimize components, subsystems and system, to validate a design or a new 
methodology, to explore, investigate, criticize different parameters configuration, allowing the 
awareness on simulation platforms and numerical analysis. 

CASE STUDY 1: DOCKING SYSTEM 

The first example concerns the design and development of a new doc ing system for the AT  module 
hoo ing to the ISS, through the co-simulation between multibody and control system codes 1 .  
The main purpose of a spatial doc ing system is to allow the hoo ing and unhoo ing between vehicles 
and modules in the orbit to perform operations li e separation of lander, crew transfer, refueling or 
equipment supply, using also fully unmanned and automated shuttle.  
It becomes crucial, based on the ob ective of the mission, the adoption of a specific doc ing system, 
which should have an active interface on the chaser probe able to move and hoo  with the passive 
interface on the target probe. 
There are mainly 2 types of doc ing mechanisms: androgynous and non-androgynous (Figure 1), 
each of them with specific advantages and disadvantages: in an androgynous mechanism the active 
interface is identical to the passive one but it is always the active interface to move, extending to carry 
out the coupling to the passive one which, instead, remains in the retracted configuration. 
In the androgynous mechanisms the first contact between the two interfaces, called soft-doc ing, 
develops in the peripheral area of the system, in correspondence of the outer ring, while on the 
contrary, in the non-androgynous mechanisms the soft doc ing develops in the central area of the 
system. 

(a)                                                                      (b) 
Figure.1 Doc ing Mechanism.(a): androgynous  (b) : non- androgynous 
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For the choice of the system, it must be ta en into considerations the following characteristics: 
x System redundancy: if a malfunction occurs at one of the interfaces, with an androgynous

system, still has the possibility of developing the hoo  using the other interface
x The mathematical modeling of contact dynamics: while in a peripheral system the contact

develops on three distinct points of the petals placed on the coupling ring, in the central system
it is develops within an area, with simpler 2D mathematics.

x The time to capture and emergency release: in a non-androgynous doc ing system the time
available to complete the capture or the release maneuver is greater with respect to an
androgynous system

nown advantages and disadvantages of both systems, it has been decided to combine them to obtain 
a new more performing androgynous central system starting from the not androgynous mechanism 
(different and central active probe and passive drogue) currently installed on the ESA AT  vehicle 
used for supplying the ISS, simulating the operation in real conditions and comparing the existing 
and modified systems principally on the dynamics of the contact between the doc ing interfaces. 
To achieve the most realistic modeling, MSC Adams multibody program has been used to model both 
the AT  vehicle and the entire ISS defined by 9 modules (Figure 2) with their real characteristics 
and configuration (dimensions, mass, inertia, topology). 

(a)                                                                      (b) 
Figure.2 IIS model.(a): Reference  (b) : MSC Adams model 

Considering the doc ing mechanism (Figure ), the active interface has been considered to consist of 
three main components: the full cone bearing structure, the spindle to which extension and retraction 
motion is assigned and the petals placed on the spindle head that extend to the soft-doc ing, while 
the passive interface includes the hollow cone structure, the parallelepiped-shaped capture area to 
house the head of the spindle and the support slabs for the contact of the petals placed on the head of 
the spindle. 
The doc ing phase begins with the advancement of the spindle in extended configuration within the 
hollow cone of the passive interface. In the instant in which the probe head reaches the position of 
capture, the petals open at 90  and, following the retraction of the spindle, go in contact with the 
support slabs of the drogue, thus developing the soft-doc ing between the two interfaces. ith the 
retraction of the spindle also the two conical structures of the probe and drogue go in mutual contact 
allowing greater system stability during retraction. Such spindle movement stops as soon as the outer 
rings of the two interfaces come into contact and trigger the hard-doc ing phase in which they are 
firmly hoo ed . n the AT  board these functions are carried out sequentially from the GNC Guide, 
Navigation and Control system which ta es as input the data analyzed by very accurate sensors, 
processes them and transmits the commands to the actuators. 
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Figure. : Doc ing Mechanism MSC Adams model 

To achieve a more realistic modeling of the sequence of doc ing phases including the presence of 
sensors and actuators., MSC Adams has been operated in co-simulation with Control Code (Figure 
4) to model the GNC system (using a simple Proportional - Derivative type) which ta es input data
from MSC Adams in terms of position and speed, compares them with those required, and transfers
bac  to MSC Adams forces and torques directly applied to the center mass of the AT  model.

Figure.4: Control System model 

The sequence of maneuvers includes (Figure 5): 
1. Control on the motion in position and attitude of the AT  relatively to the ISS up to the position
capture by the probe head
2. pening of the petals placed on the spindle head

..Retraction of the spindle which involves three types of contact between the interfaces
active  passive in sequence:
Soft-doc ing: between the petals placed on the probe head and the slabs of the

drogue
Contact in the other of the two conical surfaces of probe and drogue
Contact between the outer rings of the interfaces and the consequent hard-doc ing once the stable

position is reached: rebounds between the two surfaces may occur before the interfaces adhere exactly
on top of one another.
Many tests have been performed to get results comparable in different operating conditions: without
disturbance to evaluate the good functioning during the maneuvers, in nominal real condition with
introduction of a random noise component to chec  the sensor precision and, increasing progressively
the intensity of the random disorder to find the operating limits of the system.
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The opening of the petals is very important for the functioning of the control system, since the 
subsequent actions are all based on the satisfaction of the opening condition: once the wings are open 
the retraction of the spindle starts and turns off the AT  attitude control as the attitude control is 
maintained than s to the contact between the supporting structure cone-shaped probe and the drogue 
cone itself. 

Figure.5: Example of manoeuver sequence 

Regarding the trend in position and speed of withdrawal of the spindle the initial ump in position is 
due to the contact between the probe petals and the slabs of the drogue in the moment in which the 
soft-doc ing ta es place, after which the motion becomes constant once the external interfaces adhere 
to each other. Actually, before the complete adherence of the interfaces there is a slight rebound 
before becoming constant. (Figure 6). In each case, the doc ing is successful because the petals 
manage to open in time established and therefore the rest of the control actions are verified. 

Figure.6: Example of evaluation of contact force 

ne of the most probable causes of system malfunction probe and drogue is the impossibility of 
retraction of the spindle one once the soft doc ing is done: the spindle head is in the position of 
capture, the petals are in contact with the slabs but, for some problem of malfunction the spindle 
cannot retract: the proposed central androgynous mechanism gives the possibility to the ISS module 
to hoo  up the AT  and pull it to itself until it is complete hard doc ing  it has designed by combining 
the main features of the central system to the redundant ones of the androgynous system: 

x Probe head containing the petals is confirmed without modification
x Conical structure of the probe is rewor ed. In fact, it can be realized by placing a dis  between

the cone of the drogue and the opening area of the petals  to ensure that the trim is maintained
during retraction:

x Conical structure of the drogue is rewor ed to adhere to that of the probe.
ith this ind of construction the Control bloc  designed for previous simulations can almost 

completely be exploited, adding only the opening of the mechanical arms placed on the dis  suitable 
for guarantee the desired set-up conditions during the retraction phase of the spindle. 
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The rewor ed coupling system (Figure ) has completely fulfilled the requirements about doc ing 
maneuver, it can be stored inside the spacecraft without any encumbrance and at the same time 
maintains the properties of lightness, stiffness and desired resistance, dictated by the mission. 
The design of a relatively complex system li e that described in this study, often involves having to 
compromise between what already exists, what really serves and what it can be realized in terms of 
weights, production times and costs, providing the performance and maintaining a remar able 
simplicity constructive. The mechanical model of the doc ing system required the use of calculation 
and modeling tools based on multi-body approaches capable of representing complex inematics, 
elastic and rigid dynamics, contact forces and able to use co-simulation tools typical of controllers 
for the modeling of control actions of the elements themselves. 

Figure. : Modified Doc ing System 

CASE STUDY 2: INFLATABLE STRUCTURE 

The second example shows the powerful of a full integration between multibody and nonlinear 
structural analysis, with an application regarding the inflatable space structures 2  
The integration of different numerical disciplines (multibody and structural analysis) is the right 
choice to simulate the behaviour of a rigid internal structure with an external flexible coating 
undergoing non-linear deformations, such as the inflatable space structures. hile the rigid part of 
the structure can be modelled inside MSC Adams, the flexible component must be created using MSC 
Patran and Nastran to define nodes, elements, material properties and any lumped, distributed loads 
and contact forces and imported in the multibody model using Adams MaxFlex module capable of 
simulating complex multibody systems by integrating flexible bodies with strong non-linear 
behaviour, investigating also feasibility and limitations of numerical simulation 
Developed by Thales Alenia Space, the space habitation module represents a perfect example of an 
inflatable structure. Figure  shows that the module has a cylindrical geometry and is realized with a 
rigid s eleton, covered by a coating made of evlar strips arranged in longitudinal and 
circumferential direction.  

Figure :  Inflatable model 
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Starting from the CAD model (Figure 8), a simplified rigid multibody model has been built in the early phases 
of the study, in order to study the mechanical characteristics more easily, to tune and calibrate every single 
component of the model, in terms of inertia, topology, applied forces, compliances, resistance force, and so 
on. It has been also possible to simulate phenomena li e singularity, amming and failure, driving us towards 
the best choice of components. 

Figure 8:  CAD model of the rigid structure 

Considering that ideal oints between levers and ribs are not suitable from the mechanical point of view, flexible 
connections have been adopted, in particular bushing, represented as linear spring-damper forces between two 
parts. istop functions, modelling two-sides impact between bodies through a spring-damper formulation of 
non-linear compression, are used to limit the maximum opening of the system. 
A number of tests have been carried out to solve problems arising once the restraint membrane is applied to 
the system: the main goal is to prevent the one-sided traction force from causing the closing of the mechanism, 
which could damage the membrane, and to impose a constraint on the opening movement, which assures the 
system in position when completely open. 
The analysis carried out on the rigid models allows to determine which loads are needed to put the system in 
motion and to obtain a complete opening closing. 
.The definition of finite elements flexible bodies suitable for a non-linear deformation study can be imported 
within Adams,using MSC Patran and Nastran software. Again, starting from a simplified model of a 
membrane, realized with a bended strip of  evlar defined with separate membranal and bending behaviour, 
and ma ing some preliminary investigation applying loads and constraints, the FE model has been improved 
till it is able to better reproduce the behaviour of the real structure, achieving a final model (for computational 
purposes) with 62 longitudinal stripes and two circular stripes at both ends to avoid the presence of geometrical 
discontinuities (Figure 9).  

(a)                                                (b) 

    Figure 9:  Final model, (a) FE model  (b) Multibody and FE model
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n the final model traction and compression forces are applied on the rigid rib, providing the motion of the 
system and the main problem is the right definition of the magnitude of them, achieved after many attempts 
allowed easily by the use of combined structural-multibody simulation and the possibility to investigate 
displacement, velocity, stress conditions. 
The imposition of a strong impulsive force prevents the solver from calculating the solution and ma es it crash 
after a couple of seconds, because of the excessive deformations the system has to face in a really short amount 
of time. n the other side, too light forces cannot win the stiffness due to the presence of flexible bodies, and 
a complete opening of the model cannot be achieved. 
At the end it has been identified a force that could guarantee both a complete opening and not too high 
accelerations, in order to not ma e the simulation fail using a smooth double step function. At first, low forces 
are provided to allow the system to get going . After a time of 5 seconds, a second step is defined, which 
increases the load to such a value as to bring the model to complete opening. From the graph in Figure 10 it is 
visible how the centre of gravity position of the free rib varies greatly in the early stages, before the inherent 
rigidities of the flexible bodies start to produce an effect. The increase slope of the force step starting at second 
5 allows the simulation to complete. There are obvious pea s of speed at the entry into operation of the bistops 

Figure 10:  Force, position and velocity of the centre of gravity

As in all the cases analysed, the presence of folded areas in the FE model leads to the occurrence of  bending 
stresses at those points, as it can clearly be seen in Figures 11 and 12. The maximum value is obviously reached 
at the full distension, when the bodies are pulled to their total extent by the floating rib. 
As in the case of the opening mechanism, even for the closing one it is necessary to perform several tests 
before determining the ideal configuration.  
ust li e in previous cases, residual bending stresses in correspondence to the sections that undergo ma or 

deformations are reported. 

Figure 11:  Mechanism stress at the beginning 
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Figure 12:  Mechanism stress at the closing 

It is reported in the graph in Figure 1  how the variation of the position and speed of the centre of gravity of 
the second rib is concordant with the force developments. Starting from an initial condition of zero 
displacement and zero velocity, the structure starts to move at around .5s. hile the displacement tends to 
always go in the same direction, a change in speed concavity can be seen, corresponding to variations in the 
amount of force. 

Figure 1  elocity and position of the second rib as function of time 

Lowering the damping and stiffness values of bistops can prevent the system from experiencing excessively 
high pulses. 

CASE STUDY 3: ROVER

The third application is about rover design and it is an excellent example about the importance of 
adoption of numerical analysis at the academia level, specifically when used by Student team, 
reproducing and emulating the design process, methodology and activities of industry .

Team DIANA (Ducti Ingenio Accipimus Naturam Astrorum), is a Students Team of Politecnico di 
Torino wor ing in the research and development of robotics and rovers for space applications using 
the latest technologies. Team DIANA wants to bring space robotics to a new level, while providing 
a platform for experiential learning. Since its inception in 2008, Team DIANA has created the Lunar 
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Rover Amalia for the Google Lunar Prize and the Rover T0-R0 (Figure 14), the Martian rover 
prototype that too  part in the European Rover Challenge in Poland in September 2018. 

Figure 14:  T -R  model and Adams model 

Designing for space always means venturing into the un nown. The primary challenge in the 
development of a Martian rover is in the uncertainty of the environmental conditions that it is going 
to operate in. The rover is designed to be able to wal  on Martian-li e soil, to perform tas s and tests, 
collect samples and navigate autonomously while withstanding Martian-li e geologic conditions 
(Figure 15). 

Figure 15:  Testing of the T -R  rover on soft soil 

European Rover Challenge represents an unparalleled opportunity for the Team to test the Rover s 
mobility system in a Martian-li e environment. To test the capabilities of T0-R0 rover, during the 
European Rover Challenge 2018, the simulated the Martian soil in its harshest forms using multi-
body simulations in Adams in combination with structural characteristics, soil (that is bul ) definition 
and control system. Since the characteristics of the competition soil were un nown, a virtual study 
with the worst case conditions were performed. This allowed to identify the specific motors needed 
to power up the roc er boogie mobility system and to define the dimensions of the transmission 
system and suspension springs. 
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In the preliminary design stages of the T0-R0 Rover, uncertainties concerning the mobility system 
were resolved than s to multibody and multidiscipline simulations. T0-R0 Rover is based on a roc er 
boogie mobility system, with six wheels and four independent electric motors. This system allows 
stabilization of the rover s payload (electronics, computer and batteries) during navigation on rough 
soil, with roc s and obstacles. The first step in the simulation process was the construction of the 
rover model with a simplified geometry, with correct dimensions and inertial proprieties of the 
involved parts. Then the entire model was verified, and roads with soft soil and a model of a 
pneumatic wheel (Figure 16) were added using dedicated Adams Tire tool to evaluate the power 
required for the motors to achieve a speed of  m Hr. 

Figure 16:  irtual Testing 

The parametric nature of the multibody code allows an understanding of the relationships between 
the design elements in the model and the performance requirements. For example, it has been possible 
to change the position of the hinges that connect the roc er to the chassis with ease, saving a 
considerable amount of time. Furthermore, the use of design variables allowed to capture the effect 
of variation of certain parameters on the dynamic behavior of the vehicle and to optimize the model. 
Specific components li e gears and belt transmission system have been modeled (Figure 1 ). The 
study of the deformations and the stresses to which the springs are sub ect to were carried out 
considering the vehicle in different operative conditions, for example in presence of an irregular path 
or when encountering obstacles. 

Figure 1 :  elt Transmission System 

The simulations performed in the virtual multibody environment allowed the team to explore limits 
of the structure and to build a rover capable of wal ing on Martian-li e terrain and performing all the 
required operations with the construction of a single prototype and one short year of development. 
The rover, once built, performed as expected in the tas s of the competition and on Martian soil, 
confirming a good capability of motion on the terrain than s to the insight obtained from simulations. 
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The Team is now designing a new rover with steering wheels to achieve better maneuverability while 
performing tas s. Adams is being used to study the geometries of the steering mechanism of the new 
mobility system. The new Rover will be tested through the participation at the 2019 edition of 
European Rover Challenge. 

CONCLUDING REMARKS 

Through a short collections of Academic Case Studies, among all developed in the recent years in 
different Universities in Italy, it has been shown the importance of adoption of the numerical 
simulation and the use of simulation tools at the academic level, in order to leverage students, the 
future engineers, to the design challenges they will find in the Industry.  

Simulation Driven Design concept has evident impact and benefit for the design process, providing 
more and better decisions, to identify problems earlier and avoid critical and dangerous failures, 
allowing reduction of ris s and enabling engineers to explore more design alternatives and achieve 
the optimal solution in particular when the complexity of the system increases.  

The simulation tools must be accurate, efficient, fully integrated each other, providing multidiscipline 
and Multiphysics modelization and the students can improve their s ills and nowledge, 
understanding method of analysis, achieving  competence with software and learning the importance 
of a of teamwor  and collaboration. To get this results, a software house has to collaborate closely 
with Academia and Industry. 
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ABSTRACT 

Since the launch of the first satellite into outer space on ctober 4th 195 , a series of space 
missions and launchings have followed, resulting in the placement of thousands of space ob ects 
in Earth s orbit. At the end of their life mission many of these ob ects have been abandoned 
resulting in an increasing number of space debris into outer space. The proliferation of this 
debris is raising serious concerns about space traffic management, security aspects, and 
environmental degradation. 

Nations and International rganisations are developing new technologies in order to deal with 
this issue. The most recent discoveries and experiments, carried out on earth and in space, are 
demonstrating that the removal of debris is feasible. Nevertheless, these activities require high 
monetary investments and also entail the ris  of a possible infringement upon rights exercised 
by various actors over space ob ects. 

This paper discusses the operations and developments in the realm of Active Debris Removal 
(ADR), under the legal framewor  surrounding space ob ects, as dictated by the uter Space 
Treaties and International Law. 

It shall discuss how the rights of ownership and urisdiction affect ADR operations and whether 
said activity can occur despite the lac  of express consent by the state of ownership or 
urisdiction. ith regard to this issue, the main concern will be whether space ob ects can be 

considered as abandoned and thus res derelictae. If so, they would be sub ect to lawful 
occupation and removal, in analogy with International and Maritime Law. 

The paper will address varied opinions concerning the abandonment of ownership of space 
ob ects, and its implications upon the exercise of urisdiction. These issues will be considered 
de lege lata and de lege ferenda. 

In conclusion the paper will elaborate on liability issues of ADR regarding both the scenarios 
of consensual and non-consensual operations. Particular attention will be given on who bears 
or should bear liability in each of these cases for any damage caused during removal operations. 

mailto:antonio.carlo@pec.it
mailto:nikolia.giannakou@gmail.com
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INTRODUCTION 

After more than 50 years of space activities, Earth orbits are populated with a considerable 
amount of debris. Space debris are defined in the U.N. Space Debris Mitigation Resolution as 
all man-made ob ects, including fragments and elements thereof, in Earth orbit or re-entering 

the atmosphere, that are non-functional. 1 A further definition provided refers to all non-
functional, man-made (artificial) ob ects, including fragments, in Earth orbit or re-entering the 
Earth s atmosphere  (IS  2411 ). Those may include non-operational spacecraft, de-
commission spacecraft, non-functional spacecraft, and upper stage spacecraft. 

There is an increase of new ob ects in the Low Earth rbit (LE ) every year. The sources of 
debris are mainly de-commissioning, failure and in-orbit explosion. Notwithstanding the 
existence of a natural cleansing system, this cannot eep up with the above-mentioned 
increment. The current situation of the orbits, polluted by these materials, is creating 
innumerable problems to manned and unmanned space ventures. In fact, due to the high number 
of debris, space operators continuously conduct collision avoidance maneuvers to prevent 
possible impacts. 

In order to stabilise the growth of space debris, some guidelines have been established. Any 
newly launched space ob ects have to comply with post-mission disposal guidelines, which 
stipulate the orbital decay of a dead satellite in less than 25 years.2 Consequently, satellites at 
the end of their operational life have to be deorbited or launched to high cimiterail orbits. These 
guidelines  have been recently established for future space activities. However, the already 
present ob ects are endangering future activities to a great extent. To this end, Active Debris 
Removal (ADR) is the ey solution that could compensate for the already existing space debris 
in-orbit and for the non-compliance of new space ob ects with the aforementioned mitigation 
guidelines. n a legal level, what remains to be examined are the legal questions arising from 
the implementation of ADR not only before the engagement in such operations, but also during 
their actual performance. 

LEGAL IMPLICATIONS OF ADR OPERATIONS 

The concept of ADR is not regulated in the Space Treaties, since the overpopulation of Earth 
orbits with space debris was not a problem during their drafting. Therefore, there is a lacuna in 
space law with respect to this activity which must be covered through the application of 
international law, as stipulated in Article III ST.4 

From a legal point of view, the main consideration with respect to engagement in ADR 
operations is the possibility of an infringement upon the rights of ownership and urisdiction 
exercised over a space ob ect, as enshrined in Article III ST. Furthermore, the issue of 
liability in case of damage caused by a space ob ect during ADR is of the same importance. For 
purposes of legal clarity, the paper will start by elaborating on the first problem, namely that 
related to the rights of ownership and urisdiction. 
To begin with, it is apparent that if the owner of a space ob ect requests another space actor to 
perform ADR or consents to such performance, there is no issue of interference upon the rights 
of ownership or urisdiction. n the contrary, ADR in this case would be in complete alignment 
with the obligation to return space ob ects found into outer space provided by Article III ST 
and by the provisions of the ARRA5 and with the principle of cooperation. The real question is, 
thus, whether ADR is permitted even in cases of non-consensual removal and, if so, under 
which conditions. 
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OWNERSHIP OF SPACE OBJECTS 

According to Article III ST ...  wnership of ob ects launched into outer space, including 
ob ects landed or constructed on a celestial body, and of their component parts, is not affected 
by their presence in outer space or on a celestial body or by their return to the Earth. ... . 
Turning now to the conduct of ADR, this necessarily requires a physical interaction with the 
space ob ect, which is under removal or is intended to be removed and a temporary occupation 
for the purposes of this activity. ut what is the impact of ADR upon the right of ownership as 
provided by Article III ST previously quoted  

The term ownership , which is not further elaborated by the Space Treaties, is largely nown 
by national law systems,6 where it is defined as one s exclusive right to possess, use and in any 
manner dispose of its property. The uniform conception of ownership in municipal law systems 
indicates that ownership mainly constitutes the owner s exclusive authority over its property, 
irrespectively of whether he she actually uses or not the latter.  It follows that even the 
interference with an outwardly uncontrolled or non-functional space ob ect could amount to a 
violation of ownership. 

According to professors Francis Lyall and Paul Larsen, States (or private actors) cannot divest 
from their responsibility or their liability8 lin ed to their space ob ects by abandoning their 
ownership.9 y this, it is essentially meant that ownership of space ob ects cannot be dismissed. 
The view that pursuant to Article III ST the ownership of space ob ects cannot be abandoned 
was also supported in the Report of the rd International Interdisciplinary Space Debris 
Congress of 2012, which was held under the auspices of the UNC PU S.10 

However, this interpretation oversees some critical elements related both to the nature of the 
right of ownership and to the notions of responsibility and liability as described in the uter 
Space Treaties. First of all, as aforementioned, municipal law systems include the ability to 
dispose of property in the core of the right of ownership. Therefore, since Article III ST 
protects the right of ownership of space ob ects without any further specification, it would be 
absurd to interpret this provision as protecting only certain elements of ownership, while 
excluding the owner s right to dispose of property, especially when the latter right belongs to a 
sovereign State.11 esides, what the wording ( is not affected ) of Article III ST aims to 
ensure is that space ob ects are not affected by the legal regime governing outer space and 
celestial bodies under Articles I and II ST. Accordingly, Article III ST simply provides 
that space ob ects do not become res communis following their mere launching or placement 
into outer space  ownership rights established over them on Earth are retained.12 However, this 
cannot be interpreted as prohibiting States from abandoning their space ob ects.1  The same 
view is also indicated by the wording of  of the 1962 Declaration of Legal Principles 
Governing the Activities of States in the Exploration and Use of uter Space.14 

Finally, with respect to concerns related to responsibility and liability issues deriving from the 
operation of space ob ects, the latter are lin ed respectively to the conduct of national activities, 
as per Article I ST and to the launching of a space ob ect, as per Articles II ST, II and 
III LIA 15. Consequently, such obligations are not affiliated to the State of ownership and not 
affected by an abandonment of the latter. 

This having been said, the paper will now present the prerequisites for and the results of an 
effective abandonment of ownership. It is a general principle of the civilized nations that ob ects 
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whose ownership has been abandoned become res derelictae and, consequently, res nullius that 
belong to nobody and can be lawfully occupied and used by anyone having the means to do 
so.16 As far as the prerequisites for abandonment of ownership are concerned, those are two and 
commonly defined in municipal law systems: firstly, the physical abandonment of property and, 
secondly, the intention to waive any rights over it, otherwise nown as animus abudenti. This 
principle finds its roots in the identical rules of Roman Law regarding abandonment of 
property.1  

n an international level, the concept of abandonment of ownership has been traditionally 
applied to cases concerning abandonment and occupation of territory. In the foregoing cases, 
sovereignty over territory seems to be compared to ownership of movable or, better, immovable 
property.18 In the largely referenced Las Palmas arbitration, it was noted that maintaining 
territorial sovereignty requires effective exercise of State authority,, hence continuous and 
peaceful display of sovereign acts over territory. 19  In the same context, it was stated in 
Clipperton Island arbitration that physical dereliction of territory, accompanied by the animus 
to disclaim sovereignty, renders it terra nullius and, thus, susceptible of lawful occupation.20 

In addition to the above, the rule of abandonment of ownership has also been applied to 
litigations concerning the abandonment and occupation of derelict vessels. In this particular 
field, in a multitude of cases,21 such as the Nunley case22 or the Nippon Shosen aisha case,2  
it was recognised that animus abudenti is considered existent when it is expressed with finality, 
meaning when it incontrovertibly expresses the lac  of intention to return to or recover the 
abandoned ob ect in the future. Anyhow, for reasons of clarity, it is worth mentioning that the 
application of the concept of abandonment in the aforesaid cases followed an express and public 
renunciation of rights over the abandoned vessels. 

Turning bac  to the space realm, according to Article III ST, international law also applies to 
space activities. Therefore, the aforementioned rules, which constitute principles recognized by 
the civilised nations,24 shall be applicable mutatis mutandis to space activities. Regarding the 
right of ownership, although Article III ST states that ownership of space ob ects is not 
affected by the legal regime governing space itself, it does not provide a precise definition of 
this right, nor any directive on how ownership shall be established and abolished as 
aforementioned. Therefore, because of the lacuna in Article III ST, international law 
governing abandonment of ownership shall apply in analogy to abandonment of space ob ects 
as lex generalis and this application shall of course be strictly limited to space ob ects and not 
to outer space itself. Hence, when a space ob ect is physically abandoned into outer space and 
its former owner has manifestly expressed no intention to return to or to recover it in the future, 
it can be ustifiably assumed that the latter ob ect constitutes res derelicta, which can be 
occupied and used by anyone, including its temporary occupation and use for the purposes of 
ADR. 

In conclusion, although the mere non-functioning or physical abandonment of a space ob ect is 
not per se an adequate criterion to impute an abandonment of its ownership, a distinction is 
necessary when the latter dereliction is accompanied by an express animus abudenti. As it was 
explained before, in such a case, pursuant to general international law, the abandonment of 
ownership is considered effective and ADR is legally permitted, even without the consent of 
the former owner. 

ADR AND THE EXERCISE OF JURISDICTION AND CONTROL OVER SPACE 
OBJECTS 
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The second issue related to non-consensual ADR is that of a possible violation of urisdiction 
and control over a space ob ect. urisdiction signifies the right of a State to impact upon ob ects, 
persons and circumstances and reflects the basic principles of state sovereignty, equality of 
States and non-interference in domestic affairs.25 In more detail, urisdiction describes the 
power of a State to prescribe binding rules and to implement them through an organised set-up 
machinery or other executive means. in Cheng defines these two aspects of urisdiction 
respectively as jurisfaction and jurisaction. 26  In general international law, the exercise of 
urisdiction is mainly based on the territorial and active nationality principles.2  According to 

the first principle, a State has the right to exercise urisdiction for an offence committed within 
its territory, while the second principle stipulates that a State is entitled to exercise personal 
urisdiction over its nationals for any offences they have committed irrespective of the place. 

ith respect to ships in the high seas and aircrafts in international airspace, it is generally 
considered that States exercise quasi-territorial urisdiction, which is based on the nationality 
or ownership of the vessel or aircraft.28 This rule was firstly endorsed by the P.C.I. . in the S.S. 
Lotus case, where it was held that Tur ey s steamship constituted the natural prolongation of 
its national territory on the high seas.29 

In terms of space law, Article III ST provides the only rule concerning the exercise of 
urisdiction into outer space. Said Article stipulates that A state party to the Treaty on whose 

registry an object launched into outer space is carried shall retain jurisdiction and control over 
such object, and over any personnel thereof, while in outer space or on a celestial body. ... . 
This wording of Article III has been sub ect to congruent interpretations in space literature 
concerning the legal relation between urisdiction and control and the act of registration. There 
are two prevailing approaches that will be both examined for purposes of ob ectivity and 
completeness. 

According to the first view, which is supported by authors such as ernhard Schmidt Tedd, 
Stephen Mic  and Michael Chatzipanagiotis, Article III ST assigns urisdiction and control 
to the State of registry. hile it does not provide any change in this assignment, on the contrary 
it indicates that urisdiction and control are perpetually retained on the basis of registration. 0 
In support of this opinion current commercial practices are invo ed, namely the case of transfer 
of ownership in orbit. In this case the transferee does not acquire the right to exercise 
urisdiction and control due to the exercise of de facto control over the space ob ect. The former 

remain vested within the State of registry, in conformity with the wording of Article III ST. 
In the framewor  of this doctrine, the only feasible options to give effect to the transfer of 
urisdiction are either a special agreement between the transferee and the original State of 

registry, or the de-registration of the space ob ect by the original State of registry and its 
subsequent registration by the new owner. These practices seem to fall under the scope of 
Article II REG 1. The most cited example of such a process is the transfer of ownership of four 
satellites namely AsiaSat-1, AsiaSat-2, APSTAR-I, and APSTAR-IA which were previously 
carried on in the U  registry. Indeed the latter State proceeded to a de-registration of said 
satellites, which were later on registered by China, the transferee, in order for a change of the 
status of urisdiction to be realized effectively. 2 

Nevertheless, this is a narrow interpretation that results in a legal paradox contrary to its ratio: 
after a transfer of ownership or control, the State exercising effective control over a space ob ect 
cannot be held responsible for its operation, because it does not have urisdiction and control 
over it and consequently it is not the appropriate State to authorise and supervise its activities 
in terms of Article I ST.  r the other way round, the original State of registry remains 
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responsible for the operation of a space ob ect, even though it can no longer authorise or 
supervise such operation, since it lac s factual control. esides, in the example of the U  and 
China, the latter was a co-launching State of the transferred satellites provided with the ability 
to be their State of registry under articles I and II REG. ut what happens when the transferee 
is not a launching State and, thus, cannot register a space ob ect under the REG  Should it be 
excluded from the exercise of urisdiction and control while in practice it actually exercises 
these rights and is the appropriate State to do so  

It is because of impasses described above that another interpretation of Article III ST is 
supported in space literature. According to Article III ST the State of registry of a space 
ob ect shall retain  urisdiction and control over said ob ect. The wording itself implies that, 
since urisdiction and control are retained , these rights are not originally established on the 
basis of the act of registration itself  conversely they already exist in accordance with the 
principles of general international law on urisdiction and are later maintained into outer space 
by the State indicated in the registry. Indeed registration does not constitute the legal basis on 
which urisdiction can be determined, yet it merely serves as a means for identification of space 
ob ects as envisaged in the REG s preamble. 4 

In analogy with the law of the sea and air law, registration of ships and aircraft also plays an 
identifying role in determining what is the State of nationality. Mutatis mutandis with the 
Nottebohm case regarding nationality, 5 registration in this context indicates the genuine lin  
between a State and a ship or aircraft. 6 In outer space, accordingly with Article III ST, this 
genuine lin  between a space ob ect and a State seems to be the exercise of effective urisdiction 
based on control of the space ob ect.  esides, urisdiction and control are interdependent and 
must be exercised accordingly. 8 The registration of a space ob ect is prima facie evidence that 
the launching State of registry exercises effective control and urisdiction over a space ob ect, 9 
but does not ipso facto entitle said State to exercise such urisdiction. 

The latter is also supported by subsequent States  practice. First of all Article 12 M N40 
which to a great extent reiterates the provisions of Article III ST, omits any reference to 
registration of space ob ects and simply suggests that States parties shall retain jurisdiction 
and control over their personnel, space vehicles, facilities, stations and installations on the 
moon. ... . This wording, which is considerably wide ...  their personnel, space vehicles 
... , seems to assign urisdiction and control on the basis of nationality for natural persons and 

on the basis of ownership with respect to space ob ects.41 The practice of the Netherlands on 
the matter is also guiding. In 2009 the Netherlands informed the Secretary General of the UN 
of the creation of a national registry that would entail two sub-registries: one for those cases 
where the Netherlands is the State of registry of a space ob ect and one for those cases where 
the Netherlands is not the State of registry of a space ob ect for the purposes of the REG or the 
LIA 42, but exercises urisdiction and control over it. This conception of registration at least 
clearly shows that the Netherlands does not consider it as the legal basis for the exercise of 
urisdiction. The U.S. practice in registering space ob ects as well, particularly the practice of 

the U.S. Department of State, ureau of ceans and International Environmental and Scientific 
Affairs, ffice of Space and Advanced Technology ( ES SAT), also attests that registration 
follows the exercise of urisdiction and control and not the opposite.4  Moreover, China has 
changed its registration practices 44  through the issuance of the Measures for the 
Administration of Registration of b ects Launched into uter Space  in 2001.45 Articles  and 
8 of the Registration Measures provide that the owner of a space ob ect shall register the space 
ob ect, hence ownership and not registration is the decisive factor. 
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According to Imre Anthony Csabafi46 and Setsu o Ao i,4  the exercise of urisdiction over 
space ob ects must be based on the exercise of effective control over said ob ects, which is 
indicated by their registration. urisdiction based on effective control of a space ob ect is in 
conformity with the principles of international law  it can either mean that a State exercises 
urisdiction because it owns or controls the quasi-territory strictly limited within the space 

ob ect in question or, that a State exercises control due to the conduct of national activities by 
means of use of the space ob ect by its nationals or persons posed under control and orders of 
the State in question. 

Last but not least, in support of the second view, scholars arguing in favor of both different 
interpretations of Article III ST seem to agree on the fact that the appropriate State to 
authorize and supervise the activities of a space ob ect within the meaning of Article I ST 
(and, thus, the State responsible for its operation) is the State which ultimately exercises 
urisdiction and control. Nevertheless, when it refers to cases of change in supervision of a 

space ob ect, 4 (a) of the recent UNGA Res. 62 101 of 200  on Recommendations on 
Enhancing the Practice of States and International Intergovernmental rganizations in 
Registering Space b ects, differentiates between the State of registry  and the appropriate 
State ,48 which is essentially the State exercising urisdiction and control. 

This being said, it becomes clear that the exercise of effective control over a space ob ect is the 
ey factor for the exercise of urisdiction. Thereby, if a State intentionally abandons control of 

its space ob ect, it will no longer be entitled to exercise urisdiction over it,49 having resigned 
from the legal basis on which urisdiction can be established and exercised. henever a State 
intentionally abandons its space ob ect into outer space, the exercise of exclusive rights over it 
ceases thereafter.50 Under such conditions, ADR would not violate the rights of urisdiction and 
control under Article III ST. 

SPACE LAW LIABILITY FROM DAMAGE CAUSED DURING ADR 

Liability issues in the domain of space activities are governed by Article II ST and by its 
subsequent leges speciales, namely Articles II and III LIA . The common element of all these 
three provisions is that in case of damage caused by a space ob ect (whether on Earth or in Earth 
atmosphere or into outer space), the launching State or States of this ob ect bear liability to 
compensate such damage. Articles II ST and II LIA  establish absolute liability, while 
Article III LIA  establishes fault-based liability for damage caused by a space ob ect to another 
space ob ect while in outer space. According to Articles II ST and I(c) LIA , the launching 
State is the State that launches or procures the launch, or the State from whose territory or 
facility a space ob ect is launched. 

In the case of damage caused during ADR a complex structure of legal relations is created 
depending on whether the launching State of the removed space ob ect has consented or not to 
its removal. It is clear that the launching State of the space ob ect under removal bears liability 
for it at first place in any occasion and on a basis of fault in the case of Article III LIA . hat 
needs to be examined is under which conditions, said launching State can also be considered 
the launching State of the distinct space ob ect realising the active removal and, consequently, 
bears liability for this ob ect as well. 

In the case of consensual ADR According to Article II ST and Articles II and III LIA , 
during an ADR operation the launching State of the space ob ect operating for the activity will 
share liability with the State which requested the operation of removal. Under the 
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aforementioned provisions of the ST and the LIA , in the case of consensual ADR both States 
are considered as launching States of the space ob ect performing the removal. This is due to 
the fact that both States launch or procure the launch of said ob ect respectively. Therefore both 
the aforementioned States are liable for any damage caused by the space ob ect performing 
ADR. 

In case of a non-consensual ADR operation the element of procurement of the ob ect 
performing the removal is missing. Consequently the ob ect operating for the ADR operation 
and the ob ect under removal would be operated by two distinct launching States. It follows 
that the State bearing liability in this case depends on the space ob ect that causes the damage. 

In any case, whenever a collision ta es place during ADR (whether consensual or not), under 
Article I  1(b) 2 LIA , if damage is caused to a space ob ect of a third party into outer space, 
liability of the launching States is based on the fault of both and must be portioned in accordance 
with the degree to which they were at fault. In case damage is caused to a third State on the 
surface of the Earth or to aircraft in flight, the launching States bear absolute liability, which 
does not depend on fault. 

CURRENT EFFORTS IN THE FIELD OF DEBRIS MITIGATION 

In general the international regime regulating remediation of debris includes authorities such 
as the Nairobi International Convention on the Removal of rec .51 

ith respect to debris in the outer space environment, Space Debris Mitigation (SDM) and 
Space Debris Remediation (SDR) are the answer to the problem of their increase, which is 
gradually rendering outer space inaccessible. To this purpose, a number of international 
recommendations guidelines have been adopted aiming to limit debris release during operation, 
minimise brea -up potential during and post mission, limit probability of collisions in orbit, 
avoid intentional harmful activities, and limit long-term presence in LE interference in Geo-
Stationary rbit (GS ). Moreover, some orbital zones are declared protected  as they are 
considered limited resources52 which form part of outer space5  and, therefore, are sub ect to 
the freedoms of access and use by each and every State under Article I ST. The LE , for 
example, has a 25 years  rule, after which space ob ects are going to be deorbited. Since this is 
impossible in GS , ob ects must be sent into a graveyard orbit, that is 2 5 m from the GS . 
Another solution for the debris problem are End of Life (E L) measures. 

Generally, as safety is never an option in an ultra-hazardous atmosphere such as outer space, 
the prevention of collisions and interference is more than essential. In the last years, than s to 
this increasing awareness, different efforts were made. Accordingly, a new idea of serving 
sustainability was raised, so that in 200  two initiatives too  place  one of them addressing 
sustainability and the other, fostered within the EU framewor , culminating with the adoption 
of the International Code of Conduct 54 (ICoC). Furthermore, in 2011, Russia proposed a new 
and more detailed initiative on satellite information. Aiming to enhance information exchange 
and a common international security information share regarding missiles and satellites to 
prevent space collision with operational and non-operational space ob ects. 

n February 2018, the EU-funded SMEs validated the first European system for removing 
space debris with nets. The ADR1EN pro ect55 brought together three highly specialised SMEs 
from around Europe. For instance, S A Pols a, one of the participants in the pro ect, was 
responsible for the development of the net simulator and the capturing net. 
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As of 0 April 2018, a phased array radar system was under development in Germany to deliver 
continuous surveillance of space debris. The German Experimental Space Surveillance and 
Trac ing Radar (GESTRA) will be used to prepare an orbital data catalog, which will be 
instrumental in assessing and preventing collision ris . 

In une 2018, the U -led pro ect to showcase methods to collect space un  was released from 
the International Space Station using a robotic arm.56 The Swiss Centre for Electronics and 
Microtechnology was actively collaborating with the Surrey Space Centre (SSC) at the 
University of Surrey and other international partners to the Space debris removal technology 
mission called RemoveDebris 5 , launched into orbit from the ISS. The RemoveDebris 
satellite weighs 100 g and has a net and a harpoon which are aimed to be used to collect debris, 
such as old roc et parts and bro en fragments of spacecrafts. At the end of the mission 
RemoveDebris will be deploying a large membrane in order to avoid becoming a debris itself. 

n 19 September 2018, the RemoveDebris satellite successfully deployed a net more than 00 
m above Earth as part of a series of trials to demonstrate how to capture space debris. It 

wor ed ust as we hoped it would , said Prof Guglielmo Aglietti, director of the Surrey Space 
Centre. Shortly, RemoveDebris will test a new camera system to trac  space un  on a target it 
has brought along for the experiment. Eventually, RemoveDebris will deploy a large 
membrane, which will brush against the high atmosphere and pull the whole mission into a 
destructive dive towards the planet.58 

Moreover the European Space Agency via the Clean Space Initiative started a pro ect loo ing 
at the future of Debris removal in collaboration with European Private Companies. Laura 
Innocenti heading ESA s Clean Space initiative stated e want European industry to be able 
to benefit from this mar et growth while still respecting international space debris mitigation 
regulations, to eep these ey orbits safely usable into the future .59 

CONCLUSION 

Consensual ADR is in line with the Space Treaties. In analogy with salvage law, which is the 
most familiar concept for operations of that character, the removal of abandoned ob ects can 
ta e place on a consensual basis.60 

In the case of lac  of consent for removal, the latter can only ta e place after an express and 
intentional abandonment of the rights of ownership and urisdiction over the space ob ect 
removed. Hence, the ey element for the determination of loss of rights over a space ob ect is 
the intention to abandon it and more specifically to abandon its control. As previously 
elaborated, when a State abandons its space ob ect sine spe revertendi aut recuperandi, it can 
be safely concluded that it quits its right of ownership and, thus, any exclusive authority over 
it. Accordingly, with respect to urisdiction and control, although registration is important for 
the identification of space ob ects and constitutes a criterion to presume urisdiction and control, 
it does not constitute the legal basis for the establishment of said rights. Thus, when a State 
intentionally abandons control of a space ob ect it is not further entitled to exercise urisdiction 
over it, irrespective of whether it has registered such ob ect or not. Again, as in the case of 
abandonment of ownership previously examined, a differentiation must be made between 
unintentional and intentional abandonment of control of a space ob ect. In the latter case, and 
based on the aforesaid, the State of registry consciously resigns its right to exercise actual 
control and urisdiction. Therefore, under such conditions, non-consensual ADR would not 
place a violation of the rights of urisdiction and control and would be legally permitted. 
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esides the exercise of exclusive rights, over a space ob ect which has been intentionally 
abandoned into outer space is contrary to Articles I and II ST, since it amounts to a de facto 
appropriation of the area which said ob ect occupies and obstructs the freedom of access and 
use of outer space for other States, as prescribed by Article I ST.61 

In any event, even if it is considered that ADR violates any of the aforesaid rights, it must be 
ept in mind that the hypothetical wrongfulness of such an operation would be precluded in a 

case of distress or necessity, as depicted in Articles 24 and 25 of the Articles on Responsibility 
of States for Internationally rongful Acts.62 

Finally, liability issues of ADR are covered by the provisions of the ST and the LIA  to a 
great extent. hat is important to note for liability considerations is the way liability is 
differentiated for the State of the space ob ect under removal depending on whether it has 
consented or not to such a removal. hile in the case of consensual ADR the State is procuring 
the launching of the space ob ect conducting the removal (and therefore is its launching State), 
in the opposite scenario it is not related with the launching of said ob ect and, thus, bears no 
liability for damage caused by it. 
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Abstract

Subject of this paper is the design of a space robotic mission to the asteroid 433 Eros. The mission aims to grab a
boulder from its surface and transport it inside the Earth’s Hill sphere. This kind of mission was chosen to develop a
method of analysis of all the opportune trajectories for a sample-return mission, using a generic Near-Earth asteroid as
433 Eros. This work was inspired by NASA’s Asteroid Redirect Mission, which was cancelled in 2017 due to lack of
funding, and whose purpose was to transfer a boulder from the surface of a Near-Earth asteroid to a stable lunar orbit,
where it could be further analysed both by robotic probes and by a future manned mission. The propulsion system
used for the theorized mission consists of three autonomous ion thrusters fully adjustable in magnitude and direction of
thrust. Furthermore, during the return flight an Earth gravity assist is used to increase the mass of boulder that the
spacecraft can transport towards Earth. Selecting the same time window of the ARM, di↵erent trajectories, separately
for the outbound and inbound flights, are calculated using indirect methods. Subsequently, a plausible interpretation
of the di↵erent performances of the calculated trajectories is given, considering both the solar electric power available
to the spacecraft and the geometric configuration of the bodies involved. At the end of this process, all the calculated
trajectories for the outbound and inbound flights are compared, and possible final solutions for the mission are discussed.

1. Introduction

The optimization of an interplanetary trajectory is
essential to satisfy all the scientific and technical re-
quirements of a space mission. In particular, an opti-
mal trajectory is defined by evaluating a control law
for the spacecraft which is able to maximize a speci-
fied performance index, while fulfilling the boundary
conditions that characterize the mission. Numerical
methods for trajectory optimization can be in general
classified into three main groups: indirect methods,
direct methods, and evolutionary algorithms. This pa-
per is focused in particular on the first group and on a
specific application for a sample-return mission to an
asteroid.
Indirect methods, as will be discussed in Paragraph 3,
are based on the theory of optimal control and solve
the optimization problem [1] by defining and solving
a boundary value problem [2]. The theory of optimal
control provides di↵erential equations for the adjoint
variables and boundary conditions for optimality. The
optimal controls must maximize the Hamiltonian at
any given point along the trajectory, in agreement with
Pontryagin’s Maximum Principle (PMP).
Indirect methods are some of the most e�cient opti-
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mization methods for trajectory design of articulate in-
terplanetary missions such as the asteroid missions. In
fact, in these kind of missions, because low-thrust en-
gines are normally chosen as propulsion systems, plan-
etary fly-bys are often necessary to impart enough �v.
Several space missions have been accomplished so far
involving asteroid rendezvous and explorations, and
the NASA’s Asteroid Redirect Mission (ARM) [3, 4]
is a theorized sample-return mission which comprises
both these aspects. This mission in fact aims to grab
a boulder from the surface of an asteroid and to place
it on a stable lunar orbit for future analysis of robotic
probes and manned missions. An experiment of ”grav-
ity tractor” was also planned for the ARM [5,6] using
the collected boulder. This method consists in making
the combined mass of the spacecraft (18 tons [7]) and
the boulder (which should weights several tons) im-
part a gravitational force on the asteroid, slowly alter-
ing the asteroid’s trajectory. In this way, the asteroid
redirect vehicle would demonstrate the ”gravity trac-
tor” planetary defence technique on a hazardous-size
asteroid. However, the ARM has been cancelled due
to lack of funding.
Using indirect methods, an analysis and validation of
the NASA’s Asteroid Redirect Mission is conducted
selecting a NEA. Besides defining the optimal trajec-
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tory for this mission by means of indirect methods,
the main aim of this paper is to present a specific
analysis on the optimal use of multiple thrusters in a
context of sample-return mission from a NEA. Similar
works about the trajectory design of the ARM are pre-
sented in the paper of R. G. Merrill, M. Qu et al. [8],
while a generic study to investigate the feasibility of
identifying, capturing, and returning an entire NEA
is presented in the paper of D. Landau, J. Dankanich
et al. [9]. Another feasibility study of a similar mis-
sion have been done in the paper of J. R. Brophy, R.
Gershman et al. [10]. However, this latter paper inves-
tigate briefly all the di↵erent aspects of the mission,
while the presented paper is focused on a preliminary
analysis of the spacecraft trajectory considering the
substantial mass increase of the spacecraft due to the
collected boulder.
The optimization problem for this mission consists
in finding the optimal power partitioning among the
thrusters, the corresponding thrust magnitude and the
optimal thrust direction. Typical assumptions for a
preliminary analysis of the mission are made. More
in detail, the patched-conic approximation is adopted
and two-body problem equations are used to describe
the interplanetary flight. Furthermore, cubic relations
are assumed for thrust and propellant flow rate as a
function of input power, since each engine can either
be turned o↵ or operate between minimum and maxi-
mum input power limits. In addition, the total power
cannot exceed the available power, which varies in-
versely with the distance from the Sun.
The asteroid (433) Eros in chosen as target in order to
provide a wide variation in power available for thrust-
ing, as opposed to primary ARM asteroids with more
Earth-like orbits [11]. Orbital elements of 433 Eros at
the epoch JD 2458000.5 (4 September 2017) are re-
ported in Table 1.

Table 1
Orbital elements of 433 Eros at the epoch JD
2458000.5 [12]

Aphelion 1.7825 AU
Perihelion 1.1334 AU
Semi-major axis 1.4579 AU
Eccentricity 0.2226
Orbital period 1.76 years
Mean anomaly 71.280�

Inclination 10.828�

Longitude of ascending node 304.32�

Argument of perihelion 178.82�

An Earth gravity assist in the return leg (modelled
as an instantaneous rotation of the hyperbolic excess
velocity at Earth encounter) is used to improve perfor-

mance. In order to simplify the optimization process, a
di↵erent analysis is carried out separately for the out-
bound and inbound flights: for the outbound flight the
aim is to minimize the propellant consumption with a
fixed initial mass of propellant and dry mass, while, for
the inbound flight, the performance index to be max-
imized is the initial mass (i.e. the total mass of the
spacecraft departing from the asteroid, so the mass of
grabbed boulder) using, however, a proper fixed mass
of propellant for the journey. After having combined
two di↵erent legs among all the found assorted trajec-
tories, a second optimization of the inbound flight is
done using the real amount of propellant left from the
selected outbound flight. In this fashion is possible to
provide the mission with a complete trajectory.

2. Statement of the problem

In preliminary analysis, the patched-conic approxi-
mation is commonly adopted and the two-body prob-
lem equations are used to describe the motion of the
point-mass spacecraft (with variable mass m). For the
presented case, only the heliocentric phases are con-
sidered and the state equations are the following:

dr

dt
= v (1)

dv

dt
= g + T /m (2)

dm

dt
= �q (3)

where r is the position vector and v the velocity vector.
The value of the spacecraft initial mass is assigned and
it is equal to 10000 Kg, of which 5000 Kg is the mass
of the available propellant. Escape and arrival velocity
at the Earth’s Hill sphere are both fixed at 1.4 Km/s
(C3 equals to 1.96 Km2/s2). These previous values
are chosen on the base of performance of the current
technology. Boundary conditions can be written as:

r0 = r
E

(t0) (4)

[v0 � v
E

(t0)]
2 = C30 (5)

m0 = 10000 Kg (6)

r1 = r
A

(t1) (7)

v1 = v
A

(t1) (8)

r2 = r
A

(t2) (9)

v2 = v
A

(t2) (10)

m2 �m1 = m
boulder

(11)

r3� = r3+ = r
E

(t3) (12)

[v3� � v
E

(t3)]
2 = [v3+ � v

E

(t3)]
2 (13)

r
f

= r
E

(t
f

) (14)

[v
f

� v
E

(t
f

)]2 = C3
f

(15)

m
f

= 5000 Kg (16)
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Optimization of low-thrust trajectory for a mission to the asteroid 433 Eros with Earth gravity assist 3

where subscripts 0, 1, 2, 3 and f refer to Earth depar-
ture, Eros arrival, Eros departure, Earth gravity assist
(� just before, + just after) and Earth arrival, respec-
tively. Subscripts E and A refer to Earth and target
asteroid.
Thrust magnitude and propellant mass flow rate of a
thruster are related to its input power. As a conse-
quence, the e↵ective exhaust velocity (therefore the
specific impulse) is also a function of the input power.
Cubic relations are assumed here for thrust magnitude
T and propellant mass flow rate q:

T = a0 + a1P + a2P
2 + a3P

3 (17)

q = b0 + b1P + b2P
2 + b3P

3 (18)

and the specific relationships applied in the example
problems for this work are shown in Figure 1 (a). Ad-
ditionally, the engine specific impulse as a function
of input power is illustrated in Figure 1 (b), where
I
sp

= T/(qg0).
As is shown in the previous graphs, each thruster

works with a minimum input power of 7 kW and
maximum input power of 13.95 kW. Three fully au-
tonomous thrusters are considered for this mission.
It is important to notice that the maximum value of
specific impulse, namely the minimum propellant con-
sumption, corresponds to the maximum input power.
For this reason, in order to use the least amount of
propellant, is fundamental to use the thrusters at max-
imum power for as long as possible.
The spacecraft has solar arrays that produce 47 kW
of electric power at 1 AU (initial and final position of
the mission), but 5 kW must be reserved for on board
electronics. The array power is assumed to vary in
an inverse relation with the squared distance from the
Sun, and hence the available power for thrusting is
Pa= 47/r2 � 5 kW, with r in AU. A 90% duty cycle
is considered. Thrust magnitude and direction are the
problem control variables. These propulsion assump-
tions are similar to those used in the development of
the Asteroid Redirect Robotic Mission reference tra-
jectory.

3. Optimization of the segments

In order to find the optimal control law for the
thrusters indirect methods are used. As said, these
methods are based on the theory of optimal control [1]
and solve the optimization problem by defining and
solving a boundary value problem [2]. An adjoint vari-
able is associated with each di↵erential equation and
the Hamiltonian is defined. The usual expression is:

H = �T

r

v + �T

v

g + TS
F

(19)

where the thrust coe�cient

(a) Thrust and flow mass rate

(b) Specific impulse

Figure 1. Thruster performance as a function of input
power

S
F

=
�T

v

T /T

m
� �

m

q

T
(20)

is named the switching function.
The theory of optimal control provides di↵erential
equations for the control and adjoint variables (Euler-
Lagrange equations), and also boundary conditions for
optimality, which depend on performance index and
applied boundary conditions. The application of this
theory produces a boundary value problem defined by
the following properties:

• time interval for integration is divided into sev-
eral sub-intervals where di↵erential equations
may have di↵erent expressions, and durations of
each sub-interval are generally unknown;

• boundary conditions may be non-linear and must
be satisfied at the relevant points;
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• variables may be discontinuous and their values
may be unknown after a discontinuity.

A multiple shooting technique is adopted to solve
the resulting multipoint boundary value problem,
which is transformed into a series of initial value prob-
lems leading to convergence by means of Newton’s
method [13]. In particular, error gradients are accu-
rately evaluated and small corrections on the tentative
solutions are done. More details regarding this numer-
ical procedure are outlined in the work of F. Simeoni,
L. Casalino et al. [14]. Di↵erential equations of motion
are integrated by using a variable-order variable-step
integration scheme, based on the Adams-Moulton for-
mulas [15], in order to carry out a fast and very accu-
rate integration.
The optimal controls must maximize H at any given
point along the trajectory, in agreement with PMP.
One deduces that the thrust must be parallel to the
velocity adjoint vector �

v

and the switching function
becomes:

S
F

=
�T

v

m
� �

m

q

T
(21)

If the propulsion system has constant e↵ective ex-
haust velocity c = T/q, the thrust magnitude is the
only remaining control, and one easily recognizes that
a bang-bang control is required. The thrust assumes
its maximum value when S

F

> 0, whereas the engine is
switched o↵ when S

F

< 0. Only in special cases, usu-
ally involving atmospheric flight, the switching func-
tion remains null along a non-zero interval and the
thrust assumes an intermediate value (singular arc).
PMP requires the maximization of S

F

. In the general
case of non-constant c the function

H̄ = T � q
m�

m

�
v

(22)

must be maximized. It is interesting to note that H̄
is a linear combination of T and q, and it depends on
a single parameter K = m�m

�v
, which is varying along

the trajectory. At any given trajectory point, K is
known and the power level that maximizes H̄ must be
sought. The problem is more complex when more than
one engine is available and the electric power is split
between the engines. Each thruster provides its own
thrust and has its own propellant consumption, which
both depend on its input power. H̄ becomes:

H̄ =
NX

i=1

T
i

�Kq
i

(23)

Three equal thrusters (N = 3) will be considered
here. By introducing the coe�cients d

j

= a
j

� Kb
j

,
with j = 0, 1, 2, 3, one has:

H̄ =
3X

i=1

d0 + d1Pi

+ d2P
2
i

+ d3P
3
i

=
3X

i=1

f
i

(24)

Figure 2. Generic behaviour of function f

The function f = c0 + c1P + c2P
2 + c3P

3 is
shown in Figure 3 with arbitrary scales for c3 > 0,
which is the case considered here. The curve second
derivative changes its sign from negative to positive
at P0 = �c2/(3c3). Two cases exist, depending on
� = c22�3c1c3, the discriminant of the quadratic equa-
tion that nullifies the first derivative of f . When� > 0
a local maximum exists at P = P

L

= �P0�
p
�/(6c3),

with a local minimum at a symmetric position with re-
spect to P0. The curve is stationary at P0 for � = 0.
The curve is monotonic and no stationary points exist
for � < 0.
Each engine can either be turned o↵ (P

i

= 0) or op-
erate between minimum and maximum limits (P

m


P
i

 P
M

). In addition, the total power cannot exceed

the available power, that is,
3P

i=1
P
i

 P
a

. The determi-

nation of the optimal power partitioning at any trajec-
tory point is turned into finding P1, P2, P3 that maxi-
mize H̄, that is, a cubic function of the three variables,
with the linear constraints P

i

= 0 or P
m

 P
i

 P
M

and
3P

i=1
P
i

 P
a

. Feasible solutions satisfy all the con-

straints. At a feasible point, a constraint is said to
be active when the equality sign holds; it is said to
be inactive when a strict inequality holds. Local max-
ima of H̄ are sought for any combination of active and
inactive constraints, and then compared to select the
global maximum.
The function H̄ is a locally maximum if its variation
is non-positive for any admissible variation of the con-
trol variables. The constrained maximization problem
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is treated with an approach based on Lagrangian mul-
tipliers µ: Instead of H̄, the augmented function:

H̄⇤ =
3X

i=1

f
i

+ µ
a

(
3X

i=1

P
i

� P
a

)+

+ µ
i,M

(
3X

i=1

P
i

� P
M

) + µ
i,m

(
3X

i=1

P
i

� P
m

)

(25)

is maximized.
More details of the optimal power partitioning are dis-
cussed in the paper of Casalino and Vavrina [16].

4. Results

Orbits of Eros and Earth are non-coplanar, with an
angle of 10.82� between the two planes [12]. There-
fore, on the Earth’s orbit, there are two antipodal
nodes in common with the plane of Eros: the one
closer to the perihelion of Eros is temporally located
around December, while the one closer to the aphelion
of Eros is temporally located around June [12]. In
order to have an initial orbital plane change without
any propellant consumption, the departure from the
Earth’s Hill sphere is located arbitrarily in one of the
two above-mentioned nodes of the Earth’s orbit. This
manoeuvre can be achieved with the escape velocity
given by the launcher and possibly with Moon fly-bys.
For the same reason, the Earth gravity assist of the
inbound flight is located in the node closer to the
perihelion of Eros, which is a much more convenient
position for the fly-by than the other node, due to the
eccentricity of the Eros’ orbit.
Because of these geometric aspects of the problem,
there are many di↵erent departure periods of the out-
bound journey. In fact, in a same year, the mission
may start either in the period of December (node
close to the aphelion of Eros), or in the period of June
(node close to the perihelion of Eros). Nevertheless, a
same departure from a specific node, but in di↵erent
years, may have di↵erent performances in terms of
optimal consumption, due to the synodic period be-
tween Earth and Eros, which is about 2.31 years [12].
In the same way, there are di↵erent periods of fly-by
for the inbound journey. Hence, is possible to define a
family of trajectories as a cluster of trajectories with
the same period of departure or fly-by (depending if
it is an outbound or an inbound one) and di↵erent
durations.
Optimization results are presented separately for the
outbound and inbound trajectory. A few explicative
examples are chosen among all the found trajectories.

4.1. Outbound flight
Preliminary solutions of the outbound flight are

found by removing the constraint of the asteroid ren-

dezvous, imposing instead only the arrival in a generic
point of Eros’ orbit, not caring about the real pres-
ence of the asteroid. In this way, is possible to find
an hypothetical trajectory with the best performance
in terms of propellant consumption. From this ideal
solution, the first families of the outbound journey are
found adding back the rendezvous constraint. Other
families are found in di↵erent periods by shifting the
arrival and departure dates of these families. In Figure
3 are shown the arrival mass m1 on Eros as a function
of the flight duration for all the found families of the
outbound journey. Obviously, the larger is the arrival
mass the less is the propellant consumption. Depend-
ing on the family and duration, m1 varies between
7000 Kg and 7900 Kg.

Figure 3. Arrival mass on Eros for the di↵erent fami-
lies of the outbound journey

As one can see, to a longer duration of the flight cor-
responds a minor amount of requested propellant to
arrive on Eros, since it is possible to manage more e�-
ciently the thrust control as it will be further discussed.
An other important aspect to notice is the di↵erent
optimized arrival masses for a same duration: these
di↵erences are due to the phase of Earth and Eros,
and the available electric power along the trajectory,
which depends on the spacecraft’s position relative to
the Sun.
Two di↵erent outbound trajectories (projected in the
ecliptic plane) with the same duration of about 4 years
are compared in Figure 4, where departure and arrival
epochs are marked with an asterisk on the respective
orbit. The trajectory belonging to the December 2021
departure family has an optimized arrival mass about
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300 Kg grater than the arrival mass of the other trajec-
tory, which instead belongs to the June 2022 departure
family.

(a) Departure in December 2021

(b) Departure in June 2022

Figure 4. Comparison of two outbound trajectories
with the same duration of about 4 years

This comparison suggests that to a minor amount of
used propellant corresponds a more gradual approach
of the spacecraft to the asteroid’s orbit. This is due the
orbit phases of trajectories: if phase is favourable, a
gradual adjustment of both perihelion and aphelion al-
titude is possible, if, instead, phase is less favourable,
with a quick adjustment of one of the two altitudes
is possible to correct the angular velocity, but with a
greater consumption of propellant. In fact, regard-
ing the trajectory in Figure 4 (b), in order to ad-
just the early orbit phase, angular velocity is reduced
by quickly increasing perihelion altitude and, subse-
quently, slowly correcting aphelion altitude. For this
reason, in this second case a larger mass of propellant
is needed.
As said, also the available electric power along a trajec-
tory influences its performance in terms of propellant
consumption. This aspect may be clearly visible com-
paring the control laws of the thrusters for the same
two trajectories seen previously. This second compar-
ison is presented in Figure 5.
The orange curve is the power Pa which is available
for thrusting, and depends on the spacecraft’s position
relative to the Sun. The black, green and red curves
are the electric power Pi used by each thruster, while
the blue curve is the cumulative power PT used by all
the three thrusters. As shown in the graphs, in both
cases the number of switched on thrusters depends on
the amount of available electric power, and, where it
is possible, the working power of each of them is equal
to the maximum value of about 14 kW. In order to
better figure out how many engines are switched on,
on the y-axis are highlighted the multiple values of the
maximum power of each thruster (i.e. about 14 kW).
The trajectory in Figure 5 (b) has a cumulative elec-
tric energy minor than the other trajectory, since this
latter has more and higher peaks of available power.
Therefore, in the first case, to use thrusters at max-
imum power (that is, maximum specific impulse) is
easier, and a less amount of propellant is needed.
In Figure 6 the thrust vectors along the December 2021
departure 2D trajectory are shown. From this visual-
ization is clear once again that the number of switched
on engines depends on the spacecraft’s position rela-
tive to the Sun. For this reason, the thrust segment
with the greatest intensity of thrust vectors (about
1÷1.5 N) are placed in the most e�cient positions in
terms of available power, namely in proximity of the
perihelion of the outbound trajectory. Is also possible
to notice how thrust vectors in this case (and in almost
every outbound trajectory) are substantially tangen-
tial to the trajectory.
By analysing Figures 7 and 8 is possible to understand
how the inclination of the trajectory varies along the
journey. The angle � is the angle between the position
vector of the spacecraft and the ecliptic plane, where a
reference frame centred in the Sun is used. As one can
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(a) Departure in December 2021

(b) Departure in June 2022

Figure 5. Comparison of the control laws for the same
previous trajectories

see, inclination varies only when trajectory passes for
one of the nodes, and it remains unchanged between
the passages. This is clearly visible also in the 3D
vision of the trajectory, where the Z scale is enlarged
to highlight the inclination of Eros’ orbit.

4.2. Inbound flight
A similar analysis can be made for the inbound

flight. In this case the optimization index to be max-
imized is the initial mass m2 departing from Eros
(which corresponds to the mass of grabbed boulder,
having m1 fixed), while the selected propellant mass
to use for this flight is 2000 Kg.
As said, the inbound families ar characterized by the
period of fly-by. Choosing a proper period of time,

Figure 6. Thrust vectors along the December 2021
departure trajectory

Figure 7. � angle and inclination of the December
2021 departure trajectory

in base of the arrival dates of the outbound trajecto-
ries, two families for the inbound journey are found,
which both have fly-by in January 2028 and a simi-
lar value of the initial mass (m2 is about 11000 Kg).
By temporally shifting these two reference families of
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8 N. Marmo

Figure 8. 3D vision of the December 2021 departure
trajectory

about 2 years back and forward, other two families
are obtained with fly-by in January 2026 and 2030, re-
spectively. Another family is found by temporally ex-
tending approximately by 6 months the Earth-Earth
segment of the reference families (the ones with fly-
by in January 2028). The best results in terms of
initial mass are found in the early family with fly-by
in January 2026 (m2 is about 13900 Kg), while the
worst results are found in the delayed family with fly-
by in January 2030 (m2 is about 8900 Kg). Evidently,
due to the synodic periods of the bodies, the early
family has the most e�cient phase, while the other
families are more distant from this optimal condition.
The family with the extended Earth-Earth segment
has an optimized initial mass slightly worse than the
reference families (m2 is about 10700 Kg). The above-
mentioned geometric aspects, together with the avail-
able electric power, are again critical for a positive
or negative performance in terms of optimized mass.
More in detail, since the amount of propellant for the
inbound journey is the same for every trajectory, the
key for a better result is how e�ciently it is possible
to manage this amount of propellant in the Eros-Earth
segment, in order to have a greater mass of propellant
left to assist the fly-by in breaking the spacecraft and
changing the plane towards the ecliptic plane. As for
the outbound results, a few explicative examples of the
found trajectories are presented.
Two di↵erent inbound trajectories with the same du-
ration of about 4 years are compared in Figure 9. The
trajectory belonging to the January 2026 fly-by family
has an optimized initial mass about 4900 Kg grater
than the initial mass of the other trajectory, which in-
stead belongs to the January 2030 fly-by family. Even
in this case, departure and arrival epochs are marked

with an asterisk on the respective orbit.

(a) Fly-by in January 2026

(b) Fly-by in January 2030

Figure 9. Comparison of two inbound trajectories with
the same duration of about 4 years

The Eros-Earth segment of the first trajectory in Fig-
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ure 9 (a) is rather close to the Eros’ orbit, while the
same segment of the second trajectory has an aphelion
much higher than the Eros’ one. Therefore, in this sec-
ond case, more propellant is needed to approach the
Earth for a gravity assist. This di↵erence in shape of
the two trajectories is explicable looking at the con-
trol law graphs of the same two trajectories, which are
shown in Figure 10. The fly-by epoch is pointed out
on the x-axis.

(a) Fly-by in January 2026

(b) Fly-by in January 2030

Figure 10. Comparison of the control laws for the same
previous trajectories

The first and low peak of power in both figures coin-
cides with the first passage of the spacecraft near the
perihelion of Eros, as is possible to see in Figure 9.
However, since the di↵erent departure epochs of these

two cases, in the first trajectory the first peak is de-
layed of a few months than the other one, so, in this
way, is possible to use the low amount of power in the
first year of journey to decrease perihelion of the orbit.
Furthermore, in this first case, the control law avoid to
use the first peak of power (using instead the phases
of lower power near the aphelion), since, by switching
on the thrusters in that position, the aphelion altitude
would eventually increase too much, making necessary
a greater amount of propellant to approach the Earth’s
orbit for gravity assist. This instead happens in the
second case, where, because of the departure epoch,
the control law is forced to use completely that peak
of power at perihelion of the orbit in order to adjust
the orbit phase.
In Figure 11 the thrust vectors along the January 2026
fly-by 2D trajectory are shown. This visualization con-
firms, as shown in Figure 10 (a), that in this case al-
most all of the propellant is used to break the space-
craft after the Earth fly-by. Unlike the trajectory in
Figure 6, in this case (and in almost every inbound tra-
jectory) thrust vectors have a significant radial compo-
nent and are mostly not tangential to the trajectory.

Figure 11. Thrust vectors along the January 2026 fly-
by trajectory

In the graph of � and inclination of one of the previ-
ous trajectories is possible to see how almost all the
inclination variation is due to the Earth fly-by. This is
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also clearly visible in the 3D vision of the trajectory,
where again the Z scale is enlarged. These graphs are
shown in Figure 12 and 13.

Figure 12. � angle and inclination of the January 2026
fly-by trajectory

Figure 13. 3D vision of the January 2026 fly-by tra-
jectory

5. Proposed missions

After all the possible trajectories for the outbound
and inbound journey are collected, these are compared

with each other in order to identify a final solution for
this discussed mission. Then, two journeys are assem-
bled if they respect two constraints: the minimum time
interval on Eros must be of 6 months, in order to com-
plete all the planned operations on the asteroid, and
the mass of grabbed boulder must be at least of 2000
Kg, in order to satisfy the scientific requirements of the
mission (the experiment of gravity tractor planned for
the ARM [5]). Furthermore, as said, a second opti-
mization of the inbound flight is done using the real
amount of propellant left from the selected outbound
flight.
Three di↵erent missions are proposed with mass of the
boulder which respectively equals to: 4040 Kg, 5889
Kg, and 7014 Kg. The last one is the mission with
the maximum mass of boulder transportable among all
the possible combinations. Nevertheless, such a high
mass may involve issues in terms of structures design
and production costs. In this sense, the first two solu-
tions may be preferable for a final choice. These first
three solutions are presented in Tables 3-4. Finally,
another solution for the mission is proposed using an
initial mass of propellant of 4000 Kg, instead of 5000
Kg, and selecting the mission with the maximum mass
of boulder. This analysis is carried out to test perfor-
mance of the mission in case of a smaller initial mass of
the spacecraft is needed. With this new condition the
maximum mass of boulder found is 2138 Kg, slightly
over the minimum mass. This result is shown in Table
5.

Table 2
1st proposed mission
Departure date
from Earth

22 January 2022

Arrival and departure
from Eros

4 April 2025 -
13 January 2026
(8 months)

Earth fly-by 26 January 2028
Arrival date
on Earth

19 April 2029

Mass of boulder 5889 Kg
Mission duration 7 years and 5 months

6. Conclusions

The cancelled NASA’s Asteroid Redirect Mission [3]
has been selected for a validation analysis of the op-
portune trajectories for a sample-return mission. Main
purpose of the mission was to transfer a boulder from
the surface of a NEA to a stable lunar orbit, where it
could be further analysed by other missions. For this
analysis the NEA (433) Eros has been selected. In or-
der to quantify the mass of the transportable boulder
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Table 3
2nd proposed mission
Departure date
from Earth

22 January 2022

Arrival and departure
from Eros

16 March 2026 -
22 March 2027
(1 year)

Earth fly-by 26 January 2028
Arrival date
on Earth

18 April 2029

Mass of boulder 4040 Kg
Mission duration 7 years and 5 months

Table 4
3rd proposed mission
Departure date
from Earth

23 January 2021

Arrival and departure
from Eros

3 July 2023 -
19 January 2024
(6 months)

Earth fly-by 26 January 2026
Arrival date
on Earth

26 March 2027

Mass of boulder 7014 Kg
Mission duration 6 years and 4 months

Table 5
Proposed mission with 4000 Kg of propellant
Departure date
from Earth

22 January 2022

Arrival and departure
from Eros

15 March 2026 -
28 August 2027
(1 year and 5 months)

Earth fly-by 28 January 2030
Arrival date
on Earth

17 Oct. 2031

Mass of the
boulder

2138 Kg

Duration of mission 9 years and 10 months

inside the Earth’s Hill sphere an optimization process
of the trajectory has been carried out studying sep-
arately the outbound and inbound flight, considering
an Earth gravity assist in the inbound leg. Commonly
adopted approximations have been used. All the found
trajectories of these two flights have been compared in
order to identify a final solution for the mission. A few
solutions have been proposed varying either the mass
of boulder or the mass of initial propellant.
In the analysis conducted for the ARM the propellant
used for the experiment of gravity tractor has not been
taken into account. Since this experiment would last

several weeks, the amount of propellant for this pur-
pose may be significantly large. The amounts of pro-
pellant for orbit control around the asteroid and for
ascending and descending manoeuvres are not consid-
ered as well. All these propellant contributions may
vary critically the mass of boulder that the spacecraft
can transport towards Earth, so, for this reason, a new
and more accurate analysis of the mission could be nec-
essary.
Another possible future analysis can be carried out by
optimizing the trajectory in its entirety, instead of di-
viding it in two segments. In this way, better solutions
may be obtained. Furthermore, optimization of the in-
bound flight can be performed again varying the final
constraints at the entrance of the Earth’s Hill sphere,
in order to study the trajectory to the stable lunar
orbit as well.
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ABSTRACT 
The "autonomous access to space" is considered a strategic asset by most of the major space 
faring nations, which over the past sixty years have engaged costly development programmes 
to have their own space transportation systems. Until few years ago, the primary goal of 
investing in the above-mentioned programes, was in most cases to meet the institutional (both 
civil and military) needs. So far, the scenario has been rapidly changing, because of the 
increasing civil private new comers wishing to develop space-based business. It is then 
becoming necessary to comply with a very wide range of demand in terms of mission flexibility 
and service to the payload, within an overall launch service cost reduction. 

Italy has historically supported innovative developments of space propulsion systems for 
decades, by funding research and technology developments within national programmes, and 
leading several ESA programmes in this field. In particular, since the beginning of the 2000’s, 
the Italian Space Agency strongly supported the development of the Vega launcher and its 
current evolutions, Vega C and Vega E. 

In the present paper all ongoing and future activities and initiatives relevant to solid and liquid 
propulsion and supported by the Italian Space Agency at national and at ESA level are 
illustrated, along with their context and objectives in the European and international scenarios. 

Keywords: Vega launch vehicle, solid propulsion, liquid propulsion 
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1 INTRODUCTION 
Italy has historically supported innovative developments of space propulsion systems for 
decades, by funding research and technology developments within national programmes, and 
leading several ESA programmes in this field. In particular, since the beginning of the 2000’s, 
the Italian Space Agency strongly supported the development of the Vega launch vehicle and, 
in the more recent past, its evolutions, foreseen to consolidate and enhance the launcher market 
placement, Vega C and Vega E (Figure 1), with a primary role of Italian national industry as 
system architect. Since its maiden flight, in February 2012, Vega successfully performed 14 
missions in a row, with different mission profiles and payloads in single and multi-payloads 
configurations.       

Figure 1: Vega and its evolutions 

As European leader in solid rocket motor developments, and continuing the way paved by the 
Vega SRM development, qualification and exploitation, Italy participates to the development 
of P120C SRM, as common element of the next generation of European launcher family, Ariane 
6 and Vega C, characterized by state-of-the-art technologies and high challenge of very low-
cost products. In parallel, the Vega C second stage Zefiro 40 SRM development is ongoing 
under the full Italian design responsibility, introducing some further technological 
improvements in the SRM components design, materials and processes. Both the SRM, 
exploiting respectively P80 and Zefiro SRM experienced gained in the frame of Vega 
programme, have a cost-oriented design, development and qualification plan, material and 
process, in order to conceive propulsive unit with low-cost, high-performance and high-
technology added-value. 

Italy is also deeply involved in the development of the European Liquid oxygen-methane (lox-
CH4) engine for the Vega Upper Stage (VUS), which will substitute the current storable liquid 
upper stage and the solid propellant stage Zefiro-9 for the Vega E launcher. The envisioned lox-
CH4 engine, representing a breakthrough in the liquid space propulsion, will enable 
simplification of the launcher architecture, higher performances and mission flexibility, cost 
reduction and improved safety specifically in propellant handling and operations. 
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2 ACTIVITIES ON SOLID PROPULSION 
Following the national success of satellite launches operated with the US launch vehicle, Scout, 
baptized ‘San Marco’ from the Malindi base, developed under the coordination of prof. Broglio, 
since the 1990s, Italy began to study the configuration of a launcher for small payloads [1, 2], 
with the objective to increase the technological capabilities in the field of small launchers. 
Within the course of these studies, financed by ASI, the analysis of market needs leads to 
increasing the performance of the small launcher, with increasingly challenging payload 
capacity requirements. Across the end of 1990s and the beginning of the 2000s, the adventure 
of the Vega development programme took place in the ESA framework, with the development 
of its three solid stages, P80, Zefiro 23 and Zefiro 9, anticipated by their technological 
demonstrator, named Zefiro 16, developed in the frame of industrial research activities. Vega 
and Vega solid rocket motors were not developed from scratch, but exploited all the return of 
experience gained from several project in which the Italian industry played an important role, 
like Alpha, Ariane 1, 3, 4 and 5 [1]. 
The main challenges of the Vega programme for the solid propulsion aspects were related to 
the demonstration of the national industry to design and development new technologies for the 
following aspects: high-mass fraction, aft-finocyl low-binder aluminized propellant design 
within low-weight, high-strength filament wound case and low-density internal thermal 
insulation; consumable filament wound igniter; low-torque flexible joint and electrical 
mechanical actuators. 

Figure 2: Vega Solid Rocket Motors Main Technological Driver Elements 

Once completed with success the Vega SRM development and exploitation, and on the way 
paved by its demonstrated capabilities and flexibility, in December 2014, the new Vega-C 
launch system was approved at the Ministerial Council with the objective to develop a 
consolidated and enhanced version of the launch system, with increased payload capability up 
to 2300 kg and enlarged fairing to capture from the market typical Earth observation missions 
among other types of applications (e.g. Sentinel and Cosmo-Skymed satellites) and, hence, to 
further strengthen the position of the launch vehicle with respect to the competitors in terms of 
performance and operational costs [10]. In terms of stages configuration, with respect to Vega, 
the Vega-C configuration includes the development of a P120C SRM, in common with Ariane 
6-2 and Ariane 6-4 as strap-on booster, as first stage; a Zefiro 40 SRM, as second stage, which
inherit all the Vega SRM technologies and improved them, and the re-use as third stage of the 
Zefiro 9 SRM. The upper part of the launcher is optimized with new solutions for light 

3 

III. VEGA LAUNCHER IS BORN

Vega has not been developed from scratch, it has been

developed acquiring know-how and manufacturing 

capabilities coming from several projects along the years,

among them Alpha, Ariane 1, Ariane 3, Ariane 4 and

Ariane 5. The picture below (fig. 7) explains such a path.

Fig.7 – the Italian path to launch vehicle capability

In 1993 the Italian Space Agency contracted to AVIO

(former BPD) the first studies for a Vega launcher capable

to put into orbit 700 kg in SSO. In the late ’90 a National 

program begun with the objective to increase technological

capabilities in the field of small launchers: Vega-K0 was 

born. In early 2000 the program moved from a national to a

European vision and in 2003 ESA signed the contract that

consolidated Vega to be e European launcher.

Basic characteristics of are in the following table, while

fig.8 shows the launch vehicle architecture:

Tab.1: Vega basic characteristics

Fig.8 – Vega architecture 

Vega is a four-stages launcher capable to serve many

payloads on several orbits, thanks to its performance

capability and the re-ignition of the upper stage.

First three stages are based on solid rocket motors (SRM),

while the fourth stage (AVUM) is based on a liquid rocket

engine.

Each SRM stage is based on HTPB propellant and includes

several key technologies, such as composite case, consumable 

igniter, simplified nozzle and electromechanical actuators (fig. 

9 shows P80 as an example).

 

Fig.9 – P80 Solid Rocket Motor

The fourth stage, AVUM, is composed by two subsystems:

the propulsion module and the avionic module. The AVUM

propulsion module is made of a UDMH/NTO bipropellant

main engine with 5 re-ignition capability and a cold gas

attitude control system. Main functions allow roll control,

attitude control, velocity changes and payload(s) release 

maneuvers. The AVUM avionics module provide also services

such as: flight control and mission management, telemetry,

localization and neutralization, power supply and distribution.

Fig.10 – Exploded view of AVUM upper stage

The launcher has been conceived with selected design

drivers, which are: launch service cost, customer & payload 
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structures of inter-stages and with an increased propellant loading capacity of the liquid fourth 
stage AVUM. 
In the following, the current and already developed programme supported by ASI are described. 

2.1 Vega programme 
Vega is primarily dedicated to low orbits (1500 kg of payload in the reference polar orbit at 700 
km altitude), and in particular to sun-synchronous ones, generally used for Earth observation 
applications that always cover greater interest from European institutions (and others), as well 
as scientific missions, with a payload capacity between 300 kg and over 2 tons, according to 
the required orbit.  
Vega launcher is made up of three stages equipped with solid propellant motors: P80FW, Zefiro 
23 and Zefiro 9 engines (88, 23 and 10 tons respectively), whose casings are made in Italy 
utilizing the filament winding technology. The high fourth stage, which has multiple re-ignition 
capacity (up to five ignitions), is called "Attitude and Vernier Upper Module" (AVUM) and is 
equipped with a storable liquid propellant engine. 

Figure 3: Vega configuration with 3 solid rockets & 1 liquid upper stage 

All the solid stages share the same propellant type of propellant grain, an aluminized HTPB 
1912 propellant (properly tailored in terms of combustion velocity and tuning capabilities), with 
an aft-finocyl design properly defined for each stage in order to fit the relevant high-level 
requirements related to the thrust shape: 9 tips shape is used for Zefiro-9, while 11 tips are used 
for Zefiro 23 and P80FW; tri-modal ammonium perchlorate distribution were preferred for Z23 
and Z9 in order to limit the alumina slag deposit, while bi-modal distribution was retained for 
the P80FW [4]. 
 A new technology for the filament-wound case structures of the P80FW and the Zefiro SRMs 
was successfully developed during the programme for the first time in Europe. The structure is 
realised by winding helical and hoop layers of a prepreg tow onto a metallic mandrel already 
covered with the thermal insulation; the skirts are laid up by prepreg tape plies and co-cured 
with the pressure vessel in order to guarantee a high strength skirt-to-vessel connection. The 
thermal protections of the composite casing were developed in low-density EPDM-based 
materials charged with glass micro-spheres, in order to reduce the material density for the 
required thermal insulation performance of the material. Two stage consumable case pyrogen 
igniters with star shaped HTPB propellants with high burning rate were also developed for the 
three solid stages, activated by pyrotechnic igniter BKNO3 pellets with two IFOCs [4]. Two 
electromechanical actuators, in place of the commonly used hydraulic actuators used e.g. in 
Ariane 5, completed the new technology developed and used for the Vega SRM thrust-vector-
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control system, for the guidance of the launch vehicle, commanded by the IPDU and powered 
by high-power rechargeable lithium battery set. All these new technologies benefited of also 
from Zefiro 16 development achievements and successfully three static firing tests [3]. 

Figure 4:Vega Technological Drivers: from left upper to bottom left – aft-finocyl shape from Ref. 6, consumable igniter from 
Ref. 3, EMA from Ref. 7, EPDM TP rubber from Ref. 3, filament winding casing from Ref. 8, 

The three solid rocket motors main characteristics are reported in the following Figure 5. 

Figure 5: Vega SRM Main Characteristics (Ref. [4]) 

The motors were developed and qualified on ground through dedicated static firing tests (SFT), 
as described in the following. 
The P80FW was fired in Development (DM) and Qualification model (QM) at BEAP static test 
in Kourou Centre Spatial Guyanais, in November 2006 and December 2006, respectively. 
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Zefiro 23 was fired in Salto di Quirra PISQ test facility two times, for DM SFT in June 2006, 
and in March 2008 for QM SFT. Zefiro 9, instead, was fired in its initial configuration for DM 
and QM SFT, respectively in December 2005 and March 2007.  

Figure 6: Vega SRM SFTs: left - P80 SFT at BEAP CSG-Kourou (Ref. [4]); right – Vega Zefiro 9A test firing at Salto di 
Quirra Test facility (Photo: ESA) 

Then, following the failure of Z9 QM, due to a gas leakage in the nozzle and its subsequent 
ejection at about 35 second of operating time, the programme decided to profit of the needed 
change of the nozzle design. Indeed, following the QM SFT failure root cause identification, it 
was decided to change the nozzle design and also the grain design in order to increase the motor 
performance, by increasing the motor propellant mass (+700 kg, keeping the grain geometry as 
aft-finocyl with 9 star-tips, with the design of a new casting mandrel, for the same casing 
structure). The nozzle design was modified changing the expansion ratio (increasing it from 61 
up to 72) and the nozzle shape, fitting the launch vehicle constraints related to LV overall height 
and inter-stage needed clearance. This new configuration of the SRM was called Zefiro 9A [5]. 
Zefiro 9A was fired in order to obtain its ground qualification with three static firing tests at 
Salto di Quirra test facility, respectively, the QM2 SFT in October 2008, the VERTA (VT) SFT 
in April 2009, and the VT2 SFT in May 2010. From QM2-VT configuration (for which a slight 
change in the nozzle configuration was tested), to VT2 configuration, a change in the igniter 
design (unchanged initially from Zefiro 9 to Zefiro 9A) was considered in order to better control 
the ignition transient, avoiding a too much energetic igniter configuration with respect the 
updated propellant grain design [4]. 
Zefiro 9A configuration was therefore fully qualified on ground, becoming the Zefiro 9 current 
SRM configuration (whose data are reported in Figure 5). 

2.2 Vega-C programme 
The Vega launcher consolidation programme started in 2012, with the objective to respond in 
due time to long-term evolutions in the European institutional needs, mainly in Sun-
Synchronous Orbit (SSO) and Medium Earth Orbit (MEO). In fact, the enhanced performance 
envisaged for Vega-C will allow to extend the SSO launch service supply to the large Synthetic 
Aperture Radar (SAR) satellites, namely the Italian SAR satellite constellation, COSMO II 
Generation and Sentinel 1 constellation of the EU programme, Copernicus. In addition, Vega-
C is suited for the maintenance of the Galileo constellation in MEO, where a single satellite 
needs to be replaced at the end of its operational life-time. The launch vehicle architecture is 
similar to the current Vega one, using three solid stages and a liquid stage for orbital correction 
and injection of multi-payload missions.  
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P120C on first stage will be the biggest monolithic SRM worldwide; it will make use of all the 
advanced technologies already qualified with the current Vega first stage P80: a CFRP 
monolithic composite case exploiting all the experience gained in P80 filament-wound casing; 
a proprietary formulation for the internal thermal protection; an enhanced (with respect to Vega 
SRMs) propellant formulation for the aft-finocyl shape propellant grain in terms of both 
material and processes with a cost-oriented approach; a self-protected low-torque composite 
flexible joint, allowing the thrust vectoring through EMAs, conceived on the basis of the ones 
already qualified in Vega. Development test (DM, in Figure 7) and Qualification test (QM1) 
have been successfully performed respectively in July 2018 and in January 2019, and a further 
qualification test (QM2) is planned within this year to fully qualify on ground the SRM for both 
Vega-C and Ariane 6 launch vehicles. The motor entered therefore in its ground qualification 
review to be completed in the upcoming months. 
The second stage of Vega C will be upgraded with the introduction of the Zefiro 40 SRM, the 
increased version of the Zefiro SRM family. The programme started in the frame of an AVIO 
self-financed programme aimed to develop a technological demonstrator to test and qualify new 
material and technologies, with the objective to increase the overall performance and reliability 
as well as cost competitiveness [9] and has been then introduced as part of the Vega-C 
development programme. Zefiro 40 SRM has the aim to encompass advanced innovative 
technologies developed by Avio, among which new CFRP material and process improvements 
for the composite casing, by using high performance pre-preg material and automatic tape 
laying-up for the manufacture of the skirts [9]. A new propellant formulation is developed with 
respect the Vega SRM one, providing high ballistic and mechanical performance and improved 
internal thermal protections [9], keeping the aft-finocyl design shape as heritage of Vega SRM 
experience. The design of the low-torque flexible joint considers a new self-protected concept 
with composite shims and synthetic rubber layers [9], avoiding the combined use of the metallic 
shims and the thermal protections as in Vega SRMs, but keeping at the same time performance 
similar or better with respect to the convectional flexible-joint design. 
At the igniter and nozzle interface, new chicane design and carbon rope are considered in order 
to improve the interfaces, minimizing risks of the interface functionality and the integration 
operations [9]. The development test (DM, in Figure 7) was successfully performed in March 
2018, and the Qualification firing test has been successfully performed in May 2019, thus 
allowing the SRM to enter in the ground qualification review to be performed in the next 
months. 

Figure 7: Vega-C SRM Static Firing Tests : on the left – P120C SFT at BEAP CSG-Kourou; right – Zefiro 40 test firing at 
Salto di Quirra Test facility (Photo : ESA) 
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3 ACTIVITIES ON LIQUID PROPULSION 
ASI has been supporting research and technology developments in the field of lox-methane 
propulsion for more than 15 years, starting with research activities on combustion and 
development of basic components tested in small scale in a dedicated facility properly realized 
in Italy.  
It is worth noting that rocket engines based on lox-methane have not flown yet even though 
they are currently under study and development in USA (NASA, SpaceX, and Blue Origin), 
Europe (ESA, ASI, and CNES) and Japan (JAXA). The advantages of methane over 
conventional propellants are: tank-storability in liquid phase for long duration flights in order 
to replace toxic and hazardous propellants, such as hydrazine and nitrogen tetroxide; more 
compact tank design compared to liquid hydrogen; less carbon deposition with respect to 
kerosene, allowing an efficient reusability of such rocket engines; and availability in the solar 
system (e.g., in-situ production on Mars and harvesting of the hydrocarbons seas on Titan). The 
main challenges related to the new oxygen-methane technology at the beginning were the basic 
experience available in Italy with cryogenic propellants, the selected strategy for engine 
feeding, that is, an expander cycle powered by the heat extracted by methane when cooling the 
thrust chamber, and the first attempts to use advanced manufacturing technologies as the 
additive layer manufacturing for the thrust chamber assembly (i.e., the thrust chamber itself and 
the injector head). 
In what follows, the current and already concluded programmes supported by ASI are presented 
in details. 

3.1 Lyra programme 
In 2005 ASI, as per its institutional role of main contributor of the Vega programme, endorsed 
at national level the study of a potential evolution and configurations of the launcher. In that 
context the Lyra programme was conceived and the relevant contract awarded to ELV as prime 
contractor and system authority of the Vega launcher. ELV was established in 2000 and it was 
70% owned by Avio S.p.A. and 30% by the Italian Space Agency. The contractor analyzed the 
benefits of a three stages configuration of Vega where upper part of the launcher (3rd and 4th 
stages) were substituted by a single third stage equipped with lox-methane cryogenic 
propulsion. The programme included a significant activity of design and technology 
development dedicated to the realization of the MIRA Demonstrator [12], a 10 tons thrust class, 
expander cycle engine, working with lox-methane. The design of critical components working 
with methane fuel, such as the thrust chamber injector head and parts of the fuel turbo-pump, 
were developed by Avio in cooperation with Russian industry under a dedicated agreement 
between ASI and Roscosmos. The thrust chamber of the MIRA Demonstrator was successfully 
tested in 2012, and then the complete engine was tested in May 2014, with about 11 tests 
performed up to full operating condition and accumulating more than 600 s of firing time. 
Furthermore, dedicated activities of development of liquid methane fuel turbo-pump bearings 
working in liquid methane were planned, supported by the realization of a dedicated test facility 
in Italy. 

3.2 ASI-JAXA cooperation 
In 2011 ASI and JAXA signed an agreement relevant to cooperative research activities in the 
field of lox-methane propulsion for space applications [13]. The cooperation is organized on 
three main lines of activity: 

1. Research on methane thermal behavior: in the frame of technology developments for
injection and combustion devices relevant to lox-methane propulsion, this dedicated
activity is devoted to research in the field of propellants characterization and material
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compatibility. One critical task for the use of hydrocarbon fuels (like methane) is the 
correct prediction of heat transfer when used as coolants in regeneratively thrust 
chambers; presently, coolant heat transfer is computed with engineering correlations 
corrected with experimental coefficients. However, a significant improvement of the 
design capability of the thrust chamber could be given by use of CFD codes capable of 
simulating the coolant flow. The objective of this line of activity is then to build-up a 
suitable test case for CFD codes validation to be tested in parallel at JAXA and ASI 
facilities. 

2. Characterization of methane turbopump bearings: the objective is to develop new
competences on the operability of roller bearings cooled by liquid methane.
Specifically, the following area of interest shall be investigated: limitation of methane
cooling capabilities and verification of influence of test parameters: pressure,
temperature, rpm, etc. The bearings, as furnished by ASI and by JAXA, shall be
installed and tested in ASI test facilities, in order to get a cross check on the obtained
test results.

3. Regenerative thrust chamber characterization: the objective of the activity is to develop
a joint ASI-JAXA regenerative cooled thrust chamber for the investigation of
operability, performance, stability, cooling efficiency of the lox-CH4 propellant pair.
Specifically, the following areas of interest shall be investigated: verification of
operability in different domains (mixture ratio and chamber pressure); verification of
methane cooling capabilities; verification of performance (characteristic velocity) and
effects of mixture ratio shifts; verification of combustion stability. For this objective,
ASI and JAXA will use, with potential partial modifications, the hardware developed
by national industries: IHI (Japan) for the thrust chamber and AVIO (Italy) for the
injector head and igniter.

While the 2nd and 3rd activities are still ongoing and the core of the experimental tasks have not 
been performed yet, the 2nd one has already reached the main expected goals thanks to the “in 
kind” contribution of CIRA, the Italian Aerospace Research Centre, with the Hyprob 
programme funded by the Italian Ministry of Research. In this framework, a test article, named 
MTP (Methane Thermal Properties) Breadboard, conceived for the study of the thermal 
characteristics and heat transfer properties of liquid methane, has been designed, realized, and 
successfully tested [14]. The concept of the breadboard is based on the electrical heating of a 
conductive material that transfers a thermal load to a channel where methane flows at high 
pressure. The test article has been conceived in order to outline the behavior of the propellant 
along a regenerative circuit of a rocket engine thrust chamber: dimensions and design has been 
defined as representative of real cooling channels, and parameters have been selected 
accordingly. Rectangular channel section geometry has been taken into account. Electrical 
heater sources have been designed in order to reproduce typical heat flux coming from the 
combustion chamber of a liquid rocket engine and the structure has been correctly shaped in 
order to ‘drive’ heat to the channel wall in conditions defined by a dedicated test matrix. The 
breadboard was thermally insulated, equipped with fluidic interfaces, and provided with fluid 
temperature and pressure sensors. Moreover, thermocouples, located at different stations and 
depth from the channel, were installed to acquire wall temperature data. The experimental tests 
have been performed by CIRA at Zucrow Laboratories (Purdue University, USA) in 2014. 
Figure 8 shows the test article positioned on the test rig, prior to be connected to the feed lines 
and measurement sensors and during a test. Test campaign was performed including a variation 
of pressure, ranging from 150 to 80 bar and a variation of mass flow from 15 to 25 g/s. All tests 
rely on impressed power equal to about 10 kW. Additional cold flow tests have been performed 
in order to evaluate the hydrodynamic behavior of the test article without the effect of heat 
transfer. The experimental results have been analyzed [14] and rebuilt by means of numerical 
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simulations [15,16]. The results of the numerical rebuilding are quite satisfactory since very 
low discrepancies are observed with respect to experimental data. 

Figure 8: CIRA MTP breadboard positioned on the test rig, prior to be connected to the feed lines and 
measurement instrumentations and during a test 

3.3 Support to Vega E programme 
Based on the heritage of research and enabling technology gained with the Lyra programme, 
Italy strongly supported the Vega E programme, that was approved with an over-subscription 
at the ESA Ministerial Council in 2016, with Italian leadership of 70%. The European Vega 
Upper Stage (VUS) is propelled by a liquid oxygen-methane (lox-CH4) engine, named M10, 
that is the prosecution of the MIRA demonstrator developed at national level in the frame of 
the Lyra programme. The development of VUS is of paramount importance because of the 
substantial improvement of launcher performance in terms of payload mass, gaining up to 20%, 
with respect to the performance of the Vega C launcher, which is mostly based on solid 
propulsion. The preliminary VUS configuration is sketched in Figure 9 and its main technical 
characteristics are reported in Table 1. 

Figure 9: VUS preliminary configuration (courtesy Avio) 

VUS diameter 2.37 m 
VUS length 6 m (up to the interface with Z40 stage) 
Propellants lox-methane 
Propellant load ~ 10 tons 
Inert mass 1650 kg 

Table 1: Main technical characteristics of VUS 
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Core of the VUS is the propulsive system, that is, the M10 engine. Its preliminary layout and 
simplified flow schematic are sketched in Figure 10, while its main characteristics are reported 
in Table 2. The Italian industry Avio is the Technical Authority of the propulsive system [17]. 
The M10 engine is based on an expander closed-cycle and it consists in a re-startable 
regenerative cooled single chamber. Propellants pressure is raised by two dedicated 
turbomachines arranged in series; both the oxygen and fuel turbopumps are driven by the 
gaseous methane heated up in the thrust chamber cooling jacket. The regulator valve RV is 
installed in the by-pass line in order to control engine power. Oxidizer mass flow rate is 
controlled by the throttle valve TV, which is installed downstream the lox pump outlet. Finally, 
propellants are fed to the combustion chamber assembly by means of dedicated chamber valves 
OMV and FMV. In addition, the feeding system includes discharge valves DV for oxidizer and 
fuel, which allow also chill-down and the passivation of the stage.  
The main activities concern the design and manufacturing of the first model of the Thrust 
Chamber, which will be tested within 2019, followed by the first Engine Development Model, 
which is targeted to be tested in 2020. In order to match the objectives of the programme, mainly 
focused on cost reduction, innovative technologies are implemented in the manufacturing 
processes; in particular, Additive Manufacturing (AM) of Inconel is considered to be the key 
technology for performance optimization and cost reduction. It has already been successfully 
used for several main components of MIRA demonstrator (Lyra programme), as pump volute 
and impeller, and turbine manifold; this technology is then applied in an increasingly extensive 
way in the M10 engine design, reaching the capability to manufacture mechanical components 
with very complex configurations, reducing in a substantial way the number of parts currently 
produced individually, as well as the subsequent long integration phases, then reducing 
production phases, time and costs. For the M10 engine, at the beginning both ‘classical’ 
technology and AM were retained as possibilities: small scale models of thrust chamber 
assembly (injector and regenerative thrust chamber) made in AM have given good results, so 
this is currently the baseline technology candidate for the full scale thrust chamber assembly of 
the M10 engine. Figure 11 shows a successful hot fire test of the small scale thrust chamber 
assembly performed in AVIO in November 2018. 

Figure 10: Preliminary M10 engine layout and simplified flow schematic (courtesy Avio) 
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Engine feeding expander cycle 
Thrust in vacuum 98 kN 
Minimum Isp in vacuum 362 s 
Total flow rate 27.6 kg/s 
Oxygen to methane mixture ratio 3.4 
Thrust vector ± 6° 
Maximum diameter 1.3 m 
Maximum length 1.9 m 
Maximum dry weight 295.5 kg 
Number of restarts 5 

Table 2: M10 engine main technical characteristics 

Figure 11: hot fire test of the small scale thrust chamber assembly made in AM (courtesy AVIO) 

The VUS stage is nowadays undergoing a preliminary dimensioning phase within the Vega E 
programme. The baseline stage configuration is strongly derived from the studies performed in 
the Lyra programme, confirming most of the architectural choices and design solution. The 
VUS stage is designed for Vega E missions with a very long first burn, followed by one or more 
ballistic phases: then, the settling manoeuvre before each restart will deal with a low quantity 
of propellant inside the tanks [18]. In particular, the activities at stage level will focus on the 
technical management of main topics introduced for Vega E, such as main engine re-ignition, 
thermal control, propellant management in low gravity, sloshing, propellant feeding to the main 
engine, propellant tank pressurization, engine to feed system coupling, main mechanical load 
paths definition, stage separation, Roll & Attitude Control, settling, main engine thrust 
vectoring through Thrust Vector Control (TVC) system, de-orbiting and passivation [17]. 
Activities on the engine and the stage at technology level will be in parallel supported by 
appropriate research activities performed by Sapienza University of Roma. 
At the next Ministerial Council, planned at the end of 2019, based also on the evidence of the 
results achieved in the three previous years, a roadmap of the next steps of the programme will 
be proposed; it will indicate the expected goals to be pursued at the end of the next three years. 
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3.4 Preliminary activities on rocket thrust chambers made by AM of copper alloys 
Current design of the thrust chamber of the M10 engine is based on the use of Inconel, thanks 
to the relatively consolidated technology of additive manufacturing with such material. 
However, because of the intense thermal conditions that generally characterize high 
performance thrust chambers, copper (often in the form of an alloy) is generally considered as 
the natural candidate material for the thrust chamber liners (that is, the part facing the 
combustion gas) because of its relatively high thermal conductivity, 10 to 20 times larger than 
Inconel. The combustion chambers made with classic manufacture are in fact made of copper 
alloys. However, the deposition of copper via laser additive manufacturing is a technology still 
far to be consolidated; in fact, it presents significant processing challenges due to its high 
thermal conductivity and high reflectivity in the red and near infrared portions of the spectrum 
where the lasers of many Selective Laser Melting machines (i.e., the most common machines 
for the melting of metal powders) operate. In particular: 

• the high thermal conductivity of copper rapidly conducts heat away from the melt area
resulting in local thermal gradients (e.g., curling of the material due to unsupported
regions of excessive heat sink) and limitation to form a fully dense part with no un-
melted powder incorporated into it;

• in addition to its high thermal conductivity, copper has a lower laser absorption
coefficient compered to steel and nickel alloys’one, for instance; this implies that higher
laser power (of the order of 1000 W) than that employed for the materials mentioned
above, whose processability is already state of the art, is required to melt copper.

The need to use copper, together with the potential to reduce the time and cost of production 
adopting additive manufacturing process, has led NASA to initiate a research and development 
programme [19]. Within this programme, NASA has demonstrated that, employing the 
Selective Laser Melting technique, a copper thrust chamber can be produced in about 10 days 
whereas conventional manufacturing techniques implies lengthy production times that 
negatively affect the costs. In fact, machining an equivalent part and assembling it with welding 
and brazing techniques could take months to accomplish with potential failures or leaks that 
could require fixes. In synthesis, NASA has demonstrated that additively manufactured copper 
thrust chambers are feasible and has produced a number of items that have been fire tested with 
both lox-H2 and lox-CH4 propellant combinations and having chamber pressure up to 100 bar 
and thrust up to 15 tons. Finally, over 6000 s time of operation in over 100 firings has been 
accumulated without any evident erosion of the copper liner even with wall temperatures well 
above 800 K. 
To enable Italy to gain the necessary competences to realize copper thrust chambers with 
additive manufacturing, ASI has carried out a national survey in order to identify the industries, 
companies, universities, and research centers that possess skills that can be useful to pursue this 
ambitious project. Such survey has demonstrated that many realities have the necessary starting 
competences and that the goal is feasible with a suitable funding, direction, and organization of 
the most promising realities. For this reason, ASI is currently considering to promote a national 
programme devoted to increase the maturity of the required technologies and to support a 
suitable supply chain that ranges from the production of powders to the realization and 
optimization of the final products, passing through the realization and setting of the 3D-printers 
and the set-up of special processes, including special non-destructive-inspection techniques. 
Obviously, the full success of the project is also linked to the verification of the realized items 
through appropriate fire tests. 
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4 CONCLUDING REMARKS 
In the present paper, all ongoing and future initiatives relevant to solid and liquid propulsion 
and supported by the Italian Space Agency at national and at ESA level are illustrated, along 
with their context and objectives in the European and international scenarios. The described 
activities demonstrate the high level of maturity in the field of solid propulsion; Italy is in fact 
now a leader both in the design and realization of highly reliable solid rocket motors and 
associated launchers (Vega and its evolutions, Vega-C and Vega-E), thanks to promoted from 
national level (Agency and industry) brought to the ESA programmes, with a relevant ASI 
commitment. In the field of liquid propulsion, Italy, thanks also to important programmes 
funded by ASI, is one of the few countries in the world to have gained relevant experience in 
the field of lox-methane propulsion and, for this reason, it is now a credible candidate for the 
development of the next European cryogenic upper stage of Vega E. 
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ABSTRACT 
ombustion instability is a major threat to be dealt with during the design and development 

phase of new liquid roc et engines. If unpredicted, its onset easily yields to either thermal or 
mechanical failure of the engine and of the mission as well. The present wor  focuses on the 
the advancements in the low-order modeling techniques adopted in Sapienza niversity to deal 
with combustion instability. Two models will be presented in the following  the well nown n-  
and the recently introduced propellant accumulation  ones. The peculiarity of the latter lies 
in the indirect lin  between the acoustic fluctuations and the unsteady heat release which passes 
through the modeling of the shear coaxial injector. articular attention will be paid to the 
details distinguishing one model from the other one ma ing them require significantly different 
calibration techniques. The R  lab-scale engine is used as the test bench for the two models. 
Results show how the R  instability features are well reproduced in both cases and how the 
propellant accumulation model is capable of producing good results with less tuning required. 
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1 INTRODUCTION 
Combustion instability occurs in liquid roc et engines as a result of the coupling between 
different phenomena, li e hydrodynamics, acoustics and combustion, with detrimental effects 
on the engine performance or yielding even to the failure of the system 16 . In fact, severe 
pressure oscillation can be observed, their amplitude can reach the order of magnitude of mean 
chamber pressure, yielding to unexpected dynamic and thermal loads. High frequency 
instability is hard to be predicted, due to the number of phenomena that might give contribution 
to its sustainment. 
The research in this area is based on the combined use of experiments and a hierarchy of 
modeling approaches 25 , from high-fidelity simulation to low-order models. High-fidelity 
computations have been widely used for research purposes, in order to get insights in the 
phenomenon, as supporting tool for the experiments 1– , 11–14, 22, 26–29 . Although 
providing a huge amount of details necessary for the physics understanding and nowledge 
enhancement, such approach cannot be considered as an option for supporting the design phase 
of a new engine due to the extreme computational effort required to study a single engine 
configuration. For these reasons, the development of reliable low-order models is crucial. Low-
order models are usually characterized by some simplifying assumptions for the flow modeling 
that, on one side, are capable of reducing the required computational effort, but on the other, 
lead to the necessary introduction of suitable response functions modeling the coupling between 
acoustics and combustion. 
Several low-order models have been proposed in the literature. Among those focusing on 
nonlinear analysis, Culic  and ang 5  proposed a method that has been applied later by 
Portillo et al. 19  for determining the growth rate and the resulting amplitude of pressure 
oscillations at limit cycle. In the same area of investigation of nonlinear regime, Sirignano and 
Popov 2  and Popov et al. 18  proposed a model devoted to the investigation of transverse 
instability. Last but not least, Smith et al. 25  used quasi-1D Euler equations for the 
investigation of longitudinal instability in single element combustors. All of them are based on 
a suitable response function. 
The n-  function, based on Crocco s time lag theory 4 , is a possible option for response 
function selection, which has been widely used with suitable calibration (see for instance Refs. 
6, 8, 19, 5 ). 

In the present wor , the use of a classical n-  model is compared to the use of a different 
formulation recently introduced by Frezzotti et al.  The latter formulation is based on the 
modeling of the response of propellants in ection to pressure oscillations, rather than rely on 
the more common assumption of lin ing heat release directly to pressure oscillations. Such an 
approach is inspired by several experimental test cases where the observed instability in the 
combustion chamber is related to a longitudinal dynamics ta ing place in the in ectors 10, 12, 
0 . 

2 LOW ORDER MODELING TECHNIQUES 
A multispecies quasi-1D Euler equations solver has been developed with the aim of including 
nonlinear regime in the study of combustion instability. In order to describe the physics of an 
unstable engine, combustion has to be ta en into account. However, the present models do not 
employ chemical inetics equations but simplified models have been implemented. The 
thermodynamic properties of each species are computed using CEA chemical equilibrium 
database 15 . 

2.1 The n  formulation 
Eulerian governing equations for the n-  model read 
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In order to simplify the model, only two species are considered: oxidizer and combustion 
products mixtures. xidizer is introduced at the left boundary and consumed within a finite 
region of the chamber, where combustion is supposed to occur, and replaced by combustion 
products according to a fixed  proportion. The existence of fuel in the mixture before 
combustion is neglected. Thus 

where  is the minimum scalar value that allows to consume all the oxidizer in the selected 
finite-length combustion zone and s(x) is a sinusoidal shape function introduced to avoid 
discontinuities in the source terms. 
The term qus in Eq. (4) refers to unsteady heat release contribution.  More precisely, it represents 
the response function through which the model ta es into account the effect of flow field 
oscillations on combustion. This effect is modeled according to Crocco and Cheng 4  
expressing the unsteady part of heat release as function of the velocity sampled at a specific 
abscissa (xu, almost coincident with an antinode of the appearing longitudinal modal shape, in 
order to maximize the signal-to-noise ratio), with a certain time lag , as shown in Eq. (6) 

where the overlined u is the time averaged velocity value sampled at xu location. A Gaussian 
shape function has been introduced for qus to avoid discontinuities in the unsteady heat release 
source term and emphasize its statistical aspect. The selected shape function allows to select a 
given heat release profile in a well defined region 25 . The amount of heat released due to 
velocity oscillation is controlled by a proportionality factor of RF intensity  in analogy with 
the interaction index n in Crocco s n-  original formulation.  oundary conditions are fixed 
oxidizer mass flow rate and stagnation temperature at the inlet and a cho ed nozzle with a 
supersonic outflow. 

2.2 The propellant accumulation formulation 
A three species formulation is considered now, namely the oxidizer, fuel and combustion 
products mixtures. Therefore, the governing equations read 

where ox and f  are the rate of consumption of oxidizer and fuel per unit length, respectively, 
associated to combustion and providing products at the rate 



ow order modeling of thermoacoustic instabilities D Alessandro, avini and Nasuti 

 

while f  is the term of mass addition due to fuel in ection. c is a combustion efficiency which 
multiplies the heat of reaction. 

xidizer is introduced at the left boundary, where oxidizer mass flow rate and stagnation 
temperature are considered as nown, again. 
Fuel is introduced in a location which is representative of the recess position. For this reason 
the fuel mass flow rate source term at steady state is cast as 

Similarly to fuel addition, combustion is modeled identifying a region where combustion 
reaction occurs. An axial location xc is identified where the combustion reaction is allowed to 
start, downstream of the dump plane. 
The combustion mechanism is modeled as a first order reaction between fuel and oxidizer. Fuel 
consumption is ta en as proportional to fuel and oxidizer mass fractions, according to 

where the oxidizer depletion rate is assumed to follow the stoichiometric proportion and the 
parameters lc and Tr determine the shape of the heat release curve. 

. .  The response function 
Since it has been shown in the literature that instabilities significantly depend on pressure waves 
causing cyclic fluctuation of the propellant flow inside the in ectors 10, 12, 0 , the response 
function is developed on the propellant addition, rather than directly on the heat release. Fuel 
mass flow rate in ection model, that is the response function, allows for its accumulation at the 
in ection position and subsequent release in the flow field, depending on the local flow 
conditions. 
Such dynamics allows for the fuel to be in ected at higher or lower rate than its steady-state 
value. The instantaneous mass flow rate mf  appearing in Eq. (1 ) is expressed as 

where mf,  is the nominal fuel mass flow rate and m f  is the fluctuation of mass flow rate 
generated by unsteady pressure. 
The mass flow rate oscillation is modeled as dependent on the normalized local pressure 
oscillation according to an exponential law by the following expression 

where  is a calibration parameter, the pressure signals are sampled inside the recess and t is 
the integration timestep. 
In case the fluctuating pressure p  becomes positive, m f turns negative and the fuel mass flow 
rate in ected in the core flow decreases from the nominal value. Assuming that the actual overall 
fuel mass flow rate mf,  is constant, the missing amount is accumulated in a vortex, assumed to 
live in the recess, where the shear mixing occurs. Therefore, the extra mass of fuel available 
mf,acc can be defined as 
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where t is a generic time during integration. If the local pressure decreases, the opposite happens 
and the fuel mass is partly or completely released increasing the local fuel mass flow rate. 
Since the propellant mass flow rate varies with time, different amounts are burnt over time 
through the combustion region yielding to a variable heat release rate, producing new pressure 
fluctuations in turn, which close the thermoacoustic instability feedbac  loop. 

3 CVRC TEST-CASE 
The Continuously ariable Resonance Combustor (C RC) experiment was realized and 
installed at Purdue University with the ob ective of investigating the effect of oxidizer post 
length on instability 4 . Such test-case is operated with gaseous propellant, namely 
dissociated hydrogen peroxide and methane. This single element combustor has been widely 
studied through a number of experiments and simulations 6, 8, 9, 11–1 , 1 , 20, 21, 24, 26, 
2 , 2– 4 . 
The characteristic feature of C RC is the presence of a translating shaft capable of continuously 
vary the length of the oxidizer post. Changing the geometry, transition from stability to 
instability and vice versa is observed. In the present study, a single fixed oxidizer post length 
configuration is selected in the fully unstable region to be analysed. The experimental data for 
comparison with simulations are ta en from the literature 1 , as well as the average operating 
conditions 12  which are summarized in Table 1. 

4 RESULTS 
Results obtained by means of the two presented models are reported and compared in this 
section. 

4.1 n  model 
First of all, it has to be pointed out that the many free parameters appearing in Eq. (6) have to 
be calibrated somehow. The only way to calibrate a heat release term (qus) is doing it fitting 
the heat release curve of an high fidelity simulation. Such fitting has been carried out on a 
Detached Eddy Simulation (DES) employing detailed chemical inetics 20 . 
Results obtained using the n-  model are shown in Figure 1a. A limit cycle is obtained and its 
features show good agreement with the original DES simulation, both in terms of amplitude 
and frequency (see Table 2). However, it shows less agreement with respect to experiment: it 
has to be noticed that the level of disagreement respectively of the low-order model and of the 
DES simulation with respect to the experiment is comparable. 

4.2 Propellant accumulation model 
Concerning such model, it has to be remar ed that the free parameters appearing in Eqs. (14) 
and (16) can be tuned independently of high-fidelity simulations, since the model employs an 
easier-to-be-modeled physical aspect, that is the in ection dynamics. 
Results of the propellant accumulation formulation are shown in Figure 1b. The pressure trace 
sampled at the bac step, as a function of time, is compared to the experimental path available 
in the literature 26 . 
Unstable behavior is observed in agreement with the experiment. The limit cycle features are 
reported in Table 2. The behavior shows good agreement in frequency but its amplitude is lower 
( 50 ). However, an important aspect to be remar ed is that the shape of the pressure signal 
is reproduced with significant agreement with respect to the experiment. This means that the 
main gasdynamic and thermal events ta ing place inside the engine are captured by the model, 
even if the formulation is strongly simplified. 
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Table 1: C RC geometrical data and operating conditions 12, 1 . 

Table 2: Comparison between limit cycle amplitudes and frequencies of C RC obtained by the 
presented models 6, , by high-fidelity numerical simulations available in the literature 20  and 

experimentally 26 . 

Figure 1: btained limit cycles. (Left) Comparison between the limit cycle obtained with the n-  
model 6  and high-fidelity CFD simulation 20 . (Right) Comparison between the limit cycle obtained 

using the propellant accumulation model  and experimental data of C RC 26 . 

5 CONCLUSIONS 
An overview on the advancements concerning the low-order modeling of combustion instability 
carried out in Sapienza has been presented. In particular, two models have been used, namely 
the former, belonging to the n-  family, and the latter, called propellant accumulation  model, 
which models the shear coaxial in ector dynamics. The two models have been used to reproduce 
the unstable behavior of one geometrical configuration of the C RC test-case. It has to be 
pointed out that the n-  model needs a significant calibration on high-fidelity numerical 
simulations, while the propellant accumulation model needs a simpler calibration which is 
potentially independent of CFD data. Results coming from the former show a significant 
agreement with the simulation used for the calibration, but are in disagreement with the 
experiment in the same measure as the original simulation is. Results coming from the 
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propellant accumulation model show a reasonable agreement with the experiments especially 
in the limit cycle frequency. Since the latter model is potentially independent of external data, 
it represents a powerful tool which needs to be further developed. 
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ABSTRACT

Continuous thrusting or environmental disturbance forces induce a continuous variation of orbital el-
ements. An approach based on shape-functions offers the possibility of evaluating a reasonable shape
for such a trajectory that, when carefully selected, allows one to analytically derive an acceleration pro-
file, from which it is possible to estimate orbit transfer or decay time and, for low-thrust maneuvers, an
equivalent velocity increment, hence fuel consumption. The classical approach based on an exponen-
tial sinusoid has been widely used in the literature, with some limitations in the practical possibility of
implementing this shape function for a generic choice of the set of parameters. The acceleration pro-
file along the exponential sinusoid is zero at periaxis and apoaxis and conditions on parameters need
to be enforced for avoiding mathematically or physically unfeasible trajectories. The objective of the
present paper is thus to (i) determine those set of parameters which better reproduce realistic low-thrust
trajectories and (ii) investigate different formulations of the shape function, in order to better capture re-
alistic features of perturbed trajectories. The paper thus analyses various modifications of the classical
exponential sinusoid, for describing the effect of (almost) constant acceleration profiles, for low-thrust
trajectories during orbit transfer manoeuvres, or increasingly negative acceleration terms during orbit
decay. In both cases, the availability of a semi-analytical formulation depending on a small number
of relevant parameters allows one to rapidly scan the parameter space for investigating the considered
problems and derive relevant information (e.g. fuel consumption or decay time).

Key words: low thrust propulsion; orbit decay; shape function; exponential sinusoid.

1. INTRODUCTION

In the presence of perturbing acceleration terms, the analytical solution of orbital motion, which allows
one to describe a spacecraft orbit by means of six orbit parameters [1], is lost. Continuous thrusting or
environmental disturbance forces (which may represent the action of a low-thrust (LT) electrical propul-
sion system, used for orbit manoeuvres, or the effect of drag on a Low Earth Orbit) induce a continuous –
although usually slow – variation of orbital elements. The analytical framework for the determination of
the Keplerian orbit is replaced by a numerical one, which is often computationally expensive, especially
when used in the framework of optimization algorithms for mission analysis and design.

In this latter framework, a continuous thrusting term may represent the action of a low-thrust electri-
cal propulsion system, which can be used for orbit manoeuvres taking place over a wide-angle (possibly
multi- revolution) trajectory arc. It is thus no longer possible to analyse orbit manoeuvres by means
of impulsive velocity increments. An optimal control problem can be formulated, which is tackled by
means of either direct [2] or indirect optimization methods [3]. In both cases, a suitable and accurate
initial guess is highly recommended for alleviating convergence issues towards a realistic feasible opti-
mal solution. An approach based on prescribed shape-functions [4] offers a solution for deriving such an
initial guess.

1 0
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When a carefully selected shape function is prescribed in polar coordinates, r = r(✓), it is possible
to analytically derive an acceleration profile a(✓), from which it is then possible to estimate transfer
time and a performance index proportional to the overall equivalent velocity increment, which in turn
provides an estimate of fuel consumption. The exponential sinusoid (ES), r(✓) = k0 exp[k1sin(k2✓ +

')], proposed by Petropoulos and Longuski [4] is probably one of the most widely used shape functions,
although many others were proposed in the literature, such as the logarithmic spiral, the Forbes spiral,
the Lawden spiral, or the polynomial forms of fifth and sixth order proposed by Wall and Conway [5].

The acceleration profile along the exponential sinusoid is zero at periaxis and apoaxis and conditions
on k1 and k2 need to be enforced for avoiding mathematically or physically unfeasible trajectories. But
when electric propulsion is used, the acceleration is approximately constant, whereas when orbit decay is
considered, the negative acceleration term increases as the trajectory gets closer to the Earth surface. For
this reasons, the preliminary objective of the present paper is to investigate those set of parameters that
better reproduce the actual feature of a trajectory numerically determined in the presence of a continuous
thrusting (or drag) term.

Following this analysis, different formulations of the shape function will also be investigated, in
order to further improve the ability of representing realistic features of perturbed trajectories. A modified
exponential sinusoid was previously developed by the first author for describing low-thrust transfer to
cislunar Lagrangian point in the framework of the restricted circular three-body problem [6]. The present
paper will analyze some modifications of the classical exponential sinusoid, for describing the effect of
(almost) constant acceleration profiles, for low-thrust trajectories during orbit transfer maneuvers, or
increasingly negative acceleration terms during orbit decay. In both cases, the availability of a semi-
analytical formulation depending on a small number of relevant parameters will allow one to rapidly
scan the parameter space for investigating the considered problems and derive relevant information (e.g.
fuel consumption or decay time).

In the next section, relevant models will be introduced, to state the problems and present the methods
adopted for determining the shape functions that provide more realistic trajectories, in the various cases
considered. In Section 3, results will be discussed for the classical exponential sinusoid and its modified
formulations. A section of concluding remarks ends the paper, with a brief discussion on the next steps
of this on-going research.

2. MODELS, PROBLEMS AND METHODS

2.1 Equations of motion

Only planar trajectories will be dealt with. For this reason, the equations of motion are written in a
set of polar coordinates, where r is the distance between the spacecraft and the centre of mass of the
primary body, whereas ✓ is an anomaly counted with respect to a reference direction inertially fixed
on the initial orbit plane. The resulting point-mass model is given by the following set of 5 ordinary
differential equations,

ṙ = v

r

˙

✓ = v

t

/r

v̇

r

=

v

2
t

r

� µ

r

2
+ a

Tr (1)

v̇

t

= �v

r

v

t

r

+ a

Tt

ṁ = �T/(g0Isp)

where v

r

and v

t

are radial and transverse velocity components, expressed in a local radial, transverse,
normal to the orbit frame set of axes; a

Tr = (T/m) sin↵ and a

Tt = (T/m) cos↵ are radial and trans-
verse thrust acceleration components, where T is thrust, m is spacecraft mass and ↵ is the direction of
thrust with respect to the transverse unit vector; g0 is gravity acceleration on the Earth surface and I

sp

is
the specific impulse of the low-thrust propulsion system. Only Earth–centered orbits will be dealt with,
hence the planetary parameter is µ = 398600 km3s�2.
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When a low-thrust system is considered, an attitude control system is assumed to aim the direction
of thrust in the prescribed direction ↵, but no attitude dynamics will be accounted for. When ↵ ⌘ �,
where � = tan

�1
[ṙ/(r

˙

✓)], a tangential acceleration is obtained. If, for large specific impulse, the fuel
fraction m

p

/m remains small, an almost constant spacecraft mass can also be assumed (hence an almost
constant acceleration), and the fifth equation in (1) can be dropped.

The last equation is not present at all, when an orbit decay problem is dealt with, and a tangential
drag force �D, with ↵ = � replaces thrust T in Eq. (1). In this latter case, D = 0.5⇢SC

D

V ⇤ 2, where
⇢ is rarefied air density in the uppermost layers of the atmosphere, S is the cross-section area of the
spacecraft, facing the relative speed of the impinging rarefied air, C

D

⇡ 2 is a reasonable estimate of
the drag coefficient in a rarefied gas, and V = (v

2
r

+ v

2
t

)

1/2 is spacecraft velocity with respect to the
surrounding air, assumed at rest. Lift, which is usually small, is neglected.

A model for the variation of air density ⇢ with respect to altitude h = r � r

E

(r
E

= 6371 km being
Earth radius) is thus necessary. A simplified version of Jacchia-Bowman 2006 model [7] is here adopted.
The full model includes seasonal and Sun activity effects. A reference density profile is sampled (Fig. X)
at various altitudes and interpolated during simulations.

2.2 Exponential sinusoids

As outlined in the introduction, Petropoulos and Longuski proposed a shape function in the form

r(✓) = k0 exp[k1 sin(k2✓ + ')] (2)

where k1 is referred to as the dynamic range factor, which manages the apoaxis-to-periaxis ratio, k2 is
a winding parameter, which determines the number of revolutions between periaxis and apoaxis, k0 is
a scale factor and ' a phase angle. Without going through the derivations, fully reported in [4], it is
sufficient here to recall that, for a tangential thrust case, the climb and thrust angles are

tan � = tan↵ = k1k2 cos(k2✓ + �) (3)

the orbital angular rate is given by

˙

✓

2
=

⇣
µ

r

3

⌘
1

tan �

2
+ k1k2

2
s+ 1

(4)

whereas the normalized thrust acceleration â = a/(µ/r

2
) takes the form

â =

(�1)

n

tan �

2 cos �


1

tan �

2
+ k1k2

2
s+ 1

� k2
2
(1� 2k1s)

(tan �

2
+ k1k2

2
s+ 1)

2

�
(5)

with s = sin(k2✓ + �). When n = 0, a tangential thrust, with the same direction of orbital speed, is
obtained, whereas for n = 1 a braking force, in a direction opposite to orbital speed is obtained.

Three modified versions of the exponential sinusoid (MES) shape function are analyzed in the last
part of the paper, in order to try to alleviate some of the issues that affect the practical feasibility of the
original formulation. The modified spiral is given by

r(✓) = k0 exp{(k1 + ˆ

k1✓) sin[(k2 +
ˆ

k2✓)✓ + ']} (6)

The modifications concern the possibility of considering a variation of the dynamic range parameter and
of the winding factor along the trajectory. Three cases are considered: (1) variable dynamic range with
fixed winding factor; (2) fixed dynamic range with variable winding factor; (3) variable dynamic range
and winding factor. For all these three formulations, a closed form expressions for climb angle, �, orbit
angular rate ˙

✓, and normalized tangential acceleration a can be derived, which are more cumbersome
than those obtained for the original spiral and are not reported here for the sake of conciseness.
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2.3 Problem statement and solution method

In order to determine the set of parameters k0, k1, k2 and � which better represent a continuous thrust
trajectory, the following problem is defined. Let (r

N

(t), ✓

N

(t)) be a solution obtained by means of
numerical integration of Eq. (1) for a given value of the tangential acceleration, over a time interval
t 2 [t0, tF ]. The coordinates of the spacecraft are x

N

(t) = r

N

(t) cos ✓

N

(t), y
N

(t) = r

N

(t) sin ✓

N

(t). A
spiral reproduces the trajectory if the resulting motion, represented by Eq. (2), closely follows the pattern
determined by the numerical simulation. First of all, it is necessary to enforce boundary condition(s),
such that the initial (and possibly final) position(s) along the considered trajectory is (are) the same,
assuming that at time t0 = 0 it is ✓(0) = ✓0 = 0 and r(0) = r0, and at time t

F

it is ✓(t

F

) = ✓

F

and
r(t

F

) = r

F

. If only the initial condition is enforced on the spiral, one has that k0 = r0 exp(�k1 sin').
If also the final radius is enforced, than it is k1 = log(r1/r0)/ sin(k2✓F ).

As a further step, it is necessary to derive a formulation of the spiral, such that the position is defined
ad a function of time t, rather than anomaly ✓. This is obtained by deriving ˙

✓ from Eq. (4), and solving
the integral

t(✓) =

Z
✓

✓0

(1/

˙

✓)d✓

such that t(✓
F

) = t

SF

is the final time at the end of the considered spiral, which in general may differ
from the final time of the numerical integration, for arbitrary values of the spiral coefficients. In the
absence of an analytical solution, a fast quadrature method based on the trapezium rule is employed [8].
At this point it is possible to compare spacecraft position described by the spiral, x

S

(t) = r

S

(t) cos ✓

S

(t),
y

S

(t) = r

S

(t) sin ✓

S

(t) with that obtained from numerical simulation, (x
N

(t), y

N

(t)). A global error
measure can be introduced in the form

J(x) =

1

r

2
0

Z
tF

t0

[(x

N

� x

S

)

2
+ (y

N

� y

S

)

2
]dt (7)

where the design variables are x = (k1, k2,�), if the final position is left free (optimization problem #1),
whereas x = (k2,�), if the final position vector of the spiral is constrained on the final position derived
from numerical simulation (optimization problem #2). A numerical quadrature is again adopted for
evaluating J . A constraint on final time is enforced, such that t

SF

= t

F

. A relatively simple constrained
optimization problem is obtained, with 2 or 3 design variables and one nonlinear constraint, which is
efficiently solved by means of a Sequential Quadratic Programming (SQP) algorithm [9].

A similar problem can be formulated also for the different forms of the modified spiral, where the
search space x is increased by one or two dimensions. The larger dimension of the search space is
expected to provide improvements on how close the spiral represents the actual trajectory, determined by
means of numerical simulation.

3. RESULTS

3.1 Classic exponential sinusoid

One of the most relevant issues when dealing with low-thrust trajectories is the computational cost
of their design in the framework of a space mission analysis and design process, which usually involve a
constrained (possibly multiobjective) optimization with respect to transfer time and/or fuel cost. For this
reason, the first contribution of the present paper is the definition of a map of exponential sinusoid shape
functions that approximate at best low-thrust trajectories generated by means of numerical integration
for different values of normalized acceleration and maneuver time.

For the optimization problem #2 formulated above, Fig. 1.a provides an example of a low-thrust
trajectory, starting from a Low-Earth Orbit, approximately 400 km above Earth surface, for a normal-
ized acceleration â = 0.01 and an integration time equal to �t = N

orb

T

orb

, for N
orb

= 1, with T

orb

equal to the orbit period of the initial circular LEO (dashed line in Fig. 1.a, where the red spiraling arc
represents the LT trajectory, whereas the continuous blu orbit is the final, almost circular, orbit achieved.
Figure 1.represents the error in the position of the spacecraft evaluated along the best-fit ES with respect
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a) b)

c) c)
Figure 1. Low-thrust orbit transfer: a) trajectory; b) error with respect to best-fit ES; c) acceleration

along the ES; d) comparison of angular rate along the numerically simulated trajectory and the ES.

a) b)
Figure 2. Mesh of optimal minimum error ES parameters k2 (a) and � (b) as a function of â and N

orb

.

to the position evaluated at the same time by means of numerical simulation of the LT trajectory, that is,
the square root of the argument of the integral in Eq. (7). The acceleration profile (Fig. 1.c) is far from
being constant, and this represents one of the most relevant drawbacks in the use of the ES, as a shape
function, where the initial angular rate is often higher than that of the initial LT trajectory (Fig. 1.d), even
in those cases when the geometry of the spiral closely resembles the actual trajectory.

Solving the minimum error optimization problem #2 over a wide range of values for â and N

orb

,
the results reported in Figs. 2 and 3 are obtained. These results, derived over a regular, rectangular grid
(Figs. 2), can be interpolated over a finer grid, in order to generate a tentative solution for values of â and
N

orb

different from those derived by the optimization. To this aim, a bicubic interpolant was used.
The quality of these interpolated estimate of best-fit exponential sinusoid shape functions was inves-
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a)

b)
Figure 3. Contour plots of k2 (a) and � (b), with position of randomly generated control points.

Table 1. Quality of interpolated approximations of minimum error spiral parameters

Case 1: â = 0.055, N
orb

=0.734 Case 2: â = 0.0025, N
orb

=1.15

Exact values Interp. values Error % Exact values Interp. values Error %

k2=0.3447 k2=0.347 0.67 k2=0.5043 k2=0.5044 0.02
�=-0.5337 �=-0.5343 0.11 �=-0.5282 �=-0.5344 1.17

Case 3: â = 0.0997, N
orb

=1.249 Case 4: â = 0.0828, N
orb

=1.013

Exact values Interp. values Error % Exact values Interp. values Error %

k2=0.3752 k2=0.3868 3 k2=0.3858 k2=0.3998 3
�=-0.5505 �=-0.5502 0.05 �=-0.5464 �=-0.5875 7.5

Case 5: â = 0.0965, N
orb

=1.9256 Case 6: â = 0.0617, N
orb

=0.9404

Exact values Interp. values Error % Exact values Interp. values Error %

k2=0.5834 k2=0.5857 0.39 k2=0.4672 k2=0.4866 4
�=-0.6099 �=-0.7400 21.0 �=-0.5558 �=-0.5534 0.43

Case 7: â = 0.052, N
orb

=1.2187 Case 8: â = 0.008, N
orb

=1.1107

Exact values Interp. values Error % Exact values Interp. values Error %

k2=0.4817 k2=0.4172 13.4 k2=0.5546 k2=0.4854 12.4
�=-0.5536 �=-0.555 0.25 �=-0.5569 �=-0.5647 1.4
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a) b)

c) c)
Figure 4. Orbit decay: a) density and altitude loss; b) altitude profile; c) acceleration; d) angular rate.

tigated by generating a set of 8 randomly generated verification test cases. Values of â and N

orb

where
randomly sampled from a uniform distribution within the range of interest. For each of these results the
optimal values of k2 and � which provides the minimum error exponential spiral were derived, with a
procedure identical to that adopted for generating the sampled values. These optimal results were then
compared with those derived on the basis of the bicubic interpolant, generating the values reported in
Table 1. The performance can be considered satisfactory. Most of the times, the optimal solution differs
from the interpolated one by less that 5%, at a negligible computational cost. Only in two cases, one of
the two parameters differs by more than 10% (cases 6 and 7) and for only one 20% (case 5). This latter
most critical case represent a solution at the bounds of the considered parameter intervals.

3.2 Modified exponential sinusoid for orbit decay trajectories

When an orbit decay trajectory needs to be represented, the negative acceleration acting on the space-
craft due to atmospheric drag varies with altitude with respect to the Earth surface. An atmosphere den-
sity model is thus necessary., which is obtained by connecting the International Standard Atmosphere
(ISA), valid for h < 86 km, and Jacchia-Bowman model, valid between 100 and 2000 km (used in the
present application only up to 500 km, as reported in Fig. 4.a). For higher orbits, between 150 and 500
km, density is so rarefied, that a variational approach provides a quick and reliable estimate of orbit de-
cay rate, obtained by means of a simple algebraic calculations (plot of �a per orbit in Fig. 4.a). When
altitude becomes lower, higher density causes a faster decay.

Figure 4.b represents the variation of altitude, starting from a very low Earth orbit at 105 km of
altitude. This is the region around the so-called Kármán line, which conventionally identifies the upper
boundary of the atmosphere, the beginning of the space flight domain (when going up), but also the
altitude range where atmospheric entry starts, thus determining the portion of Earth surface that may
be exposed to a fall of residual fragments of the debris, once thermal and structural loads at hypersonic
speed cause its fragmentation. The variation of drag force with altitude suggests to adopt a modified



Shape Based Approach for Analysis of Low-Thrust Maneuvers and Orbit Decay Avanzini and Convertino

version of the spiral. Among the three options, listed at the end of sub-section 2.2, the variable dynamic
range provides the best performance, in terms of accuracy of the spiral with respect to the trajectory
determined by means of numerical simulation, that is, r(✓) = k0 exp[(k1 +

ˆ

k1✓) sin(k2✓ + ')}. The
additional degree of freedom in the optimization problem allows one to include a further constraint,
on the initial flight path angle, which drives the optimization algorithm towards the identification of a
reliable spiral trajectory. The resulting acceleration profile and orbit rate, compared with those obtained
from numerical simulation, are reported in Figs. 4.c and d. The former clearly show some drawbacks
of the method, where the acceleration profile is, on average, close to the actual one, but provides a poor
indication of the acceleration along the trajectory. In this respect, further study is required to identified
possible alternative to the formulation of the exponential sinusoid.

4. CONCLUSIONS AND FUTURE WORK

The use of shape-based methods for representing low-thrust and orbit decay trajectory is investigated.
Minimization of a global measure of the position error between the actual trajectory, obtained by means
of numerical integration, and that represented by an exponential sinusoid, can be made very small with
the use of a sequential programming algorithm. The parameters of the shape function are mapped over
a wide range of normalized acceleration and integration time, so that an initial guess for a trajectory
obtained at different values of acceleration can be derived by means of a simple interpolation. The results
are reliable and sufficiently accurate, with respect to the optimized spiral, thus reducing significantly the
computation time for a given orbit transfer.

The use of a similar approach is also analyzed for describing orbit decay trajectories, starting from
very low Earth orbits, just above the Kármán line. In this framework, a better representation of the
acceleration profile would be highly recommended, which is not achieved by means of the classical
formulation of the exponential spiral. A modified version is thus introduced, which provides better
results, in terms of trajectory accuracy, but it is still not representative of the actual acceleration profile.
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ABSTRACT 
Alzheimer disease (AD) is the most diffuse neurodegenerative disease among elderly people. 
As far as neuropathology is concerned, neurofibrillary tangles and amyloid plaques are the 
main hallmark of the disease. The primary component of amyloid plaques is Amyloid β 
peptide (Aβ) constituted of 37-43 amino acids. Aβ40 and Aβ42 are the most studied peptide 
forms in reason of their well-established role in events leading to neurodegeneration and 
dementia (“Amyloid Hypothesis”). These peptides are produced in vivo by the action of 
cellular enzymes and have an intrinsic propensity to aggregate and form insoluble amyloid 
fibrils as also demonstrated by in vitro studies.  
In this project named Amyloid Aggregation, it’s hypothesized that amyloid fibrils aggregation 
is affected by microgravity. 
Experiments will be conducted both in the ISS and on Earth. Procedures to be performed on 
the ISS are easily applicable and astronauts will be provided with an adequate training. Aβ40 
and Aβ42 samples will be incubated in Phosphate buffer saline 0.1x pH 7.4 (PBS), for various 
incubation time periods (ITP) at ambient temperature (AT; ISS-Columbus module 
temperature). At each ITP, samples will be transferred at -20°C to stop amyloid aggregation. 
As soon as samples will be returned to Earth, all data will be collected and analyzed to 
determine the degree of peptide aggregation. The results will be compared with data collected 
on Earth in a similar experimental protocol with the same ISS conditions (AT, ITP). 
Differences between aggregates obtained during experiments performed in space and those 
performed in the laboratory on Earth may shed light on the possibility of an increased 
susceptibility to develop amyloid-related pathologies in the central nervous system of 
astronauts. 

Keywords: Astronaut health, Alzheimer’s disease, Amyloid β peptide 
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1 INTRODUCTION 

Microgravity induces changes in growth, cellular structure, and cell-to-cell interactions. These 
changes are therefore considered to be a challenge to life in space (Pompeiano et al., 2004). In 
contrast to numerous studies of the relevance of microgravity in skeletal disorders, little 
attention has been paid to age-related neurodegenerative diseases, though it’s recognized that 
pathological conditions of elderly patients are partially analogous to astronauts. Neurons, in 
fact, seem to be predisposed to degenerate under microgravity by a significant decrease of 
some proteins levels (Sarkar et al., 2006). In particular, in response to microgravity, 
expression of some proteins in the hippocampus may result in enhanced protein aggregation, 
mitochondrial dysregulation and impairment of the cytoskeleton, leading to initiation or 
stimulation of neurodegenerative AD is the most diffuse neurodegenerative disease among 
elderly people. As far as neuropathology is concerned, neurofibrillary tangles and amyloid 
plaques are the main hallmark of the disease. The primary component of amyloid plaques is 
Amyloid β peptide (Aβ) constituted of 37-43 amino acids. Aβ40 and Aβ42 are the most 
studied peptide forms in reason of their well-established role in events leading to 
neurodegeneration and dementia (“Amyloid Hypothesis”). These peptides are produced in 
vivo by the action of cellular enzymes and have an intrinsic propensity to aggregate and form 
insoluble amyloid fibrils as also demonstrated by in vitro studies.  
In this project it’s hypothesized that amyloid fibrils aggregation is affected by microgravity. 
Experiments will be conducted both in the ISS and on Earth. Procedures to be performed on 
the ISS are easily applicable and astronauts will be provided with an adequate training. 
Aβ40 and Aβ42 samples will be incubated in Phosphate buffer saline 0.1x pH 7.4 (PBS), for 
various incubation time periods (ITP) at ambient temperature (AT; ISS-Columbus module 
temperature). At each ITP, samples will be transferred at -20°C to stop amyloid aggregation. 
As soon as samples will be returned to Earth, all data will be collected and analysed to 
determine the degree of peptide aggregation. The results will be compared with data collected 
on Earth in a similar experimental protocol with the same ISS conditions (AT, ITP). 
The results obtained will be communicated elucidating if “AmyG hypothesis” is supported or 
not. If this hypothesis will be partially or not at all supported by the results obtained, it will be 
necessary to elaborate new questions, new hypothesis and new experiments. e diseases. 
Altered protein conformation and aggregation are thought to be the triggering event in 
Alzheimer Disease (AD) and other neurodegenerative diseases, including Parkinson’s disease, 
Huntington’s chorea, Creutzfeldt-Jakob disease, Gertsmann-Sträussler-Scheinker syndrome, 
fatal familial insomnia, amyotrophic lateral sclerosis.  The protein aggregates characteristic of 
diverse disorders usually show the involvement of an abnormal protein specific for the 
disease. There are numerous causes for the formation of aggregates and they can act 
independently or in synergy with one another. Some proteins, for example, tend to 
spontaneously assume an abnormal conformation, whereas others aggregate as their 
concentration increases. Sometimes aggregation may be caused by the alteration in a single 
aminoacid/nitrogen base or due to a post-transcription modification or exposure to certain 
environmental conditions (Uversky, 2010). AD is the most diffuse neurodegenerative disease 
among elderly people. As far as neuropathology is concerned, neurofibrillary tangles and 
amyloid plaques are the main hallmark of the disease. The primary component of amyloid 
plaques is Amyloid β peptide (Aβ) constituted of 37-43 amino acids. According to the 
“amyloid hypothesis”, Aβ40 and Aβ42, the most studied peptide forms of Aβ, lead to the 
aggregation and formation of insoluble plaques that trigger a cascade of events, including the 
generation of free radicals, DNA damage, and apoptosis, that ultimately ends in 
neurodegeneration and dementia (Nilsberth et al., 2001). Several studies have demonstrated, 
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in vivo and in vitro, the intrinsic propensity of these peptides to aggregate and form insoluble 
amyloid fibrils, however the properties and mechanisms for their formation are still poorly 
understood, even if is the molecular basis for the resulting toxicity. In conclusion, further 
studies to characterize the aggregation of Aβ peptide is pivotal for elucidating the 
pathogenesis of AD and to develop novel strategies for its treatment and prevention. 
Moreover, understanding how microgravity influence the kinetics of Aβ fibrilogenesis and its 
different aggregation states may contribute to identify potential health risks for space crews 
on mission and possible correlation between aging diseases and living in space. 

2 EXPERIMENTAL PROTOCOL 
Lyophilized amyloid peptides (Aβ40 and Aβ42) will be utilised. The lyophilized peptides will 
be disaggregated in hexafluoroisopropanol (HFIP), dried and suspended in DMSO, 
encapsulated in special containers, together with reaction liquid (PBS, pH 7.4) located in a 
separate lower compartment. The reaction is started by pressing on the top of the jar, which 
allows the two phases to mix. To ensure reproducibility and repeatability of each trial, two 
replicates for each sample will be performed using three types of samples: 

Type A – 16 jars containing peptide Aβ 40 
Type B – 16 jars containing peptide Aβ 42 
Type C – 16 jars containing a mixture of the two peptides (Aβ 40 and Aβ 42) 

Each jar will be codified (by colour) to identify the different ITP at which the aggregation 
reaction of the amyloid fibrils will be blocked by freezing. 
The material shall be kept at -20°C before and after the experiment. To avoid compromising 
the scientific outcome the samples for ISS shall be prepared in Kennedy Space Centre launch 
site and shall be maintained at maximum -20°C (or lower temperature) before and after 
operations. Samples for ground experiment shall be prepared post-mission and maintained in 
PI laboratory in according with temperature conditions, storage durations (pre-launch, on-
orbit, post launch) and experiment steps of ISS samples.  
To start the experiment, the samples shall be removed from cold stowage and left to thaw at 
AT on board the ISS for at least 110 minutes. The upper part of the jar shall then 
twisted/pressed to release the lyophilized proteins into the reaction liquid (see figure 3). The 
test tube shall be rotated or its bottom tapped to ensure that the mixture dissolves uniformly.  
The above step indicates activation starts and has to be performed within 6 weeks from end of 
filling of the space experiment on ground. 
The experiment consists of six trials corresponding to six different ITP: 0-1-3-5-24-29 hrs (a 
time tolerance of ± 30 min for each ITP can be accepted), at AT (16-30°C). Then, every ITP 
group shall be frozen at -20°C to stabilize the solution until analysis after re-entry in the post-
flight phase. Should the re-entry planned later than 1 month (4 weeks) after the last ITP 
sample has been frozen, it has been requested to keep sample at -80°C in orbit, and then to re-
entry samples on Earth (until final arrival at PI Lab) at maximum at -20°C. 
Activation will not start for 12 out of the 48 jars. 6 of these 12 jars will be left stowed at 
temperature of -20°C, the other 6 simply thawed and the put back in the cold stowage 
accommodation. 
The samples that were frozen in space and those processed on Earth will be analyzed by 
Western Blotting (WB) modified protocol, Mass spectrometry (MS) and Atomic Force 
Microscopy (AFM) (Figure 1).  

3 DISCUSSION 
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The possibility to perform experiments on board of the ISS represents a unique opportunity to 
study if and how microgravity influences the early events of the “amyloid hypothesis”, which 
asserts that amyloid fibrils formation is a causative factor in the onset of Alzheimer's disease. 
In particular, we will investigate two fundamental aspects of amyloid β peptide aggregation in 
the weightlessness environment of the ISS: a) the microscopical and biochemical structure of 
the fibrils and b) the process of fibrils formation (i.e., mechanism and kinetics). Differences 
between aggregates obtained during experiments performed in space and those performed in 
the laboratory on Earth may shed light on the possibility of an increased susceptibility to 
develop amyloid-related pathologies in the central nervous system of astronauts. Risk 
assessment could highlight the necessity of implementing monitoring and prevention systems 
to protect astronauts employed in long-lasting space missions. 
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Figure 1: Amyloid aggregation schematic experimental protocol 



Italian Association of Aeronautics and Astronautics 

XXV International Congress 

9-12 September 2019| Rome, Italy

EXPERIMENTAL PROCEDURES FOR PRELIMINARY USER CENTRED 
EVALUATION OF REGIONAL AICRAFT CABIN INTERIORS IN VIRTUAL 

REALITY  

F. De Crescenzio*1, S. Piastra1, S. Bagassi1

1University of Bologna, Department of Industrial Engineering (Italy) 

*Francesca.decrescenzio@unibo.it

ABSTRACT 
One of the main aims of the Horizon 2020 CASTLE (Cabin System Design Towards 
Passenger Wellbeing) project is to deliver innovative cabin interiors solutions that maximize 
the comfort and wellbeing of passengers in the next future. In order to achieve such an 
ambitious objective, an effective HCD (Human Centred Design) approach has been put in 
place to derive a Human Response Model based on a holistic assessment of comfort. 
Therefore, the overall CASTLE HCD methodology has been conceived to provide different 
tools and methods to collect data on the impact that the design of each cabin item has on the 
user from the earliest design stages. One of these tools is represented by the use of 3D 
mock-ups in Virtual/Augmented Reality environments to capture data on the user’s 
perception and to rate the level of appraisal inspired by the specific design solution.  
In this paper we present the experimental procedures for the Human in the loop simulations 
in Virtual Reality Environment of the Regional Aircraft solutions provided in the CASTLE 
Project. First, we introduce the overall procedure plan. Then, we describe the work done for 
the creation of the Virtual Environment for different scenarios (user standing in the cabin, 
Galley, Lavatory) and for the subjective evaluation of these cabin items. 

Keywords: Aircraft Cabin, Product Design, Virtual Reality, Huma in the Loop Simulation 

1. INTRODUCTION

The level of appraisal and visual comfort effect that a designed product has on customers is
a key success factor in the development of vehicles. Generally, in a growing and
interconnected transportation system, the customer is a passenger that is primarily interested
in a comfortable journey and in the optimization of the time spent in travelling. Therefore,
also in the aircraft cabin interiors the concept of comfort, traditionally focused on the
postural and on the noise and vibration reduction, recently started to be enlarged to a wider
set of aspects, such as the general appraisal and visual comfort of passengers, as the
perception of travelling in a comfortable cabin and the sensation of having a space for
working or resting during the journey time.
To be competitive, interiors industries should be able to understand in advance how specific
elements and features of the design can impact the well-being of passengers and their in-
flight experience. This is a particularly complex journey scenario to evaluate since, there are
many factors at play, besides postural and N&V factors. To compound the challenge, the
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target of the modelling process is a subjective variable, for example the perceived comfort of 
the passengers through all durations of the flight. 

Several authors have recently worked on the concept of comfort and well-being in 
commercial and private aircrafts. P. Vink et al. in [1] present and try to find a prioritization 
criterion in a complete list of possible factors influencing comfort of passengers and, among 
all the aspects, refer also on soft aspects related to the perception of passengers, including 
the seat appearance, as influencing the overall wellbeing. Moreover, there are few studies 
that help in revealing the correlation between the physical characteristic of the cabin items 
and the perceived comfort. As an example, in [2] the authors endeavour to find the above 
mentioned correlation through a literature review but, due to the lack of specific literature, 
they have to rely on studies mainly focused on postural aspects and mostly originated in 
other domains, such as the automotive domain. 
In this paper we propose to investigate the perceived well-being of passengers on board 
using Virtual Reality to simulate the visualization and the interaction different regional 
aircraft cabin items at the early design stage as a contribution to the help inform and validate 
the design approach and concept strategy of the cabin interior. 
Overall, Virtual Reality has proven to be an effective tool for the evaluation of interfaces of 
consumer products or appliances [3], as well for ergonomic workstations [4] and workplaces 
[5]. Finally, Berg and Vance [6] provide a survey on some challenging industrial 
applications of Virtual Reality. Authors provide an overall description of the methodological 
process to be followed in the Virtual Reality approach. The suggested process starts from the 
definition of the technologies to be used and their requirements, then a 3D model to be used 
in the Virtual Reality session is provided. Furthermore, an extensive study on how user 
experience can take advantage of the use of Virtual Reality can be found in [7]. Despite the 
evidence on the suitability of using VR to evaluate affective aspects and components of 
comfort and the extensive number of case studies in industry, there are few references of this 
application of VR in the aircraft cabin interiors domain. In 2005, a survey on the use of 
Augmented and Virtual Reality in automotive and aerospace sectors explicitly makes a 
reference to the simulation of cabin interiors to achieve earlier a superior solution, even if 
limited to the evaluation of appearance and interaction [8]. Nevertheless, such works could 
not consider the advancements brought today by technological innovations in VR and AR 
devices, also in terms of reduced intrusiveness, such the ones brought by new generation 
HMDs and see-through HMDs [9]. 
The work presented in this paper has been developed in the framework of CASTLE (Cabin 
Systems Design Toward Passenger Well-being), a project granted under the Horizon 2020 
EU’s research programme in the framework of the Clean Sky initiative. Clean Sky is the 
largest European research programme developing innovative, cutting-edge technology for 
aircraft [10]. The Clean Sky 2 initiative is structured in a number of demonstrators that cover 
the aeronautical industrial innovation needs for both fixed and rotary wing platforms. During 
the development of the CASTLE project it is foreseen to provide solutions and prototypes 
for the Airframe Integrated Technology Demonstrator. In this framework, special attention 
has been paid to the improvements that can be brought to the cabin interiors, and specifically 
to the in-flight experience that passengers can expect in the future. The main objective of the 
project is to conceive, develop, prototype and test cabin interiors solutions following a 
Human Centred Design (HCD) approach. Therefore, the research approach is focusing on 
the analysis of the context of use and of the user’s requirements, on the generation of 
evaluation protocols for each cabin item and on the state of the art of the tools and methods 
for HCD [11]. 
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Given the innovative nature of the project, Virtual Reality has been implemented in 
CASTLE in order to collect data on the human perception of both the cabin environment and 
the satisfaction of specific requirements set in the project from the user’s point of view. 
In the next section the general experimental procedure of the HCD of Regional Aircraft 
interiors implemented in CASTLE is described. Afterwards, we describe the work done for 
the creation of the Virtual Environment for different scenarios (user standing in the cabin, 
Galley, Lavatory) and for the subjective evaluation of these cabin items. Results of a 
preliminary test campaign conducted in order to validate the process are also presented and 
discussed. 

2. CASTLE HUMAN IN THE LOOP SIMULATION ASSESSMENT -
METHODOLOGY FOR EXPERIMENTS IN VIRTUAL REALITY

In the CASTLE Human in the Loop experiments, comfort metrics are evaluated in a virtual
environment, in which a proper number and combination of voluntary subjects experience a
virtual mock-up of one or more cabin items.
The general methodology is composed of three steps as follows:

• Experimental Planning
• Experimental Execution and Data Collection
• Data analysis and reporting

The experiments start with collection of 3D CAD models, including colour and material
features, to be translated from the design domain to the evaluation domain. The different
CAD models produced in the framework of the CASTLE project are representative of the
cabin items of interest in the project. In CASTLE such items are represented by the seat, the
lavatory, the galley, the cabin lining, the Flight Attendant Seat and the stowage bins. The
CAD files are processed in order to simplify the hierarchy and to assign the model
decomposition level according to the VR visualization and interaction requirements. Finally,
these are imported in the simulation platform. For each experiment a scenario and a
storyboard of tasks to be simulated in the virtual environment are designed to assess the
comfort metrics of one or more cabin items replicated in the specific scenario. Therefore, the
preliminary phase consists in the set-up of the Virtual mock-up in a Virtual Reality
Environment. At the University of Bologna two different Virtual Reality platforms have
been set up for the CASTLE Regional Experiments: The CAVE and the Microsoft Hololens
HMD (Head Mounted Display).
The first one is a multiple screens stereoscopic visualization system that immerses the user
in a Virtual Environment [12]. It is developed on top of Commercial Off The Shelf (COTS)
components and is based on three 2.5 x 1.9 m rear-projected screens, that can be co-planar
or tilted, and a floor. The active stereoscopy is enabled through shutter glasses. To allow the
cabin environment to be navigated from a first-person perspective by a user moving on the
CAVE floor, face and body tracking is implemented by capturing and filtering data provided
by a Microsoft Kinect sensor placed in front of the user at the bottom of the CAVE central
screen Figure 1. Tracking of the face is used to update the VR camera’s point of view with
the actual user’s point of view. [13]. An avatar representing the user is introduced in the
cabin virtual environment, and the avatar’s joints and face position and orientation are linked
to the user’s ones captured by Kinect, so that avatar replicates the user’s movements and
gestures. In the right screen, in the lower bottom corner, an exocentric view of the avatar is
placed in order to support the user’s proprioception. Finally, to simulate interaction with
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objects of the virtual environment visual and sound feedbacks are triggered by the system 
whenever the avatar hurts or touch selected parts of the model, to fake collision. 
As anticipated above, the Head Mounted Display used in this experiment is MicrosoftTM 
HololensTM, the optical see-through head mounted display developed and manufactured by 
MicrosoftTM.  This device is implemented in the CASTLE experiments for the subjective 
assessment of the visual comfort perceived by a single passenger that moves around - 
without constraints - in the cabin. The Microsoft Hololens is a wireless device and, although 
not being completely immersive, it allows participants to walk in the cabin. 

Figure 1 Participant in the CAVE (Cave Automatic Virtual Environment) 

The experimental requirements are refined in order to define user involvement in the 
experiment and the questionnaires and/or comfort measurement procedures for evaluation 
assessment. During the second phase, the experiment is run: for each simulation session, at 
least 20 subjects are expected to be recruited and introduced to the activity. A briefing is 
provided to users in written form, indicating few information on the test and procedures 
(without providing clear knowledge on project objectives, not to influence his / her feeling 
and behaviour during the virtual experience) and an informed consent declaration is signed 
by the users. The VR experience is lived by the user, after a short training phase. Some 
physiological metrics may be collected during the experiment and, finally, a questionnaire 
results the subjective rating evaluation. In the final reporting phase experiment outputs are 
collected and the data are analysed. Table 1 provides details of each phase and a description 
of the tasks to be performed and of the documents to be prepared.  

CASTLE Human in the loop assessment 
Experimental 

Planning 
Item vs comfort metrics definition 
VR system set up 
Model type and features/configurations 
Storyboard description 
Questionnaire definition for subjective evaluation assessment 
Users to be involved/experimental total timing 

Experimental 
Execution and data 
collection (for each 

subject) 

Recruitment and Scheduling 
Informed consent signatory 
User training 
Run of the experiment and eventually collection of on line data 
Questionnaire provision to the user and debriefing 

Analysis and 
Reporting 

Collection Analysis of data coming from the experiments, in 
relation of simulation method and objective or subjective ranking 
Reporting 

Table 1 – Description of the processes for the Human in the Loop Experiments in VR 



Experimental Procedures for preliminary user centred evaluation of REGIONAL 
AICRAFT cabin interiors in Virtual Reality  

F. De Crescenzio, S. Piastra, S. Bagassi

132  

Preparatory documents are provided for each experiment, at each phase of the validation 
process: Training Story, Questionnaire, Invitation Letter and Informed Consent Form. 
Five test cases in total, each corresponding to a different simulation scenario, have been 
planned to analyse all the CASLE cabin items; each scenario corresponds to a different 
Virtual Reality set up. In this paper we describe in detail the three scenarios as in Table 2. 
The right column of the table includes the model that have been imported in the 
corresponding scenario.  

Description Cabin Items 
validated  

Overall cabin assessment, with the user 
standing in the cabin (including navigation, 
seat row ingress/egress) and interacting with 
the stowage bin 

Seat - stowage bin 
-Lining

Galley assessment, with a user standing in 
front of it, exploring the model in real 
dimensions and interacting with it 

Galley 

Lavatory assessment, with the user standing 
inside it and exploring the model 

Lavatory 

Table 2 Test Case definition and connection with cabin items 

3. OVERALL CABIN ASSESSMENT, WITH THE USER STANDING IN THE CABIN

In this scenario the aim is to replicate the passengers experience during a specific phase of
flight. In detail, it represents the phase in which the passenger approaches his/her seat and
interacts with the stowage bin before taking his/her seat.
This scenario has been reconstructed in the CAVE and the virtual environment has been
built upon the seat model, the stowage been model and the cabin lining model. 5 seat rows
and 5 stowage bins are reproduced in the scene. Some stow bins are open and some are
closed. Such modes have been arranged in the fuselage model so that an entire section of the
cabin is created. Currently, the surfaces of the cabin items are the actual surfaces produced
in the framework of the CASTLE project while the colours. The passenger is standing and
can orient his/her sight to the seat row he is going to approach to and to the stowage bin.
Among the different components of comfort we aim at collecting the general visual comfort,
as the level of appraisal, the perceived living space comfort, as the level of living space that
the passenger estimates at first sight, as well as the interaction comfort, as the level of how
he can interact with the cabin knowing the limitations in space through the collision
detection features. The collision detection is triggered by collisions between the tracked
body and the cabin items and perceived by the passenger through auditory and visual
feedbacks. As an example the collision detection is activated for collisions occurring
between the forearms and the stowage bin doors as moving yellow lines originating in the
collision area (Figure 2).

The questionnaire is based on a 5-point Likert scale ranging from “strongly disagree” to
“strongly agree” and the questions for the general cabin scenario are related to the different
cabin items that compose the scenario itself. Participants are asked to answer to the question:
“Please, express how much you agree with each statement” for each of the statements in
Table 3.
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Figure 2 A participant interacting with the Stowage Bin 

Statement Item 
The space for accessing the seat and the leg room appeared 
sufficient 

SEAT  The seat seemed easy to access 
The seat appeared to have enough space to stretch my legs 
I had the feeling of being in a spacious environment 
I was pleased with the style/aesthetics of the cabin lining CABIN 

LINING I had feeling of well-being while walking in the cabin 
I was pleased with the style/aesthetics of the stowage bins 

STOWAGE 
BIN 

I like the shape design of the stowage bin 
The stowage bin appeared to be spacious enough to easily load my 
luggage 
The stowage bin seemed easy to reach/use 

Table 3 Cabin Scenario Questionnaire 

4. GALLEY ASSESSMENT, WITH A USER STANDING IN FRONT OF THE ITEM

In the Galley scenario a complete Virtual Model of the Galley has been derived from the
CAD model. This model has been uploaded in a Microsoft Hololens. The user can explore
the Galley and perceive the design in a 1:1 scale mock up projected in 3D (Figure 3).
The components of comfort to be collected in this scenario are the visual comfort, as the
level of appraisal, and the interaction comfort as the user can simulate the reachability of
surfaces and items even if without collision feedback.
Since this item is intended to be evaluated both by the passengers and by the cabin crew
members the subjective evaluations strategy considers these two points of view. From a
cabin crew point of view, the interaction is evaluated, to verify component reachability and
cleanability. From a user / passenger perspective, the questionnaire is voted to evaluate
design pleasantness and the style of the decorative finishing.
Participants are asked to answer to the question: “Please, express how much you agree with
each statement” for each of the statements in Table 4.
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Figure 3 The Virtual Mock up of the Galley 

Table 4 Galley Scenario Questionnaire 

5. LAVATORY ASSESSMENT, WITH THE USER STANDING IN THE LAVATORY

In the lavatory scenario the user also wears the Microsoft Hololens. He initially stands outside
a 1:1 scale virtual mock up of the lavatory, steps inside it through the door and explores the
environment while standing in this narrow environment (
Figure 4).
The questionnaire aims to collect a visual feedback of lavatory accessibility and general
aesthetic appearance. Questions are also aimed to predict some human factors aspects, as the
perception, through the immersion in the mock-up, of being able to operate with the
different parts, such as the faucets.
Participants are asked to answer on a five-points Likert scale to the question: “Please,
express how much you agree with each statement” for each of the statements in Table 5.

Statement 

The lavatory appeared easy to access/exit 
I was pleased with the style/aesthetics of the lavatory 
The lavatory appeared spacious  

The lavatory seemed easy to use 

The lavatory space seemed comfortable 

Table 5 Lavatory Scenario Questionnaire 

Statement 

I was pleased with the style/aesthetics of the galley 

The galley equipment appeared easy to reach 

The galley appeared easy to clean 
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Figure 4 The Virtual Mock up of the Lavatory 

6. PRELIMINARY TESTS

A preliminary test campaign has been conducted at the University of Bologna to gather a
first set of data and to tune the experimental procedure. 12 subjects, 10 males and 2 females
have been recruited among the University students. The average age is 22 years. As depicted
in Figure 5 the experiment starts with a brief introduction and the signature of the informed
consent. Afterwards, the overall cabin scenario is started in the CAVE. Each participant is
trained to the scenario basic features before personally taking part to the experiment. Before
starting, the height of the participant is inserted in the system so that the height of the avatar,
and therefore of the virtual camera tracked with the Kinect, corresponds to his/her actual
height. Once the first scenario is completed, participants are asked to fill the questionnaire
concerning the seat and the stow bin. Then, the participant is asked to wear the HOLOLENS
and, after a brief training on the system functioning, he experiences the virtual lavatory and
the galley, alternatively, and fills the questionnaire. The entire process lasts about 45’.

Figure 5 Preliminary test campaign on the CASTLE Regional Jet 

Even if the target number of subjects has not yet been collected, this first set of participants 
allowed us to validate the experimental procedure, to understand if the time assigned to each 
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phase is well estimated and which is the feedback of participants concerning some 
interaction features specifically designed for CASTLE. 
The experimental procedure did not present any specific issue and the time resulted well 
estimated. The interaction features have been rapidly understood by participants. 
In Figure 6 the results of this first set of subjects. These data, besides not comparable with a 
baseline set of data, can give a general idea of how the cabin is perceived. The Regional 
Aircraft has a narrower cabin height compared to the most common aircraft that are 
currently operating the medium range flights. On the one hand, looking at the chart on the 
“The seat seemed easy to access” we observe that no one reports a “Strongly disagree” or a 
“Disagree” while 33,3 % and the rest is undecided. On the other hand, in the chart 
representing the visually perceived space for the legs (legroom), before sitting, 33,3% of 
participants disagree on the fact that “The seat appeared to have enough space to stretch the
legs. 
While this first two questions are only based on a visual feedback and thus describe an 
estimation that the passenger gives of the available space, the questions concerning the 
stowage bin are supported, in the Virtual Environment, by the collision detection features 
implemented by tracking the user’ body. More than 50 % of subjects (41,7 + 16,7) perceives 
the stow bin as sufficiently spacious to load the luggage. 16% of subjects strongly agrees 
and 50 % of subjects agrees that the stow bin is easy to use. 

Figure 6 Charts of a selection of questions on the seat and the stowage bin 

The response to the questions concerning the style and design of the cabin are not 
homogeneous and this does not allow to affirm that there is a strong impact. It must be 
considered that the color and material finishing is still to be implemented. 
No specific issue arises from the virtual navigation of the galley, since all the subjects 
generally report a positive response. 
A selection of responses to the lavatory questionnaire is depicted in Figure 7. Besides 8,3% 
of subjects that strongly disagree, the majority (25% + 33.3%) respectively strongly agrees 
or agrees with the fact that the lavatory seems comfortable. The style/aesthetic appearance 
seems to be appreciated by the majority of subjects. As expected, since the lavatory is a 
narrow space, 50 % of participants disagrees on the spaciousness. In addition, there is a 
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significant percentage of subjects (41,7%) that is actually “undecided” on this 
question/statement. 

Figure 7 Charts of a selection of questions on the seat and the lavatory 

7. CONCLUSIONS
In this paper we present the experimental procedure for the Human in the Loop tests in
Virtual Reality developed in the framework of the CASTLE project. In the research project
on the aircraft cabin interiors a holistic approach for the evaluation of comfort and wellbeing
has been implemented. At the early design stage, before the actual manufacturing of items,
this evaluation approach is composed of different tools, primary Virtual Manikins software
and Virtual Environments. Besides the former allows to perform exact measures for certain
human percentiles on the ergonomics performances, the latter is intended to complement it
for a better comprehension of aspects related to the mental process that leads to the positive
or negative impact on the human well being given the actual experience of passengers. With
this aim, and considering that such mental process has not yet been modelled, the scenarios
presented in this papers have been designed in order to capture specific aspects, such as, for
example, the sense of comfort or discomfort that we feel when we give a firs sight to the seat
that we are approaching to or to the space that we have to allocate our luggage. In addition,
the Virtual Environment have been integrated with interaction features specifically designed
for this application.
The work represents the research conducted at this stage of the project that includes the
study of the tools and methods, the preparation of the Virtual Reality environments, the
CAD processing to gather the correct virtual prototypes, the design of the subjective data
collection process and the preliminary tests. Therefore, a repeatable methodology for
conducting further campaigns and create comparative data is now available.
Even if tests are not intended to gather statistical data, we have discussed the results since
this can give an insight in the experimental procedure. Future developments regard the
inclusion of colour and material features and the conduction of a definitive campaign with a
proper number of subjects.
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ABSTRACT 

The constant increase of the amount of space debris is becoming a threat for both ground and 
space infrastructures. The non-negligible ris s of collisions in orbit, involving possible 
damages for active space systems, and concerns over re-entry of large objects are leading to 
an increasing international interest in Space Surveillance and Trac ing. 

Through a networ  of observatories, simultaneous optical measurements from different 
observers allows the D reconstruction of the objects  positions and so the direct estimation of 
their altitudes. Altitude is directly lin ed to atmospheric drag, which in turn affects the change 
in attitude during re-entry. Reconstruction of attitude through photometric analysis is possible 
than s to optimization algorithms using data provided by the observation networ .  

The Sapienza Space Systems and Space Surveillance aboratory (S ab) of Sapienza 
niversity of Rome, together with the Institute for omplex Systems (IS ) of the Italian Nation 

Research ouncil ( NR), have developed a networ  of observatories capable of simultaneously 
trac ing a space object. The optical system consists of a telescope connected to a scientific 

omplementary etal- xide Semiconductor (s S) camera, which allows high frame rates, 
thus increasing the number of obtainable data, improving the accuracy of space debris  
trajectories. 

The crucial point of this experimental set-up is the integration of two simultaneous 
bidimensional data, which requires the cameras  precise synchronization. In this paper, the 
synchronization tests of the cameras will be described.  

Keywords: Space debris, Space Surveillance, sCM S, D position and attitude reconstruction 
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1 INTRODUCTION 
The Inter-agency Space Debris Coordination Committee (IADC) defines space debris as: all 
man-made objects including fragments and elements thereof, in Earth orbit or re-entering the 
atmosphere, that are non-functional. This increase in space debris is caused by increasing 
spatial activity 1  and it is a common understanding that the current space debris environment 
poses a ris  to spacecraft in Earth orbit, besides, there is also the ris  of damage on the ground, 
if debris survives Earth s atmospheric re-entry.  Generally, trac ing an ob ect in orbit requires 
optical or radar measurements. However, these methods have limitations. Radars are very 
expensive and do not provide information on the angular velocities of the ob ect, while optical 
measurements can only be performed under certain acceptable climatic conditions, and even 
then, the data of a single observatory does not allow to derive directly the height of the ob ect. 
The optical images acquired from the observatories are processed for obtaining the light curve 
which is a useful information for determining the angular velocities and the attitude.  

The measurements, i.e. the celestial coordinates of the ob ects passage, are based on publicly 
available Two-Line Elements (TLE), that provide orbital parameters for catalogued space 
ob ects. However, TLEs are generally not very accurate. In fact, they are useful for ob ects with 
stable orbits but are not for the orbital prediction of re-entering ob ects. The tra ectory s 
prediction in the re-entry phase of an ob ect is one of the essential problems of the SST and 
depends from random and un now variables 2 , so requires several measures from different 
observatories. The problem is modelling the aero–thermodynamic perturbations and its 
interaction with the re-entering ob ect. 

The Sapienza Space Systems and Space Surveillance Laboratory (S5Lab) Research Team at 
Sapienza – University of Rome has established the Debris Monitoring bservatory Networ  
(DEM N)  that is composed of six observatories, four of them located in Italy, from now on 
referred as the Italian Networ , and two in enya, from now on referred as the Equatorial 
Networ  4  5  6 . The observatories can operate in a totally autonomous way by using both 
third party software and bespo e software. In order to manage the entire networ  of observers, 
the implementation and application of a scheduler for the orchestration and harmonization of 
requests for the networ  o entirely dedicated to the monitoring of space debris was fundamental. 
The software is called NIC  (Networ ed Instrument Coordinator for bservations debris of 
space) and has the main purpose of assigning visibility windows to each optical sensor of the 
networ   by solving priority conflicts (through genetic algorithms 8 ) during the observation 
planning phase, also by considering external limitations such as astronomical constraints and 
weather conditions. NIC  is designed to process the requests of users surveyed for different 
types of orbits by applying different observation strategies (e.g. light-curves, follow-ups, 
surveys and specific s y regions).  

In this paper, the S5Lab together with the Institute for Complex Systems (ISC) of the Italian 
Nation Research Council (CNR), presents an observed strategy based on bi-static synchronized 
multi–site optical observation. The data collected from all the observatories are used for 
obtaining both the altitude and the attitude. Each observatory optical system is composed by a 
telescope connected to a scientific Complementary Metal- xide Semiconductor (sCM S) 
camera. This type of camera allows to obtain high frame rates, thus increasing the number of 
obtainable data and consequently the accuracy of the space debris tra ectories. The 
synchronization tests of the cameras will be described with their results. 



Bi-static optical measurements for reentering 
objects attitude and orbit determination ariani 

 

2 MULTI-SITE OPTICAL OBSERVATION 
Nowadays, the most advanced technique used for trac ing space debris is their simultaneous 
optical observation through a networ  of observatories. Multi-site optical observation has been 
developed to increase quality of optical measurements by using at least two optical instruments 
which acquire data from the same ob ect at the same time. ptical measurements obtained from 
the different observers allow to reconstruct the ob ects  attitude and the determination of their 
positions in the D space, providing a direct estimation of their altitudes. Altitude and attitude 
of the ob ect are crucial parameters during the re-entry into the atmosphere. In the re-entry 
phase, both parameters are sub ects to variations due unpredictable factors. The acquisition of 
more data in a short interval of time is necessary to predict their evolution with better precision. 
The factors that more heavily contributes to the deviation between the predicted and the real 
tra ectory are the ballistic coefficient and atmospheric density. The first is determined from the 
attitude, while the latter depends on solar activity, different concentration of chemical species 
and other factors which lead to inaccuracies in the various theoretical models. In general, in an 
ob ect s re-entry phase there are few chances to observe it from the same observatory. This is 
due to low revisit time, which does not allow frequent opportunities of visibility and 
meteorological factors. During these few visible passages, is then necessary to acquire large 
data sets with high accuracy which are then to be used to provide the most accurate prevision 
in attitude and position. 

3 SYSTEM SET-UP 
An acquisition activity of optical measurements of ob ects in LE  has been carried out selecting 
two Italian observatories: Mid Latitude Italian bservatory (MIT ) located in Rome and the 
Sapienza Coupled University Debris bservatory (SCUD ) in Collepardo, distant 110 m 
from each others. The MIT  and SCUD  observatories are composed of a Newtonian optical 
tube with a diameter of 150 mm and a focal length of 50 mm connected to a Scientific CM S 
camera (sCM S), which has a 5.5 megapixels sensor, a quantum efficiency of 60  and a pixel 
size of 6.5 m. The tools are shown in Figure 2: 

(a) (b)

Figure 1 - (a) ptical tube  (b) sCM S 

The sCM S technology is based on a new generation of CM S design and process technology. 
This type of device carries an advanced set of performance features that renders it entirely 
suitable to high fidelity and quantitative scientific measurement. ne of these advantages is the 
lowest read out noise compared to CCDs. The sCM S selected for this system have a sensor 
of 5.5 megapixels that can achieve 100 full fps with a read noise of 1.  electrons rms, while the 
lowest noise Interline CCD reading out only 1.4 megapixels at  16 fps would do so with  10 
electrons read noise.  

3.1 Comparison between sCMOS and EMCCD 
In general, sCM S presents advantages in terms of read out noise, frame rate, dynamic range 
and field of view resolution, without the compromise between read out noise and frame rate. 
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The ma ority of EMCCD cameras are bac  illuminated with  90  E max, which are among 
the most competitive in terms of sensitivity. For this reason, a high performance bac -
illuminated EMCCD camera, for extremely low light applications that require absolute raw 
sensitivity at fast frame rates, maintains an application advantage. However, this advantage is 
achieved by sacrificing the enhanced resolution, field of view, dynamic range and frame rate 
that sCM S can offer.  

3.2 Expected errors 

The camera has 5 Megapixels with a pixel size of 6.5 μm, while the telescope has a focal length 
of 50 mm, so the Field f iew (F ) is 1.2  x 1.2 . From this information is obtained the 
omega parameter equal to: 

Ω =
focal length

pixel size = 115382

Assuming to ma e an error in the reconstruction of the position of the ob ect in the image ( s) 
of 1 px, the reconstruction error on the altitude in the z-axis ( z) is derived as 9 : 

δz =
Z2δs
Ωd

Using a pair of observers MIT   SCUD  located at a mutual distance of 110 m by observing 
ob ects in LE  orbit, z  12.6 m is obtained. hile for the observation of ME  or GE  ob ects 
a high baseline is required for small errors, so in this case is chosen to use the pair of observers 
SCUD   E U  which are located at 6000 m from each other. For these last ob ects an error 
of about 1.8 m is obtained. The errors obtained with respect to the altitude of the respective 
ob ects which are around 400 m for the LE s and 6 000 m for the GE s are acceptable 
errors and therefore allow an excellent estimate of the altitude in D space. 

4 ALTITUDE AND RANGE DETERMINATION 
hen the number of available measures is too small to achieve a complete orbital determination 

process, it is possible to introduce simplifying hypotheses on the evolution of the orbital 
dynamics in the short period to achieve the only estimation of the position of the ob ect within 
the orbital plane exploiting a single measure. From this information it is possible to estimate 
the altitude of the ob ect, the nowledge of which is of fundamental importance for the re-entry 
forecasts. Using two simultaneous measurements performed by two different observation 
stations, it is possible to determine the altitude and range, identifying the minimum distance 
point between two straight (𝑟1 and 𝑟2) lines passing through the Earth s stations, whose direction 
is determined by the versors implied by the angular measurements of each observatory. nce 
identified the versors of the measures from the values of RA and Dec obtained from the 
observations, we can determine the points of minimum distance on the two straight lines 
considered: 

𝑟1 = 𝑝1 + 𝑡1 ∙ 𝑑1̅̅ ̅ 
𝑟2 = 𝑝2 + 𝑡2 ∙ 𝑑2̅̅ ̅ 

ith 𝑝1, 𝑝2 thestation position 1, 2 and 𝑑1, 𝑑2 the versor of the measurements. The 
perpendicular �̅� to 𝑟1 and 𝑟2 is obtained as a vector product between their direction versors. The 
plane formed by the translation of 𝑟2 along n contains the point 𝑝2 and is perpendicular to: 

𝑛2̅̅ ̅ = 𝑑2̅̅ ̅ × �̅� 
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The point of intersection of 𝑟1 with this plane, which also represents the point of 𝑟1 with 
minimum distance from 𝑟2, is given by: 

𝑐1 = 𝑝1 +
(𝑝1 − 𝑝2) ∙ 𝑛2̅̅ ̅

𝑑2̅̅ ̅ ∙ 𝑛2̅̅ ̅
∙ 𝑑1̅̅ ̅

In a similar way, we find the point of 𝑟2 with minimum distance from 𝑟1. 

Figure 2 - the point of 𝑟2 with minimum distance from 𝑟1 

5 ATTITUDE DETERMINATION 
b ects attitude may be direct measured using optical instruments through the light curve 

analysis, see 10  11  12  1 . In the following figure is shown an example of the observed 
light curve of Thor Agena R  obtained from MIT  observatory. 

Figure  – The figure shown the observed light curve of TH R AGENA R  (blac ) and the 
Savitz y–Golay filtred light curve (red) 

The attitude of the observed ob ect is obtained from the comparison of the light curve observed 
with synthetic light curves generated starting from different initial conditions. Finding what are 
the parameters that generate the observed light curve, the ob ect attitude was found 14 . 

5.1 The Physic engine 
To obtain a realistic simulation of the light reflected from the ob ect, it is necessary to calculate, 
for each instant of time, its position and attitude, the position of the observer and the position 
of the sun in the same reference system. nce these positions are nown, it is possible to 
calculate the phase angle (see Figure ), necessary to calculate the amount of light reflected by 
the ob ect. 

Figure 4 - Phase angle – the image shows the phase angle, observer-ob ect-sun, needed to compute the 
amount of light reflected by the ob ect. 

Satellite Orbit

Sun Position

Ground Station

Phase angle
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In Figure 4 is shown the flow chart of the Physic engine. 

Figure 5 - Physic Engine: this engine ta es care of computing for each time step the position of the 
orbital ob ect and its dynamical state, ta ing as input the TLE, the initial state with the inertial matrix. 

The position of the ob ect, in the Earth-Centered Inertial coordinate system (ECI), is obtained 
by propagating its orbit from the nown Two-Line Element (TLE) through a General Simplified 
Perturbations (SGP-4) routine. Through the Euler equations, the dynamic state of the rigid body 
motion is described in terms of the Euler angles ( 0, 0, 0) and the components of the angular 
velocity (p0, q0, r0) in the reference frame of the satellite. For each type of ob ect, a specific 
inertia matrix was considered to deal with the different geometry of the ob ects. 

5.2 The Rendering engine 
The rendering algorithm must also consider atmospheric extinction, the shape and materials of 
the ob ect and the direction of sunlight, and that faithfully reproduces the shadow areas 
expressed by the different components of the ob ect. The Physic Engine outputs are used by the 
Rendering Engine. In particular, the position of the Sun will be used as the position of the light, 
the position of the observer will be used as a position on the camera and the position of the 
orbital ob ect will be used as a camera lens over time. The attitude and the positions of the 
ob ect are used to calculate the rotational matrix of the model and the positions of the centre of 
gravity of the D model. See Figure 6. 

Figure 6 - Rendering engine 

5.3 Automatic Attitude determination 
The real light-curve 𝐼𝑇(𝑡) is a function of only time but the synthetic light-curve generates by 

IS NE software depends on the time t, but also on the initial attitude parameters and on the 
initial angular velocities. So, the synthetic light-curve 𝐼𝑆 is defined as: 

𝐼S(t, φ0, θ0, ψ0,  p0, q0, r0) (1) 

In order to find the attitude of the orbital ob ect, a cost function is defined as the sum over time 
of the modulus of the difference between the real and the synthetic light-curve:  

∑| 𝐼𝑇(t)  – 𝐼S(t, φ0, θ0, ψ0,  p0, q0, r0) |  (2) 
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ith this definition it is possible to solve the minimization problem, with a genetic algorithm, 
finding the initial attitude parameters ( 0, 0, 0, p0, q0, r0) of the synthetic light-curve that 
creates the synthetic light-curve closest to the real one. 

In Figure 6 is shown the optimization architecture where the genetic algorithm comparing the 
observed light-curve and the synthetic one and changing the initial attitude parameters, in order 
to create a new synthetic light-curve, until the best synthetic attitude is found and so the 
presumable ob ect attitude. 

Figure  - ptimization architecture:  how the proposed method finds the attitude. 

6 SYNCHRONIZATION TEST 
To perform multi-site observations, it is necessary to have a system that is able to collect data 
simultaneously of the same ob ect, or to be synchronized. An error in the synchronization of 
the cameras corresponds to an error on the angular information of one of the two sites and 
therefore an error in the estimate of the range of the ob ect. The ob ect will enter into visibility 
of the observatory at a specific time that will be the time in which to send a signal to the cameras 
to begin the shooting, so a trigger signal. For systems where the trigger of the machines is 
supplied as a result of the time obtained by a GPS receiver, the synchronization error is given 
by two contributions: the Pulse Per Second (PPS) signal of the GPS and the Lag Time of the 
camera. The PPS of the GPS signal error is on average 20 ns, for signal construction 15 , but 
it was also controlled with the oscilloscope seeing the time difference between two signals 
received from the GPS modules. The camera s lag time is defined as the time elapsing between 
the moment the trigger signal is sent and the time the camera actually fires. This was measured 
by ta ing an optical target with the cameras and was around 10 ms. The lag time of the cameras 
is constant and therefore can be corrected, thus only the 20ns of the GPS remain that are 
negligible. The error thus obtained is compatible with the expected experimental error. 

7 CONCLUSIONS 
The optical bistatic observation using sCM S cameras allows to directly derive the altitude and 
the attitude of the ob ect. To obtain a high accuracy in the reconstruction of the tra ectory a 
large number of high quality data and excellent temporal synchronization must be guaranteed. 
The first are guaranteed using the sCM S cameras, while the results of the synchronization test 
show that it is possible to obtain the altitude of an ob ect with excellent precision. The low error 
in the estimate of the altitude significantly improves the prediction of the tra ectory of an ob ect 
especially in the re-entry phase. This prediction is further improved than s to the estimate of 
the structure obtained with the proposed method. 
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ABSTRACT 
Space debris represents one of the most important challenges for the exploitation of space. Due 
to the increasing population of non-cooperative or un-controlled space objects, an increasing 
number of institutions is being involved in space surveillance activities. State-of-the-art optical 
sensors are capable of providing measurements of celestial coordinates with arcseconds 
accuracy. Optical sensors represent a relatively cheap resource, and they can be employed for 
the development of wide optical networks. The Sapienza Space Systems and Space Surveillance 
Laboratory (S5Lab) at Sapienza University of Rome owns a network of optical sensors, in Italy 
and Kenya. This distributed architecture permit to increase the number of acquirable 
measurements and to observe multiple arcs of a given orbit, thus facilitating the orbit 
determination of observed objects. In addition to classic configurations, innovative 
architectures are ready for deployment. Among these, a simultaneous multi-site optical setup 
will be soon operative. An observing dome constituted by commercial cameras is currently 
being tested. When operative, it will be capable of taking a big number of measurements per 
night with a very large field a view. In this paper the Sapienza Scientific Observatory Network 
will be described. Currently operative sensors, recent observation campaigns and innovative 
architectures will be discussed. 

Keywords: Space debris, ptical observations, Space surveillance, bservatory networ  

1 INTRODUCTION 
The considerable ris  of damage to both space and ground infrastructure caused by space debris 
has led to an international effort in the monitoring, trac ing and mitigation of the population of 
space ob ects.  
Most adopted monitoring methodologies include radar and optical measurements.  The 
employment of optical sensors, in particular, can dramatically reduce the cost of the observation 
campaigns. At the same time, optical observations are sub ect to different constraints that can 
reduce their usefulness when adopted for the monitoring of non-cooperative ob ects. Indeed, 
bad weather and non-favourable illumination conditions prevent from the use of optical 
observations. To overcome these limitations, it is mandatory to rely on distributed networ s of 
different optical sensors.  

1 2
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The S5Lab at Sapienza University of Rome owns and operates a networ  of different optical 
sensors, located in Italy and enya 1 . The peculiar geographical distribution of the used 
sensors ma es possible to employ different strategies to monitor space debris and to facilitate 
the orbit refinement of trac ed ob ects. In Italy, three fully operative sensors permit to increase 
both the number of trac ed ob ects and the amount of acquired measurements per each ob ect. 
Two telescopes, the Mid latitude Italian bservatory (MIT ) and the Remote Space Debris 

bservation System (RESD S), are located in Rome, while a third, Sapienza Coupled 
University Debris bservatory (SCUD ), has been placed in Collepardo, at an approximate 
distance of 110 m from Rome. This configuration can not only allow to perform observations 
from one site when the other one is interested by bad weather conditions, but it is also suitable 
for the employment of innovative observation strategies relying on simultaneous multi-site 
measurements.  
Two additional telescopes, Equatorial bservatory n Ground (E U - G) and Equatorial 

bservatory ff-Shore (E U - S) are located in Malindi, enya. These are currently being 
refurbished. hen operational, their latitude ma es them capable of observing ob ects 
belonging to orbital regimes that are not visible from Italy. Additionally, the combined 
employment of all the described sensors can permit to acquire measurements of multiple arcs 
of the same orbit for a great number of ob ects, thus increasing the accuracy of the orbital 
estimates achievable through the collected data 2 .  
Also this intercontinental geographical configuration allows to exploit recently developed 
innovative techniques to ta e advantage of simultaneous multi-site observations. In particular, 
while the Rome-Collepardo configuration can be used to provide height and range estimates of 
LE  ob ects, the Rome-Malindi configuration, with a baseline of approximately 6000 m, can 
be employed for ME  and GE  ob ects . The telescopes are going to be upgraded through 
the replacement of CCDs by sCM S sensors, currently being tested, that can provide a dramatic 
increase to the rate of performable observations. 
In addition to these sensors, an innovative architecture, devoted at surveying the geostationary 
ring, is currently being tested and will be soon ready to be deployed in the Gran Sasso area, 
Italy. The system will be constituted by a dome containing multiple commercial optical sensors 
that can autonomously and continuously ta e images of GE  ob ects. 
In this paper the S5Lab networ  configuration will be exposed in detail, together with an 
overview on the conducted observation activities. In addition, recent developments and 
innovative techniques will be discussed.  

2 THE SAPIEN A SCIENTIFIC OPTICAL NETWORK 
The networ  is composed by multiple sensors distributed in Italy and enya. The core 
configuration is represented by three telescopes located in Italy and two telescopes located in 

enya. Two additional telescopes located in Rome, that are currently being refurbished, are 
used either for educational purposes or in the framewor  of innovative observation systems that 
will be explained in the next paragraphs. The two telescopes located in enya, precisely in 
Malindi, are currently being refurbished and will be soon available.  

2.1 The Italian Networ  
The Italian networ  is constituted by four observatories deployed in central Italy. RESD S and 
MIT  are located in Rome in the Urbe Airport. EDUSC PE is located in Rome, in the 
Department of Mechanical and Aerospace Engineering building. SCUD  is located in 
Collepardo. 
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2.1.1 RESDOS 

RESD S telescope (see Figure 1a) is located in Rome (41.95588 N, 12.50559 E, 6 m). It is 
constituted by a carbon fiber optical tube, in Ritchey-Chr tien configuration, with a 40 cm 
diameter ventilated primary mirror. RESD S is completely remoted. It has a German equatorial 
mount with a go-to speed of over 6 degrees sec. The current configuration is characterised by 
a field of view of 0.5  x 0.5 . RESD S is provided with a motorized roto-focuser which allows 
the optics to focus automatically. 

2.1.2 MITO 

MIT  telescope (see Figure 1b) is located in Rome (41.95588 N, 12.50559 E, 6 m). The 
optical tube, mounting a 20 cm mirror, is in Schmidt-Cassegrain configuration.  MIT  is 
completely remoted. It has a German equatorial mount and a field of view of .5  x 2.5  

2.1.3 SCUDO 

SCUD  telescope (see Figure 1c) is located in Collepardo, Italy. It mounts two optical tubes, 
one with a field of view of 2.2  x 2.2  and one with a field of view of 1.  x 1.1 This 
configuration is cabable of simultaneously perfoming measuremenrts for orbit and attitude 
reconstruction. SCUD  is completely remoted. 

2.1.4 EDUSCOPE 

EDUSC PE (see Figure 1d) is located in Rome, Italy, in the Department of Mechanical and 
Aerospace Engineering building. It has a 152 mm mirror optical tube and a field of view of 25  
x 25 . It has an ALT-A  mount.  EDUSC PE is mainly used for educational purposes. 

     (a)        (b)  (c) (d) 

Figure 1: (a): RESD S, located in Urbe Airport, Rome, Italy  (b): MIT , located in Urbe Airport, 
Rome, Italy  (c): SCUD , located in Collepardo, Italy  (d) : EDUSC PE, located in the Department 

of Mechanical and Aerospace Engineering building at Sapienza University of Rome 

2.2 The E uatorial Networ  
The Equatorial Networ  is constituted by two observatories located in Malindi. E U - G is 
located at the roglio Space Center, while E U - S is located in the off-shore launch platform 
Santa Rita . 

2.2.1 EQUO-OG 

E U  - G telescope (see Figure 2a) is located in Malindi, enya, at the ASI roglio Space 
Center (2.996  S, 40.19 91 E, 0 m). It has a 25 cm optical tube and a field of view of 2.2  
x 2.2 . It has an ALT-A  mount.  E U  – G is completely remoted. 
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2.2.2 EQUO-OS 

E U  - S telescope (see Figure 2b) is located in Malindi, enya, on the off-shore launch 
platform Santa Rita , approximately 6 ilometres from the coast. It has a 152 mm mirror 
optical tube and a field of view of 0.5  x 0.5 . In addition, the observatory has been provided 
with an all s y camera with a field of view of 180  x 180 . The telescope has an ALT-A  
mount. E U  – S is completely remoted. Due to its position, one of the challenges during 
installation was the connection to the Internet. The observatory was connected to the internet 
by installing a pair of high gain dish antennas with a highly polarized beacon, allowing a radio 
internet connection between the base and the platform. 

   (a)  (b) 

Figure 2: (a): E U  - G, located at the roglio Space Center, Malindi, enya  (b): E U  - S, 
located off-shore on the Santa Rita  platform in Malindi, enya 

 SOFTWARE TOOLS 
A multiplicity of software tools, developed by the S5Lab, is used to acquire and process optical 
data. The employed software not only permits to acquire images and to process them to retrieve 
measurements, but it is also capable of performing further analyses required for orbit 
determination and attitude reconstruction. The main tools are the Networ ed Instrument 
Coordinator for bservations on Debris (NIC ), for the scheduling of observations conducted 
with an observatory networ , an automatic astrometry and image recognition tool, an algorithm 
for the improvement of TLEs through optical measurements, and a software for attitude 
reconstruction through light-curves analysis.  

.1 NICO scheduler 
NIC  scheduler 4  is a tool aimed at the harmonisation of the operations of each optical sensor, 
with respect to the targets of a given observation campaign. In fact, by considering both 
astronomic and weather conditions constraints, it allows the coordination of the requests for 
optical observations and maximises the operative time of the networ  by solving conflicts . 
The scheduler allows different operational modes: 

- Survey in ME , GE  or Molniya orbits, by maximising the ob ects visibility through a
proper selection of the observed regions of the s y vault.

- Acquisition of light-curves
- Follow-up mode, in order to trac  specific ob ects for several days, by coordinating the

observations according to the scientific priority of each target
- Par ing on specific celestial coordinates of right ascension and declination
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.2 Automatic astrometry and ob ect reco nition tool 
Images are processed through an automatic astrometry and ob ect recognition tool 5,6 . In this 
way, it is possible to automatically process a great number of images and to retrieve, at the end 
of the process, measurements of topocentric right ascension and declination of the trac ed 
ob ects. Such measurements can be assembled in various formats, including TDM (Figure ) 

Figure : Automatic astrometry and ob ect recognition tool 

.  TLE impro ement throu h optical measurements 

The algorithm for TLE improvement  analyses optical measurements in order to improve 
previously available orbital estimates. Due to the wide-spread use of publicly available orbital 
information provided in the format of Two-line elements, this tool has been developed in order 
to generate as output a new TLE (Figure 4). This capability is accomplished by using the SGP4 
dynamical model in the orbit determination process, and by using the TLE mean orbital 
parameters as state vector. 

Figure 4: TLE improvement algorithm 

.4 Li ht-cur es analysis 

In order to reconstruct trac ed ob ects attitude and angular velocity, an optimisation process 
exploiting light-curves is employed. These light-curves are retrieved from observations 
purposely performed. In order to extract light-curves, images containing a sufficient 
photometric information of the observed ob ect are ta en at a high rate. Then, a geometrical 
and physical model of the target ob ect is employed in an optimisation process based on genetic 
algorithm to find a suitable solution 8,9 .  

4 STATISTICS ON ANUARY  MARCH 2019 OBSERVATION CAMPAIGN 
RESD S, MIT , and SCUD  telescopes of the Sapienza scientific optical networ  have been 
recently devoted to an observation campaign involving both survey and trac ing observation 
strategies. Figure 5 illustrates the overall number of observations performed between anuary 
and March 2019. 
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Figure 5: Number of images per day per observatory 

Table 1 shows the LE  ob ects that have been trac ed for the observation campaign. 

OB ECTS 
TH R AGENA D R  00  

ASTE  1 05560 
SEASAT 1 1096  
SL-  R  12465 
SL-14 R  1815  
SL-  R  19046 
SL-8 R  21088 
SL-16 R  2280  

ARIANE 40  R  2 561 
SL-16 R  2 05 

EAN  25860 
SL-16 R  25861 
EN ISAT 2 86 

IDEFI ARIANE 42P 2 422 
C -2D R  28 8 
S MED 1 1598 

SENTINEL 1A 96 4 
SENTINEL 1  41456 
TIANG NG-2 41 65 
REE E-M DE  8 4  

Table 1: LE  ob ects trac ed during anuary - March 2019 observation campaign 

Figure 6 illustrates the percentage of observations devoted to LE  trac ing and observations 
devoted to s y survey. 

Figure 6: Percentage of trac ed LE  ob ects images and survey images 
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 RECENT DEVELOPMENTS 
Two innovative architectures, developed by S5Lab, are ready for deployment. The first one, 
FASTSC PE, is aimed at improving both orbit and attitude determination of trac ed ob ects 
through simultaneous multi-site optical observations. The second one, the All S y GE  Survey 

bservatory, is constituted by multiple commercial optical cameras, capable of observing a 
wide solid angle of the s y vault.  

.1 FASTSCOPE 
FASTSC PE (see Figure a) is a system of two twin optical sensors each with a field of view 
of 0.5  x 0.5 , whose purpose is to allow a D reconstruction of target ob ects, as well as to 
improve the attitude reconstruction through photometric analysis. A three-dimensional 
reconstruction of position is very useful when trac ing ob ects belonging to orbital regimes 
whose dynamics is poorly approximated, as in the case of re-entering ob ects. In such a case, a 
small number of simultaneous measurements would provide at least an estimate of the ob ect 
height. Two possible configurations will be available. The first one, consists in locating one 
sensor in Rome and the other one in Collepardo, with a baseline of approximately 110 m. This 
system would facilitate the position reconstruction of LE  and re-entering ob ects. The other 
configuration consists in placing one sensor in Rome and the other one in Malindi, with a 
baseline of approximately 6000 m. This configuration would facilitate the position and attitude 
reconstruction of ME  and GE  ob ects. 

.2 All S y GEO Sur ey Obser atory 
An innovative architecture (see Figure b) based on multiple fixed commercial optical sensors 
is ready for installation and testing in the Gran Sasso area, Italy. The observatory will be placed 
on Duca degli Abruzzi  mountain refuge at a height of approximately 2400 m, benefiting from 
particularly low light pollution. The current configuration is constituted by 4 cameras with a 
field of view of 20  x 14  and 2 cameras with a field of view of 24  x 16 , disposed in order to 
cover the visible GE  region from approximately 20  of elevation. All cameras are 
synchronised and capable of continuously ta ing images all over the night. Redundancy has 
been introduced in the design of the electronic board that manages the cameras, the data storage 
and the thermal control of the dome. 

(a)                 (b) 
Figure : (a): FASTSC PE sCM S sensors  (b): All S y GE  Survey bservatory architecture and 

field of view 

6 CONCLUSIONS 
The Sapienza Scientific ptical Networ  is constituted by 4 telescopes located in Italy and 2 
telescopes located in enya. In addition to the core configuration, two innovative systems are 
ready for deployment. A multiplicity of algorithms and software tools have been developed and 
are currently used. These permit to acquire images through the harmonisation of the whole 
networ , to analyse them to retrieve measurements and to improve publicly available orbital 
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estimates. Furthermore, and algorithm for light-curve extraction and analysis allows to 
reconstruct ob ects attitude. Recent observation campaigns have proved the networ  to be 
effective and to be capable of acquiring a big number of measurements. The innovative 
architectures that will be soon operative will permit to directly estimate ob ects height, to 
improve the attitude reconstruction through simultaneous measurements and to survey wide 
regions of the s y vault by means of a dome constituted by multiple commercial cameras with 
a wide field of view.  
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ABSTRACT 
Space activities have been growing and diversifying significantly in recent years, involving 
also private operators. Emerging space initiatives challenge the overall context and the 
widespread use of very small platforms as well as the plans to deploy large constellations are 
entailing several implications, also from a legal point of view, for instance, in terms of 
managing orbital congestion and space debris. In particular, due to the continuous increase 
in space activities and space objects, the amount of space debris is constantly growing and, 
consequently, the probability of in-orbit collisions is rising. Therefore, space debris is 
regarded as a serious hazard for the safety and sustainability of outer space activities. In the 
light of the above, this paper aims to present the two main approaches that, so far, have been 
ta en into account to address the issue of space debris which are  (i) the mitigation process 
as the main instrument to limit the creation of new space debris  (ii) active debris removal 
and in-orbit services, which aim to reduce the existing amount of space debris through 
different techniques. In particular, the wor  will focus on the legal aspects and the main 
issues raised by these approaches. 

Keywords: Debris, Debris Mitigation, Active Debris Removal.   

1 INTRODUCTION 
Than s to the technological progress, the growth of the launch services and its capacity as 
well as the continuous commitment  of some States in the privatization of the national space 
sector, space activities have been growing and diversifying significantly in recent years with 
an increasing involvement of private operators. Moreover, the number of space ob ects 
deployed per launch has shown a significant proliferation and many of these satellites are 
often small satellites belonging to non-governmental entities. The private sector is, currently, 
an important space actor and owns a large fraction of the operational satellites in orbit.  
Emerging space initiatives challenge the overall context: the widespread use of very small 
platforms as well as the plans to deploy large constellations are entailing several implications 
also from a legal point of view, in terms of managing orbital congestion, the challenges of 
space debris and the management of radio frequency spectrum resources.  
In particular, due to the continuous increase in space activities and space ob ects, the amount 
of space debris is constantly growing and, consequently, the probability of in-orbit collisions 
is rising. Therefore, space debris is regarded as a serious hazard for the safety and 
sustainability of outer space activities.  

asically, there are two main approaches that, so far, have been ta en into account to address 
the issue of space debris. The first one is the mitigation process as the main instrument to 
limit the creation of new space debris. Since this topic is not explicitly addressed in the five 
UN space treaties and in order to fill the gap, a number of non-binding guidelines and 
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standards on space debris mitigation has been developed at international level. In addition, 
some States have adopted national legislation and procedures on space debris, ma ing the 
international mitigation standards and guidelines applicable to national space operations. 
Although these non-binding instruments constitute the way in which the international 
community is currently dealing with the issue of space debris, they are seen as insufficient to 
tac le this problem in the future. Consequently, there is a second approach normally 
considered to cope with space debris focussed on active debris removal and in-orbit services, 
which aims to reduce the existing amount of space debris through different techniques. 
However, the use of these measures meets significant legal and political challenges.  
In view of the above, the paper aims to present a brief introduction on the status of the outer 
space environment (paragraph 2), addressing the phenomenon of space debris and the impacts 
on it of small satellites and mega-constellations and focusing on the main regulatory 
instruments (paragraph ). Furthermore, the wor  will consider the topic of active debris 
removal (paragraph 4.1). Finally, reflections on the principal legal aspects related to active 
debris removal will be presented with a focus on the lawfulness, under current international 
space law, of the act of removing or deorbiting space debris as well as on the determination of 
the State legally entitled to remove space debris (paragraph 4.2). 

2 THE STATUS OF THE OUTER SPACE ENVIRONMENT 
Since the launch of the first satellite in 195 , humans have been placing an increasing number 
of ob ects into orbit around the Earth. According to some sources, more than 5400 launches 
have ta en place since the beginning, placing into Earth orbit about 8950 satellites, 5000 of 
which are still in space and about 1950 are functioning1. The launches per years have recently 
been growing than s to the increase in number of States which have the capability to launch 
satellites and the recognition, also from a commercial point of view, of the benefits that can 
be derived from space. Moreover, it is important to consider that each satellite, which is 
placed into orbit, is accompanied by one or more pieces of non-functional ob ects and that 
incidents and collisions can create additional space fragments2.  
As a result, human activities have caused significant negative effects on outer space, as during 
the past six decades near-Earth orbits have been filled with functional and non-functional 
ob ects, the ma ority of which are debris (see below paragraph ). Space debris can increase 
for many reasons such as new space ob ects launched, in-orbit space ob ect explosions, roc et 
engine emissions and spacecraft surface erosion, in-orbit collisions leading to a further 
fragmentation ( collisional cascading ). 
The estimates, based on statistical models, show that there are roughly 4 000 ob ects  larger 
than 10 cm, 900 000 ob ects from 1 cm to 10 cm and 128 million ob ects from 1 mm to 1 cm . 
Moreover, about 22 00 ob ects are regularly trac ed by Space Surveillance Networ s and 
maintained in their catalogue.  
In the near future, small satellites and the so-called mega-constellations represent further 
factors, which might additionally influence space ob ects propagation.  
Small satellites have become increasingly popular in recent years and they are different to 
larger ones in a number of ways. Typically, a small satellite is one with a mass of less than 
1000 g, which offers many benefits, including reduced costs, higher speed of development 
and deployment, but many of them cannot be manoeuvred after their positioning into orbit. 
Since they are cheaper to ma e and have a shorter lifespan, they can also be more readily 
replaced with systems utilising more advanced technology. Than s to the characteristics listed 
above, small satellites and derived applications have opened the door to many non-space 
faring countries, governmental and non-governmental operators to oin the use of outer space, 
allowing the increased use of small satellites (i.e. CubeSats) for commercial applications. This 
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is resulting in a growing variety of pro ects and an increase in the range of investors being 
attracted to the use of space for commercial ventures.  
A ma or development in this domain is the emerging concepts of large constellations, 
composed of hundreds or thousands of small satellites developed by commercial operators, 
planned and or started to be deployed in Low Earth rbit (LE ), with the aim of providing, 
inter alia, worldwide telecommunication services, internet access, digital divide solutions and 
Earth observation imaging services. The existence and sustainable use of small satellites and 
large constellation is, however, associated to several issues, including impacts on the space 
environment: in fact, the concern of consequences on the space debris population remains one 
of the most relevant4. 

ith the growing number of functional and non-functional ob ects in Earth orbits, the 
probability of in-orbit collision is rising. In the long term, this could lead to a situation where 
the increase in space debris will be sustained only by collisions between fragments. This 
collision cascading effect – described as essler Syndrome – could generate an infinitely 
number of space debris and render the use of outer space more and more difficult in the 
future. arious incidents in the past have already underlined the seriousness of these situation. 

y way of examples, it should be sufficient to consider that the first accidental in-orbit 
collision between two satellites in 2009 (the privately owned American communication 
satellite Iridium-  and the Russian military satellites osmos 2251) led to the full 
destruction of the two satellites and generated more than 2 00 trac able fragments5. 
Since LE  is the region of greatest concern for the uncontrolled growth of debris, mechanism 
such as passivation and post-mission disposal are considered vital to mitigate the debris 
population to a sustainable level. However, it has been estimated that compliance with 
mitigation rules will not be enough to reverse the negative trend in the most used orbits and, 
thus, it is expected that actively removing space debris will be necessary to deal with the 
problem in the long term6. Space debris mitigation and remediation measures influence the 
management, design and operation of space missions. They consist of: (i) limiting the release 
of ob ects during mission operations  (ii) preventing collisions between space ob ects  (iii) 
avoiding harmful or ris y activities or the intentional destruction of space ob ects  (iv) 
avoiding spacecraft brea -ups while in orbit, (v) removing spacecraft from important orbital 
regions  through re-orbiting (moving the spacecraft into another orbit), de-orbiting (lowering 
the spacecraft s altitude until atmospheric re-entry) or active debris removal (retrieving the 
spacecraft from orbit). 

3 SPACE DEBRIS MITIGATION AND THE MAIN REGULATORY 
INSTRUMENTS 

3.1 Definition of space debris 
From a technical point of view, space debris can be defined as all man-made objects, 
including fragments and elements thereof, in Earth orbit or re-entering the Earth s 
atmosphere, that are non-functional 8. It includes non-functional spacecraft and orbital 
stages, debris created as a result of accidental brea -ups and collisions or internal destruction 
of spacecraft and orbital stages, as well as debris accidentally or deliberately released during 
normal mission operations. 
However, the term space debris does not appear in any of the treaties, which form the 
foundation of international space law and there is no clear legal distinction between a 
functional satellite and non-functional space debris.  
In fact, an important question from a legal point of view is whether space debris can be 
qualified as space object  as referred to in the Liability Convention9 and the Registration 
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Convention10. These Conventions clarify that a space ob ect includes component parts of a 
space object as well as its launch vehicle and parts thereof  but do not provide for a legal 
definition of what a space ob ect is considered to be. Prevailing opinion describes it as an 
artificial (human-made) ob ect intended to be used in outer space, whether it is functional or 
not functional. Therefore, space debris should be regarded as space ob ect in the legal sense. 
As a consequence, all space law referring to space ob ect should be applicable to space debris.  

3.2 International instruments on space debris mitigation 
n the international scale, the UN space treaties do not address directly the issue of space 

debris. Actual international debate  concerning the regulation of space debris started in the 
early 1980 s and since then various non-binding guidelines and standards have been 
developed to address the issue of space debris. These include, for example, the Space Debris 
Mitigation Guidelines of the Inter-Agency Space Debris Coordination Committee (IADC), 
the Space Debris Mitigation Guidelines of the United Nations Committee on the Peaceful 
Uses of uter Space (UNC PU S) and other instruments such as the European Code of 
Conduct for Space Debris Mitigation, the ESA Space Debris Mitigation Policy for Agency 
Pro ects, the Recommendation on Environmental Protection of the Geostationary-satellite 

rbit of the International Telecommunication Union (ITU) and the Standard on Space Debris 
Mitigation Requirements of the International rganization for Standardization (IS )11. 
Moreover, as will be better addressed below, several States have included provisions on space 
debris mitigation and prevention in their national space legislation. 

. .  The Space Debris itigation Guidelines of the Inter-Agency Space Debris 
oordination ommittee 

In 2002, the Inter-Agency Space Debris Coordination Committee (IADC)12 adopted by 
consensus a set of space debris mitigation guidelines, which were revised in 200 1 . The 
guidelines are largely based on space debris mitigation standards developed by various 
national and international organisations14. They are non-binding and applicable to mission 
planning as well as to the design and operation of spacecraft and orbital stages. rganizations 
and operators are encouraged to use the guidelines when establishing the requirements for 
planned missions and to apply them, as far as possible, to on-going mission. Moreover, the 
IADC document recommends establishing a space debris mitigation plan for each mission in 
order to manage the implementation of the mitigation measures. 
The IADC Space Debris Mitigation Guidelines describe existing practices which have been 
identified and evaluated for limiting the generation of space debris in the environment. The 
guidelines cover the overall environmental impact of space missions with a focus on (1) 
limitation of debris released during normal operations, (2) minimisation of the potential for 
on-orbit brea -ups, ( ) post-mission disposal, and (4) prevention of on-orbit collisions. 
At the time of their adoption in 2002, the IADC Space Debris Mitigation Guidelines were the 
first international guideline instrument on space debris mitigation. Remar ably, even though 
developed by a limited number of space agency, the IADC guidelines have been widely 
accepted by the international space community. 

. .  The Space Debris itigation Guidelines of the nited Nations ommittee on the 
eaceful ses of uter Space 

In 2004, the Scientific and Technical Subcommittee of the United Nations Committee on the 
Peaceful Uses of uter Space (UNC PU S) established a wor ing group in order to 
elaborate a non-binding document on space debris mitigation15. The wor ing group largely 
based its wor  on the mitigation guidelines developed by the IADC. The consensus was 
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reached in 2006 and in 200 , the UNC PU S Space Debris Mitigation Guidelines were 
adopted by the Scientific and Technical Subcommittee and endorsed by the Committee in its 
50th session16. They were subsequently submitted to the UN General Assembly, which 
endorsed the guidelines and invited member States to apply them through national 
mechanisms1 .  
The UNC PU S guidelines are not legally binding and reflect existing debris mitigation 
practices. The mitigation measures proposed in the UNC PU S guidelines are divided into 
two categories: measures that limit the generation of space debris in the near term and 
measures that limit space debris on the longer term. There is a total of seven guidelines: a) to 
limit debris released during nominal operations, b) to minimize the potential for brea -ups 
during operational phases, c) to limit the probability of accidental collision in orbit, d) to 
avoid intentional destruction and other harmful activities, e) to minimize the potential for 
post-mission brea -ups resulting from stored energy, and f)  g) to limit the long-term 
presence of spacecraft and launch vehicle orbital stages in the low-Earth orbit (LE ) region  
geosynchronous Earth orbit (GE ) region after the end of their mission. 
The UNC PU S guidelines are very similar to the IADC guidelines even though some 
differences can be identified between the two documents. hile the IADC guidelines use 
scientific terms and technical description, including detailed definitions and concrete measure 
for practical implementation, the UNC PU S guidelines are of more general character and 
include less technical details. According to some authors18, the reason for these differences 
between the two guidelines documents may lie in the fact that the IADC guidelines have been 
developed by experts from a small number of space agencies, while the UNC PU S 
guidelines had to be agreed upon at the political level by all member states of the Committee, 
where decisions are ta en by consensus19.  

. .  The European ode of onduct for Space Debris itigation 
The European Code of Conduct for Space Debris Mitigation (the Code ) has been developed 
cooperatively by the Italian Space Agency (ASI), the ritish National Space Centre ( NSC, 
currently U  Space Agency), the Centre National d Etudies Spatiales (CNES), the German 
Aerospace Center (DLR) and the European Space Agency (ESA) and was adopted upon 
signature by the Directors General Presidents of these agencies in 2004. 
The Code is non-legally binding and it is recommended for application to pro ects carried out 
by European space agencies, to other space pro ects conducted in Europe as well as to 
pro ects by European space entities acting outside Europe.  
The primary ob ectives of the Code are: (a) to help preventing on-orbit brea -ups and 
collisions of spacecraft, (b) to facilitate the removal from useful densely populated orbit 
regions and subsequent disposal of spacecraft and orbital stages that have reached the end of 
mission operations and (c) to help limiting ob ects released during normal spacecraft 
operations. In order to reach these goals, the Code presents fundamental mitigation, safety and 
protection measures for the design and operation of space systems. These measures are 
grouped into 1) management measures, 2) design measures including end-of-life measures, ) 
operational measures including end-of-life measures, 4) impact protection measures and 5) re-
entry safety measures. The Code is accompanied by a Support to Implementation  document 
aiming to provide appropriate sources of information and tools to individuals involved in the 
management, design, operation and mission control of spacecraft. 
The Code is consistent with the IADC debris mitigation guidelines but provides greater 
technical detail. Moreover, similar to the IADC guidelines the Code recommends the 
establishment of a debris mitigation plan and contains an extensive list of terms and 
definitions. 
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. .  Standard on Space Debris itigation Requirements of the International rganization 
for Standardization (IS ) 
The IS 20 standard IS   Space system  Space Debris itigation Requirements  was 
first published in 2010 and revised in 2011. It is an international standard and defines the 
primary space debris mitigation requirements applicable to all elements of unmanned systems 
launched into, or passing through, near-Earth space, including launch vehicle orbital stages, 
operating spacecraft and any ob ects released as part of normal operations. The requirements 
contained in IS  2411  are intended to reduce the growth of space debris by ensuring that 
spacecraft and launch vehicle orbital stages are designed, operated and disposed of in a 
manner that prevents them from generating debris throughout their orbit lifetime. The 
requirements are also intended to reduce the casualty ris  on ground associated with 
atmospheric re-entry of space ob ects. IS  2411  is the top-level standard in a family of IS  
standards addressing space debris mitigation. In fact, there are a number of other IS  
standards addressing the issue of space debris, which support compliance with those clauses in 
IS  2411  that are relevant to spacecraft21, launch vehicle orbital stages22, space debris impact 
ris  assessment2 , post-mission disposal in the LE  protected region24 and the re-entry of 
space ob ects25. 
The measures proposed in the IS  standard are very similar to the recommendations 
contained in the IADC and UNC PU S debris mitigation guidelines. ne of the main 
ob ectives of the standards is to transform space debris mitigation guidelines developed by 
other bodies into debris mitigation requirements in order to facilitate their incorporation into 
engineering practice at national level. 

. .  Significance of space debris mitigation instruments 
A common feature of the international instruments presented above is their non-binding 
character. Consequently, their implementation depends on the voluntary application by space 
actors. Nonetheless, they are not only of great practical importance but also of specific legal 
significance. The guidelines and standards may not only have the potential to facilitate the 
consolidation of political opinion around the importance and necessity of space debris 
mitigation but also serve as basis for the elaboration of rules and procedures at national 
level26. In this respect, it is important to consider that several States have already adopted 
national legislation on space debris mitigation that is in accordance with the international 
guidelines and standard. This group of states includes for example Austria2 , France 28 and 
United ingdom29. In these cases, space debris mitigation requirement generally form part of 
the authorization process. Moreover, another group of States have not adopted yet binding 
legislation on space debris mitigation but national space policies or standards of space 
agencies are in place and comprise the issue of space debris, being consistent with the 
international debris mitigation instruments 0.  

4 ACTIVE SPACE DEBRIS REMOVAL AND MAIN LEGAL ISSUES 

4.1 General Overview 
The rapid growth of space debris poses a real and continuous threat to existing operational 
satellites in orbit and to the long-term sustainability of all future space activities. The 
pro ection for orbital debris build-up are not very optimistic, if satellites continue to use LE  
without any restriction as to where they are placed, how rigorously they are de-orbited, and 
without any active effort to remove the most dangerous debris from orbit. Even without 
launching additional satellites, the most recent pro ections suggest that some large space 
debris elements need to be removed each year to stop the increase of space debris 1. 
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The adoption of mitigation measures to reduce the generation of space debris is considered 
effective. Nonetheless, it is estimated that the severe consequences of the long-term growth of 
space debris require the adoption of additional measures, such as active and passive systems 
to assist with debris removal 2. In recent years, there have been many proposal for solutions, 
either based on active debris removal (ADR) or for on orbit servicing ( S). ne of the most 
frequent proposals are related to extending the useful lives of satellites, subsequently 
providing all future satellites with de-orbit capabilities and performing active debris removal, 
at least of the most dangerous debris elements.  
In particular, ADR refers to any action directed to remove a defunct spacecraft, vehicle or 
space ob ect from Earth orbits. This include a wide range of activities, for example: (a) the 
utilization of thrusters or passive de-orbiting  systems to increase the atmospheric drag at the 
end of the life of a space system as well as for the upper stage of a launcher vehicle  (b) the 
employment of some forms of directed energy device to change the orbit of a space ob ect  (c) 
sending a space system to outer space that can directly or indirectly change the orbit of the 
targeted space ob ect. In the broad context of ADR measures can be included also S, that 
account of technologies carried out by robotic devices to extend the lifetime of functional 
satellites. The same technologies could be used to reduce the orbital debris population by 
modifying, recycling and upgrading a defunct space ob ect or attaching it to other space 
ob ects. There are currently a number of technologies and techniques being proposed and 
considered for ADR. Most of these exist only as theoretical concepts and have not been 
operationally tested or proven .  
In the last few years, while there have been a number of tests and experiments with the aim of 
demonstrating that debris remediation is possible, their use meets significant legal and 
political obstacles, as will be later discussed. In addition, one of the most serious political 
considerations to overcome is that, by their nature and their dual use attributes, ADR and 

S technologies come with significant strategic and military implications 4. In fact, both 
ADR and S technology can be used also for Anti-Satellite Tests (ASAT) and these 
capabilities are extremely important from a strategic and military perspective. 

4.2 Main legal issues 
hile it is expected that necessary advanced technology for ADR could be available in the 

future, there are various legal problem that might challenge its practical implementation. The 
UN treaties provide for some legal principles, setting the legal framewor  for human activities 
in outer space. However, instruments for the protection of the space environment from space 
debris are not specifically provided for. Neither space debris is defined nor the mitigation and 
remediation of space debris are considered in the binding law. 
Even though space debris and ADR are not explicitly mentioned in the treaties of 
international space law, it is necessary to interpret and adapt the existing legal framewor  so 
that it can correspond to the current and future needs. ADR and S, thus, need to be 
consistent with legal provisions in force (space law, general international law, etc.) and ensure 
also the realization of the ob ectives mentioned in the international space treaties. 
Nevertheless, active debris removal raises many legal issues that will be briefly addressed 
below. 

. .  Is there an obligation to remove space debris  
ith regard to international space law, Art. I of the uter Space Treaty ( ST) underlines the 

free use of outer space: The exploration and use of outer space  shall be carried out for 
the benefit and in the interests of all countries , shall be free for exploration and use by 
all States without discrimination of any ind, on a basis of equality and in accordance with 
international law, and there shall be free access to all areas of celestial bodies . According to 
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this article, all space actors should have the right to use outer space freely and, thus, if a space 
ob ect of a nation hinders the free use of space by others this may be considered as a violation 
of art. I ST. 
In addition, art. I  ST states that space actors have to conduct their operations in outer 
space with due regard to the corresponding interests of all other States arties to the 
Treaty . Art. I  is a provision requiring a State to carrying out its outer space activities with 
due regard  to the corresponding interests of all other countries. Although the principle is not 

described in detail, it is often assumed that it imposes a duty to underta e space activities with 
a standard of care, ta ing into consideration the rights and legitimate interests of all other 
nations 5. Accordingly, the accidental or intentional creation of dangerous space debris before 
or during any space mission, could run counter to the due regard  principle mentioned 
above. 
Moreover, art. I  ST states that harmful contamination  should be avoided. Even though 
there is no legally binding definition of harmful contamination, space debris constituting a 
ris  for space activities can be considered as harmful contamination, as this would represent 
pollution of the Earth s orbits.  
In the light of the principles analysed above, some authors conclude that there is an obligation 
on States to ensure that space activities carrying under their urisdiction do not damage the 
celestial environment, space ob ects and activities of other States. Consequently, in this view, 
there would be an obligation to remove space debris when they can provo e damages to other 
space ob ects 6. 

. .  ho should be allowed to remove space debris  
According to the prevailing opinion, space debris should be considered a space ob ect in the 
meaning of the Registration Convention and the Liability Convention (see paragraph .1) 
thus, theoretically, all international space law that applies to space ob ects would also cover 
space debris. In this respect, art. III of uter Space Treaty provides that the State of registry 
exercises urisdiction and control on the space ob ect. In fact, according to art. III A State 

arty to the Treaty on whose registry an object launched into outer space is carried shall 
retain jurisdiction and control over such object  while in outer space or on a celestial 
body . In addition, wnership of objects launched into outer space, including objects 
landed or constructed on a celestial body, and of their component parts, is not affected by 
their presence in outer space or on a celestial body or by their return to the Earth . The right 
to exercise urisdiction and control is important when considering any act of space debris 
removal. The Registration Convention was adopted to clarify registration obligations by 
providing more details. In art. II, para. 1, it states that The launching State shall register the 
space object  and, in para. 2 clarifies that where there are two or more launching States in 
respect of any such space objects, they shall jointly determine which one of them shall 
register the object . 
In the light of the above, it can be concluded that the State of registry is entitled to remove its 
space debris and it is also entitled to as  or to give permission to another State or to a private 
entity to carry out debris removal operations . However, if an ob ect has not fulfilled the 
requirement of registration, the act of launching and the ownership of the ob ect could became 
highly relevant in determining the State with urisdiction and control  over it 8. 

. .  Is another State, different from the State of registry, entitled to remove space debris  
As a general rule, a space ob ect can only be removed by a State on whose registry it is 
recorded, by a private entity licensed by this State or by a third party only upon the approval 
of the State of registry. The question that arises is whether there are exceptional conditions 
that might apply with respect to removing threatening elements, even if removal is not 
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authorized by the State of registry. In such instances, would the principles of public 
international law or the right of national defence be applicable  
According to some authors, urisdiction and control over registered space ob ects can suffer a 
restriction when the ob ect poses a source of danger for other States 9. In addition, the state of 
necessity could reinforce this line of argument and, in fact, Article 25 of the International Law 
Commission s Articles on State Responsibility40, provides for that necessity may not be 
invo ed by a State as ground for precluding the wrongfulness of an act, unless that act is the 
only way for the State to safeguard an essential interest against a grave and imminent peril. In 
addition, the International Court of ustice (IC ), in the Gab ovo-Nagymaros Pro ect Case, 
mentions that the state of necessity is a ground recognized by customary international law for 
precluding the wrongfulness of an act and that it can only be accepted on an exceptional basis, 
under strictly defined conditions that must be cumulatively satisfied.  
In view of the above, it can be said that upon the fulfilment of exceptional circumstances, the 
state of necessity could perhaps be invo ed to ustify the removal of space debris in order to 
protect the space environment and safeguard its use and exploration by all human ind, and to 
protect vital national interests that could be damaged without active space debris removal. 
This should give reasonable grounds for the removal of space debris in case it poses imminent 
danger without the authorization of its State of registry. To date, however, this line of 
reasoning in space law has still to be confirmed in the practical implementation. In fact, until 
actual cases are not formally considered, the state of necessity argument is still lac ing the 
necessary opinio juris to ma e it a binding customary international law principle41. 

. .  iability aspects of active debris removal 
Article I of the ST stipulates that States arties to the Treaty shall bear international 
responsibility for national activities in outer space,  while Article II ST provides that 

e ach State arty to the Treaty that launches or procures the launching of an object into 
outer space  and each State arty from whose territory or facility an object is launched, 
is internationally liable for damage to another State arty to the Treaty or to its natural or 
juridical persons by such object or its component parts . Moreover, Article III of the Liability 
Convention governs fault liability in space: In the event of damage being caused elsewhere 
than on the surface of the Earth to a space object of one launching State by a space object of 
another launching State, the latter shall be liable only if the damage is due to its fault or the 
fault of persons for whom it is responsible . 
Since space debris is currently considered within the category of space ob ects, it can be said 
that, for active debris removal, fault  liability would apply. Although leaving a non-
functional satellite in a congested orbit could be considered a manifestly wrongful act since it 
could turn out to be dangerous for other space ob ects, in general it is difficult to establish 
what constitutes fault in such cases. In fact, in the absence of a definition of due diligence 
standards or a systematic space traffic management system, it is hard to prove fault when 
damage occurs in space. However, in general it can be stated that if a removal operation 
causes damage to a third party, the launching States of both space ob ects (i.e., the removal 
mechanism and the target ob ect) that caused the damage will be ointly and severally liable 
under the provisions of the ST and Liability Convention listed above. 

5 CONCLUDING REMARKS 
In conclusion, with the increasing number of functional and non-functional ob ects in Earth 
orbits, it is widely agreed that space debris constitutes a growing threat to the sustainability of 
existing and emergent space activities. In this context, space debris mitigation and active 
debris removal are considered vital to maintain the debris population to a sustainable level in 
the future. 
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From a legal point of view, the term space debris does not appear in any of the treaties, which 
form the foundation of international space law, and there is no clear legal distinction between 
a functional satellite and non-functional space debris. In addition, neither space debris is 
defined nor the mitigation and remediation of space debris are considered in the binding law.  

ith reference to space debris mitigation, many non-binding instruments (guidelines, 
standards, policies) have been elaborated in recent years at international level and, in some 
cases, these principles have been transposed into national laws by various States.   

n the other hand, since ADR is not explicitly mentioned in the treaties of international space 
law and considering the absence of non-binding instruments adopted so far on this topic, it is 
necessary to interpret and adapt the existing legal framewor  so that it can meet the current 
needs. Therefore, both mitigation and active debris removal need to be consistent with legal 
provisions currently in force (space law, general international law, etc.) and particular 
reference should be made to the general principles of the international space law mentioned 
above, in order to solve the legal issues arising from these activities.  
In the near future, it is advisable to deal also with active debris removal at international level 
by adopting at least non-binding regulations or policy in which consensus of the international 
community could be expressed and that could address the definition of possible standards and 
best practises for  these complex activities.  
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ABSTRACT 
olographic interferometry is an optical technique that allow high resolution full field 

measurement of displacements. In this wor  it will be shown the use of a low-cost holography 
it to perform holographic interferometry. The use of self-developing holographic film plates 

ma es it easier the realization of holograms but on the other hand ma es it very difficult the 
use of double exposure technique. Real-time holographic interferometry is then used in this 
paper to quantitatively verify the displacement. The fringes are clearly shown in the screenshots 
ta en during the application of the mechanical displacements. The test item is a plastic ring of 
the ube orner Reflector ( R) mounting system that will be used for the ARES  satellite. 
The fringe number is quantitatively sound in that the fringe counting represents well the 
displacement.  

ore difficult was the application of holographic interferometry to measure the displacements 
due to thermal deformations. The holographic interferometry technique applied to this case is 
more complicated because heat propagation cannot be completely controlled so that gradients 
in the air, crossed by the real-time object wave, can destroy the fringes. The paper will present 
the experimental results obtained by mechanical and thermal deformation of the plastic ring. 

Keywords: holographic interferometry, LARES 2, displacement measurement. 

1 INTRODUCTION 
Holography is a method for recording and storing three-dimensional images on a surface  the 
method was invented by Dennis Gabor in 1948, but became actually possible to record 
holographic images only after the laser was developed. Unli e conventional photography, that 
only record the two-dimensional distribution of the intensity of the light reflected by an ob ect, 
holography allows recording both the amplitude of the light and the phase, that is the 
information of the position of the ob ect with respect to the recording medium (the holographic 
plate). It is then possible to use the information stored on the holographic plate for 
reconstructing an ob ect wave, i.e. the light propagating away from the ob ect, that is identical 
to the original one.  

1
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The reconstructed ob ect wave can be compared interferometrically either with another light 
wave scattered by the same ob ect at another time, or with a second reconstructed ob ect wave, 
recorded at another time  this comparison is called holographic interferometry, and allows to 
measure with very high precision deformation, displacements or rotations of the ob ect with 
respect to the original position.  
In this paper we discuss an experimental setup aimed to measure the displacements due to 
thermal deformation on a plastic retaining ring from the mounting system of a CCR (Cube 
Corner Reflector) of LARES 2 (Laser Relativity Satellite) satellite. 
The LARES 2 mission 1-4  has been approved by the Italian Space Agency and its launch is 
scheduled in 2020  it follows the successful LARES mission launched in 2012 that is still 
producing scientific data. The main scientific goal of both LARES and LARES 2 is the study 
of General Relativity 5  and in particular the accurate measurement of the frame-dragging 
effect 6 . So far, LARES produced a measure of frame-dragging with an accuracy of about 5  

, and aims to reach a 2  accuracy with further data acquisition and analysis  LARES 2 will 
be launched on a different and much higher orbit (same ma or semi-axis of the orbit of the 
LAGE S satellite, but with a supplementary inclination), that will allow to implement a 
different mathematical method 8  that aims to reach a 0.2  accuracy.  

oth LARES and LARES 2 are passive, spherical satellite, manufactured from a single piece 
of metal alloy  both the spacecrafts carry an array of cube corner retroreflectors (CCRs) to allow 
accurate orbit reconstruction by means of laser ranging from the networ  of ground stations of 
the International Laser Ranging Service (ILRS). ut the design of LARES 2 will be different 
from LARES. The new satellite will be launched with the new EGA-C missile: the design is 
the consequence of a trade-off between the conflicting constraints for the mass budget, the 
minimum optical cross section of the array of CCR, and the maximization of the mass-over-
surface (M S) ratio. The result is a larger satellite that will carry more CCRs and will be 
manufactured from a sphere of nic el superalloy instead of tungsten alloy. Moreover, to 
increase the trac ing accuracy, LARES 2 will be the first geodetic satellite to carry CCRs with 
a front face diameter of only 25.4 mm (1 inch), that will also be purchased as components of 
the shelf (C TS) instead of custom made for the mission. A preliminary test on several C TS 
reflectors demonstrated that the pattern of diffraction of the smaller units provides a good 
correction for the velocity aberration without the need of a modified dihedral angle between the 
bac  faces. A comparison of the CCRs of LARES and LARES is shown in Fig. 1. 
A comparison of the main characteristics of LARES and LARES 2 satellites is provided in 
Table 1. 

Diameter 
(cm) 

Mass 
( g) 

Material Number 
of CCRs 

Diameter of 
the CCRs 

(mm) 

Altitude of 
the orbit 

( m) 
LARES 6.4 8  Tungsten alloy 92 8.1 1450 

LARES 2 42.4 295 Nic el alloy 0  25.4 6000 

Table 1: Comparison of the main characteristics of LARES and LARES 2 satellites. 
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          (a) (b) 
Figure 1: (a): CCR of LARES, custom made for the mission  (b) CCR of LARES 2, procured as 

component-off-the-shelf. 

ecause the reflectors of LARES 2 are C TS units, do not have the mounting tabs for 
interfacing the mounting system as the custom units used on LARES, therefore a new mounting 
system was designed. The mounting system shall allow the CCR to freely float  between two 
plastic retaining rings, without moving too much  the mechanic tolerance ta es into account the 
effect of thermal expansion on the materials, to avoid that the reflector is stuc  in contact with 
the plastic rings. Another difference with the LARES mounting system is that the system of 
LARES 2 employs also a third middle plastic ring, for fine tuning the spacing of the two upper 
and lower retaining rings (Fig.2). Therefore, the new design needed to be tested before being 
approved. A series of vibration tests has been already performed on a breadboard of the 
mounting system. The same breadboard was proposed for testing thermal deformation effects 
on the plastic rings, although the metal parts are made of different materials with respect to the 
actual satellite.  
A test for determining if  holographic interferometry could be used for measuring the very small 
deformation due to thermal expansion of the plastic rings, was made in the LARES-Lab facility 
of the School of Aerospace Engineering. 
The following sections will describe the experimental setup and the results of the tests. 

Figure 2: Mounting system of the CCRs of LARES 2. (A): metal retaining ring  ( ): plastic upper 
mounting ring  (C): middle plastic tuning ring  (D): lower plastic mounting ring. 



olographic interferometry for measuring displacements of ARES  satellite components
 aolozzi, aris, Sindoni, empati, iufolini 

 

2 EXPERIMENTAL SETUP 
Holographic interferometry allows high resolution full field measurement of displacements. In 
its time-average version it allows the visualization of mode shapes 9,10  in fringe pattern 
representation 11 . To transform the patterns in the classical D representation fringe 
unwrapping techniques can be used 12 .  
Recently, low cost holographic its have become available on the mar et. The it sold by Liti 
Holographic Inc. (LitiHolo) allows people to record transmission holograms with a single beam 
setup on self-developing holographic plates, using a low power (  5 m  ) laser diode. The 
plates are made of a photosensitive film applied on a glass substrate, dimension about 5.8 cm x 
.6 cm. The photosensitive film start recording the image as soon as it is exposed to red light  

the film develops as it is being exposed and after about 5 minutes of exposure the plate is no 
more sensitive to light. No further processing or bleaching is needed: because of that the instant 
developing plates have a great value as a didactic tool for teaching holography. This means also 
that this material can be used for performing real time holographic interferometry, after having 
recorded the hologram of the ob ect to be tested. Also, any source of disturbance such as 
vibrations and air currents shall be controlled for at least 5 minutes, instead of few seconds as 
in the case of using conventional plates. Since the plate is no more sensitive after being exposed, 
double exposure interferometry could not be performed. 

2.1 Preliminary test: mechanical displacement. 
To assess the possibility of performing holographic interferometry with the instant developing 
LitiHolo plates, a preliminary test setup has been designed. In this test, a metal plate can be 
displaced by means of micrometric screws, to see if interference fringes can be seen and to 
control the sensitivity of the setup. 
The hologram is recorded using a single beam circuit. ith this arrangement there is no need 
of beam splitters, lenses and mirrors. A laser beam is spread on the holographic plate  the ob ect 
to be recorded is positioned so that it is illuminated by only a part of the beam (that wor s ad 
the ob ect beam ) and then scatters the light on the plate  the rest of the beam acts as if it is the 
reference beam . The laser source is a 15 m , pnext HL6 22G red laser diode (wavelength 

6 2 nm), driven by a NewPort Model 6000 controller. The laser diode provide a naturally 
expanded beam without the need of using an expanding lens. The arrangement is described in 
Fig. . 

Figure 2: Single beam holographic circuit. (A): laser diode  ( ): ob ect  part of the beam  (C): 
reference  part of the beam  (D): ob ect to be recorded  (E): holographic plate. 
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The ob ect tested is a square (2.54 cm x 2.54 cm) metal plate, painted in white colour for better 
reflecting the red light, mounted on a vertical stage with two micrometric screws that tilt the 
ob ect toward the holographic plate.  

(A) ( ) 

Figure : (A): The ad ustable stage with the micrometric screws  ( ): a schematic of the mechanism. 

First, an hologram of the ob ect is recorded in a rest position. Then, the ob ect is moved by 
turning the two micrometric screws while the laser is still illuminating the setup, until the 
interference fringes appears. 
An index made with a metal wire attached to the screw and a protractor, allows to measure the 
movement of the screw to compare the tilt with the fringe pattern.  A full 60  turn of the screw 
produce a 0.25 mm translation of the screw head. A picture of the interference pattern on the 
ob ect is shown in Fig.4. 

Figure 4: holographic interference fringe pattern on the white plate, mechanical displacement only. 

A simplified formula that relates the translation to the fringes is 1 : 

Δ𝐿 =
𝑁𝜆
2
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where  Δ𝐿 is the translation of the surface of the ob ect toward the observer, 𝑁 is the number of 
dar  or white fringes counted on the surface and 𝜆 is the wavelength of the laser used (6 2 nm). 
The comparison of the displacement measured from the rotation of the screw and by counting 
the fringes is reported in Table 2. It is clear that despite the errors due to the use of a simplified 
formula, the system is sensitive enough for measuring small displacement in the order of 
magnitude of 2-5 m.  

Angle of the screw Number of fringes Displacement from 
fringes (µm) 

Displacement from 
screw (µm) 

-5 6 .8 - .5
0 0 0 0
2 4 2.5 1.4
5 5 .2 .5

11 10 6.4 .

Table 2: results of the displacement test. 

2.2 Mechanical displacement and thermal deformation on a plastic ring. 
Since the preliminary test demonstrated that the cheap holographic plates and the single beam 
setup could be used to perform holographic interferometry, the next step was to create a setup 
to measure displacements on a plastic ring from the breadboard of the mounting system of 
LARES 2. The rings are made of PCTFE, a fluoropolymer already chosen for the mounting 
system of LARES and LAGE S and used in space related application for its good mechanical 
properties, very low outgassing, low chemical reactivity. 
A plastic ring was attached to the same metal plate used for the preliminary test. Another 
displacement test driven by the micrometric screw was done with the ring in place. The test 
demonstrated that the PCTFE ring showed the interference fringes. The verification was 
required because PCTFE is a partially transparent material and shall be first demonstrated that 
its optical properties did not prevent to perform holographic interferometry, for example by 
changing the polarization of the scattered laser light. Then a series of test were done heating the 
setup by means of a resistive heater placed below the ring (Fig. 5): the ring was heated by 
convection and radiation from the heater. This setup did not produced interference patterns.  

Figure 5: setup for visualizing displacement due to thermal expansion. A plastic ring is attached on the 
ad ustable stage. A resistive heather is placed under the ring. The device is placed in front of an 

holographic plate. 
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To verify the effect of the heater, the temperatures on the ring and on the post were measured 
using PT100 thermometer and an infrared thermometer. It was verified that maximum 
temperature recorded on the lower part of the ring (closer to the heater) was 55 C, but at the 
same time the upper part (farther from the heather) has a temperature of 44 C. The initial 
temperature (the room temperature) was 2  C. 
Considering the coefficient of thermal expansion of PCTFE, that is   10-5, and the thic ness 
of the ring (t  1 mm), a temperature of 55 C gives a T  2 C with respect to initial 
temperature, that shall produce a displacement of t  t T  2.2 m  this is at the lower limit 
of the range of displacement recognizable with this holographic setup. n the other hand, 
considering an average temperature of the ring between the minimum and maximum values, 
Tmean  (55 44) 2  49.5 C, it will produce a displacement of only 1.8 m.  
Since the maximum values of displacement that can be obtained with this material are near or 
below the lower limit of the sensitivity range of this holographic interferometry setup, any small 
disturbance or error of positioning can prevent to see the fringe patter. The setup was developed 
as part of a graduation thesis wor  and was not modified further because of the tight schedule. 
The thermal displacement test will be repeated with a modified setup that shall provide a 
displacement in the measurable range. 

3 CONCLUSION 
The availability of low-cost holography materials, such as the self-developing holographic 
plates, ma es easy to perform experimental and didactic activities. In this wor  a single beam 
setup based on low-cost components was used to perform holographic interferometry. 
The sensitivity of the setup was verified with a test using a platform that can be tilted by turning 
micrometric screw: it was demonstrated that displacements in the range from 2 m to 5 m can 
be measured.  
Holographic interferometry has been performed on PCTFE mounting rings from a breadboard 
of the mounting system of the CCRs of LARES 2 satellite. Fringe patterns could be obtained 
for mechanical displacement, attaching a ring to the platform moved by micrometric screw. A 
setup for measuring the thermal expansion of the ring was devised. The test, carried on as a part 
of a graduation thesis wor , did not produced usable fringe patterns because the thermal input 
was not enough to provide adequate deformation on the ring.  
Future activities will focus on the improvement of the setup to ma e possible performing low-
cost holographic interferometry tests on small aerospace components. 
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ABSTRACT 
Space-related patents represent a useful resource to understand the evolution of space sector 
and to foresee long-term strategies and future trends.  
Based on the above, the purpose of this research is twofold  to analyse the current landscape 
of space-related patents and to explore the relevant mar et. Indeed, this research aims to 
answer these two questions  
. hat is the state of the art of space-related patents - whether and to what extent the

transversal nature of space technologies is reflected in patenting activities, what is the
propensity to patent in certain countries than others, which are the main players, the most
prominent technology trends, and so on
. ow is the mar et for space-related patents  how many assignments have transferred all or

part of the rights in a patent  how many license agreements have been publicly reported.
The analysis will be conducted retrieving information contained in a well- nown and reliable
patent database, considering the period between anuary ,  and December , .
This evaluation will lead to study the structure of space sector and the diffusion of space
nowledge from a different point of view.

Keywords:  space sector, space-related patents, technology transfer 

1 INTRODUCTION 
Economy is a big beneficiary of space sector, characterised by the ever-growing development 
of R D activities, technology, innovations, services and products which often spill-over in 
other industrial sectors 1 . There are many examples of space technologies stemmed in other 
domains and in our daily life 2 , such as digital infrared thermometer, electric drills, freeze-
dried food, artificial prostheses, tomography and radiography , whose legal exploitation is 
possible through the protection of the intellectual property rights. Hence, the importance of 
protecting intangibles, especially through patents, which represent the most effective tool to 
protect technology innovations from possible infringements 4 .  
Despite the transversal nature of space technologies, as well as their importance in terms of 
economies of scope 5 , patenting in the space sector is not as prevalent as in other sectors. 
According to recent studies 6 , even if the number of space patents is growing over time, there 
are only a few hundreds of space patents a year .   
These findings represent the starting point of this research, whose purpose is twofold: to analyse 
the current landscape of space-related patents and to explore their relevant mar et.  

2 EVOLUTION OF THE SPACE SECTOR 
At the early stage, space sector was exclusively driven by government strategies: space 
activities were highly complex, ris y and expensive with undeniable barriers to entry for 
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businesses and private actors 8 . However, this sector has overtime experienced evolutions and 
transformations.  
Nowadays, competition, new space capabilities and dynamic mar ets for space-based services 
have become ey levers for the emergence of new actors and private operators 9 . Space sector 
is now characterised for new entrants (i.e. SMEs, start-ups and business ventures), private 
investments, new public procurement schemes, innovative paradigms of cooperation among 
public and private actors, disruptive industrial approaches and mar et solutions (e.g. lower 
prices, reduced time, lower complexity), new States investing in the space sector 10 .  
All those factors contributed to the development of a new business model that comprises both 
closed and open innovation paradigms. n one hand, a vertical hierarchy characterizes 
governments, space agencies and leading companies with their traditional core competencies 
11 . n the other, certain needs such as reducing time to mar et, cost cutting, ris  

diversification, technological complexity, and international activities, lead to adopt horizontal 
and long-term collaborations with many players, such as SMEs and start-ups, research centres, 
universities, public institutions, etc. In this scenario, actors exchange different resources 
vertically and horizontally 12 , creating an eco-system where socio-economic value is created 
through research, novelty creation and traditional mar et activities 1 .  
Although governments and space agencies still lead space innovation in a ma ority of 
economies (they still are the main funders of long term R D activities and the main customers 
for many space-related products and services), private actors, universities and business 
enterprises start playing a significant role in space programmes of many countries 14 .  

ith the result that significant outcomes from government-funded space activities as well as 
private investments and contributions have consisted of space technology, commercial products 
and services, spin-offs 15  and innovations, spread into different sectors (e.g. transport, health, 
environment) 16  through technology transfer operations 1 .  

3 TECHNOLOGY TRANSFER IN THE SPACE SECTOR 
The first prodromal question to be answered is what technology transfer operations are. There 
is not a uniform definition of this phenomenon. However, we can define technology transfer as 
the passage of a given technology from one sub ect (the donor) to another (the receiver), with 
a technology-push or a demand-pull approach. In both cases, technology transfer can be 
completed directly between donor and recipient  or through intermediaries such as technology 
transfer offices, universities and research centres, bro ers and facilitators, etc. 18 .  
There are many technology transfer operations in the space sector. This is partially due to the 
cross-cutting capability of space technologies 19 , largely used not only in the space domain 
but also in a broad range of areas (such as aeronautics and telecommunications) and applications 
(in both military and civil fields) 20 . e can distinguish spin-out activities - which require 
the adaptation of space technologies for alternative uses on terrestrial  mar ets, and spin-in 
activities - which require the integration of components or elements of terrestrial technologies 
into more complex space systems. ith the result that sizable and lasting benefits to the 
economy have occurred from space programs of all sorts  21 .  
Technology transfer operations typically imply transferring of tangibles, such as products, 
machines, and physical assets, and intangibles, such as patents, trademar s and other 
intellectual property rights. Excluding others from using protected ideas and technologies, 
intellectual property rights have been traditionally used as mere legal instruments to protect 
inventions, wor s of art and literature, industrial designs, trademar s, etc. 22  
Protection for inventions and technology innovations is basically provided through the granting 
of patents 2  to inventors and their successors in title.  
A patent is a legal document granting its holder the exclusive right to control the use of an 
invention, as set forth in the patent s claims, within a limited area and time, by stopping others 
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from ma ing, using or selling the invention without authorization. Patents may be granted to 
protect only inventions that are new, involves an inventive step and are capable of industrial 
applications 25 . At the same time, patents represent the most effective tool to quantify and 
qualify the performance of technology transfer activities in a certain industrial sector.  

4 STATE OF THE ART OF SPACE-RELATED PATENTS: METHODOLOGY & 
RESULTS  

Assuming that patent data analysis is a valuable resource to foresee technology and investment 
trends, innovation capacity and potential mar ets, I carried out an empirical research on space-
related patents 24 . I retrieved data contained in rbit Intelligence - uestel database. I focused 
on family patents published in the last 15 years, and namely in the period between January 1, 
2004 and December 31, 2018.  
To identify and classify patent files uniformly, I selected patents through the International 
Patent Classification (IPC), that is a hierarchical system of classification of patents, established 
by the Strasbourg Agreement 19 1. It is based on 8 technological main sections: A  (Human 
necessities),  (Performing operations, transporting), C  (Chemistry, Metallurgy), D  
(Textiles  Paper), E  (Fixed Constructions), F  (Mechanical Engineering  Lighting, Heating  

eapons, lasting), G  (Physics) and H  (Electricity), which are further divided into classes 
and subclasses. I included all these codes. Then, I customised the query by restricting the 
research area to patent files containing the eyword outer space  in TITLE, A STRACT, 
DESCRIPTI N, CLAIMS, ECT F IN ENTI N, C NCEPTS and FULL TE T. The 
results obtained were 49,626 family patents 26 . A patent family is a set of patents ta en in 
various countries to protect a single invention.  
I extracted the results 2  to conduct a quantitative and qualitative analysis 28 , using 
bibliographic information contained in patent files such as legal status, geographic distribution, 
IPC classification, publication trends, top active applicants and technology domains.  

4.1.1 Legal Status 
Firstly, I analysed the legal status of space-related patents, retrieving number and percentages 
of alive  and dead  patents. Patents with no terminal events within their predicted term are 
considered alive . Patents that pass their expiration date and those with a terminal event (i.e. 
failure to pay maintenance fees) are considered dead . A family remains alive as long as it 
contains at least one record with an alive  status. 
The following pie chart shows that 32,849 (66.2%) space-related patents are alive, while 
16,777 (33.8%) are dead. 

Fig. 1: Legal Status 
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4.2 Geographic distribution 
The following map shows the geographic distribution of space-related patents. Data is 
represented in a world heatmap . Intense colours indicate geographic areas with a high number 
of protected patents. Less intense colours represent a low number of protected patents. 
The most active countries are China (15,6 0), Japan (11,895), USA (9,440), Europe (6,5 1), 
and Republic of Korea (5,816). There is still a significant patenting activity in countries 
traditionally engaged in space activities, such as Germany (5,601), United Kingdom (2,659), 
France (2,628) and Russia (2,215). Patenting activity in developing countries is still quite 
irrelevant. 

Fig. 2: Geographic distribution 

4.3 IPC Classification 
The following pie chart shows the percentage of IPC groups among the patents retrieved. Each 
slice shows the percentage of patent families and a description of the corresponding IPC code. 
The highest percentages for space-related patents are: 
- 11.76% corresponding to 986 family patents included into B64G-001 Class
(COSMONAUTICS; VEHICLES OR EQUIPMENT THEREFOR)
- 10.35% corresponding to 868 family patents included into H01L-021 Class
(SEMICONDUCTOR DEVICES; ELECTRIC SOLID-STATE DEVICES NOT
OTHERWISE PROVIDED FOR).
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Fig. : Patent families by Main IPC group 

4.4 Activity - Publication date 
The following graph shows the number of patent families for each year, considering the time 
from the oldest publication date appearing on patent files. These values are computed by 
assigning to each year the oldest publication date between documents that populate the same 
patent family. In line with the previous research, reporting a growing trend of patenting activity 
in space sector, we can see a strong increase in the last years, with a pea  in 2017 (4,677 
publications) and in 2018 (6,042 publications). Note that the number of publications in the last 
15 years has almost quadrupled. 

Fig. 4: Publication date 
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4.5 Top active applicants 
The following graph shows the relationship between the number of patents and the most active 
applicants, mainly large corporations and multinationals from Southeast Asian countries such 
as Republic of Korea, Japan and China. This data is a good indicator of the level of 
inventiveness of the active players. Note that 6% of the patents retrieved is owned by top 10 
players (LG electronics, Panasonic, Denso, Mitsubishi Electric, Toyota Motor, Sharp, Robert 

osch, etc.). Another interesting point is that large players from different industrial sectors are 
involved in space activities, providing significant contributions also in term of economic 
investments. 

Fig. 5: Top active applicants 

4.6 Technology domains 
The following graph shows the technology domains in which space-related patents are included. 
This visualization is based on the International Patent Classification (IPC) codes that have been 
grouped in 5 technology fields.  
The most prominent technology groups are ELECTRICAL MACHINERY, APPARATUS, 
ENERGY (6,723 patent families), TRANSPORT (5,667 patent families), CIVIL 
ENGINEERING (4,352 patent families) and MEASUREMENT (4,197 patent families). This 
graph is particularly useful not only in identifying patents in a certain technology domain, but 
also in identifying possible new uses and applications for patents already filed. 

Fig. 6: Technology domains 



A landscape and mar et analysis of space-related patents
Bonventre 

 

5 MARKET FOR SPACE-RELATED PATENTS 
ne way to understand the importance of space-related patents and their contribution in 

fostering innovation and technology transfer is to analyse their mar et. 
The first question to be answered is what a mar et for patent stands for. It comprises all the 
transactions related to patents.  
Indeed, we can distinguish among licensing agreements, sales and transfers. In patent sales, 
ownership is assigned - in whole or in part - for a certain price  in licensing agreements, 
ownership is retained whereas rights are transferred for a certain amount of time for a fee or 
royalty  in patent transfers, ownership is assigned through alliances, such as R D activities, 
partnerships and agreements. Furthermore, patents may be transferred for other reasons, such 
as after ban ruptcy filings or through mergers and acquisitions 29 .  
The second question is why patent mar et contribute to innovation and technology transfer. 
The answer is quite evident. n one hand, by acquiring patents, companies can introduce a new 
technology relying on outside resources. n the other hand, by selling out patents, companies 
can increment returns of their R D activities, rather than focusing on internal exploitation, and 
share technologies that they do not use 0 .  
The third question is why there is still a low number of transactions and a large number of 
unexploited patents. The answer is a little bit more complex. Indeed, in the last decades we have 
assisted to a growth of patenting activities, and to a consequent growth of patent mar et 1 . 
However, the reasons of under-exploitation of patents could be manifold, and related to the age 
and revenues of patents, the transaction costs, the size of companies, the inability to exploit 
resources and evaluate technology, the low level of nowledge, myopia or incompetence, etc 

2 .  
There are still not many studies related to these topics and to patent transactions in general . 
Some literature has focused on patent licensing activities whereas little is nown about patent 
sales  there are many theories regarding the reasons to license out, whereas much less emphasis 
has been placed on the reasons to engage in patent sales. Little is nown also about the 
importance that companies assign to individual factors and why they prefer to engage in 
licensing rather than in sale transactions.  

6 STATE OF THE ART OF MARKET FOR SPACE-RELATED PATENTS: 
METHODOLOGY & RESULTS 

In this research, I gave a contribution examining space patent transactions and detecting if - and 
how many - patent assignments have transferred all or part of the rights in a patent and if - and 
how many - license agreements have been publicly reported. The identification of licenses and 
reassignments in a pool of patents is a critical element and a starting point to study more in 
depth whether and which domain is conducive to transactions between players.  
To analyse patent mar et, I used the same database and the same research methodology. I 
focused on family patents licensed  reassigned in the last 15 years, and specifically in the period 
between January 1, 2004 and December 31, 2018.  
To identify and classify patent files uniformly, I selected patents through the International 
Patent Classification (IPC) system for technologies. I included all codes. Then, I customised 
the query by restricting the research area to patent files containing the eyword outer space  
in TITLE, A STRACT, DESCRIPTI N, CLAIMS, ECT F IN ENTI N, C NCEPTS 
and FULL TE T. 
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6.1 Reassignments 
A reassignment is an agreement where a party owning intellectual property rights (the assignor) 
transfers all or part of them to the receiving party (the assignee). Assignments are generally 
public, and they should be reported in all patent databases. Considering that, I have found that 
17,077 of space-related patents have been reassigned in the last 15 years. That corresponds to 
34,4% of family patents, as shown on following pie chart. It is a remar able result, also in light 
of the technology transfer operations that could be derived. It might be interesting to investigate 
this finding and understand if and how many patents have been reassigned in the space sector 
or in other industrial sectors. 

Fig. : Patent Reassignments 

6.2 Licensing agreements 
A license, usually set forth in a contract called licensing agreement, is a grant of permission 
from a party owning intellectual property rights (the licensor) to allow another party (the 
licensee) to perform acts that otherwise would constitute infringement of those rights. 
Typically, a licensing agreement allows the licensee to commercialize certain intellectual 
property rights for a specified purpose in exchange for something of value, such as royalty 
payments, cross-licenses and development licenses, or some other valuable asset 5 . 
Reporting licenses is a voluntary process and large part of licensing agreements is confidential 
or veiled in secrecy 4 . For that reason, there is often no trace in patent databases. Considering 
that limit, I found that only 34 family patents have been publicly licensed from anuary 1, 2004 
to December 1, 2018. That corresponds to 0,06% of the total amount of space-related patents 
retrieved. As already anticipated, this ind of data is obviously not comprehensive. 

Fig. 8: Public Licensing Agreements 
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7 CONCLUDING REMARKS 
Patents have been extensively studied and examined in the economic and legal literature. 
However, space-related patents remain a rather unexplored field.  
This research is an attempt to shed light on this topic and analyse the evolution of the space 
sector from a different point of view. Indeed, space-related patents represent an interesting 
source to understand the evolution of this sector and to foresee long-term strategies and future 
trends. And, as emerged from this research, patents have a lot to teach.  
An interesting point is about global patent filing in the space sector. It is still not as prevalent 
as in other industrial sectors, nevertheless it is significant, as shown by the great amount of the 
extracted patents (49,626). Patenting activity has increased in the last few decades and it has 
quadrupled in the last 15 years. This clearly suggests the ever-growing interest in developing 
space technologies and applications. 
Another interesting point is that previous research reported USA, Europe, Russia and China as 
the world s largest active patent holders. However, the current scenario has changed and new 
States, such as apan, India, Republic of orea and Taiwan, traditionally not connected to space 
activities, emerged.  
In addition, new actors have appeared alongside the large traditional leading companies and the 
ran ing list of top active players changed over the years. Multinationals and companies from 
different technology industries are now involved in space activities, and they are capable to 
provide significant investments also in this sector.  
Findings from this study show that patenting is not a prerogative of governments, space 
agencies, universities, research institutes, and SMEs. It does not mean that they are inactive  
this data only suggests that they are scarcely inclined to patent. This is probably due to several 
reasons, such as high costs, needs of discretion, little interest, awareness or propensity to invest 
in patenting activities. 

ith respect to patent mar et, it is undisputed that patent transactions contribute in fostering 
innovation and technology transfer  however, data and statistics on this topic are very scarce 

. Patent reassignment contributed – and still contributes - to the development of both space 
and non-space activities, technology transfer operations and open innovation processes, 
broadening business areas and re-focus space technologies and systems to serve several 
different fields. The same goes for patent licenses, whose increasing importance is supported 
by ample anecdotal evidence, rather than accessible data.   
This research certainly requires further study and additional contributions  it represents a rough 
estimate and it could be refined in the future. For instance, many other databases could be 
consulted in order to compare facts and findings. The search field could be extended by entering 
additional eywords and considering a longer period. Research method could be focused on a 
single region (e.g. Europe) or single companies. Reassignments could be analysed more in 
depth, focusing on the second life  of assigned patents. 
This research shows several other limitations. It could have excluded potentially interesting 
patents and technologies and included others that could be irrelevant to the space sector. The 
patent database could contain some errors and misspellings. The IPC Patent system could 
contain patent files that have barely any relevance with space domain or - by converse - could 
exclude patent files that may be related to space domain.  
Finally, patent data has limitations itself, li e most data sets. f course, patents give an idea of 
the state of the art of space technologies and their relevant mar et. Nevertheless, they measure 
innovation up to a point: they obviously exclude non-patented innovations (such as trade 
secrets) as well as patented innovations that don t result in commercialization. 
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ABSTRACT 
Through Trajectory-Based Operations (TBO) the Federal Aviation Administration (FAA) aims 
to more efficiently manage air traffic, optimizing flight trajectories and maximizing throughput. 
We describe the FAA’s new fast-time simulation capability for modeling both TBO and 
traditional traffic management procedures. We demonstrate model validation and verification, 
as well as outline next steps for model enhancement and analysis applications. 
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1 INTRODUCTION 
Trajectory-Based Operations (TBO) is an Air Traffic Management (ATM) method for 
strategically planning, managing, optimizing, and safely spacing flights throughout the 
operation [1]. TBO, an integral part of the Federal Aviation Administration (FAA) Next 
Generation Air Transportation System (NextGen) modernization efforts, combines time-based 
trajectory management, information exchange between air and ground systems, and the 
aircraft’s ability to fly precise paths in time and space.  

The main component of TBO is Time-Based Flow Management (TBFM), an 
automation system to meter arrival flows into an airport by defining specific times for aircraft 
to cross boundaries or fixes [2]. For each metering point (MP) along the trajectory, TBFM uses 
a trajectory model to calculate a scheduled time of arrival (STA) for an aircraft from a freeze 
horizon (FH), a boundary arc earlier in the trajectory after which the aircraft STA and 
sequencing at the MP is fixed. Recent enhancements to TBFM include extended metering, 
which assigns initial times as far as 600 nautical miles (nmi) from the arrival airport, and 
coupled metering, which integrates multiple flows before top of descent. This allows for 
improved scheduling and sequencing of aircraft into the Terminal Radar Control (TRACON) 
airspace. Figure 1 is a notional depiction of a FH at 120 nmi from the arrival airport and a MP 
at 40 nmi from the airport. Note that multiple FHs and MPs may be generated for a trajectory, 
depending upon the distance of the flight and the congestion level of the flow into the arrival 
airport. 

Figure 1: Notional depiction of flight phases, freeze horizon, and metering point. 

1 5



Modeling TBO: A Fast-Time Simulation Bonn, Noonan 

13  

Several systems assist pilots and controllers with meeting the STAs given the variability 
and uncertainties of actual flight times. Performance Based Navigation (PBN) procedures along 
with flight management systems help aircraft fly precise arrival and approach paths into 
congested airports [3]. Ground Interval Management (GIM-S) improves the accuracy of 
meeting scheduled arrival times to the terminal area boundary by suggesting speed adjustments 
between the FH and MP. If speed advisories are not sufficient, the “path stretch” capability in 
TBFM provides lateral path extensions or shortenings that may be needed for aircraft to meet 
metering schedules. With the use of these tools and procedures, TBO will provide more 
predictable and conditioned flows, resulting in fewer and shorter ground delay programs, better 
use of existing capacity, and more efficient delay distribution.  

The FAA’s Office of Systems Analysis and Modeling supports strategic decision-
making through operational analysis and modeling to value opportunities, measure constraints, 
and prioritize implementation plans. In particular, the office conducts historical data analyses 
to identify performance shortfalls and applies analytical methods to estimate the benefits of 
future capabilities. To estimate future benefits from TBO capabilities, we developed a fast-time 
simulation model to simulate a full day of arrivals to an airport. The model simulates the 
essential metering functionality of TBFM and its interaction Traffic Flow Management System 
(TFMS). For this preliminary study, we did not consider convective weather activity. 

2 BACKGROUND 
The FAA has several fast-time simulation models, including System-Wide Analysis Capability 
(SWAC) and Advanced Airfield Delay and Simulation Model (ADSIM+). SWAC is a NAS-
wide discrete-event simulation model that runs a day of traffic with airspace and airport 
constraints and estimates flight delays in each phase of flight. SWAC does not enforce aircraft-
to-aircraft separation and does not model detailed arrival and approach procedures. ADSIM+ 
is a discrete-event, Monte Carlo simulation of terminal area operations. ADSIM+ includes a 
detailed representation of the airport surface (runways, ramps, and taxiways) and final approach 
fix (FAF), but it does not model flight trajectories outside of the FAF. The proposed new model 
will bridge the gap between these legacy models, incorporating current day tactical flow 
programs (such as miles-in-trail), future TBO concepts (such as extended metering), and will 
model aircraft flight to the runway threshold to ensure required spacing is maintained. 

This paper describes this new model, which integrates strategic and tactical flow 
management. Several studies have investigated the delay trade-off that occurs when strategic 
and tactical programs are run independently versus dependently, as well as how various tactical 
efforts affect delay distributions [7-11]. 

3 MODEL DESIGN 
The FAA’s new fast-time model simulates a full day of flight arrivals to a single airport, 
including aircraft separation and time-based flow management applications. The model uses 
historical flight plans to obtain route, waypoints, fix names, and terminal arrival route. The 
model adds the approach procedures and runway assignments using historical runway 
configuration information. Trajectories are modeled using the BADA aircraft performance 
model [4] and RAPT 13 kilometer gridded wind data files [5]. The model time step is an input 
parameter, with a default of 5 seconds. At each time step, the model considers each aircraft and 
flight path to identify the leader and follower and to ensure standard separation. For the 
scenarios described in this paper, only one arrival runway is in use, 27R at Philadelphia 
International Airport (KPHL). The model uses the same day schedule of airport acceptance rate 
(AAR) for the airport from historical Aviation System Performance Metrics (ASPM) data [6]. 
Flight delays accumulate at each time step of the model based on separation and arrival slot 
constraints.  
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The model has two modes: MIT mode (today’s operation) and TBO mode (future 
operation), as described in the following subsections.  

3.1 Miles-In-Trail (MIT) Mode 
MIT mode simulates the traditional traffic flow management techniques. MIT is a standard 
tactical flow control initiative whereby fixed distances are used to separate aircraft along 
congested flows. We extracted historical MIT applications for the day modelled from historical 
National Traffic Management Log (NTML) data. An example of historical NTML MIT 
restriction information is as follows: (Fix, Start time, Duration minutes, Separation nmi) = 
(BUNTS, 1415, 120, 10). At each time step, for each aircraft, the model determines the leader, 
follower, current separation, and any MIT delay required to satisfy MIT constraints. If two 
aircraft are on separate but merging streams with a MIT restriction at the merge point, the 
aircraft are not separated until the first aircraft arrives at the MIT merge point. As a 
simplification, the model applies MIT restrictions instantaneously rather than applying the 
restriction to the next aircraft to arrive at the MIT point. Figure 2 (a) shows a graphical 
representation of MIT procedures along converging flows.  

(a)                                                                (b) 
Figure 2: Graphical representation of (a) MIT; (b) extended and coupled metering 

3.2 TBO Mode 
In TBO mode, the model simulates TBFM through metering at user defined MPs and 
corresponding FHs. For this work, we consider three MPs and associated Fhs. As shown in 
figure 2 (b), we define the final metering point (FMP) to be approximately 40 nmi, the coupled 
meter point (CMP)/FMP freeze horizon (FFH) to be 120 nmi, the extended metering point 
(XMP)/CMP freeze horizon (CFH) to be 250 nmi, and the XMP freeze horizon (XFH) to be 
600 nmi from the destination airport. The specific adaptation for TBFM at an airport will 
depend on the existing design of arrival and approach procedures, merge points, and arrival 
flight characteristics. Figure 3 (a) shows the typical flight plans for arrivals to KPHL, (b) shows 
the four FMPs: SPUDS, JIMS, PAATS, and BUNTS, and (c) shows the variability of the actual 
flight tracks inside the terminal based on demand (short cuts in low demand and extended down-
winds during high-demand).  

The TBO strategy is to assign arrival slots for each aircraft, determine the delay that 
must be absorbed by each aircraft, and transfer the delay to a more efficient phase of flight (or 
to the ground). However, due to inaccuracies of meeting metering times exactly, leaving some 
delay inside the TRACON is necessary to maintain pressure on the runways and ensure that no 
slots are missed. The model user first defines the amount of delay (if any exists) to be left inside 
of the TRACON. The user then defines the maximum (target) of delay to be absorbed between 
each FH and the corresponding MP. Note that with the future implementation of terminal 
metering, the TBO community projects target delays to be one minute inside the TRACON and 
an additional one minute between the TRACON boundary and top of descent (roughly 100 to 
120 nmi from the airport). Any remaining delay should be absorbed prior to top of descent 
(either in the air or on the ground). During the simulation, the delay will be absorbed by system-
directed speed changes and, if necessary, vectoring (i.e. path stretch).  
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          (a)    (b)           (c) 
Figure 3: Geographic depiction of (a) arrivals to KPHL with notional metering rings; (b) KPHL arrival 

fixes and routes within 40 nm; (c) actual arrivals to KPHL inside 40 nmi 

Determining the initial STA at each MP is handled differently for flights originating 
outside the XFH and those departing inside the XFH (called internal departures). When a flight 
that is not an internal departure crosses the XFH, the model calculates the estimated time of 
arrival (ETA) to each MP and the arrival runway. The scheduler uses the ETA at the runway, 
the airport AAR, and the anticipated arrival demand (those flights that have already been 
scheduled arrival slots) to determine the next available arrival slot at the runway. We define the 
delay for that flight to be the difference between the next available arrival slot and the ETA. 
During periods of low demand, this may be zero and no delay exists. During periods of high 
demand, many aircraft ETAs may coincide. These aircraft will need to be delayed. The model 
attempts to schedule the flight at each MP while distributing the delay according to user defined 
target delays inside the TRACON and in each metering zone. If at an MP the scheduler cannot 
find an open slot at the delayed ETA (i.e., another flight has already been assigned that slot), 
the model starts over with a further delayed ETA at the runway. That is, it finds STAs at each 
MP that simultaneously satisfy the delay and the metering zone target delays.  

For example, if a flight is determined to have 10 minutes of delay prior to landing and 
the user defined target delay is 3 minutes inside the TRACON and 1 minute in both the coupled 
and extended metering zones, the scheduler will try to find STAs with 10 minutes of delay at 
the arrival runway, 7 minutes of delay at the FMP (absorbing 3 minutes inside the TRACON), 
6 minutes of delay at the CMP (absorbing 1 minute between the CMP and FMP), and 5 minutes 
of delay at the XMP (absorbing 1 minute between the XMP and CMP). If those slots are 
available, all the STAs will be assigned. If not, the flight will be delayed further at the arrival 
runway and new STAs will be found. 

For departures inside the outermost FH, thirty minutes prior to the scheduled departure 
time the scheduler calculates the estimated unimpeded time to the arrival airport and follows 
the same delay distribution process as described above. For any arrival delay remaining after 
distributing in the metered zones, the model assigns the flight departure delay. As the simulation 
runs, aircraft progress from FH to MP. However, due to variability (such as wind and speed 
prediction errors – described in more detail below) and maintaining separation, the actual time 
of arrival (ATA) of an aircraft at a MP will vary from the STA. After the initial assignment of 
STAs, when an aircraft crosses a subsequent FH, the model evaluates whether the flight can 
still achieve the next STA. If the aircraft has experienced too much delay upstream and cannot 
realistically meet the next STA, then the scheduling algorithm is re-run and the aircraft is re-
slotted at the airport, resulting in new STAs. Otherwise, the model simulates TBFM tactical 
delay programs. The flight delay for this segment is absorbed, preferably using speed control 
with a user defined maximum speed change (10 percent) and, if necessary, path stretch. 
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3.3 Model Variability 
To best simulate real world operations, the model incorporates variability in several places. The 
model includes ETA calculation error due to variability of ground speed caused by wind 
prediction errors and airspeed reporting errors. The model also includes variability between 
STA and ATA to reflect error inherent in system-assigned and executed delay strategies. The 
model also includes an error factor in actual versus TBFM scheduled departure time. Aircraft 
spacing en route and landing at the airport is composed of a minimum separation value and 
stochastic spacing buffer. To validate and verify the model’s MIT and TBO modes, the initial 
model runs described in the remainder of this paper do not include these variability parameters. 

3.4 Model Diagram 
Figure 4 diagrams the major components of the model: model inputs, simulation engine, and 
model outputs.  

Figure 4: Model diagram. 

Model output includes detailed operational characteristics for each flight. These include ETAs, 
STAs, ATAs, and TBO assigned delay for each MP. In addition, output includes path extension 
distance, time, and fuel burn for each flight segment. 

4 MODEL VALIDATION AND VERIFICATION 

4.1 Model Validation: MIT Mode 
The FAA conducted a comprehensive TBO shortfall study to better understand the benefit 
opportunity for full TBO compared to today’s operations. While not the focus of this paper, the 
TBO shortfall study provides a rich source of historical operational data with which we validate 
our model. This initial effort for the shortfall and model applications focuses on nominal 
weather days; therefore, we do not address delay caused by variable conditions like convective 
weather. 
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The TBO shortfall study analyzed three full years of trajectory data for all IFR flights 
into over 40 large U.S. airports. Arrivals at an airport were grouped by arrival runway and 
corner post. Delay for a flight was defined as the actual distance flown within 40 nmi less the 
15th percentile distance flown from the same normalization group (corner post and arrival 
runway), not considering negative delay. The same process was repeated to normalize and 
calculate delay for flights between 120 nmi and 40 nmi, as well as between 250 nmi and 120 
nmi of the arrival airport (while adjusting the normalization groups based on origin airport). 

For the model validation, we ran all arrivals to KPHL for September 6, 2018, one of the 
FAA’s 16 recommended representative days for 2018. We compared the MIT mode with the 
TBO shortfall data. Historical MIT data from the NTML log was used for setting MIT 
restrictions throughout the day. The average flight distance for the empirical data compared to 
the model were as follows: 68 compared to 74 nmi from MP to the runway, 90 compared to 91 
nmi from MFH to MP, and 139 compared to 140 nmi from CFH to CP. The results show that 
the MIT mode baseline model run matches current day operations very closely with the 
exception of inside the TRACON, where our results are within 10 percent of current day 
operations. Figure 5 (a) shows the distribution of the actual flight distance and MIT mode 
modeled flight distance within 40 nmi. The empirical data shows evidence of short cuts, while 
the model enforces adherence to approach procedures. The empirical data also has a wider tail, 
due to inherent variability that is not captured in this initial model run.  

(a)                              (b) 
Figure 5: Actual and modelled (a) distance flown within 40 nmi; (b) arrivals per quarter hour 

We also found agreement between the modeled to actual arrival throughput from ASPM, as 
shown in figure 5 (b). The model’s MIT mode appears to replicate today’s operations 
accurately. 

4.2 Model Verification: TBO Mode without Variability 
For TBO mode verification, we compared the baseline run (MIT mode) for the simulation day 
to three TBO scenarios: a) FMP only; b) CMP and FMP; c) XMP, CMP, and FMP. We defined 
the target delay to be 3 minutes inside the TRACON and 1 minute, 3 minutes, and 8 minutes in 
the final, coupled, and extended metering zones, respectively, assuming no metering inside the 
terminal and only speed control between CMP and FMP. Figure 6 (a) shows the total flight 
delay for each scenario by arrival phase of flight. For the MIT mode, almost all arrival delay is 
absorbed inside of the FMP (dark blue), indicating that airport capacity is the main driver of 
delays. With TBO, the arrival delay is shifted farther upstream (to lighter blues) with each 
additional metering ring, as shown in scenarios A-C.  
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(a)                                             (b) 
Figure 6: (a) Total delay by flight phase and scenario; (b) ATA-STA distribution at MP by arrival flow 

A major source of arrival scheduling uncertainty comes from internal departures, flights 
that originate from a point inside the outermost FH. Successful TBFM adaptation at an airport 
must consider the arrival demand characteristics. From the TBO shortfall data, we determined 
that over 30 percent of the arrivals to KPHL originate within 400 nmi and the average origin-
to-destination great circle distance is less than 800 nmi. For the simulation day, 25 percent of 
the arrivals originate inside the CFH and 64 percent originate inside the XFH at 600 nmi. 
Therefore, departure scheduling and TBFM tuning for internal departures is a critical 
component of TBFM success at KPHL. The initial model does not include departure scheduling 
for flights originating outside of the outermost FH. Therefore, only scenario C, with farthest 
freeze horizon at 600 nmi, shows a significant portion (30 percent) of the arrival delay taken at 
the gate (see figure 6 (a)). 

When comparing total delay, the TBO scenarios show an overall increase. This is due 
to TBFM over-constraining the arrivals. Through additional sensitivity analysis, we expect the 
ability to tune the TBFM target delays within each metering region and the metering slot 
intervals to more efficiently sequence and redistribute delay. Future model enhancements will 
also include dynamic traffic management capability to trigger TBFM during periods when 
demand is expected to exceed capacity. 

Another important metric for TBFM verification is to compare the STA and ATA for 
each flight at each metering point. As shown in figure 6 (b), the median difference between 
ATA and STA is less than 5 seconds and the interquartile range is less than 10 seconds. The 
southwest and southeast flows have more outliers, but the distributions are similar regardless 
of arrival flow and metering ring. This variability results from the static interval width for 
slotting STAs and TBFM assigned delay for any ETA less than STA, even if the ETA is within 
the STA slot interval. In future enhancements, the ATA will include variability parameters.   

These initial model runs and results show that the TBO mode successfully sequences 
and schedules arrivals to an airport, redistributing arrival delay to earlier, more efficient phases 
of flight. 

5 CONCLUDING REMARKS 
Future model enhancements include additional tuning, stochastic uncertainty, and dynamic 
features. The model currently runs a full day of arrivals to KPHL in less than 5 seconds. 
Additional testing will include running the 15 remaining representative days and comparing the 
model results to the wealth of empirical data captured in the TBO shortfall data. With a broader 
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base of model results to compare with empirical data we can run sensitivity analyses and better 
tune the TBFM adaption. 

We will also use empirical data analyses to determine the inherent variability in today’s 
NAS. The empirical data will inform the error distributions for ETA calculation, STA 
determination, assigned tactical delay, and scheduled departure times. Aircraft spacing en route 
and landing at the airport is composed of a minimum separation value and stochastic spacing 
buffer. For example, we aim to include additional ATA-STA errors caused by variability in the 
TBFM calculated, assigned, and executed speed adjustments representing variation in ground 
and true airspeed. Finally, we will incorporate dynamic MITs, strategic ground delays, and 
TBFM. This will allow modeling of future year traffic scenarios. Each model enhancement will 
be applied to several representative days. 

The FAA has built a robust, extensible fast-time simulation model that accurately 
simulates tactical traffic flow management programs. With future enhancements, we will be 
able to quantify TBO arrival-related benefits at the 40 large U.S. airports where we have 
quantified the shortfall opportunities.  
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ABSTRACT 
The scope of this paper is to present a separation delivery support tool to manage all applicable 
departure separation and spacing constraints in the Terminal anoeuvring Area between 
outbound traffic. The Dynamic Departure Indicator (DDI) tool computes distance- or time- 
spacing indicators that support the Tower ontroller clearance in order to accurately and 
safely deliver the applicable time- or distance-based separation or spacing minima between 
departing aircraft. It uses models for the aircraft performances (speed and climb profiles) 
developed and calibrated based on Radar and ode-S data. The use of the DDI tool has been 
assessed through a Real-Time Simulation campaign emulating the harles De Gaulle airport 
environment with Air Traffic ontrollers from the Direction des Services de la navigation 
a rienne. The tool development and assessment has been performed in the framewor  of the 
SESAR  Research programme. Results tend to demonstrate that the use of the DDI tool 
increases Air Traffic ontroller s performances by improving runway throughput still 
managing safe separations and wor load.  

Keywords: departures, T S, DDI, SD 

1 INTRODUCTION 

The traffic growth in the recent years put significant pressure on the European Airports 
capacity 1 . Extensive research in the wa e vortex domain (see e.g., 2, ) has tac led capacity 
constraints in the Terminal Manoeuvring Area (TMA) by designing new concepts for reducing 
wa e separations for approach and departing aircraft. The main two concepts now deployed in 
Europe are the Time- ased Separation (T S) and RECAT-EU a e Turbulence Re-
categorisation scheme 4, 5 . hile RECAT-EU updates the ICA  wa e turbulence regulations 
and can be operated on a procedural basis 6 , this is not true for T S which is a concept for 
arrivals and must rely on a separation delivery tool for being used by Approach and Tower 
Controllers. A first version of the separation delivery tool has been deployed at Heathrow 
Airport in 2015 and then updated in 2018 to include RECAT-EU separations and a more 
accurate refinement of aircraft behaviours on final , 8 . ased on the design logic of the 
separation delivery tool for approach, this paper presents a separation delivery tool to manage 
all applicable departure separations and spacing constraints in the TMA between outbound 
traffic. The Dynamic Departure Indicator (DDI) tool computes distance- or time- spacing 
indicators that support the Tower Controller clearance in order to accurately and safely deliver 

1

mailto:*valerio.cappellazzo@eurocontrol.int


A dynamic departure indicator tool  appellazzo, Treve, Toussaint, De isscher 

the applicable time- or distance-based separation or spacing minima between departing aircraft. 
It uses models for the aircraft performances (speed and climb profiles) developed and calibrated 
based on Radar and Mode-S data. In analogy to separation delivery tool for approach, safety 
buffers are added in the DDI to account for model uncertainty and allowing the Controller to 
mitigate the ris  of separation infringement (due to aircraft catch-up). The use of such buffers 
allows the separations to be correctly delivered up to a certain error rate  equivalent to what is 
currently observed at airports while still providing capacity benefits with a better spacing 
management by the Controller for the different constraints. 

The paper is organised as follows. Section 2 describes the separation and spacing 
constraints applicable to departures and how the tool computes the appropriate separation and 
spacing indicators to comply with those constraints. Section  illustrates the tool HMI. Section 
4 describes the results of the Real-Time simulation campaign to validate the concept with 
licensed ATC  from Charles De Gaulle airport. Finally, Section 5 gathers some conclusions 
and presents the potential next steps for the development of the departure tool in the next phase 
of the SESAR2020 Research Programme.  

2 DEPARTURE SPACING SUPPORT INDICATOR 

From one airport to another, different separation and spacing constraints have to be applied for 
successive departures. Some are expressed in distance (called Distance- ased Separation-D S- 
in what follows) whereas others are time-based (called Time- ased Separation-T S- in what 
follows). The applicable delivery  point also varies with the applicable constraint. The DDI 
tool was designed to account for all those different constraint types and to support Controllers 
in their accurate delivery. 

2.1 Departure spacing and separation minima 

The most common constraints applied between departures is related to the Minimum Radar 
Separation (MRS) and ertical Separation ( S). Those constraints are such that, at any moment 
in flight, both the leader and follower aircraft must either be horizontally separated by at least 
the MRS distance and or vertically separated by at least 1000 feet. Another constraint is related 
to the wa e separations, which is most of the time expressed in time, and applied at ta e-off. 
The Reduced Runway Separation (RRS) constraint states that, for two consecutive departures, 
the follower can only begin its ta e-off roll when the leader aircraft is airborne and at a certain 
distance from the position of the follower. Note that the RRS minimum value varies from one 
airport to another. The Standard Instrument Departure route (SID) constraint imposes a certain 
distance spacing between leader and follower if both follow specific departure routes and with 
a delivery point which can be, depending on the airport, at the ta e-off point or in altitude. 

2.2 Dynamic Departure Indicators (DDI)s 

To assist the controllers in delivering consistent and precise separations between departures, 
regardless of the prevailing constraint, two DDIs have been developed. The first one, expressed 
in distance (DDI-D), represents the distance minimum to be observed between the leader and 
the follower before the follower can be cleared to ta e off. The second indicator, expressed in 
time (DDI-T), corresponds to the time separation minimum to be applied between the leader s 
ta e-off roll start and the follower s ta e-off clearance. 

. .  arameters definition 

In order to compute the different indicators, some inputs, related to both the leader and the 
follower aircraft (respectively denoted with subscript letters l  and f  in what follows) , are 
required: 
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• The acceleration point ( , where an aircraft begins its ta e-off roll) and the ta e-off
point ( T ), both measured from the runway threshold,

• The rolling time (Rt) and rolling distance (Rd), representing the time and distance
between the ta e-off roll start and the actual ta e-off,

• The Time-to-Fly profile (T ), defined as the time required for the aircraft to fly a
certain distance from its ta e-off position. It is related to the aircraft groundspeed
through:

T2F( )  ∫ 1
GS(x)

dxT +
T

, (1) 

• The Time-to-Travel profile (T T), defined as the sum of the rolling time and the Time-
to-Fly,

• The reaction delay (treac), defined as the delay between the time at which the aircraft
receives the ta e-off clearance and the time it actually starts rolling.

. .  Dynamic Departure Distance Indicator (DDI-D) 

For a D S constraint to be applied when the follower reaches a delivery altitude (A T), the 
DDI-D is obtained by solving Eq. (2) (illustrated in Figure 1 (a)):

T2Tl (( 0,f- 0,l) DDI-D)   T2Tl (( 0,f- 0,l) Rdf distALT,foll D S) -treac-Rtf-tALT,foll,(2) 

with distA T,foll the distance flown (from T ) by the follower to reach the altitude A T and 
tA T,foll the corresponding flying time. Note that, for the case of a D S constraint to be applied 
at ta e-off, distA T,foll and tA T,foll shall be set to zero in Eq. (2). 
The DDI-D computation related to a RRS constraint is different, as the separation has to be 
applied when the follower aircraft begins its ta e-off roll acceleration. The corresponding 
DDI-D is computed by solving Eq. ( ).

T2Tl( 0,f DDI-D)  T2Tl( 0,f RRS)-treac, ( ) 

For a T S constraint, the DDI-D is computed according to Eq. (4). 

T2Tl (( 0,f- 0,l) DDI-D)   T2Tl(max( T ,l, T ,f) - 0,l) T S-treac-Rtf, (4) 

Note that the maximum value between T ,l and T ,f is ta en into consideration for the 
calculations of the DDI-D, so that the leader s wa e is in all cases at least T S seconds old at 
the point where the follower lifts off. 

. .  Dynamic Departure Time Indicator (DDI-T) 

Following the same principles as for the DDI-D, the DDI-T are obtained for the various types 
of separation and spacing constraints.  
For a D S constraint to be applied when the follower reaches a delivery altitude (A T), the 
DDI-T is computed according to Eq. (5) (illustrated in Figure 1 (b)):

DDI-T treac Rtf tALT,foll  T2Tl (( 0,f- 0,l) Rdf distALT,foll D S). (5)
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(a) (b) 

Figure 1: DDI calculation algorithms for D S constraint (delivery point in altitude): (a): DDI-D  (b): 
DDI-T 

The DDI-T related to the RRS constraint reads: 

DDI-T  T2Tl( 0,f RRS)-treac. (6) 

For a T S constraint to be applied when the follower ta es-off, the DDI-T is computed 
according to: 

DDI-T  T2Tl(max( T ,l, T ,f)) T S-treac-Rtf, ( ) 

. .  ertical Separation constraint 

In most cases, during the first phase of climb, the leading aircraft is faster than the following 
one, ensuring that if the MRS constraint is satisfied at a point along the climb phase, it will still 
be the case for the rest of the climb phase. This is however not the case when considering 
vertical separation constraint, since the climb performances significantly vary depending on 
several factors (aircraft type, type of flight, ). oth the MRS and S constraints have 
therefore to be considered simultaneously, so that at least one of them is at any time satisfied. 
The problem hence consists in finding the first leader altitude along the climb phase for which 
the vertical separation constraint will not be met and thus for which a horizontal separation of 
MRS shall be applied. This altitude, noted Altsep,leader, is obtained through: 

leader(Altsep,leader)- follower(Altsep,leader-1000)  MRS, (8) 

where (z) is the distance between the aircraft and the runway threshold when at a prescribed 
altitude z. If a solution to that equation does exist, the DDI-D and DDI-T shall be computed in 
order to satisfy a MRS D S constraint with a delivery point at altitude Altsep,leader -  feet. 
Alternatively, the DDI-D and DDI-T shall be computed considering as delivery point the 
follower s ta e-off point.  

3 DDI TOOL HUMAN MACHINE INTERFACE 

To assist the ATC  in the compliance of those aircraft separations, the separation delivery tool 
enables both types of DDI expressed either in distance (DDI-D) or in time (DDI-T). It is 
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possible for the ATC  at any time to select neither, one, or both of the DDI-D and DDI-T 
options to be visible in the HMI. The tool also contains a toggle on off option if the ATC  
wishes to not compute some specific constraints. For departure operations, the DDI tool 
supports all separation and spacing rules detailed in Section 2. The indicators are computed 
from a sequence input to the tool in using the formulae detailed in Section 2. The computation 
process is summarized on Figure 2.  

Figure 2: Summary of SD support tool functionality 

The DDI-D is displayed in the HMI of the C Ps as a blue line on the departure route (SID) of 
the leader aircraft. nce the leader crosses this mar , the follower can be cleared to ta e off. 

y the time the follower ta es off (or reaches the delivery altitude), the separation between both 
aircraft shall be satisfied. 

(a)   (b) 

Figure : DDI representations: (a): DDI-D  (b) DDI-T 

The DDI-T is displayed in the HMI of the C Ps as a countdown TIMER which indicates to 
the controllers when to clear the follower for ta e-off. y the time it ta es off (or reaches the 
delivery altitude), the separation between both aircraft shall be satisfied. 

The values of the DDIs are displayed on the C P when the leader aircraft is cleared for 
ta e-off, if two or more constraints are applicable, the DDI will display the maximum value. 
The timer starts the countdown when the leader aircraft is detected to start rolling. n the timer 
there is a countdown in seconds, the ATC  can start the clearance before the time is 0 but must 
end the clearance when the time is 0 (or later). If next ta e-off clearance is given before the 
time expires, the timer stays loc ed  on the previous separation pair until it reaches 0. After, it 
displays the next countdown. 

The DDI-T has been designed to include also the following information: Runway for which 
separation is in use (top), Leader and Follower callsign and aircraft type ( ottom), Countdown 
Time (Center), riginal time computed (Left), Nature of the prevailing separation between 
leader and follower ( ottom-Left). The DDI includes also a pairing feature to allow the Tower 
Air Traffic Controller to quic ly identify for which pair the separation is applied, hoovering the 
mouse over the DDI-T identifies the two aircraft of the pair for which the separation was 
computed and displayed. 
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Figure 4: DDI-T representation on C P in ienna airport environment 

4 EXAMPLE OF APPLICATION AND INITIAL VALIDATION 

4.1 DDI input computation 

The DDI computation requires a model for the aircraft time-to-fly and climb profile. Data from 
ienna airport were used to design and calibrate the DDI tool. 

. .  Database description and processing 

The ienna database includes RADAR and Mode-S trac s as well as the corresponding 
anemometer surface wind data, covering the ienna operations from uly 201  to anuary 2018 
(195 days). It contains a total of about 65,000 trac s. After filtering (e.g. excluding rolling ta e-
offs, outlier trac s, ) and processing, around 0,000 trac s were ept for the model 
development. 

The radar trac s, coupled with the anemometer data, were used to characterize the ta e-off 
roll characteristics (rolling distance and time (Rd and Rt), True Air Speed at lift-off (TAS ) 
and distance from threshold at acceleration ( )), whereas the Mode-S data were used to model 
the speed, Time-to-Fly and Distance-to-Fly profiles. 

. .  Ta e-off roll characteristic models 

For each aircraft type, the ta e-off roll characteristics were correlated to the used runway and 
runway entry and to the headwind values at ta e-off. From this analysis, a continuous model 
was built providing, for each aircraft type, each runway and each runway entry, the rolling time 
and distance and the TAS as a function of the headwind (see Figure 5 (a)). The  is 
characterized per runway entry and ta en as the median of all observed values.  

. .  Time-to- ly (T ) and Distance-to- ly (D ) models 

The T2F and D2F models are obtained in two steps. First, a speed profile model, as a function 
of the altitude, is derived from the Mode-S data averaging the observations at several altitudes. 
The second step consists in deriving the climb altitude profile as a function of time. The climb 
profile model was here obtained based on the performances equations and parameters from the 

ADA model 9 , with the mass at ta e-off for each aircraft type further calibrated using the 
Mode-S data, ranging between 80 and 90  of Maximum Ta e- ff eight (MT ). The 
Time-to-Fly and Distance-to-Fly profiles are then obtained by integration of the speed and 
climb profiles. 
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(a) (b) 

Figure 5: DDI inputs: (a) rolling distance model (as a function of headwind)  (b): CAS model (as a 
function of altitude) 

4.2 Initial validation through Real-Time Simulation 

The use of the DDI tool was assessed through a five days Real-Time Simulation (RTS) session. 
oth DDI-D and DDI-T were tested by licensed controllers from DSNA in the 

EUR C NTR L RTS facility, emulating the Paris-CDG airport environment under very 
strong traffic pressure conditions. Eight runs were performed to assess the DDI tool usage. Four 
were conducted as in current CDG operations (called baseline in what follows), without DDI 
and using Time ased-ICA  wa e separation rules, whereas four others were run with DDI 
and applying Time ased-RECAT  Categories (CAT) separation rules 10 , allowing the 
reduction of some of the wa e separation minima. After several prototyping sessions prior to 
the RTS, Controllers indicated the DDI-T as the favourite tool to display the separations as the 
timer is widely used in current practice.  

ased on the RTS results, the observed benefits related to the DDI-T usage (compared to 
the baseline scenario) include a reduction in under-spacing rates and an improvement in the 
observed conformance to the separation spacing minima (i.e. reduction of separation buffer 
values). In particular, on average, less than 2  of the departure pairs were observed to be under-
spaced when using the DDI-T compared to almost 8  for the baseline exercises. In terms of 
separation buffer values, a reduction of up to 885 m was observed for pairs for which the RRS 
constraint prevailed. 

Regarding the impact on throughput, when combined with the RECAT  CAT departure 
scheme, for a series of consecutive departures in segregated mode, RTS results showed an 
increase of up to 6 aircraft per hour for the solution scenario compared to the baseline. 

5 CONCLUSIONS 

The recent solutions for reducing separations on approach allowed the development of 
separation delivery tool for controllers that have been deployed (or under deployment) at 
European airports. uilding on the design of those tools for arrivals this paper presented a 
separation and spacing delivery tool for departures called DDI. The tool computes the 
applicable time- or distance based separation minima and provide other information supporting 
their correct delivery by the Tower controller. To deliver safe separations the tool predicts the 
expected time-to-fly and climb profile of each aircraft type, derived from Radar and Mode-S 
data extracted from current operations. As not all the operational variable that impact the 
aircraft performance can be now in advance by the system (e.g. exact weight of the aircraft), 
the tool ma es uses of buffer to compensate those deviation. 

The DDI tool was successfully tested by Air Traffic Controllers during a RTS campaign 
at CDG Airport.  The observed benefits related to the DDI-T usage (compared to the baseline 
scenario) include a reduction in under-spacing rates, an improvement in the observed 
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conformance to the separation spacing minima and an increase on runway throughput. In 
particular, less than 2  on average of the departure pairs were observed to be under-spaced 
when using the DDI-T compared to almost 8  for the baseline exercises and the throughput 
increased up to 6 aircraft per hour for the solution scenario when the DDI-T was used in 
combination with the RECAT  CAT departure wa e scheme. The tool allows ATC s to easily 
apply new wa e separation minima with higher number of categories than ICA . 

In the next phase of the SESAR2020 ave 2, there are planned activities to improve the 
DDI tool capabilities with the computation of additional departure constraints, to extend the 
datasets used for the modelling of aircraft type and to improve the prediction of the time-to-fly 
and climb profiles and computation of safety buffers by using machine learning techniques. 
Finally the goal is to integrate the DDI tool with departures systems as the DMAN to enhance 
the predictability of the departure flows and extending the benefits observed at runway 
threshold further in the TMA and the networ .
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Atmospheric turbulence constitutes a hazard to aviation and has the potential to 
cause injuries to crews and passengers and structural damage to aircraft. For these 
reasons, turbulence avoidance is in focus of operational decision makers alongside other 
safety-relevant aspects. This study represents a benefit analysis for an early flight 
planning application of the Eddy Dissipation Parameter developed by the German 
Weather Service. Plan trajectories from the European network management process are 
applied, which are optimized using a continuous optimal control approach in order to 
avoid turbulence areas exceeding a given intensity. Additionally, fuel consumption is 
compared to costs associated with a flight entry into turbulence. Potential to reduce 
flight time is assessed on the basis of specified intensity levels of moderate, severe and 
extreme turbulence. Benefits of lateral pre-flight re-routing in case of avoidance of 
extreme turbulence are provided. Total residence time of flights in such areas can be 
reduced by about 80% at a fuel increase below 5% in average. 

Keywords: clear air turbulence, flight planning, trajectory optimization, meteorology 

1 INTRODUCTION 
Apart from a major decrease of comfort, aviation turbulence can represent safety risks for 

aircraft crews and passengers. There are many studies on the impact on aviation, concerning 
climatological relationships, prediction as well as the application of turbulence information in 
an operational context [7], [8], [1]. Due to complex forecasting of aviation turbulence, in-situ 
turbulence reports play an important role, whereas mostly pilots act on turbulence by 
requesting and reporting in-flight trajectory adaptation. 

The integration of turbulence information into flight planning and flight execution 
today has not yet been fully realised regarding common transparency of intensities and 
location. On the one hand, this is due to the fact that turbulence information is currently not 
available in the required quality and, on the other hand, no standardized process has been 
defined and certified that covers all possible options for the use of turbulence data. The 
German Weather Service (DWD) is therefore developing advanced turbulence information 
which should be made available for improved use. This Clear Air Turbulence (CAT) data is 
calculated based on the Eddy Dissipation Rate (EDR) representing the dissipation rate from 
Turbulent Kinetic Energy (TKE) to internal energy (heat). TKE as a direct measure for 
atmospheric turbulence is computed using an additional prognostic equation in the ICON-
Global model [10]. This equation has been supplemented with additional source terms (e.g. 
wind shear) for improved turbulence prediction. As a result, the Eddy Dissipation Parameter 
(EDP) maps the turbulence intensity in a suitable way, including further meteorological 
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processes. Turbulence areas created on the basis of the EDR will be subjected to a benefit 
analysis within the scope of this study by evaluating possible integration scenarios into the 
flight planning process. The pilot's decision to choose between lateral and vertical flight 
around turbulence areas and a combination of both is subject to a variety of influences, such 
as air traffic control boundary conditions, flight performance aspects, individual mission 
parameters and finally the turbulence distribution itself. Within the scope of the present study, 
the avoidance of turbulence areas by lateral bypassing is considered exclusively. 

2 EVALUATION FRAMEWORK 
The following chapters provide information on operational use of turbulence data, and 

moreover the evaluation framework describing the optimization concept developed within this 
study. It is distinguished between qualitative and quantitative aspects for the integration 
within an operational flight planning environment. 

2.1 Evaluation Framework 
In Germany, the German Weather Service continuously publishes turbulence data in 

order to support flight planning and flight operations. Related weather products are 
continuously updated to cover new aspects of operational application and to be adapted to 
individual specifications. Flight planning today demands XML-based as well as GRIB2-based 
turbulence (EDP) and meteorological data and is generally pre-processed in order to 
guarantee consistency with user-operated visualization systems. EDP data is specified to 
specific values on grid resolution, update rate, etc. 

  
   

     
  

  
 

 
  

 
 

Figure 1: Data processing of turbulence/meteorological data.

The provided data service can be called individually to update local databases.
Turbulence data updates are in most cases less frequent than those of meteorological data
types like e.g. wind data. Fig. 1 provides an overview on (turbulence) data processing.
More information on EDP data is provided in ch. 3.1.

2.2 Trajectory Optimization Concept
The optimization concept is based on the lateral flight route optimization during the

en-route flight segment. The focus is not on vertical avoidance, i.e. on tactical changes in
cruising altitude. This is based on two main reasons: i) in highly congested European airspace,
there is usually hardly any possibility of implementing short-term vertical re-routings. Such a
change of the flight profile would increase traffic complexity considerably in some cases, and
ii) the dependence on flight performance requirements, especially when flying over
turbulence, can prevent the feasibility of such a profile change. If necessary, fuel planning
would have to be adapted.

EDP data:
Grid resolution 0.25°

Vertical coverage over 28FL

Update rate 12h

Time granularity 1h

Forecast horizon 36h

Processing: 
Lateral Scaling

Propability density functions

Vertical allignment

XML data

GRIB2 data
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Met data 

visualization
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a) lateral route optimization b) Pareto front

Figure 3: Schematic visualization of a) lateral route optimization and b) schematic visualisation of expected Pareto results. 

Figure 3b) shows the expected results in the form of a Pareto front. The more 
importance is assigned to turbulence avoidance, the higher the corresponding detour and 
therefore also fuel consumption. Since the reference trajectory considers flight planning 
constraints while optimized trajectories are determined using a continuous approach, the 
reference trajectory does not necessarily have to be Pareto-optimal. In the shown case, flying 
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Fig. 2   shows the
vertical section (about FL120 -
FL400) of an exemplary
turbulence field and represents an
example in which a vertical
avoidance would not be possible
due to the large vertical extent of
the turbulence field Lateral.
turbulence avoidance is dependent
from different performance related
parameters during flight operations
like e.g. climb rate. On the cost
side, turbulence mitigation can be
accompanied by an extension of
the mission distance. However, Figure 2: Exemplary vertical turbulence section.

this depends on trajectory design as well as on the extent and shape of the turbulence field. A
corresponding increase in fuel consumption and time is required accordingly. The benefit
side is represented by the reduction of effective flight time in a turbulence field. Within the
context of this study, we speak of "reduced EDP minutes", which in turn can be associated
with increased flight safety, increased passenger comfort and reduced maintenance and repair
costs.

Fig. 3 provides the applied trajectory optimization approach describing thelateral 
routing concept with regard to turbulence avoidance. In an initial step, ToC (top ofclimb) 
and ToD (top of descent) are determined using the reference trajectory from the DDR2 flight 
plan trajectories (see ch. 3.1). Subsequently, a lateral optimization takes place on thecruise 
flight segment between these two points to avoid turbulence areas.

The cost functional used is determined as the weighted sum between fuel consumption
and flight time in turbulence areas (see ch. 2.3). For the analysis of the sensitivities, the
respective weighting factors for fuel consumption and residence time in turbulence areas are
varied within wide limits.
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the great circle between ToC and ToD would lead to both, a reduction of EDP minutes and 
reduced fuel consumption. On the selected days (ch. 3.2), it is not possible to avoid turbulence 
completely and efficiently by lateral re-routing measures due to large areas of low EDP 
intensities. Instead, the EDP value is individually integrated along the trajectory and included 
in the cost functional. The evaluation takes place on the basis of the defined EDP intensity 
levels. 

2.3 Trajectory Optimization Model (TOM) 
This chapter describes the modeling of EDP optimized trajectories using the 

Trajectory Optimization Module (TOM). For this purpose, an optimal control problem is 
presented, which is adapted to the scope of this study. Finally, the solution generation of the 
resulting optimization problem is briefly described. More information, e.g. on dynamic 
constraints and additional boundary conditions is described in detail in Lührs et al. (2016) [4]. 

2.3.1 Optimal Control Problem 
The movement of an airplane is described with the help of state variables x(t) and can 

be influenced by control variables u(t). A trajectory is regarded as optimal if the temporal 
course of the control variable u(t) results in the cost functional J being minimized according to 
eq. (1). At the same time both, the dynamic boundary conditions according to eq. (2) and 
restrictions with regard to the state and control variables (eq. (3) to (6)) have to be satisfied. 
For further adaptation of the optimization problem, additional adjustments of a path vector 
p(t) can be made according to eq. (7).

 ൌ ળ ή ળ ቀǡ ǡ ሺሻǡ ൫൯ቁ  શ ή න શሺሺሻǡ ሺሻǡ ሻ܌



(1) 

ሶ ሺሻ ൌ ሺሺሺሻǡ ሺሻǡ ሻሻ (2) 

ሺሻ�ࣕ�ሾܠ ǡǢܠǡሿ (3) 

൫൯�ࣕ�ሾܠǡǢ ሿǡܠ (4) 

ሺሻ�ࣕ�ሾ Ǣ ሿ (5) 

ሺሻ�ࣕ�ሾǢ ሿ (6) 

Ǣሺሻ�ࣕ�ሾ ሿ (7) 

2.3.2 Cost Functional 

The general cost functional ܬ according to eq. (1) contains a penalty function ȯ, which 
can be a function of the start and end time ݐǡ  �as well as the initial and final stateݐ
ሺݐሻǡ ൫ݐ൯�of the aircraft. Furthermore, ܬ depends on the time integral of another penalty
function Ȳሺሺݐሻǡ ሺݐሻǡ ሻ. Using the scaling factors ܿ�and ܿஏ, the penalty functions ȯ and Ȳݐ
can be weighed against each other. Within the scope of this study, the cost functional 
according to eq (8) and (9) is applied. 

 ൌ ܔ܍ܝ۴ ή ൫ െ ൯ᇣᇧᇧᇤᇧᇧᇥ
ܔ܍ܝ

ܖܗܑܜܘܕܝܛܖܗ܋

ή ܔ܍ܝ۴ܖܑܕǡܔ܍ܝ۴
ି  ۾۳۲ ή න ሺሺሻǡ۾۳۲ ሻ܌



ᇣᇧ
۾�۳۲܌܍ܜ܉ܚ܍ܜܖܑ

ή ܔ܍ܝ۴ܖܑܕǡܜܖܑ۾۳۲
ି

(8)
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ܔ܍ܝ۴  ۾۳۲ ൌ Ǣ���� ܔ܍ܝ۴ ǡ ۾۳۲ � א ሾǡ ሿ (9) 

2.3.3 Solution of the optimization problem 
The resulting optimal control problem, which is described by the cost functional, the 

dynamic constraints, initial and final boundary conditions and the limitations of the control, 
state and path vectors (see eq. (1) to (7)), is solved using the MATLAB Toolbox GPOPS-II [6]. 
Based on a direct approach, GPOPS-II transforms the continuous optimal control problem 
into a discrete nonlinear optimization problem and solves it using the solver IPOPT [9]. 

3 RESULTS AND DISCUSSION 
This chapter describes the selected scenarios including an overview of the applied 

data. Turbulence evaluations and related results on trajectory optimization are presented. 

3.1 Data Base 

3.1.1 Turbulence Data 
The EDP predictions generated from the global ICON model are available globally 

and are updated with a rate of six hours (00:00z, 06:00z, 12:00z and 18:00z). The forecast 
period is 36 hours with one-hour forecast time steps. The vertical coverage comprises 28 
flight levels between 150 hPa and 700 hPa with a vertical resolution of approx. 1200 ft. The 
lateral grid resolution of the EDP map is 0.125°. The output of the EDP product can be either 
in the form of continuous data fields or in the form of polygons. Regardless of this, a 
threshold value definition is required for the application of the data, which allows different 
turbulence intensity levels to be assigned. For this purpose, the EDP was re-scaled to adapt it 
to the climatological "log-norm"- distribution of the EDR of a 5-year period from about 10 
million measurements. This resulted in the following intensity levels:  

- EDP for moderate turbulence [m2/3/s]: => 0.22 
- EDP for severe turbulence [m2/3/s]: => 0.34 
- EDP for extreme turbulence [m2/3/s]: => 0.45 

3.1.2 Traffic Plan Data 
Operational flight plan data from the Eurocontrol Demand Data Repository (DDR2) [2] is 
used. It contains mission-relevant information as well as flight profiles. These 4D-plan-
trajectories are divided into individual segments for each of which the corresponding 
boundary points are defined. The data is generally available for network planning for capacity 
control purposes. Principles of European capacity management are described in Lau et al. 
(2014) [3]. Flight plan data of selected flights of the Airbus A320 family departing at 
Frankfurt/Main (EDDF) had been made available for this study. 

3.2 Scenarios 
The selection of representative scenarios is based on both, meteorological and traffic 

information, whereby the evaluation period with the months June, July and August 2016 
refers to the summer season. Due to specific atmospheric properties, there is an increased 
probability of turbulence occurring during this period, which is caused in particular by wind 
shear and air mass movements over mountain ranges. Based on historical Significant Weather 
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Charts (SigWx), five days were qualitatively selected on which turbulence areas exist from a
defined intensity level 4 in the upper airspace. Turbulence areas mainly cover Central Europe
and can reach a lateral extent of several hundred kilometers. Fig. 4 provides flight planroutes 
and turbulence intensity levels on FL360 at 12:00z for two of the selected days.

a) 12.08.2016 b) 19.08.2016

Figure 4: Representative traffic scenarios and turbulence intensities on FL360 at 12:00z 

There are hardly any similarities in the occurrence and location of turbulence areas 
with high EDP intensities above 0.34 m2/3s-1. Moreover, there is no increased turbulence 
activity over mountain regions. A qualitative examination of the EDP distributions suggests 
that turbulence areas occur along atmospheric currents. Circulation areas are recognized, 
which correspond in geometric form and scaling to high and low pressure areas. 

3.3 Fuel Consumption and Turbulence Conditions 
Tab. 1 provides turbulence statistics along the selected routes and days. Each of the 

selected days included approximately 280 flights with about 11.000 cruise flight minutes. The 
time weighted average EDP is between 0.037 and 0.073 m2/3s-1 and thus well below the EDP 
threshold for the classification of moderate turbulence (0.22 m2/3s-1). 

Parameter Unit 09.06.2016 16.07.2016 12.08.2016 19.08.2016 20.08.2016 

mean EDP [m2/3s-1] 0,037 0,040 0,040 0,054 0,073 
EDP standard deviation [m2/3s-1] 0,022 0,042 0,041 0,048 0,061 
# total trajectories [-] 293 278 276 276 274 
# total trajectories moderate [-] 3 27 11 45 61 
# trajectories severe [-] 1 13 7 10 23 
# trajectories extreme [-] 0 5 4 1 4 

flight time cruise total [min] 11.169 11.187 11.310 11.089 11.422 
flight time cruise moderate [min] 3 114 78 201 400 
flight time cruise severe [min] 0 26 25 15 44 
flight time cruise extreme [min] 0 8 11 0 4 

 

    

 

Table 1: Turbulence statistics (cruise)

In addition to tab. 1, fig. 5 shows    detailed   bar charts of a)  the relative   number of
trajectories as a function of the maximum EDP value along the trajectories and the associated
cumulative values as well as b) the relative and cumulated flight time within turbulence areas
represented by the EDP value. Both diagrams show results for the selected flights on
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20.08.2016. Compared to the other days, there is a clear shift in EDP distribution towards 
higher EDP maximum values. 

    

  
  

    
  

 
 

  

 

a) Rel. no. of trajectories over max EDP b) Rel. flight time over EDP
Figure 5: Exemplary EDP statistics for 20.08.2016

Of the total of 1.397 routes considered, the 14 trajectories with extreme turbulence
along the flight path during  cruise were   optimized. Fig. 6a)  provides the results for all  14 
routes optimized in consolidated form, whereas fig. 6b) shows the optimization results for 
a flight  trajectory  between  Frankfurt  and  Rome  on  16.07.2016. According  to  theapplied
optimization concept, the cruise flight segment of the planned route (black trajectory)between
ToC  and  ToD  was  first  identified. To determine  the  maximum  savings  potential  andthe
savings  efficiency, a  group  of  optimized  trajectories  is  determined  for  each  flight
connection (blue trajectories). The weighting factors for fuel consumption and turbulence
intensity are varied in small steps between the fuel minimum (ܿ୳ୣ୪ ൌ ͳǡ ܿୈ ൌ Ͳሻ and the
turbulence minimum case (ܿ୳ୣ୪ ൌ Ͳǡ ܿୈ ൌ ͳሻ. Results balance the avoidance of turbulence
and the associated additional fuel consumption (Pareto front, fig. Figure 6b). For each optimized
trajectory, the resulting fuel consumption during cruise and the integrated turbulence intensity
are normalized to the respective value of the reference trajectory with minimum fuel
consumption. Moreover, the corresponding EDP profiles c) to f) are provided. 

 
  

    

    

a) Pareto fronts for all optimized flights b) Exemplary results for route EDDF-LIFR
Figure 6: Trade-off between fuel consumption and EDP impact

In  addition  the fig. 6a), tab. 2 provides consolidated  numerical  values  for
integrated EDP values along all optimized flight trajectories within airspaces exceeding EDP
thresholds. Fig. 6a)   shows that a    maximum   savings   potential of   up to  65% of the
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integrated turbulence intensity can be achieved on individual routes (green stars). In contrast, 
an unfavorable location of turbulence-intensive fields relative to the great circle connection 
can lead to very low EDP savings potentials in the order of a few percent on some routes (red 
stars). The saving efficiency also differs greatly between the routes, which are characterized 
by the slope of the Pareto fronts: the flatter the Pareto front (starting from reference point 1/1), 
the higher the saving efficiency. For example, the integrated EDP for the routes considered in 
this study can be reduced between 1% (grey plus) and 27.5% (green stars), depending on the 
route, by accepting an additional fuel consumption of 1%. In the second case, the savings 
efficiency is 27.5 times higher. 

Additional fuel 
consumption 

Integrated EDP Flight time in turb.-fields 
with EDP > EDPmod 

Flight time in turb.-fields 
with EDP > EDPsev 

Flight time in turb.-fields 
with EDP > EDPext 

1,0 %  -13,02 % -42,05 % -27,87 % -39,78 %

2,0 % -17,73 % -45,65 % -40,43 % -64,89 %

3,0 % -20,82 % -46,51 % -45,08 % -76,84 %

4,0 % -22,65 % -50,41 % -51,83 % -79,16 %

5,0 % -23,71 % -54,90 % -61,77 % -79,16 %

7,5 % -25,85 % -58,44 % -66,25 % -79,16 %

10,0 % -27,64 % -63,40 % -66,72 % -79,16 %

Table 2: Additional fuel consumption vs. reduced EDP flight time 

In summary, an increase in fuel consumption of around 3 % can reduce flight time by 
almost 80 % in areas with extreme turbulence. The flight time in areas with severe turbulence 
can be reduced by approx. 65 % with an additional fuel consumption of 5.5 %. 

4 CONCLUSION AND OUTLOOK 

The present study provides the quantified efficiency potential for selected flight plan 
routes, evaluated by measuring the relative fuel consumption increase through lateral re-
routing to reduce en-route flight time in turbulence areas. The turbulence measure used for 
this purpose is the EDP provided in the form of a continuous map. 14 turbulence-affected 
flight routes were identified and examined in detail. The results show that the average 
integrated EDP value can be reduced by a maximum of approx. 36% with an additional fuel 
consumption of approx. 60%. The potential for reducing flight time was determined by the 
specified intensity levels of moderate, severe, and extreme turbulence. Great benefit is evident 
for the avoidance of extreme turbulence as the flight time in such turbulence areas can be 
reduced by about 80 % already with a fuel increase of approx. 3 %. The flight time in areas 
with strong turbulence can be reduced by approx. 65 % with an additional fuel consumption 
of approx. 5.5 %. These results show that the use of EDP data permits the calculation of 
detailed fuel saving potentials and can therefore be an essential component of flight planning. 
The possibility of representing defined EDP intensity levels for EFB applications supplements 
an efficient applicability for flight execution. 

In order to exploit the efficiency potential in preliminary planning, it might make 
sense to also apply an optimisation procedure for the three-dimensional adaptation of plan 
trajectories for a larger number of turbulence-affected flights. The continuous optimization 
can be supplemented by the integration of air traffic control boundary conditions in order to 
achieve the most realistic trajectory possible. Such boundary conditions are mainly a result of 
flying at certain pre-defined flight altitudes in the cruise flight segment ('step climbs') in order 
to meet separation requirements. Another possibility is to specify certain cruise flight levels 
along the trajectory, avoiding severe turbulence. However, it would have to be examined to 
what extent flying on these flight levels over longer segments would influence fuel 
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consumption and whether it would make sense to implement such a flight plan adaptation. 
This question must be answered individually, but can only be answered with a larger number 
of trajectories over a longer period of time.  
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Abstract— Air Traffic Flow Management (ATFM) is the set of strategic and tactical activities 
with the objective to balance demand and capacity at busy resources in the air transportation 
system. This paper provides overviews of ATFM techniques in three of the most developed 
ATFM systems in the world: US, Europe and Australia. Although similar in general principles, 
there are distinct differences in application of ATFM techniques due to different airspace, 
demand distribution, and policies. Through this comparison, best practices and potential 
opportunities for further studies to improve ATFM techniques are identified. 

Keywords-Air Traffic Flow Management, Collaborative Decision-Making, Network 
Management, Traffic Management Initiatives. 

1 INTRODUCTION 
Strategic Air Traffic Flow Management (ATFM) and more tactical Air Traffic Control (ATC) 
work together to allocate and utilize the airports, airspace, and other resources of the air 
transportation system to achieve safe and efficient traffic flows. Various decision makers with 
different information and sometimes competing goals coexist in a system characterized by high 
levels of uncertainty. A distributed, hierarchical decision-making process is applied in layers of 
control where the overall network manager is at the top, then ATC en-route, terminal and airport 
tower control centers. Airline Operations Centers (AOCs) and other stakeholders (such as 
military) participate in the decision-making process as well [1][2]. 
The objective of the ATFM process is to optimize overall traffic flows in order to try to balance 
forecasted aggregate demand and capacity within the system.  When imbalances are expected, 
either because of excessive demand, or reduced capacity (e.g., adverse weather, construction) 
Traffic Management Initiatives (TMIs) can be employed to match demand with capacity, as 
shown in Figure 1. 

* DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited. This material is
based upon work supported under Air Force Contract No. FA8702-15-D-0001. Any opinions, findings, conclusions 
or recommendations expressed in this material are those of the author(s) and do not necessarily reflect the views of 
the U.S. Air Force. 
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Figure 1: Basic Function of Air Traffic Flow Management. 

The network manager’s role is especially important in the context of the overall system 
operation because of their purview over large-scale traffic flows and role in coordination 
between facilities. In general, TMIs initiated at the network manager level are required when 
traffic management across multiple en-route centers are required. However, TMIs can also be 
initiated at the en-route center level when more facility-specific traffic controls are required, 
and resulting restrictions can then propagate back to adjacent upstream facilities.  
This paper compares and contrasts the ATFM environments and common techniques between 
the US, European and Australian regions. Note that data availability is different between the 
regions and, as a result, identical comparisons were not always possible. Section II provides 
high-level system comparisons between the regions to provide context for the more detailed 
ATFM descriptions of the regions presented in Section III. Finally, Section IV discusses the 
insights gained from these system comparisons, together with recommended next steps for 
further studies based on the findings of this study 

2 HIGH-LEVEL SYSTEM COMPARISONS 

2.1 United States of America 
The US air transportation system is the largest in the world, with approximately 6 million 
scheduled domestic airline flights (Figure 2) and 850 million passengers carried in 2017, 
accounting for around 30% of total global flights and passengers. The top 5 airports in terms of 
aircraft movements are shown in TABLE I. Flight densities are highest in the triangle of 
airspace from “northeast corridor” (encompassing the Boston, New ork and Washington DC 
regions) to Chicago in the west and Atlanta in the south (see                Figure 3). Other high 
traffic densities are observed in the airspace around major airline hubs in Atlanta, Chicago, 
Dallas, Denver, Houston, Miami, New ork, Los Angeles, Phoenix, San Francisco and Seattle. 

TABLE I.  Top-Five US Airports 2017 [3]. 

Airport A g. Dai y 
Mo ement  de ta ref. 2 16  

Atlanta (KATL) 2,409 -2.14 
Chicago (KORD) 2,375 -0.06 

Los Angeles (KLAX) 1,918 0.5
Dallas (KDFW) 1,793 -2.8 
Denver (KDEN) 1,596 1.7



Comparing ATFM Techniques Enea, Reynolds, Jones, Lau, Bronsvoort 

1 12 

The network manager in the US is the ATC System Command Center (ATCSCC) located 
outside Washington DC, which flows strategic TMIs down to twenty air route traffic control 
centers (ARTCCs, or “centers”) shown in Figure 4, all operated by the Federal Aviation 
Administration (FAA). 
In the US, the average flight delay (recorded only if greater than 15 mins difference between 
actual and scheduled departure or arrival time) is around 12 minutes per flight, which has 
remained similar over the years despite delay reduction initiatives (see Figure 2). One of the 
major challenges for strategic air traffic management is that impactful aviation weather (e.g., 
summer convection, winter snow) exists in the regions of highest traffic densities, especially 
the northeast corridor, as will be shown in Section III. 

Figure 4: Air Route Traffic Control Center/ATCSCC Map. 

The FAA has recently embraced the Plan, Execute, Review, Train, Improve (PERTI) paradigm 
as the operating model for strategic Air Traffic Management (ATM) decision-making. It 
provides a best practice framework for a formal, holistic collaborative decision-making process 
for stakeholders as follows: 
x Plan 1-3 days ahead for a given event, such as determining which subset of TMIs might be

appropriate given the long-range weather and demand forecasts and prior experience.
x Execute refined plans that build from the prior step based on updated demand, capacity and

other relevant information available on and during the operational day.
x Review the effectiveness of the ATM decisions through a formal process in the immediate

aftermath of an event in order to identify good and bad plan elements and lessons learned
with relevant stakeholders while the institutional memory of the event is still fresh.

x Train to promote identified best practices and eliminate less effective strategies with
appropriate ATM and airline personnel in a formal setting each year (e.g., at the end of the
convective weather season).

Figure 2: US Domestic Flight & Delay Statistics. [3]       Figure 3: US Flight Densities. [4] 
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x Improve system outcomes in a continual fashion using the steps above, requiring the
definition and tracking of appropriate operational performance metrics from year to year.

ATFM decision support technologies that map to and support the execution of the different 
PERTI phases are likely to be most impactful in the US system in the future. 

2.2 Europe  
The European ATM network is characterized by a higher number of acting stakeholders 
compared to other regions, comprising 43 national states with a total of 68 air traffic control 
centers. In 2017, on average there were approximately 30,000 flights per day carrying 3.49 
million passengers between 530 airports. Over the year, 10.6 million flights were completed 
representing an increase in traffic of 4.4% compared to previous years. The top five airports in 
terms of Instrument Flight Rules (IFR) movements are given in TABLE II.   Figure 5 shows 
their locations along with the major ATC regions and air routes. 

TABLE II.  Top-five European airports 2017 (IFR movements) 
Airport A g. Dai y Mo ement  de ta ref. 2 16  

Amsterdam Schiphol 1393 3.9
Paris Charles-de-Gaulle 1322 1.0

London Heathrow 1304 0.5
Frankfurt/Main 1303 3.0
Istanbul Ataturk 1236 -0.6 

The European ATM network (EATMN) is managed by ANSPs locally and the Network 
Manager Operations Center regionally. The latter is operated by Eurocontrol and executes the 
ATM network management functions for the European Commission. It is located in Brussels 
and in Br tigny-sur-Orge near Paris and addresses network performance issues on all planning 
levels. Its priority is to foster pan-European collaborative network operations. In addition to 
route network design, its functional responsibilities lie in the central allocation of frequencies, 
the coordination of beacon code allocation and the execution of the ATFM function.   

2.3 Austra ia  
The Australian ATM Network, like the US, comprises of a single state (although in the US, 
some Canadian airports participate in TMIs to control flow into US airports) with operations 
managed by Airservices Australia. The airspace assigned by the International Civil Aviation 
Organization (ICAO) to Australia covers 11% of the earth’s surface, divided into two Flight 
Information Regions (FIRs) controlled from two major centers as shown in Figure 6. The 

  Figure 5: European Route Network Map.   Figure 6: Australian Flight Densities. 
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Melbourne FIR ( MMM) covers the southern part of the Australian continent and large parts 
of the Indian and South Pacific Oceans, the Brisbane FIR ( BBB) covers the northern part of 
the Australian continent and half of the Tasman Sea (with the other half administered by New 
Zealand). 
Due to vast travel distances and population concentration to only a few metropolitan areas, air 
transportation is the major form of inter-city travel in Australia, with approximately 1.4 million 
flights and 156 million passengers per year. While these numbers are a lot lower compared to 
the US and Europe, relative to Australia’s smaller population, it represents an air transportation 
system roughly twice the size per capita. Despite its large airspace, the Australian ATM 
Network has a unique characteristic in that a relatively high proportion of air traffic occurs 
between just three major airports within a relatively short flying time: Sydney, Melbourne and 
Brisbane, often referred to as “The Triangle”. Approximately 30% of the flights from these 
three airports departs towards the other two. These three city pairs are in the top 15 busiest city 
pairs in the world (by aircraft movement), with a flight taking off between Sydney and 
Melbourne (and vice versa) approximately every 10 minutes during peak hours.  

TABLE III.  Top-four Australian airports 2017 (IFR movements) 
Airport A g. Dai y Mo ement 

Sydney ( SS ) 953 
Melbourne ( MML) 662 

Brisbane ( BBN) 588 
Perth ( PPH) 357 

Due to runway configurations and constraints on airport layout, particularly Melbourne and 
Sydney airport can experience large fluctuations in declared capacity. Even in visual conditions, 
wind can have a significant impact on capacity dropping the maximum arrival rates from 50 
and 40 for dual runway operations, to 23 and 22 for single runway operations at Sydney and 
Melbourne respectively, essentially halving the available capacity. Demand and capacity 
challenges in the Australian ATM Network therefore generally originate from capacity 
reductions at any of three major airports, which quickly propagate to the other two and affect 
the flow of traffic in and out of The Triangle. The Airservices Network Coordination Centre 
(NCC) in Canberra manages the day-to-day demand for Australia’s airspace and airports in 
close collaboration with all relevant stakeholders.  

3 STRATEGIC ATM COMPARISONS 

3.1 United States of America 
As discussed in Section II, large-scale Air Traffic Management in the USA is primarily 
managed at the ATCSCC which monitors demand-capacity imbalances at various resources in 
the National Airspace System (NAS) and implements and/or approves TMIs [5][6][7]. In order 
of growing restrictiveness, US TMIs are:  

1. Altitudes (Tunneling and Capping) are utilized to segregate different traffic flows in
order to increase overall capacity. Tunneling refers to descending traffic prior to the
normal descent point, capping to the fact that aircraft will be cleared to an altitude lower
than their requested altitude.

2. Miles-In-Trail (MIT) restrictions are used to space flights based on distance to control
the arrival rate into a region or fix. MIT are used in increments of five nautical miles. A
MIT of 15 miles means that each aircraft within the flow in a jet route must maintain a
distance of at least 15 miles with the aircraft in front of it. MIT restrictions are usually
placed at the boundaries of sectors or centers to control the incoming flow.

3. MINutes-In-Trail (MINIT), similar to MIT but the restriction is enforced by time, they
are usually used in non-radar environments.
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4. Fix Balancing refers to assigning an arriving or departing flight to a fix other than the
one filed in the flight plan to redistribute demand.

5. Airborne Holding is applied when flights need to be delayed temporarily from entering
a downstream region and the operating environment supports it. Usually, it is used when
the capacity constraint causing it is expected to improve shortly.

6. Sequencing programs can affect flights from multiple airports and are designed to
achieve a specified interval between flights at some fix. They include:

o Departure Sequencing Program (DSP) assigns a departure time to achieve a
constant flow of traffic over a common point. Normally, this involves
departures from multiple airports.

o En-route Sequencing Program (ESP) assigns a departure time that will facilitate
integration in the en-route stream.

o Arrival Sequencing Program (ASP) assigns fix-crossing times to aircraft
destined to the same airport.

o Time-Based Metering (TBM) assigns metering point (or arcs) scheduled crossing
times while aircraft are airborne. Controllers provide advisories (either lateral,
vertical, or speed) to aircraft metering to meet the scheduled time of arrival at the
designated meter point (or arc).

7. Reroutes assign routing to traffic flows of multiple aircraft to routes other than their filed
flight plan in order to avoid regions expected to be constrained by either adverse weather
or congestion.

8. Ground Delay Programs (GDP) impose arrival slots to pre-departure flights destined to
an airport with restricted capacity. Each flight is assigned an Expected Departure
Clearance Time (EDCT), which ensure the ability of the destination airport to accept the
delayed flights. Each aircraft estimated to arrive during the GDP time horizon is assigned
to an arrival slot or Controlled Time of Arrival (CTA). From the CTA, the EDCT is
calculated by subtracting the estimated flying time. A GDP usually reflects the
deterioration in airport conditions that affect the Airport Acceptance Rate (AAR). The
GDP is used to bring the predicted demand at the airport within the declared AAR.

9. Airspace Flow Programs (AFPs) are similar to GDP but applied to entry times to Flow
Constrained Areas (FCAs) in the en-route environment. There are standard FCA regions
used in the NAS or they can be constructed by drawing boundaries on the map around
congested areas. Each boundary has an associated acceptance rate that impacts the entry
time of the flights predicted to fly through those boundaries. Each flight scheduled to
traverse the AFP boundaries is assigned an EDCT to ensure that the flow rate is
controlled.

10. Ground Stops are the ultimate TMI where all the flights destined to the affected airport
have to remain on the ground until the TMI is lifted. A Ground Stop is usually a short-
lived, tactical control applied to mitigate highly unpredictable and disruptive events,
such as convective weather.

Geographically, TMIs can impact a single airport (GDP or Ground Stop) or multiple centers 
(such as Reroutes or FCAs). Moreover, depending on the length of the restriction, they can 
require coordination between multiple centers and eventually with the ATCSCC. For example, 
if a 10 MIT restriction is necessary, the requesting facility has to coordinate only with the 
providing facility. If instead, a 25 MIT or greater is necessary, the requesting facility has to 
coordinate with the ATCSCC for approval immediately because it would likely impact multiple 
upstream facilities. 
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3.1.1 TMI Usage and Impact  
As described above, TMIs are implemented at a national level by the ATCSCC and at a regional 
level by TMUs at ARTCC, Terminal Radar Approach Control (TRACON) and Towers. All of 
them are recorded into the National Traffic Management Log (NTML) [8]. This database was 
used to identify the distribution of TMIs in the USA in 2017 presented in this section and Figure 
.  

Figure 7: Summary of TMI in the US Applied in 2017. 

For each TMI, the number of entries in NTML were counted . The most used TMIs in the US 
in 2017 were Miles-in-trail (72%) and Ground Stops (9%). In 2017, GDPs (4%) were less 
frequent than Ground Stops, showing that when measures were taken to limit traffic flows into 
an airport due to reduced AARs, it might have been too late. Alternatively, the AAR might have 
been set incorrectly, underestimating the impact of the capacity shortage. The non-negligible 
use of Metering (7%) shows that Traffic Managers are willing to use more advanced, time-
based approaches, to control flows at metering points envisioned by the trajectory-based 
operations paradigm [9]. Less frequent TMIs are Holding (2%), Reroutes (1%) and AFPs 
( 1%). All the other TMIs combined are used less than 1% of the times.  

 Although this approach is coarse, it represents a good first order approximation to the frequency of TMIs. 

Figure 8: TMI Distribution and Planning Horizon in US in 2017. 
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Figure 8 presents the same data of Figure  but mapping them to an approximate planning 
horizon scale. It is clear that relatively short planning horizon tactical TMIs, such as Ground 
Stop (GS), MIT and GDPs, are more heavily used than longer planning horizon strategic ones, 
such as Reroutes or AFPs (combined in Figure 8). This is also due to the fact that, strategic 
TMIs are implemented only by the ATCSCC, whereas MIT can be applied by any Traffic 
Management Unit (TMU) in facilities across the US.  

Ground Stops are the TMI of last resort when other initiatives have failed to manage demand 
in a more surgical manner. Figure 9 shows the distribution of Ground Stops by center in 2017. 
It is seen that 43% affected flight going to airports in the Northeast in Washington (ZDC), New 

ork (ZN ) and Boston (ZBW) centers. On the other hand, the impact of Ground Stops, is also 
spread across the NAS as 57% of the flights affected, were traveling to the remaining ARTCCs. 
Figure 10 presents the distribution of the number of Ground Delay Programs due to weather 
among major US airports and a breakdown of their causes. Five of the top six airports in terms 
of GDP exist within the northeast corridor. Wind, low ceilings and thunderstorms are the most 
frequent causes of GDP. 

3.2 Europe  
In Europe, a complicated collaborative decision-making process is applied to balance ATFM 
decisions on the regional (network-wide) level with those decisions being made at the local 
level. The aim is to provide all stakeholders the opportunity to influence decisions that in turn 
will affect their operations in order to conduct Demand-Capacity-Balancing (DCB) activities. 
The DCB process in Europe includes three sub-processes. Each can be assigned to individual 
stakeholder operations and DCB-related functions: i) Airspace User Operations, ii) Airspace 
Organization Management, and iii) network-oriented DCB. These processes are conducted in 
an integrated process chain.  
Airspace users (AU) start the process sharing their flight intentions represented by Shared 
Business Trajectories (SBT) available for collaborative planning purposes. These trajectories 
are subject to several validation steps during the demand-planning phase to define acceptable 
airspace utilization schemes and demand patterns. SBT design may be adapted due to external 
restrictions, such as airspace management (ASM), slot allocation, and target-time management 
(TTM). Subsequent AU-internal initiatives are mainly represented by prioritization of specific 
flights to stabilize fleet operations. The final form of the SBT becomes the Reference Business 

Figure 9: Ground Stops in US in 2017                Figure 10: Ground Delay Program Distribution at Major          
by ARTCC.          US Airports. 
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Trajectory (RBT). Airspace Organization and Management constitutes the implementation and 
the refinement of possible airspace configurations on the one hand and refinements of route 
network usage rules on the other hand. An airspace capacity plan including all activated 
airspaces is updated regularly and is then forwarded to the DCB core-process. 
The DCB process constitutes the identification of local demand-capacity-imbalances and the 
appropriate selection of DCB measures. The process itself is executed over time in four 
execution phases [10]: i) The strategic phase covers at least 6 months before the day of operation 
and includes flight plan processing and predictable imbalances. In this phase, network 
bottlenecks are identified within the EATMN. ii) The pre-tactical phase applied during the six 
days before the day of operation allocates a range of medium-term DCB measures like routing 
scenarios according to capacity regulations [11]. iii) The tactical phase conducted repeatedly 
throughout the day of operation is characterized by regular demand (traffic count) updates for 
individually defined traffic flows and DCB solution implementation together with 
corresponding network impact estimates. This phase is characterized by the application of pre-
flight slot allocation in assigning departure slots of calculated take-off times (CTOT). This is 
similar to GDP in US and Australia. These slots are designed to be in line with maximum 
demand rates along the planned trajectory en-route and at the destination airport. Finally, the 
ad-hoc phase iv) involves collaborative activities between all main actors (Network Manager, 
ANSPs, AUs and airports) to stabilize traffic flows in order to meet specific target times of 
departure or arrival at congested network segments such as airports. The application of Traffic 
Flow Management (TFM) measures (TMIs in the US) in daily operations is based on local and 
regional network operational planning. Thereby, sequencing based on (extended) 
arrival/departure management (AMAN/DMAN) support is applied plus extended sequencing 
accounting for constraints of ground-based airport infrastructure. 
The Network Manager (NM) is a facilitator of local decisions and therefore needs to integrate 
these decisions (pre-) tactically into the collaborative decision-making process. This constitutes 
the basic motivation for the generation of the daily plan, which is drafted two days prior to the 
operational day and is further revised one day prior. Flow Management Positions (FMPs) can 
disagree to pre-tactical solutions or provide alternatives. These solutions contain measures like 
re-routing and level-capping. The negotiated plan results in the Initial Network Plan (INP) from 
which the daily plan is generated for tactical operations.  
Tactically, rolling over time, network-based ATFM measures are applied to be able to facilitate 
trajectory-adaptations as a reaction on short-term hard to predict capacity shortfalls (e.g. 
weather). One measure is departure slot allocation conducted by the NM. This measure can be 
applied until two hours before. Apart from tactical slot allocation, short-term flight routing is 
applied to avoid large delays and entries into capacity violated traffic volumes. In this case, 
alternative lateral flight profiles are proposed by the NM, which need to be confirmed from the 
corresponding AU.  
The overall objective of the integrated DCB-process is the seamless implementation of DCB 
solutions to network capacity shortfalls [11]. Three sub-goals of the DCB-process can be 
described as: 
1. Optimal utilization of available capacities:

a. Sector management: adaptation of airspace configurations according to predicted traffic
patterns plays a central role prior to trajectory-related DCB measures. The aim is to adapt
the configuration of sectors through the staffing of active controller working positions
and therefore adjusting individual sector capacity.

b. Reduce traffic complexity: the resulting complexity of the total number of impacting
trajectories within one airspace may increase according to their temporal and local
distribution. Pre-tactical separation management and other flight-plan processing
initiatives may reduce the level of complexity. However, external factors that can affect
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the complexity of the network, such as convective weather, are handled on a short-term 
basis. 

c. Negotiate extra capacity: monitoring values related to demand prediction are applied to
estimate upcoming traffic patterns to be able to adapt capacity values according to (pre)
tactical needs. Generally, this is performed at the local level and in collaboration with
active controllers and the local FMP as an interface between local and regional network
operations. The decision is also based on actual occupancy counts of the controlled
airspaces and arrival/departure rates at airports.

Other measures to optimize network capacities are flight list assessments, which 
represents the constant evaluation of the predicted workload for each sector. Lastly, 
utilization of holding patterns and balancing of arrival/departure capacities are also used. 

2. Utilize other available capacities:
a. Rerouting: rerouting scenarios can either be applied to individual flights or to traffic

flows. They are applied pre-tactically and tactically, whereas the NM proposes individual
alternative routes in case of a high risk of ATFM delay assignment. These alternative
routes avoid defined areas with delay-inducing demand-capacity imbalances imposing
the potential costs of route extensions. Therefore, AUs may reject route proposals based
on internal flight prioritization needs and cost structures.

b. Flight-level management: the assignment of flight-levels on specific trajectory segments
is comparable to lateral route assignments in order to lower traffic demand on flight
levels with critical imbalances.

3. Regulate demand:
a. Regulation: a capacity restriction for a defined period of time and traffic volume imposes

constraints to traffic (flows) being assigned to this regulation. It is generally proposed in
collaboration between FMP and NM, whereas the decision for implementation or
cancellation and ownership is with the FMP. Regulations may be implemented pre-
tactically and tactically with a given regulation reason in order to provide transparency.

b.Local (FMP) Air Traffic Flow and Capacity Measures (ATFCM): local measures are
intended to maximize available capacity. They comprise internal routing and FL-capping
as well as Minimum Departure Intervals (MDI) and Miles-In-Trail (MIT). MDIs are
coordinated between ATC area control centers (ACCs), FMPs and adjacent airports, and
do not alleviate the adherence requirements of estimated off-block time (EOBT) and
calculated take-off time (CTOT) representing the ATFM departure slot. MIT are basically
comparable with application rules in the US and are coordinated between adjacent sectors
in an ACC and adjacent ACCs.

There are additional DCB measures, especially dependent on local procedures around airports, 
such as airborne holding, sub-rate definitions and capacity protections. The majority of active 
and planned measures as well as airspace configurations and additional data to support 
collaborative network operations are published via the Network Operations Portal (NOP) to 
which each operating actor has access.   
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3.2.1 TMI Usage & Impact 
The following figures provide information on ATFM impact related to the number of ATFM 
restricted flights, regulation types at airports and delay throughout the year 2017. Figure 11 
provides daily demand for each day of 2017 and the number of regulated flights. Average daily 
demand rates in the middle of the year during the summer period exceed demand rates during 
winter by a couple of thousand flights per day. The main traffic flows during summer take place 
between central Europe to Greece, Turkey and the Balearic Islands, whereas during winter 
airports located near or in the Alps are heavily utilized.  

Figure 12 provides the share of different regulation reasons at coordinated European airports. 
The main reason for ATFM regulations at airports is aerodrome capacity. Weather is related to 
this and represents another important reason for aerodrome regulation. 
Figure 13 provides ATFM delay statistics for 2017, where total delay, mean delay and the 
number of delayed flights per day are provided. During winter months, the mean delay per flight 
is higher, up to about 30 minutes per flight, which is due to de-icing and weather impact at 
airports. Total delay during summer rises due to higher flight counts throughout the day. This 
also causes more flights to be impacted by regulations. 

Figure13: European ATFM Delay Statistics in 2017. 

Figure 11: European Daily Demand & Regulated      Figure 12: European Airport Regulation Share 
Flights in 2017.                                                            in 2017. 
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3.3 Austra ia  
The role of the NCC is similar to that of the Network Manager in Europe but very different to 
the ATC System Command Center in the US. Operational control authority remains with the 
terminal control units and en-route centers; the role of the NCC is to coordinate collaborative 
decision making between the different stakeholders and ensure that the right decision makers 
have the right information at the right time. 

1) Common TMIs used
Due to the different traffic characteristic in comparison to the US and Europe, a more limited 
set of TMIs are commonly used in Australia, namely: 

1. Ground Delay Programs are the most common TMIs as demand and capacity balancing
challenges generally relate to airport capacity. GDPs are used on a daily basis and
planned one day in advance as will be discussed next.

2. Airborne holding is used to balance the tactical arrival demand against actual runway
capacity through the use of an arrival management (AMAN) system. In case of
significant increases in airborne delay, a common practice is to revise an active GDP.

3. Departure spacing/sequencing can be applied tactically if convective weather is
impacting en-route airspace on The Triangle, or to regulate flows between certain city
pairs to relieve pressure on en-route sectors.

4. Ground Stops are used in situations where conditions have deteriorated rapidly, and flow
of traffic needs to be stopped immediately.

Australia has a mature implementation of Collaborative Decision Making (CDM) between 
ATC and the major domestic airlines to mitigate the impact of disruptions across the 
Australian ATM Network. In principle, therefore TMIs are preferred that provide a high level 
of predictability and airline collaboration like the GDP.  

2) Pre-tactical ATFM Daily Plan
Planning for the GDP occurs the day prior to operations to provide airlines early notice of any 
constraints that may be present for the day of operations through the publication of the ATFM 
Daily Plan. This allows the airlines to take actions to mitigate any likely delays and start 
informing their passengers prior to them departing for the airport. 
As the first step in this planning process, airlines send their flight schedules to the NCC the day 
prior to operations to inform of the demand for the following day. At most major airports a form 
of schedule coordination occurs preventing more flights from being scheduled than the airport 
can accept in nominal Visual Meteorological Conditions (VMC) conditions. 
In the second step, the NCC establishes available capacity through a collaborative process with 
major domestic airlines and the Australian Bureau of Meteorology, in a process referred to as 
Meteorological Collaborative Decision Making (MET-CDM). The major aim of the MET-
CDM process is to assess any weather risks that may affect capacity of the network and mitigate 
operational impact. As previously explained, capacity at Australia’s major airports is very 
sensitive to weather. With flights concentrated in The Triangle, adverse weather at one of the 
airports can ripple through the Network and impact airline businesses.  
In the third step, the NCC publishes a GDP to balance the demand with the available capacity, 
as established in the first two steps. Sometimes the available capacity can be reduced to such 
an extent, that airlines make the decision to cancel some of their flights. Flight cancellations are 
careful commercial and logistic considerations by airlines, outside of the control and influence 
of Airservices. Often airlines will try to combine flights on the busy triangle to get passengers 
to their destination with as little disruption as possible.   
Through the application of CDM, all stakeholders have a buy-in to the decisions made to 
mitigate against disruptions. Being too conservative can mean under-delivery due to high GDP 



Comparing ATFM Techniques Enea, Reynolds, Jones, Lau, Bronsvoort 

1 22 

delays and potential cancellations, while being too optimistic leads to over-delivery of demand 
causing airborne delays and potential disruptive GDP revisions as en-route sectors and tactical 
arrivals management (AMAN) cannot safely deal with the high demand. 

3) GDP Revisions
Throughout the day of operations, the NCC monitors the ATM Network and collaboratively 
works with the major domestic airlines to update GDPs when required. As the original GDPs 
are set up the evening prior (to provide predictability of slot assignment), revisions of the GDP 
during the day of operations can occur as conditions may change: 
x A Level 1 GDP revision is a standard revision for when conditions have changed and the

planned arrival rates need to be amended, flights with a departure slot within 30 minutes
of the revision time are not subject to updated GDP slots.

x A Level 2 GDP revision is used when circumstances are deteriorating rapidly and/or
airborne holding is unsustainable, flights that have not yet pushed from the gate need to
comply with updated GDP slots.

x A Level 3 GDP revision is used when an arrival airport is unable to accept any flights for
a period of time, and as result significant airborne holding and airspace congestion is
occurring in en-route airspace (for example due to runway/pavement failures or storms
overhead); all flights not-yet departed need to comply with updated GDP slots (including
flights that are taxiing for departure).

Due to the concentration of traffic on a few city pairs, GDP revisions are an effective means to 
capture sufficient traffic and manage unforecasted capacity and demand imbalances. However, 
GDP revisions have significant impact on airline operations; the use of GDP revisions over 
more tactical TMIs is therefore a trade-off between operational risk management and service 
delivery.  

4) Development
The introduction of parallel runways at Brisbane (2020) and Melbourne (2023) and a second 
Sydney Airport (2026) will see strong capacity growth capable of accommodating future 
demand. The introduction of this additional capacity will likely see a focus shift for ATM 
Network Management from airports to airspace. This combined with a strong growth in 
international traffic, will see the current application of GDPs to domestic flights become a less 
effective means to balance capacity and demand. Given the size of its airspace, Australia is 
therefore investigating the application of Long Range ATFM (LR-ATFM) where international 
flights are slowed down to meet a time several hours from arrival. A small change in cruise 
speed over several hours will negate the requirement for inefficient holding closer to the 
destination. 
Further, the introduction of a networked Airport CDM solution across Australia’s major airports 
(2019/2020) will provide additional network control levers in the form of surface management 
(SMAN) and departure management (DMAN).  
The ultimate aim is to provide a CDM approach to ATM Network Management where different 
controls (i.e. TMIs) are enacted to unlock latent system capacity in terms of airspace, runways 
and gate infrastructure as shown in Figure 14. 
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Figure14: LR-ATFM and A-CDM System of Controls in Australia. 

4 DISCUSSION 

4.1 Simi arities between systems and ATM initiati es 
It is clear from the previous sections that the ATFM systems of the United States, Europe and 
Australia are very different. Local geography, regulatory environment and network distribution 
present few similarities. Nonetheless, all three have developed well-defined ATFM procedures 
and, to some extent, philosophical approaches to it.  
Common TMIs are used in all three systems as the basic tools to manage demand/capacity 
imbalances but are applied differently. An interesting similarity is the presence of “hot spots” 
for air traffic: the northeast corridor in US, The Triangle in Australia, and the quadrilateral area 
created by the first four busiest airport in EU: Amsterdam, Paris, London and Frankfurt. In all 
three systems, these hot spots generate a large share of the traffic but also of the delays, which 
then propagate through the wider system. All three systems embrace some form of CDM 
concept, however practical implementations are different.       

4.2 Differences between systems and ATM initiati es 
A fundamental difference between the three ATM systems is where the bottlenecks are located, 
which occur in the en-route airspace in Europe, compared to at airports in US and Australia. 
This is partly caused by the regulatory environment, in Europe where many busy airports have 
some level of slot control. In the US this practice is very limited to a handful of airports. On the 
other hand, European airspace is characterized by very limited route flexibility [12]. This is 
caused by multiple concurring factors: first, the European airspace is constrained by multiple 
military airspaces that, when active, limit the actual usable airspace. Second, reroutes can cause 
traffic to shift from one Air Navigation Service Provider (ANSP) to another. This causes an 
additional level of negotiation that does not exist in US or Australia. ANSPs sometimes can be 
reluctant to take the additional workload, unless the shift is perceived to be absolutely 
necessary, for example due to weather conditions.  This is the reason why at the Network 
Manager there is a representative of each ANSP, therefore also increasing the overall number 
of staff but also the complexity of the CDM process compared to the other two systems. 
Europe’s CDM basically has an additional layer of coordination and negotiation necessary.   
As shown in Section III, there is also a difference in the philosophical approach to ATFM, with 
more proactive approaches in Europe and Australia (24-48 h in advance) compared to the US. 
Historically the US ATFM technique has been more reactive, with TMI plans being developed 
at the start of each day. However, it is interesting to note that the recent PERTI initiative in the 
US is evolving ATFM decision making closer to the European and Australian approach with 
more formal longer look-ahead ATFM planning. Moreover, section 3.2 described the very 
granular process where Eurocontrol evaluates flight plans up to six month in advance and has 
the authority to suggest flight schedule modifications to airlines. This seldom happens in US. 
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Although, the focus of this paper is not on the CDM process per se, it should be noted that the 
three systems present some significant differences in this aspect as well. Generally, in EU and 
Australia the CDM process is very significant. Especially in Australia, facilitated by the limited 
number of major airlines, there is a constant effort by the ANSP to have airline buy-in to setting 
airport acceptance rates and accept associated (service) risks. Similarly, the role of the network 
manager in Australia and Europe is more of a facilitator and coordinator than of a decision 
maker. Decisions about TMIs are made at the two centers in Australia and by the local (national) 
centers in Europe. This is partly true in the US as well, but it depends more on the type of TMIs. 
Large scale reroutes and AFPs are decided at the ATCSCC and flowed down to the airlines, 
whereas MIT, GDP and GS rates are set in a more collaborative way, often involving the 
ATCSCC, centers and airlines converging on a plan through the two-hourly strategic planning 
telcon (SPT) process. Lastly, due to the additional layer of stakeholders involved, Europe’s 
CDM is by far the most complex and staff-intensive.    

4.3 Recommendations for High Va ue Additiona  Ana yses 
The ATFM systems studied in this paper are presented separately, but air transportation is a 
global system. A natural follow-up to this paper, would be the study of how the three ATFM 
systems are interconnected and how TMIs applied into one affect the other, for example for 
GDPs. Although, the impact of the exemption radius for GDP has been studied [13][14] airport-
specific TMIs (GDP, GS) do not affect international flights. A flight from Rome to Boston, is 
not affected by a GDP in place at Boston. This practice often penalizes regional traffic 
compared to international. A study on the benefits of an “international” ATFM that could 
encompass all three systems in a more integrated manner would be very valuable. This study 
could potentially look at very strategic controls, such as long range speed control [15] and CTA 
[16], that can be more easily managed in an integrated fashion.  
Lastly, significant differences in the CDM approaches have been shortly described in this paper, 
but a specific study that compares CDM practices across US, Australia and Europe could 
provide more insight and valuable lesson learned on how to improve from other region’s 
experiences. 

5 SUMMARY 
Comparison of the three different ATFM environments of the US, EU and Australia has 
demonstrated that the type of TMIs applied is very much dependent on the core capacity 
problem (airport and/or airspace). In addition, depending on the characteristics of the traffic 
flows (concentrated to few city pairs or dispersed, domestic or international) there is an 
opportunity to apply more strategic TMIs allowing for CDM with major stakeholders, though 
this requires a high level of maturity by both ATC and airlines.  
Each of the investigated ATM Networks have their strengths and weaknesses; there does not 
exist a one-size-fits-all approach. Other regions aspiring to develop a Network Management 
function should study these different networks to assess which approach suits best their unique 
operating environment. There are also opportunities for the US, European and Australian 
ATFM participants to learn from each other in terms of what techniques employed in one of 
the other systems could be adapted for their usage. 
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ABSTRACT 
Recognizing that the General Aviation will play a growing role in the development of 
transportation of people in the coming decades, the GRADE project aims at demonstrating 
that the exploitation of the GNSS technology could allow GA aircraft to perform advanced 
precision approach procedures thus facilitating their integration with commercial aviation 
and improving current airport operations. In particular, based on SBAS and GBAS 
technologies, affordable avionics equipment are tested in the GRADE project to support the 
execution of approach paths to runways that use radius-to-fix and continuous descent 
procedures. The project plans to achieve its aim by carrying out real-time simulations with 
human (pilots and air traffic controllers) and hardware in the loop, and by carrying out flight 
trials using a suitable equipped experimental aircraft. The paper will discuss the results 
achieved in the already performed real-time simulations, together with details about the 
performed procedures, the technological solutions and the real-time test facility used for the 
tests carried out so far. The preliminarily analysis confirms that the proposed solutions for 
GA will positively impact airport capacity and environmental friendliness of air transport in 
Europe, without negatively affecting safety and human performance. 

Keywords: general aviation, GNSS-based Navigation, TMA operations, Human-in-the-Loop 
simulation 

1 INTRODUCTION 
General Aviation (GA) aircraft will play a growing role for the coming decades in the 
transportation of people and goods across Europe (private and business travels, commercial 
on demand transport) and in other wide range of uses (leisure, sport, training, law 
enforcement, fire-fighting, medical services, agriculture, parcel service, aerial wor  and 
others). The integration of these aircraft into airspace used by Commercial Aviation is a tough 
challenge and is one of the topics recognized in the SESAR research initiatives 1 , especially 
for what concerns the operations close to the airports in the terminal phase of the flight. In 
fact, GA aircraft usually have a basic on board equipment and often fly according to visual 
flight rules, performing non-precision approaches (NPA) that ta e long runway occupancy 
times and require large spacing between arriving aircraft affecting significantly the operations 
of the other airspace users. The exploitation during the approach phase of navigation solutions 
based on the Global Navigation Satellite System (GNSS) technology could allow GA aircraft 
to overcome the above listed limitations and, consequently, it could facilitate the integration 
of such aircraft in an efficient and non-discriminatory manner with the faster and better-
equipped commercial aircraft into the terminal manoeuvring area (TMA). Indeed, GNSS 
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based navigation enables GA aircraft to perform Localizer Performance with ertical 
guidance (LP ), Radius to Fix (RF) curved legs and continuous descent approach procedures. 
These procedures are characterized by: 

x geometrical vertical guidance, more accurate positioning of the aircraft and increased
predictability of its behaviour, thus improving safety and reducing arrival aircraft spacing

x reduced approach minima with respect to conventional NPA procedures, that improve
airport accessibility and enable successful approaches also in bad weather conditions that
may otherwise cause a disruption event, such as delay, diversion or cancellation

x flexibility in procedure design, allowing shorter approach paths that result in fuel savings,
and may be also used for avoiding environmentally sensitive areas (e.g. populated areas
with noise restrictions).

The above considerations led to the definition of SESAR Solutions 51 2 , 55  (which 
exploit S AS GNSS technologies for the initial and intermediate approach segments and the 
final approach segment, respectively) and Solution 10  4  (which enables precision 
approach Category II III procedures relying on G AS GNSS signals). These SESAR 
Solutions were developed and validated on commercial aircraft. Their validation for GA 
aircraft, equipped with affordable instrumentations, are yet to be performed as well as proving 
the deriving benefits. As a matter of fact, the GRADE pro ect 5 , a SESAR 2020 ery Large 
Scale Demonstration pro ect, aims at addressing this topic and this paper will present some of 
its preliminary results. 
Specifically, this paper will present the results of test campaigns aimed at demonstrating the 
applicability of S AS G AS GNSS technologies for the initial and intermediate approach 
segments and final approach segment to General Aviation aircraft, performed through real-
time simulations (RTS) with human (professional pilots and air traffic controllers) and 
hardware in the loop. The results presented in the paper include the evaluation of several ey 
performance indicators extracted from the real-time simulation data for capacity, punctuality 
and pilot and controller acceptability of tested procedures and HMIs. The performed 
procedures, the technological solutions and the real-time test facility used for the tests carried 
out are also described in detail in the paper, in order to provide proof of soundness of the 
results achieved. This preliminarily analysis confirms that the implementation of GNSS based 
solutions to GA will contribute to positively impact airport capacity and environmental 
friendliness of air transport in Europe, without negatively affecting safety and human 
performance, thus contributing to the achievement of the European Flightpath2050 goals.  

2 OPERATIONAL SCENARIOS AND PERFORMANCE METRICS 
To fully analyse the feasibility of the proposed solutions, specific perational Scenarios have 
been defined for the tests. These scenarios reflect as much as possible the general 
characteristics of operations, as discussed and depicted in Section 1. In our study, a total of  
different scenarios have been built and simulated, as resulting from the various combination 
of a number of relevant factors and parameters characterizing the scenarios themselves. The 
airport considered for the RTS and for the in-flight tests to come, is the Capua airport, (ICA  
code LIAU) with four possible RNA  approach procedures (R 08N R 08S and 
R 26N R 26S). These approach procedures have been used for the simulated IFR 
traffic. n the contrary four specific GNSS curved and continuous descent procedures 
(GNSS08Nb, GNSS08Nc, GNSS26Na, GNSS26Nb) have been defined for the GA aircraft 
equipped for precise approach operations. In Figure 1, one of such procedures is reported, as 
an example, identified as GNSS08Nc procedure. 
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Figure 1: Horizontal and ertical profile of GNSS R 08Nc approach procedure for LIAU. 

Furthermore, a number of conditions, which significantly affect the procedures execution, 
have been changed to differentiate operational scenarios. 
Table 1 reports all the parameters considered and the values they could assume in defining the 
diverse simulation settings. 

GA Pilot Mode a) automatic (with throttle manually controlled)
b) manual with Flight Director
c) manual with Tunnel in the S y

IFR Traffic Density in TMA a) medium
b) medium-high

Wind a) absent,
b) wind speed 10 ts, wind direction 0 deg

Visibility a) visibility extent to 
b) visibility extent to 200 ft

GNSS Failure Mode a) nominal condition
b) Satellite Fail mode
c) Iono Fail mode
d) Navigation lost mode

Table 1: Possible Mission Settings for the real-time simulations. 

Feasibility of the proposed solutions within these operational scenarios are then measured in 
terms of technical, operational and human performance. Real-time simulation exercises (and 
future flight trials) allow the analysis and evaluation of a number of performance indicators 
that can be mapped to several ey Performance Areas of the SESAR2020 Performance 
Framewor  6 . Specifically, it was estimated that the impacted PAs for these inds of 
operations are those reported in Table 2. uantification of the expected performance progress 
in all of these PAs is carried out through the introduction of quantitative metrics that ma e 
use of data collected (or inferred) from the observation of the real-time simulation exercises. 
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Safety Impact on this PA is assessed by demonstrating that LP  in terminal 
operations and G AS-based precision approach allow improving the navigation 
accuracy of GA. The performance metric used to quantify the impact on this 
area is the measurement of the Total System Error (TSE). 

Capacity This PA is assessed through the evaluation of airport arrival throughput. 

Cost-
efficiency 

Impact on this area can be assessed considering the number of aircraft managed 
by the ATC  in a considered time period. Since in the RTS only one controller 
managed the arriving aircraft for each exercise session, the arrival throughput is 
considered as an indirect performance metric for cost-efficiency. 

Environment Impact on this PA is assessed by evaluating noise reduction and average fuel 
consumption for both the RNA  approach and the GNSS approach. 

Equity This PA can be seen as the capability of giving equal treatment to all airspace 
users. This is evaluated by verifying that the proposed solution gives access to 
GA without penalizing the nominal access of the commercial traffic. 

Human 
Performance 

This PA is evaluated through the assessment of the acceptability of the tested 
procedures and HMIs from the point of view of both pilots and controllers. 

Table 2: Impacted PAs and related performance metrics. 

3 REAL-TIME SIMULATION 
The operational scenarios discussed in the previous section were accurately modelled and 
implemented in a detailed and realistic simulated environment that allowed the execution of 
the tests and the collection of quantitative data. 

3.1 Simulation Facility 
Real-time simulations have been carried out ta ing advantage of the Integrated Simulation 
Facility (ISF), an experimental simulation infrastructure developed at the Italian Aerospace 
Research Centre (CIRA) 8 . The ISF interconnects several simulation modules and allows to 
carry out research activities in a variety of realistic  operational scenarios. The simulation 
facility allows the development and validation of prototypical hardware and or software in 
support of the full integration of RPAS and General Aviation in the future ATM system.  
All of the simulation modules are connected through the ISF networ  protocol, a flexible data 
exchange protocol that was developed by CIRA that allows all simulation agents to 
communicate in real time during all of the simulation phases (configuration, initialization and 
runtime phases). As a matter of fact the ISF facility is scalable, reconfigurable and 
customizable, allowing adding and or removing simulation emulation agents. If necessary, the 
facility also allows the connection to simulators physically located in places other than the 
CIRA laboratory.  
For the purposes of the proposed test, the ISF architecture is made of 4 main modules: 

x General Aviation oc pit Simulator: a simulator of a coc pit of a twin-engine GA aircraft
(inclusive of out of window virtual view) used by the test pilot co-pilot to fly the approach
procedures under test. It includes a GNSS receiver emulator covering S AS, GAST-C
and GAST-D types of service in both nominal and off-nominal conditions 9 10 . This
aircraft also integrates a Navigator System connected to the AP that is able of steering
automatically the aircraft along the selected approach procedure, leaving in any case to the
pilot the full authority on the throttle command. The overall system supports the pilot in
flying the selected approach procedures in either fully Manual or Automatic mode.
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x Scenario Simulator: this is a H S  environment for the management of the ISF facility
scenario data, which includes an air traffic simulator, GPS constellation simulator,
weather conditions simulator inclusive of atmospheric hazards, no-fly zone simulator,
ground navigation system s (TIS- ) simulator.

x Air Traffic seudo- ilot I: a wor station that implements a complete set of functions
to command the air traffic generated by the Scenario Simulator. It is used by the pseudo-
pilot(s) to steer the traffic according to the controllers  indications.

x ontroller or ing osition ( ): this is an emulator of an air traffic controller
wor ing position, which includes a customized HMI prototype. It is used by the
controllers to monitor and manage the incoming traffic in the terminal area.

Additionally, some utility modules are also connected to the facility for the collection of data 
useful to analyse the overall behaviour and performance of the system under test (i.e. 
engineering data logging, voice  communication system, audio-video recording). 
Figure 2 presents the functional architecture of the ISF facility. Figure  shows some of the 
simulation modules. 

Figure 2: Functional architecture of the ISF. 

3.2 Simulation Approach 
Two RTS sessions, each lasting one wee , have been carried out, for a total 5 GNSS 
precision approach procedures completed. Several professionals have been involved for a 
sound significance of the tests, namely:  
x 2 experimental pilots, alternating in flying the virtual GA simulator
x 4 Air Traffic Controllers, alternating at the C P during the simulation sessions
x 1 ATC Supervisor
x 2 human factors experts, observing the pilot and the controllers behaviour and interaction

with the HMIs
x 2 pseudo-pilots, managing the virtual IFR traffic in the scenario according to the

controllers  commands
x 6 engineers.

Not 
required 
for this 

test 

Not required 
for this test 
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Figure : (a) GA Coc pit Simulator  (b) Controller or ing Position  (c) Pseudo-Pilot HMI. 

4 PERFORMANCE ANALYSIS AND TEST CAMPIAGN RESULTS 

4.1 Collected Data 
The outputs of each real time simulation test are of four inds and are briefly discussed below. 
Engineering data: The state information for all the aircraft involved in the simulation are 
recorded on different ISF components. Table  specifies the data logged for each entity. 

Name Description 
TIME Simulation time 

UTC Time UTC time in which have been registered the data 
T A ADS-  message time of applicability 

ENTIT  Symbolic name of the simulated aircraft 
LAT GPS latitude of the aircraft 
L N GPS longitude of the aircraft 

AR ALT Measured barometric altitude of the aircraft 
GE ALT Measured Geometric altitude of the aircraft 
TRAC  Measured trac  angle of the aircraft 

GR UNDSPEED Measured ground speed of the aircraft 
ERTICALSPEED Measured vertical speed of the aircraft 

Table : Engineering data collected from all the aircraft involved in the RTS. 

Audio- ideo Recording: both voice communication and C P and GA coc pit HMIs are 
stored using a dedicated video acquisition system. 
Briefing Debriefing Notes: efore and after each simulation run, a briefing session involving 
pilots, controllers and engineers too  place to asses test conditions and ob ectives. riefing 
notes were then written by the Facility Test Manager reporting the main events and comments 
made by the actors that too  part to the simulation. Debriefing sessions focussed on 
comprehensive discussion and explanation of feedbac  provided by ATC s and Pilot, in 
order to gather inputs on requirements for procedures and technical systems. 

uestionnaires: The involved pilots and controllers filled post-mission questionnaires after 
each simulation test and post-session questionnaires at the end of each RTS session. 
These questionnaires together with the observations of the human factor experts allowed the 
collection of several human factors related measures aimed at assessing: 
x pilot and controller wor load during the execution of tested procedures
x acceptability of such procedures by pilot and controller
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x situational awareness and shared situational awareness for ATC s and Pilot
x usability of the pilot HMI to support the execution of the approach procedures with a

sufficient level of confidence and precision.

4.2 Data Analysis and Results 
As reported in Section 2, performance metrics have been defined for the 6 impacted PAs. 
Some preliminary results obtained using these performance metrics are discussed below. 
x Safety: The overall TSE in all of the executed approaches, was always lower than 0.  NM

guaranteeing sufficient navigation performance for procedure adherence and safe
execution.

x apacity: Preliminary results, still not statistically significant but nonetheless relevant to
identify qualitative trends, highlighted that the presence of the GA approaching the airport
immersed in a commercial traffic, does not change the airport throughput significantly,
especially when executing GNSS approach procedures. This is evident in both medium
and medium-high density scenarios (see Table 4 and Table 5).

Medium Density Traffic 
Time between two consecutive landings 

Mean [minutes] Standard Deviation [minutes] 
Only traffic 2.  1.4 

Traffic + GA using RNAV procedure 2.9 1.0 
Traffic + GA using GNSS procedure 2.  0.6 

Table 4: Mean time between two consecutive landings for medium density traffic. 

Medium-High Density Traffic 
Time between two consecutive landings 

Mean [minutes] Standard Deviation [minutes] 
Only traffic 1.9 0.4 

Traffic + GA using RNAV procedure 2.5 1.5 
Traffic + GA using GNSS procedure 2.  1.1 

Table 5: Mean time between two consecutive landings for medium-high density traffic. 

x ost-Efficiency: As stated in Table 2, the PI used to assess capacity is also an indirect
measurement of the number of aircraft managed by the ATC  in the considered period.
Therefore, the same considerations discussed above also apply to the cost efficiency PA.

x Environment: RTS data analysis has shown that the GNSS procedures allow a reduction
of the fuel consumption than s to continuous descent (even if there is no significant range
reduction with respect to the RNA  procedure). In addition, the GNSS procedure is also
beneficial for noise reduction. As a matter of fact the feasibility of the GNSS curved
procedure offers more flexibility to the design of approach procedures, thus allowing the
avoidance of noise-sensitive areas in a more efficient way.

x Equity: During the RTS, ATC s observed that the inclusion of the GA following a GNSS
approach procedure did not penalize the remaining commercial traffic.

x uman erformance: Exercise results demonstrate that the tested procedures do not have
negative impacts on ATC s and Pilots in normal and abnormal operating conditions and,
due to simulation technical constraints, more significant benefits can be expected in the
reality. or load and situational awareness levels were considered satisfactory and also
overall cooperation between pilot and ATC  was good with no negative impact on overall
traffic management even in case of simulated technical failures. Pilot experience with the
tested HMI provided valuable design suggestions to improve the suitability of HMI in a
wider range of use cases and potential users, especially for what concerns alarms display
and cartography.
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5 CONCLUSIONS 
This paper presents some preliminary results of the GRADE Pro ect, as emerging from the 
real-time simulation campaign, addressing the feasibility of applying to General Aviation 
aircraft, equipped with affordable instrumentations, some of the GNSS based approach 
procedures, already developed in the SESAR program for large commercial aircraft. The real-
time simulations too  advantage of the Integrated Simulation Facility (developed by CIRA) 
which includes several simulation modules (including a GA virtual coc pit, an air traffic 
C P, and a traffic scenario simulator) that allow to recreate a variety of realistic operational 
scenarios to test and analyse the potential benefits of the proposed solutions.  
Although the results collected so far are mainly qualitative, nevertheless it is possible to draw 
some significant conclusions. The performance analysis on the six impacted ey Performance 
Areas has shown that in real-time simulations the execution of the GNSS procedures by a GA 
aircraft is feasible and acceptable by both pilots and controllers. Curved and continuous 
descent approach reduces the overall environmental impact on noise and emissions. The 
integration of the GA in a medium to medium-high density commercial traffic does not 
degrade the arrival throughput. These results will finally be confirmed in the next phase of the 
pro ect, which will include an actual flight test campaign. 
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ABSTRACT 
This paper presents a status update on the work that MIT Lincoln Laboratory is performing for 
the FAA Office of Commercial Space Transportation in support of the development of the Space 
Data Integrator (SDI) concept. SDI will support the FAA in managing the increasing number 
of commercial space launch and reentry operations more efficiently and equitably and to 
reduce the impact on commercial air traffic. Two main areas of active research related to SDI 
will be presented in this paper: 1) the development of a risk analysis tool to create safe areas 
of protected airspace used to segregate space operations from air traffic and, 2) the 
methodology to evaluate first order benefits of a real-time Aircraft Hazard Area generation 
capability to support FAA traffic managers.  

Keywords: Commercial Space Operations, Benefits Analysis, Air Traffic Modeling 

1 INTRODUCTION 
The number of commercial space operations is increasing and is expected to continue to do so 
in the future [1]. New launch and reentry sites are becoming operational increasing the potential 
extent and frequency of activation of restricted Aircraft Hazard Areas (AHAs) which other 
airspace users, such as commercial aircraft, need to avoid, as illustrated in Figure 1.  

* DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited.
This material is based upon work supported by the Federal Aviation Administration under Air Force Contract No.
FA8702-15-D-0001. Any opinions, findings, conclusions or recommendations expressed in this material are those
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Figure 1: Commercial Space & Aircraft Operations Interactions 

There is also rapid evolution in the operating concepts for launch and reentry vehicle operators, 
which currently include conventional rocket launch and re-entry, rocket launches with multi-
stage fly-backs and captive carry air launched payloads. As a result of all these factors, the need 
to develop tools to safely, efficiently and equitably coordinate air and space launch and reentry 
operations will grow over time. This paper introduces a modeling framework designed to assess 
aircraft risk from commercial space launch and reentry operations so that suitable decision 
support tools can be developed for the Federal Aviation Administration (FAA) in their 
management of airspace. As a result of all these factors, the need to develop tools to assist air 
traffic managers to safely, efficiently and equitably coordinate air and space launch and reentry 
operations will grow over time. In the United States, the Federal Aviation Administration is 
developing the Space Data Integrator (SDI) which will integrate real-time data from 
commercial space launch and reentry vehicles and will ultimately facilitate decision support to 
help set AHAs and manage air traffic around them. MIT Lincoln Laboratory is supporting the 
FAA’s Office of Commercial Space Transportation in developing the SDI system, specifically 
in the areas of dynamic AHA generation approaches and evaluating first order benefits of the 
introduction of these capabilities into the National Airspace System (NAS).  
The paper first introduces the SDI concept, and then presents the MIT Integrated Risk Analysis 
Tool (MITIRAT) approach that is foundational to a dynamic AHA generation approach. The 
methodology to evaluate the benefits of SDI is then presented along with some preliminary 
results. The paper ends with a discussion on the status of the work and planned next steps. 

2 SPACE DATA INTEGRATOR PHASE I 
SDI is going to be the foundational capability to assist the FAA in the process of safely 
managing air traffic with space launch and reentry operations. Moreover it provides the FAA’s 
Joint Space Operations Group (JSpOG) with automated situational awareness by monitoring 
launch and reentry missions from the time the data link is established from the launch and 
reentry vehicle to the termination of the data flow, including the full transition through the NAS. 
Finally it allows for detection and response to abnormal events [2]. The SDI will receive real-
time data, process it, display it, and distribute it to tools that perform real-time computations to 
determine the location, extent and duration of closed airspace that the vehicle will effect. A 
prototype of the main SDI display is presented in Figure 2, but the efforts reported in this paper 
are supporting the requirements for and development of the final deployed system that builds 
upon this prototype.  
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Figure 2: SDI Enhanced Space Data Display Prototype [2]. 

3 MIT INTEGRATED RISK ANALYSIS TOOL MITIRAT  MODELING 
FRAMEWORK 

In Phase II of its development, SDI’s real-time AHA generation capability will need to rapidly 
calculate the location and size of AHAs which are large enough to maintain safety of non-space 
airspace users while minimizing disruptions to their operations. In order to evaluate the risk of 
different launch and reentry operations, and their impact on airspace to protect from commercial 
air traffic, MIT LL has developed the MIT Integrated Risk Analysis Tool (MITIRAT). This 
software provides a tool to capture the key aspects needing to be considered to assess aircraft 
risk from commercial space launch and reentry operations in terms of what data is available 
and when, as illustrated in Figure 3. It is comprised of the following elements: 

x Vehicle Trajectory Model which captures the mission type (e.g., launch, reentry or
captive carry operation) and the characteristics of the vehicles involved in the mission.
This is the source of the “truth” data representing aspects such as the vehicle trajectory,
speed profile and major events involved in the operation used by the downstream
MITIRAT elements.

x Vehicle Tracking Model which captures the characteristics of the systems used to
provide surveilled states for use by ground decision support systems. Tracking is
typically accomplished either via access to telemetry data from the vehicle (either
directly to a ground station or via a space-borne tracking system such as NASA’s
Tracking and Data Relay Satellite (TDRS) system) or via independent surveillance
systems such as space-borne assets or ground-based radar or optical systems.

x Space Operator/FAA Network Model captures time lags and drop-outs that may occur
in the networks of the space launch and reentry vehicle operator and/or FAA in the
transmission of data to a ground decision support tool.

x Risk Analysis Model where the risk to commercial aircraft which may be in the vicinity
of a debris field in the event of an off-nominal space launch and reentry operation is
calculated. This includes modeling of the characteristics of off-nominal space launch
and reentry events (e.g., aerodynamic vs. explosive off-nominal events) as well as
specifics of different risk metrics (e.g., persistent presence vs. 4D debris/aircraft
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trajectory intersection considerations, size of AHAs used to protect aircraft from 
different volumes of airspace to a given Acceptable Level of Risk (ALR), etc.). 

Figure 3: MIT Integrated Risk Analysis Tool (MITIRAT) 

MITIRAT is designed to assess the impacts of different assumptions in any of its elements in 
order to determine their effect on aircraft risk. Typical configurations of the MITIRAT elements 
already implemented at MIT LL entail: 

x Vehicle Trajectory Model:
o Telemetry data from a representative reentry mission.
o Assumptions of quality of telemetry data based on “nominal”, “intermediate”

and “ideal” inertial measurement unit (IMU) performance from representative
industry product specifications [3][4].

x Vehicle Tracking Model:
o Assumed telemetry data provided to ground system from NASA TDRS system

[5].
x Space Operator/FAA Network Model:

o Total system lag times of 0-250 secs to include effects of a range of space vehicle
operator and FAA network lags

o Additional 268 secs in some cases to include effect of Loss of Signal (LOS) of
telemetry data in the ionospheric black-out period.

x Risk Analysis Model:
o Off-nominal event debris based on Space Shuttle debris catalog [6].
o Debris propagation using Stanford Range Safety Assessment Tool (RSAT) [7].
o AHAs consistent with reentry mission being considered at 10-7 ALR.
o Aircraft risk metric being considered: % of debris outside assumed AHA.

Varying these configurations, sample AHAs can be created for different types of missions. 
Currently, this process is computationally intensive but current work is exploring how its 
execution can be significantly shortened such that it can be used for dynamic AHA generation 
during real time operations.  

4 SDI PHASE II BENEFITS ANALYSIS METHODOLOGY 
In order to motivate the introduction of the real-time AHA generation capability of SDI Phase 
II, it is also necessary to estimate the benefits that this could enable. The primary benefit 
mechanisms being explored are in the following areas: 
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1. Reduced commercial aircraft fuel burn and passenger delay due to less commercial
aircraft deviations enabled by:

a) Smaller size of the AHAs due to better information in the planning and execution
stage,

b) Faster release of the AHA airspace as the launch/reentry mission transpires due
to real-time data into SDI,

c) Reduced number of cancellations, diversions and adverse interactions with other
Traffic Management Initiatives (TMIs),

2. Improved response to off-nominal events,
3. Reduced workload for ATC, launch/reentry operators, and
4. Reduced launch/reentry operators’ costs.

This section focuses on how to identify first order benefits in the first of these categories given 
this is expected to be the primary benefit mechanism.  

The methodology developed by MIT LL to identify these benefits is illustrated in Figure 4. 
MITIRAT can be used to identify appropriately-sized AHAs given operational needs. The 
impact of these AHAs can then be assessed by exploring which flights enter the AHA region 
by comparing to Traffic Flow Management System (TFMS) track data. Those flights would 
then need to be re-routed using a re-route model. uantifying the impact of these re-routes in 
terms of extra track miles and time of flight incurred by all those flights can then be calculated. 

Figure 4 Benefit Analysis Block Diagram. 

Figure 5 shows representative AHAs (in pink) overlaid on traffic density maps created from 
TFMS [8] historical data.  



Decision Support Tools for Commercial Space Enea, Jones, McMillon, Pawlak, Reynolds 

1 3  

Figure 5: Traffic Density Map and Example Locations (adapted from [9]). 

Overlaying representative AHAs of different sizes and durations, in locations consistent with 
current launch facilities across the NAS and calculating the number of flights that cross the 
AHAs, provides a proxy of the number of flights impacted by the commercial space launch or 
reentry operation. Using real-time data, SDI will reduce the size and duration of these AHAs 
therefore reducing the impact of space launch and reentry operations on air traffic. For a first 
order analysis, the sizes/length of activation analyzed were based on scaled sizes of current 
AHAs. Later analyses will use MITIRAT to create different AHA sizes for different initial 
conditions, system lag, etc. The number of impacted aircraft, excess track distance and extra 
flight time for different AHA locations will be evaluated. The cost of the reduced extra distance 
and flight time will be converted into US Dollars using standard FAA approaches (Aircraft 
Direct Operating Costs/Passenger Value of Time values) [10]. The final analysis will 
parametrically vary the size and the duration the AHA are in place. Moreover the location of 
the AHA in the NAS will impact the number of impacted flights (see Figure 5).  

To calculate the extra distance incurred by the flights impacted by the AHA, a simple heuristic 
was developed and represented in Figure 6 for an illustrative flight from Atlanta to the 
Caribbean Islands. The heuristic identifies the closest corner of the AHA to the entry point of 
the TFMS track into the AHA. This defines which side the flight is going to turn to avoid it. 
The additional distance flown is calculated by subtracting the leg of the original track between 
the turn and the turn back (AB) to the additional distance (AC CB).  
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Figure 6: Additional Distance Flown Heuristic. 

To test the methodology, preliminary analysis of the impacts of a historical AHA used during 
an actual launch operation from Cape Canaveral Air Force Station is presented. The impact was 
calculated using TFMS historical data for the entire day of June 4 2019 and, for the hours of 
9:00 AM to 10:00 AM Eastern Standard Time of the same day. On that day, TFMS tracked 
66,019 flights in continental US (CONUS) airspace. The summary of the results for the two 
data sets is presented in Table 1. The tracks are presented in Error  Reference source not 
found.. 

Table 1: Sample Launch AHA Impact Summary Results. 

June 4 A  Day June 4 -1  AM 
Impacted F ights 768 46 

Tota  E tra Distance KM  12,618 741 
A erage E tra Distance KM  16.4 16.1 

Figure 7: TFMS Tracks Impacted by Sample Launch AHA. 
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The total number of impacted flights would have been 768 for the entire day and 46 if the launch 
window was between 9:00-10:00 AM. The total amount of extra kilometers flown would have 
been 12,618 and 741 respectively. Similar average reroutes around the AHA of approximately 
16 kilometers per flight were observed in both cases. To monetize the amount of reroutes caused 
by this particular AHA, the total number of additional kilometers could easily be converted into 
extra travel time which can then be multiplied by the standard ADOC or PVT dollar values. 

5 CONCLUDING DISCUSSION AND FUTURE WORK 
This paper described some of the ongoing work that MIT LL is performing for the FAA Office 
of Commercial Space in support of the SDI Phase II program. This system is envisioned to 
support decision support tools that will manage the projected growth of commercial space 
launch and reentry operations. Currently, MIT LL is continuing the refinement of the benefits 
analysis and is also developing an algorithmic approach to create AHAs in real time to support 
the FAA during the execution of launch and reentry operations from space.   
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ABSTRACT 

This paper compares the use of three technologies for recision Agriculture  IoT devices, airborne 
and satellites. After creating a sample with more than  data-based startups, they were classified 
according to different dimensions, among which location, funding, technology used for data 
collection. The paper highlights that all the three technologies are self-sufficient  they do not need to 
be complemented by other technologies to provide farmers with useful practical indications. Airborne 
and IoT support several agricultural activities (Irrigation, ertilization, ield orecast, ests and 
Diseases detection and management). Satellite technologies are self-sufficient for all the 
abovementioned activities, except for the detection and management of ests and Diseases.  

or what concerns possible adopters, a survey was distributed to  Italian farmers. The 
survey shows that even if awareness and diffusion of Agriculture .  are still low, farmers  trust 
toward technologies is high.  Simplicity of use and cost are the two main variables on which 
innovators need to wor  in order to diffuse precision tools in the Italian primary sector.   

Keywords: Precision Agriculture, Internet of Things, Drones, Remote Sensing 

0. INTRODUCTION

The goal of this paper is to compare the possibilities offered by the three main data-collection 
technologies used for Precision Agriculture: IoT sensors, airborne and satellites. In Section 1, using 
past research, the typical functioning of these three technologies is explained. Moreover, Section 1 
analyzes their main advantages and disadvantages. Section 2 describes the ecosystem of data-based 
Precision Agriculture startups, clustering them according to several different classifications (location, 
hardware software, technology, functionalities). ne of the main goals of Section 2 is to analyze the 
functionalities offered by each technology, to understand if the three technologies are self-sufficient 
or if Precision Agriculture software must use more than one technology to provide a complete and 
useful service for farmers. After focusing on the supply side in Section 2, Section  studies possible 
adopters  awareness and opinions about Precision Agriculture. Through the analysis of the answers 
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to a survey distributed to Italian farmers, this Section will focus on the demand side. The goal of this 
Section is to identify the main problems preventing farmers from adopting Precision Agriculture 
tools. Finally, Section 4 will reconcile the two views (Supply and Demand) drafting practical 
conclusions about the perspectives of the sector. 

1. LITERATURE-BASED COMPARISON OF THE THREE MAIN TECHNOLOGIES
FOR DATA COLLECTION FOR PRECISION AGRICULTURE

1.1 Introduction to Section 1 

Using previous research on this topic, Section 1 compares IoT, satellite and airborne-based 
technologies for agriculture. For each technology, a dedicated subsection describes the processes of 
data collection and fruition. Moreover, each subsection analyzes advantages and disadvantages of the 
technology, highlighting technology-specific issues. 

1.2 Satellite ima es for Precision A riculture 

. .  opernicus for agriculture 
Agriculture has been one of the first sectors to utilize Earth bservation (E ) technologies for 
decision ma ing. Given its high environmental impact, it has been one of the focal points for 
development tac led by EU policies. 1  End users are given a choice among commercial or free 
public sources of data (e.g. Copernicus). 

Copernicus has been demonstrating a big potential for the development of precision farming, 
initiating an agricultural pro ect on a global scale (Global Agriculture Sectoral Information System 
Pro ect). 2  enefits from Copernicus are reported to increase the expected average annual revenue 
growth rate by 20  in agribusinesses.  Targeted final users along the value chain differ in profiles, 
from start-ups to SMEs, from large companies to scientific actors (research organizations and 
universities) and public authorities. Copernicus can provide these actors with timely and continuous 
input for farm management and forecasting, supporting the identification of crops  health and needs. 
Farmers can obtain information about agricultural land use and trends, crop conditions and yield 
forecasts. E -data also supports input management, farm management recording and irrigation 
management. Furthermore, seasonal mapping of cultivated areas, water management, drought 
monitoring and subsidy controls are possible domains for Copernicus. 1  Sentinel-2 can be a suitable 
data source for most of the agricultural applications (especially large-scale commodity production). 
4 However, for some precision high-value applications, such as vineyard monitoring, a higher

resolution ( -5m) is needed.  verall, Copernicus with its three Sentinel platforms, forms a unique
European system for agricultural mapping and monitoring. Copernicus Atmosphere and Climate
Services are considered relevant for providing users with meteorological information, since climate
changes significantly affect crop growth conditions. Sentinel 1 and 2 can be very useful even at a
parcel scale (nearly real-time monitoring on-site), where the quality of agricultural products can be
extracted from data about crop conditions (e.g. pests and phenology), soil conditions (e.g. moisture,
surface conditions, farming practices). 5

. .  Satellite-based applications for agriculture 
Earth bservation (E ) data contributes mostly to the upstream phases of the agri-food supply chain: 
selecting crop area, sourcing, planting and growing. Table 1  (source: PwC for European 
Commission, 2019) describes the main agricultural applications for satellite data. 
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Application End users Benefits 

SMART  
PRECISI N 

AGRICULTURE 

ield mapping 
Input management 
Farm management 

recording 

Farmers 
Agricultural cooperatives 

More efficient and appropriate use of inputs 
Increased productivity, cost efficiency 

and profitability 

CR P 
M NIT RING 

Seasonal mapping 
of cultivated areas 
Support to subsidy 

controls 

Public authorities (focused on food 
security or those providing the 

subsidies) 
Farmers (performing the control) 

Assess crop location changes 
etter monitor food security issues 

More efficient controls, limiting chec s 
on-site 

Reduction of the ris s during controls 

ATER AND 
DR UGHT 

MANAGEMENT 

etness indicators 
Soil moisture 

indicators 
Crop mapping 

Input management 

Decision ma ers 
(national public authorities and 

international bodies) 

Prevention of polluted water systems 
Determination of irrigation needs 
Improved monitoring of droughts 
Support in tac ling food security 

Table 1: Agricultural activities that can be supported by satellite technologies Source: PwC for European 
Commission, 2019  

Smart agriculture practices can provide users with digital data in the form of advisory, which allows 
farmers to boost productivity and profitability. Suggestions can arise in the fields of fertilization, 
irrigation and pest management, to reduce input requirements (such as water, fertilizers and pesticides 
usage). In general, the main benefit of satellite-based precision farming is the reduction in the input 
level (water, fertilizers, pesticides). Such practices enhance farmers  compliance with the EU 
agriculture related regulation.  However, these techniques are estimated to have effects also on 
productivity ( 10 ).  

. .  Barriers for adoption 
Even though the first E -based applications for farming emerged in the 1990s, there are still some 
barriers preventing end users from adoption. First, there is a lac  of local experts and understanding 
of the technology, calling for capacity-building initiatives regarding E  programs. 6  Users who 
could benefit the most from E  data (e.g. farmers) struggle to afford such services  thus, data is 
usually distributed through cooperatives, on a larger scale, since farms can be highly fragmented. 6  
A study within the Indian agricultural mar et has identified further barriers for precision agriculture 
adoption, such as lac  of success stories from E -data implementation.  The main benefits of E -
data implementation arise in the long run than s to trend analysis and this enhances s epticism among 
farmers toward adoption, worsened by cultural barriers and conservativeness . Further 
collaboration among communities is needed within the sector (farmers, cooperatives, advisory and 
machinery services, food processing and agribusiness) to increase awareness and accelerate the 
development of innovative downstream services, by using the full potential of Copernicus and other 
free datasets. 5  

. .  Technical analysis of satellite-imagery services currently on the mar et and comparison with 
agricultural technical requirements 

In literature, many studies are present about remote sensing application in agriculture, mainly 
for crop field and bi-dimensional yields. Several case studies have shown the potentialities of satellite 
imagery. Exploiting the bac scatter effect and recording data on different spectral bands, using 
vegetation indexes many authors showed the effectiveness of precision agriculture application  
despite that, being at an early age of satellite farming, few studies are available concerning cost-
optimization of satellite imagery features and accuracy of model obtained.  

Among the others (spectral band available, spatial resolution), temporal resolution is a critical 
parameter for precision agriculture application. In general, a desirable frequency could be obtained 
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using a constellation of satellites from a single provider, opportunely interspersed, in order to acquire 
images on a target area with the desired frequency.  

According to Sozzi et. Al 8 , who surveyed the mar et of satellite imagery providers, the most 
common imagery services available are resumed in Table 2 : 

Satellite Pro ider  Spatial 
resolution 

m pi el  

Spectral resolution 
nm  

Re isit time 
days  

Sentinel-2 (Copernicus, EU) 10 458-680 85-900 5 
Landsat- 8 (NASA, US) 15 450-690 0-900 8 

Dove (Planet, US)  420- 00 0-900 1 
RapidEye (Planet, US) 5 440-685 690-850 5 

ompsat-2 A (SIIS, R) 0.55-1 450-690 60-900 -6
Pleiades-1A 1  (Airbus, FR) 0.5 4 0- 20 50-950 1 

Spot-6  (Airbus, FR) 1.5 455-695 60-890 1 
orld iew 2 4(Digital Globe 

US) 
0. -0.5 450-690 0-1040 1 

GeoEye-1 (Digital Globe US) 0.5 450-690 80-920  

Table 2: Resume of commercial imagery providers 8  

As clear from Table 2 , all charged services provide high spatial resolution (equal or lower than 5 
meters) and revisit frequency higher than one image per five days. The worst performances are shown 
by Landsat- 8 and Sentinel, which are free-of-charge services. 

For what concerns the needs of precision agriculture applications, it is difficult to state an 
ideal  revisit time. roadly spea ing, nothing can be stated about an ideal revisit time without 
nowing which culture is being analysed and which precision level is needed by the agronomical 

model used. Theoretically, at least one image would be requested for each growth stage of the plant, 
so that the model used to represent the behaviour of the crop would not be poor of data. In addition, 
atmospheric conditions need to be considered: not necessarily a satellite passage means usable images 
for crop modelling due to cloud coverage and atmosphere reflectance. 

Precision agriculture with remote sensing is usually based on the following process: from 
satellites, through many inds of models (empirical based on regression, stochastic, deterministic, 
etc.), eventually integrated with meteorological data, the biophysical variable (such as leaf area index, 
fraction of vegetation cover, fraction of absorbed photosynthetically active radiation) is obtained and 
then, nowing the ind of cultivation, agronomic variables can be determined (water and azote 
balance, biomass, expected yield, etc.). Using the latter, it is possible to ta e decisions about harvest 
management (sowing dates, irrigation, fertilization) and to optimize yields and expenses. Thus, the 
revisit time must be such that crop modelling is precise and it is possible to ta e decisions between 
different measurements. This aspect establishes a lower bound for revisit time: a revisit time of less 
than one day would be exaggerated (most cultures do not show relevant changes during this interval). 

In the same manner, it is possible to set an upper bound for revisit time. intil  et al. 9  
studied the errors made in modelling LAI (Leaf Area Index) with a varying revisit: they considered a 
field in which LAI were measured and compared the LAI calculated from satellite images with 
different frequencies (1,2, , ,15 and 0 days) with a mathematical model based on measured values. 
The result is shown in Figure 1 : the root mean square deviation obviously grows with revisit time 
but the study concluded that for PA application revisit times lower than  days are suitable.  
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Figure 1: RMSE on LAI compared with revisit satellite time 

nce established the ideal frequency it is important to remind that quasi-real-time images are 
required for useful applications of information. Indeed, to be useful, farmers must be able to act on 
the crop before the crop state changes again. Another (banal) constraint is that the transmission time 
(interval between collection of the image and availability to the farmer) must be lower than the revisit 
time.  

To conclude, given that most applications offer revisit times lower than  days and nearly 
real-time availability, most commercial services comply with these requirements and are suitable for 
Precision Agriculture applications without any ind of trade-off.  
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1.  Drones 

Aircraft have been used in agricultural applications for more than a century. The obvious advantages 
of aerial agriculture come from an aircraft s ability to cover large areas quic ly without damaging the 
growing environment. However, this ind of applications has become more and more widespread in 
the last years, because of the steep growth in the diffusion of drones. Drones have been used since 
the early-1980s. The mar et stood at 69 bn  in 201  and is expected to grow at a CAGR of 11  in 
the next five years. 11  In the early phases of their commercialization, drones had high prices (10-
0 ) and required expensive computer hardware for processing the collected images. In addition to 

this, there was a competency gap preventing farmers from using these technologies on their fields: 
reading the results of the aerial survey and analyzing the images required high-level programming 
s ills. Today, drones have more affordable prices and the regular internet speed for domestic usage 
has increased. Using cloud technologies, the collected images can be processed without any 
programming or technical s ills. Nowadays, the main issue to be dealt with is the size of the datasets. 
Indeed, the size of datasets grows along with accuracy and information precision, generating up to 
140 G  of data for a single square ilometre with ground sampling distance (gsd) of 1 centimetre . 
12  

. .  Drones-based observation 
UA s can observe the crop determining different indices and are able to cover up hectares of fields 
in a single flight. For this observation, thermal and multi spectral cameras are used to record the 
reflectance of vegetation canopies. They are mounted on the downside of the drone. The camera ta es 
commonly one capture per second, stores it and sends it to the ground. The pictures are captured at 
least in the four visible wavelengths and the NIR (Near Infrared avelength) 1 : 

• lue wavelength 440-510nm
• Green wavelength 520-590nm
• Red wavelength 6 0-685nm
• Red edge wavelength 690- 0nm
• Near infrared wavelength 60-850nm.

. .  Drones-based data collection for agriculture  purposes 
Drones are used for several other agricultural activities (i.e. Planting, crop spraying, irrigation) 14 , 
but   drones  main agricultural applications are related to data collection: 

• Soil and field analysis: drones produce precise D maps for early soil analysis, useful for
planning seed planting activities. After planting, drones-driven soil analysis provides data for
irrigation and nitrogen management.

• Crop monitoring: data collected by drones and converted in time-series animations can show
the precise development of crops and reveal production inefficiencies.

• Health assessment: by scanning a crop using both visible and near-infrared light, drone-
carried devices produce multispectral images that trac  changes in the plant s conditions and
indicate its health.
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1.4 IoT 
Internet of Things (IoT) is the networ  of physical ob ects embedded with electronics, software, 

sensors and networ  connectivity, that enables them to collect and exchange data . 15  According 
to the United Nations, the global population will amount to 9,6 n by 2050 16 , thus requirements 
for food will increase. The main aim of the application of IoT in the agricultural sector is to empower 
farmers with decision-ma ing tools and automated technologies, enabling the integration of products, 
nowledge and services for higher productivity, quality and profit. There are several examples of IoT 

applications in agriculture (e.g. crop and livestoc  management, irrigation and water quality 
monitoring, weather monitoring, soil monitoring, disease and pest control). It is predicted that IoT 
device installations in agriculture will increase from 0 million in 2015 to 5 million in 2020, with a 
CAGR of 20 . 1  

. .  Description of the technology 
From a technological point of view, there are four ma or components for IoT applications 18 : 

• IoT Devices: often referred as IoT sensors, they monitor different variables (e.g. soil nutrients,
temperature, wind direction, chlorophyll).

• Communication technology: there are several possibilities: short-range or long-range
communication standards, licensed or unlicensed, with sensors acting as nodes or as bac haul
networ . 18

• Internet: it enables IoT data to be available everywhere in the orld. IoT middleware and
connectivity protocols are being developed 18  to favor the connectivity of heterogeneous
systems and devices.

• Data Storage and Processing Units: IoT systems collect enormous quantities of data in
different forms. Agriculture management information systems (e.g. nfarm Systems,
Farmobile, Cropx) have been developed to manage various forms of data. 18

. .  imitations of IoT with respect to competing technologies 
There are three main groups of limitations when considering the application of IoT in agriculture 
18 :  

• usiness Limitations: the profitability of farms is an issue for the sector. etween 2004 and
201 , only 24  to 5  of farms had a positive farm net income higher than the estimated
opportunity cost, meaning that around two in three farmers could ma e better use of their
resources in another economic activity 19 . These low profit margins ma e it difficult to
invest in high-tech solutions. The main classes of costs related to IoT solutions are:

1. Setup costs (purchase of hardware)
2. Subscription costs (subscription for the centralized services offered by IoT platforms)
. Maintenance costs

4. Learning costs (opportunity cost for learning how to deal with IoT technologies)
• Technical Limitations: limitations related to data collection and storage, but also to hardware

problems. For this category, the main class of problems are:
1. Interference problems: possible if the deployment of IoT devices is massive. It can

lead to data loss and reduce the reliability of the entire ecosystem.
2. Data security and privacy problems
. ulnerability to physical attac s and damages

4. Technical limitations related to the product itself (e.g. limited memory)
• Sector-specific Limitations: regulatory challenges concerning the need for a legal framewor

regarding the ownership of farm data (e.g. between farmers and data companies). Country-
specific regulations can harm the diffusion of IoT for international supply chains.

• Problems related to data specificity: IoT devices collect data about a limited area. Especially
for large fields, a massive deployment is needed. Moreover, this type of data acquisition
(punctual and not continuous) does not allow to fully exploit all the potential of modern
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agricultural technologies (e.g. water or fertilizer spreading with GPS-guided agricultural 
machines) that reduce waste (and therefore input costs). 20  21  

. .  Advantages of IoT  
Advantages from using IoT include: 

• Low costs for adapting the existing infrastructure: IoT devices are generally powered through
batteries or through small integrated solar panels. Farmers do not need to use electric cables
for power-supply purposes.

• Local information: IoT devices provide farmers with specific information. They give a
punctual insight on the conditions of a small area. This feature enables highly specific
agricultural practices, particularly useful especially for high-value-density products.

• Farmers are passive  users: IoT devices are connected via wireless to a control unit which
transmits the acquired data to the farmer (e.g. ia cloud, internet ). Unli e with other
technologies (e.g. Drones, cameras), the farmer receives information without directly
participating to the data collection.
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2 STATISTICAL ANALYSIS OF DATA-BASED STARTUPS FOR PRECISION 
AGRICULTURE 

2.1 Introduction to Section 2 

The goal of this section is to study the diffusion of data-based Precision Agriculture startups and to 
ma e a comparison between the practical limitations of the three technologies under analysis (IoT, 
satellites, airborne) in terms of functionalities supported. Section 2.2 summarizes the methodology 
followed in this Section. Section 2. .2 analyzes the diffusion of data-based Precision Agriculture 
startups from a geographical point of view. Section 2. .  studies geographical trends concerning 
funding for the companies of the sample. In Section 2. .4, the sample is clustered depending on the 
technologies employed for data collection. Section 2. .5 aims at answering the following question: 

ith reference to the sector of Precision Agriculture, are there any differences in terms of funding 
between solely-software startups and hardware-based startups . Section 2. .6 studies which 
agricultural activities (Fertilization, Pests Management, Irrigation, ield Forecast) can be supported 
by each of the three data-collection technologies.   

2.2 Methodolo y 

To perform this part of the analysis, the selected database was Crunchbase, a platform for finding 
business information about private and public companies  22 . According to Dalle et al. (201 ), 
numerous wor s have started using it (Crunchbase) as a source of relevant data for their research, 

some of which is already published in top-tier ournals  2 . In theory, users searching for a company 
on Crunchbase.com should be able to access the following information: 

• asic Info (e.g. rganization name, headquarters location, headquarters regions, estimated
revenue range, description, founding date, closing date, number of articles, description)

• Categories (i.e. category groups, categories)
• Team (e.g. number of founders, number of employees, founders, current employees, past

employees)
• Funding (i.e. number of funding rounds, last funding date, last funding amount, last funding

type, last equity funding amount, total equity funding amount, total funding amount, last
funding round, funding rounds)

• Investors (e.g. number of lead investors, number of investors, lead investors, investors)
• Acquisitions (e.g. number of acquisitions, acquisition status, acquisitions
• IP  (i.e. IP  date, money raised at IP , valuation at IP , stoc  symbol, stoc  exchange)

However, not all the companies provide complete information. 

The goal of the search was to create a sample of startups operating in the Agricultural sector and 
founded in the period between anuary 1st, 2014 and December 1st, 2018. To do so, the filters used 
were the following: 

• perating status: includes any Active
• Founded date: between 01 01 2014 and 1 12 2018
• Category Group: includes Agriculture and farming

The result was a sample of 1 6 active startups, founded in the period 2014-2018 and belonging to 
the Category Group Agriculture and Farming . For all the 1 6, the following information (when 
available) was collected: 

• Name
• Founding date
• Location
• Total funding amount
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The following step was to analyze each of the 1 6 startups to cluster them according to the NACE 
classification. NACE, French acronym for Nomenclature statistique des Activit s conomiques 
dans la Commonaut  Europ enne , is the statistical classification of economic activities in the 
European Community, published by Eurostat. The version used was the Revised 2 version, adopted 
in 2006. 24  Table , 4, 5, 6 and  report the NACE classes relevant for the agricultural sector 25 : 

Input 
companies 

Code Description 
01. 0 Plant propagation 
01.64 Seed processing for propagation 
10.91 Manufacture of prepared animal feeds 
20.15 Manufacture of fertilizers and nitrogen compounds 
20.20 Manufacture of pesticides and other agrochemical products 
46.12 Agents involved in the sale of fuels, ores, metals and industrial chemicals 

Table : NACE classification for Input Companies (only codes relevant for the Agrifood supply chain) 
Source: own elaboration  

Farmers, 
reeders 
and 

Fishers 

Growth of 
crops 

01.11 Growing of cereals (except rice), leguminous crops and oil seeds 
01.12 Growing of rice 
01.1  Growing of vegetables and melons, roots and tubers 
01.14 Growing of sugar cane 
01.19 Growing of other non-perennial crops 
01.21 Growing of grapes 
01.22 Growing of tropical and subtropical fruits 
01.2  Growing of citrus fruits 
01.24 Growing of pome and stone fruits 
01.25 Growing of other tree and bush fruits and nuts 
01.26 Growing of oleaginous fruits 
01.2  Growing of beverage crops 
01.28 Growing of spices, aromatic, drug and pharmaceutical crops 
01.50 Mixed Farming 
01.61 Support activities for crop production 
01.6  Post-harvest crop activities 
02. 0 Gathering of wild growing non-wood products 

Animal 
breeding 

01.41 Raising of dairycattle 
01.42 Raising of other cattle and buffaloes 
01.4  Raising of horses and other equines 
01.44 Raising of camels and camelids 
01.45 Raising of sheep and goats 
01.46 Raising of swine pigs 
01.4  Raising of poultry 
01.49 Raising of other animals 
01.62 Support activities for animal production 

Fishing 
and 

aquaculture 

0 .12 Freshwater fishing 
0 .21 Marine aquaculture 
0 .22 Freshwater aquaculture 

Table 4: NACE classification for Farmers, reeders and Fishers (only codes relevant for the Agrifood supply 
chain) Source: own elaboration  
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Technology 
suppliers 

25.  Manufacture of tools 
28. 0 Manufacture of agricultural and forestry machinery 
28.9  Manufacture of machinery for food, beverages and tobacco processing 
46.61 holesale of agricultural machinery, equipment and suppliers 

. 1 Renting and leasing of agricultural machinery and equipment 

Table 5: NACE classification for Technology suppliers (only codes relevant for the Agrifood supply chain) 
Source: own elaboration  

Support 
activities Transportation 

51.21 Freight air transport 
52.10 arehousing and storage 
52.21 Service activities related to water transportation 
52.22 Service activities related to air transportation 
52.2  
52.24 ther transportation support activities 

Table 6: NACE classification for Support Activities (only codes relevant for the Agrifood supply chain) 
Source: own elaboration  

Service 
providers 

Service-to-
consumer 

62.01 Computer programming activities 
6 .12 eb portals 
9.12 Tour operator activities 
9.90 ther reservation services 

6 .11 Data processing, hosting and related activities 
2.11 R D on biotechnology 
2.19 ther R D experimental activities on natural sciences and 

engineering 
.10 Advertising 
.20 Mar et research and opinion polling 

4.90 ther professional, scientific and technical activities 
5.00 eterinary activities 

Table : NACE classification for Service Providers (only codes relevant for the Agrifood supply chain) 
Source: own elaboration  

Each startup was assigned one and only one of the codes reported in Tables , 4, 5, 6,  The 
assignment of the code was based on the information reported on the startup s website. If more than 
one code were applicable, the startup was assigned the code considered more representative for the 
company s activities. If a startup s website was not accessible (e.g. inactive or absent website), the 
startup was excluded from the sample. In case of erroneous assignment to the Category Group 
Agriculture and Farming  (e.g. the firm does not operate in the same sector as reported on 

Crunchbase), the startup was excluded from the sample. The goal of this paper is to analyze data-
based startups involved in Precision Agriculture. Not only software companies (e.g. startups involved 
in activities such as data processing and analysis), but also hardware companies (e.g. startups 
manufacturing and or selling devices for data collection) were considered. Since we were loo ing 
exclusively for data-based business models, using the abovementioned NACE classification, startups 
not associated to the following codes were excluded: 

Technology 
suppliers 

25.  Manufacture of tools 
28. 0 Manufacture of agricultural and forestry machinery 
46.61 holesale of agricultural machinery, equipment and suppliers 

. 1 Renting and leasing of agricultural machinery and equipment 
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Service 
providers 

62.01 Computer programming activities 
6 .12 eb portals 
6 .11 Data processing, hosting and related activities 
2.11 R D on biotechnology 
2.19 ther R D experimental activities on natural sciences and engineering 
.20 Mar et research and opinion polling 

4.90 ther professional, scientific and technical activities 

Table 8: NACE codes considered for the analysis Source: own elaboration  

The remaining startups (the ones associated to the codes reported in Table 8 ) were analyzed 
furtherly. Subsequently, the startups whose business models were neither inherent to Precision 
Agriculture nor based on data collection, processing and analysis were eliminated from the sample. 
The result was a sample of 225 startups. These 225 startups constituted the final sample of startups 
suitable for the purpose of the paper. For each of them, the following information was retrieved from 
Crunchbase: 

• Founding year
• Location (country) of the headquarters
• Total funding amount

The following information was added manually: 
• Location (country) for startups which did not provide this information
• Location (continent) of the headquarters (North America, South America, Africa, Asia,

Europe, ceania)
Subsequently, since not all the Total funding amounts  were expressed in the same currency, it was 
necessary to convert these data into the same currency (US dollars). To do so, the considered 
exchange rates were calculated as in Table 9  26 . The exchange rate USD RL was calculated 
differently from the others due to the absence of less aggregated data from the chosen source 26 . 

E chan e rate Value Calculated as 
USD AUD 0, 88209 Daily average in period 2014-18 
USD RL 0, 0251  early average in period 2014-18 
USD CAD 0,800 04 Daily average in period 2014-18 
USD CHF 1,040182 Daily average in period 2014-18 
USD EUR 1,1 29 Daily average in period 2014-18 
USD G P 1,444088 Daily average in period 2014-18 
USD N D 0, 15  Daily average in period 2014-18 

Table 9: Exchange rates used for the calculations Source: own elaboration  

It is important to underline that startups add self-describing data on a voluntary basis. Therefore, 
some data about funding were missing. For this reason, it was not possible to analyze funding data 
for all the 225 startups in the sample. 
The following step was to cluster the 225 startups according to the following categories: 

1. Type of agricultural activity performed
• nly agriculture
• nly animal breeding
• oth agriculture and animal breeding

2. Type of product service offered
• Solely-software: the product service system offered consists of an app website platform.

No physical devices related to the data-based activities performed by the
app website platform are commercialized by the startup.
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• Hardware-based: the company commercializes physical devices for collecting data.
. Data sources

• Sensors (IoT weather)
• Airborne data
• Satellite data
• Direct contact with experts
• ther sources (or not specified sources)

4. Functionalities of the product service
• Identification of pests and diseases
• Recommendations about fertilization
• Recommendations about irrigation
• ield forecast
• Information about weather conditions
• ureaucratic guidance
• Managerial guidance (farm s organization cost reduction optimization of labor and

other resources)
• General guidance (not better specified solution  for the agricultural sector)

After the collection of data about the startups, a statistical analysis of the sample was performed. Its 
results are shown in Section 2. . 

2.  Results 

. .  Introduction to Section .  
This Section has the goal to identify factors that drive the success of data-based Precision Agriculture 
startups. Section 2. .2 and 2. .  analyze the topic from a geographical point of view, investigating 
the differences in number of startups and funding across macro-areas. Section 2. .4 provides an 
overview about the diffusion of different technologies for data collection (with focus on IoT sensors, 
drones and aircraft, satellites). Section 2. .5 studies the differences in funding between hardware and 
software Precision Agriculture startups. Finally, for each technology Section 2. .6 studies which 
agricultural activities can be supported, evaluating the three data-collection methods in terms of 
operational completeness. 

. .  Geographical distribution of data-based precision agriculture startups 
Table 10  and Figure 2  describe the distribution of Precision Agriculture startups across 

geographical macro-areas. 

Continent macro-area  Number of startups 
Africa  
Asia 25 
Europe 58 
North America 6  

ceania 16 
South America  
Un nown 1 

Total 20  

Table 10: PA data-based startups by continent Source: own elaboration  
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Figure 2: PA data-based startups by continent Source: own elaboration  

According to our sample, Europe (28 ) and North America ( 0 ) represent the two main macro-
areas in terms of innovative startups for data-based precision agriculture. South America (18 ) and 
Asia (12 ) lag behind. Despite being a small continent, ceania hosts a significant number of 
companies in the sample (8 ). Finally, Africa ( ) is a minor area for what concerns innovation for 
Precision Agriculture. It is interesting to underline that these figures are consistent with the level of 
automation of agriculture across the macro-areas. To ma e a proper comparison, the following index 
was calculated: 𝑆𝑖𝑧𝑒 − 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝑠 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝑠𝑀𝑎𝑐𝑟𝑜𝑎𝑟𝑒𝑎′𝑠 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛           (1) 

The value of this indicator for each macro-area is reported in Table 11 . 

Macro-area Population Mn people  Si e-ad usted number of startups 
North America 5 9 0,1088 
Europe 41,4 0,0 82 
Asia 446  0,0056 
Africa 1216 0,0058 

ceania 6 0,4444 
South America 422,5 0,08 6 

Table 11: Size-ad usted number of startups Source: own elaboration  

The Size-ad usted number of startups  can be interpreted as the number of innovative startups in 
Precision Agriculture per capita, for each of the six macro-areas identified in this paper. Given the 
size of the sample and the heterogeneous economic and social conditions across the macro-areas, the 
values assumed by the abovementioned index are not significant by themselves. Nevertheless, 
considering their orders of magnitude, they are useful for comparing population-ad usted innovation 
rates across continents. e discover that South America (0,09), North America (0,11) and Europe 
(0,08) have similar values in terms of PA-startups per capita. n the other hand, the indices calculated 
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for Africa (0,0056) and Asia (0,0058) are lower by several orders of magnitude, meaning that these 
two macro-areas tend to be less sub ect to the creation of innovative ventures in the sector. ceania 
is a particular case  its size-ad usted number of startups is 0,4444, by far the highest. Previous research 
has underlined the peculiar aspects of agriculture in ceania (and especially in Australia, where the 
dimensions of farms appear to be an outlier in comparison with farms from every other country in the 

orld) 2 . Given the relevance of agriculture for the country s GDP (12 ) 28  and the size of 
Australian farms 29 , the high number of PA startups in relation to the population is understandable. 
The values regarding PA-startups per capita are consistent with the automation of the agricultural 
sector across macro-areas ( Table 12 ). Territories where agriculture is less labor-intense tend to have 
a higher degree of automation and therefore a stronger sensibility toward precision techniques. For 
all the six macro-areas, Table 12  shows the comparison between the number of PA-startups per 
capita and the percentage of population wor ing in the primary sector 0 . The column Employment 
in agriculture  reports all the employment data relevant for the macro-area. This has been necessary 
because of the differences between the macro-areas considered in this paper and the ones utilized by 
the orld an . 

Macro-area Si e-ad usted 
number of 
startups 
startups person  

Employment in a riculture  of total 
employment  

North America 0,1088 1  
Europe 0,0 82 4  (European Union) 

9  (Europe and Central Asia) 
Asia 0,0056 21  (Arab orld) 

26  (East Asia and Pacific) 
9  (Europe and Central Asia) 
1  (Middle East and North Africa) 
44  (South Asia) 

Africa 0,0058 21  (Arab orld) 
1  (Middle East and North Africa) 
55  (Sub-Saharan Africa) 

ceania 0,4444  (Australia) 
6  (New ealand) 

South America 0,08 6 14  (Latin America and Caribbean) 

Table 12: Size-ad usted number of startups, comparison with employment in agriculture Source: own 
elaboration  
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. .  unding distribution for data-based precision agriculture startups 
Figure  shows the number of startups in the sample for which data about funding are available and 

different from zero. For each macro-area, Figure 4  displays the percentage of funded startups with 
respect to the total number of startups belonging to the macro-area. 

Figure : Funded startups by continent Source: own elaboration  

Figure 4: Percentage of funded startups by continent Source: own elaboration  

The percentage of funded startups is not significantly different across the six macro-areas. North 
America and ceania have the highest percentage of funded startups (respectively 50, 9  and 50 ), 
but the values regarding Europe and Asia (4 ,10  and 40 ) do not differ much. As for South 
America and Africa the percentages are considerably lower. 
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Figure 5  shows the average and median funding by macro-area. 

Figure 5: Average and median funding by continent Source: own elaboration  

oth in terms of average and median, Asian startups receive higher funding amounts in comparison 
to other macro-areas. In reality, given the low number of available data, no conclusion can be drafted 
regarding Asia, Africa, ceania and South America (respectively 10, 2, 8, 9 startups considered). 
Even if still scarce, the available data for North America ( 2) and Europe (25) are more numerous 
and allow for some considerations about the two financing landscapes. North America s average 
funding is 4,21 Mn , while Europe s average funding is 2,02 Mn . In terms of median, the difference 
is slightly less noticeable (1,425 Mn  for North America,  88,8  with respect to Europe s 0, 5 
Mn ) but still very significant. This difference between North America and Europe is well- nown 
and consistent with previous literature, newspaper articles and mar et reports. According to Finistere 

entures 1 , the US venture community plays a dominant role in financing the AgTech sector. 
According to Maarten Goossens (Anterra Capital, a Dutch agrifood tech fund), in 201  Europe 
accounted for only 15  of global investment in Agrifood tech startups. 2  This trend is not an issue 
exclusively for the Agrifood supply chain. In 2018, Europe invested around 2  n  in venture capital, 
while the U.S. invested 1 0 n  and China 92 n   4  
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. .  recision Agriculture startups  distribution by technology for data collection 
Figure 6  displays which type of data the startups in the sample use for their operational indications 

Figure 6: PA data-based startups, distribution by technology Source: own elaboration  

Almost two out of three companies in the sample (64 ) use a single type of technology for data 
collection. Applications based exclusively on IoT are the largest group ( 2 ), while the other two 
single-source groups (Airborne-data-based and Satellite-data-based) are equally spread (16 ). n 
the other hand, startups collecting data from two different sources (IoT and Airborne data, IoT and 
Satellite data or Airborne data and Satellite data) represent 5  of the sample. Startups using all the 
three technologies are very rare (2 ). This result is significant from an economic point of view: it is 
possible to draft complete business models collecting data with only one of the three technologies. 
This result is particularly important for satellite data. Indeed, drones and IoT sensors allow to collect 
hyper-local information. They are more flexible than satellites and their use can be customized more 
easily according to the farmer s needs. Moreover, high-precision data-collection tools tend to be 
appealing for niche high-value-density productions, ustifying the existence of startups completely 
devoted to such technologies. The same does not hold for satellite-based services. Satellite data are 
less precise but provide decision ma ers with huge quantities of information. During their orbit, they 
collect data on bigger areas in comparison to drones. Moreover, they cannot be controlled by the 
farmer according to his daily need. Therefore, satellites are less utilizable for niche high-value density 
applications and more suitable for mass services. The significant presence of PA startups based solely 
on satellite data is meaningful from a business point of view. It means that despite the 
abovementioned characteristics of satellite technologies, innovators seem to believe that it is possible 
to draft profitable satellite-based business models for Precision Agriculture. 
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. .  recision Agriculture startups  differences in diffusion and funding between startups 
proposing exclusively software products and hardware-based startups 
The goal of this section is to analyze if there are differences in funding between purely-software 
startups and hardware-based startups. Purely-software startups have been defined as startups that do 
not commercialize any type of physical device. Data are collected, processed and sold to customers. 
Hardware-based startups have been defined as startups involved in data collection processing and 
commercialization, but whose business model is (at least partially) based on the commercialization 
of physical devices. First, this Section will analyze the topic considering the entire sample. Then it 
will focus on the technology (airborne-data-based products) in which the dualism between these two 
categories (purely-software and hardware-based) seem to be more relevant. Indeed, satellite-based 
startups offer almost exclusively purely-software services (100  of the startups based exclusively on 
satellite data does not commercialize any hardware product). n the other hand, IoT solutions are 
strongly based on the presence of devices such as sensors (81  of IoT-based startups is hardware-
based). Airborne-data-based startups (in particular drones-based) present a more even balancing 
between hardware and software. Therefore, it is a suitable subsample for studying which of the two 
categories of products services (hardware and software) is more attractive for PA investors. 

 Table 1  shows the number of hardware and software startups in the sample. Figure  
compares the percentage of funded startups between the two categories. 

Number of startups in the sample Number of funded startups 
nly software 14  4  

Hardware included 8 9 
Total 225 86 

Table 1 : Number of solely-software and hardware based startups Source: own elaboration  

Figure : Hardware vs Software, percentage of funded startups Source: own elaboration  

Hardware-based companies constitute 5  of the sample, while purely-software startups account for 
65  of the analyzed startups. In percentage, hardware-based startups receive funding more often 
(50 ) than solely-software startups ( 2 ). 
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Figure 8  describes the difference in funding received by purely-software and hardware-based 
startups. The two blue (left) columns display data about purely-software startups, the orange (right) 
columns display data about hardware-based startups. 

Figure 8: Hardware vs Software, average and median funding Source: own elaboration  

Even if the difference is small ( 9 ), on average solely-software startups receive more funding in 
comparison to hardware-based ones. If we consider the medians, the difference is larger ( 44 ). 

The findings of this section are consistent with the trends of the financing mar et. Software 
startups are more because they are easier to launch, since they require lower initial investments 5 . 
Moreover, their cost structure tends to be leaner, as the cost of inputs for purely-software startups is 
not comparable with the expenses for component and materials (e.g. semiconductors) which have to 
be sustained by high-tech hardware startups. For what concerns funding, in our sample hardware 
companies are funded more often than software companies but on average they receive less money 
from investors. A possible explanation lays in the different variability within the two subsamples 
(software and hardware). The subsample composed by solely-software companies is homogeneous. 
Two main clusters of business models can be identified: 
1. Data-based generic consultancy for several sectors (among which agriculture): the startups

collects satellite aerial data and analyzes the collected information depending on the customer s
needs

2. Data-based applications for agricultural management: the information collected is transformed
into operational insights accessible real-time by the farmer.

n the other hand, hardware products are more differentiated. They tend to be less comprehensive 
and more specific. They address a particular need (e.g. water control for smart irrigation) rather than 
giving operational recommendations on several farming activities at the same time. 
Higher homogeneity implies lower recognizability and therefore less possibilities to gain a significant 
diffusion within the sector. This could be one of the reasons for the high percentage of non-funded 
purely-software startups. For what concerns funding amounts, the reason of the discrepancy between 
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the two categories could be that software companies are less difficult to scale up. They become viral 
more easily, their R D costs are lower and the cost of errors is inferior. 

As explained above, the same analyses were performed considering the subsample composed 
by drones-based startups. 

Number of startups in the sample Number of funded startups 
nly software 28 11 

Hardware included 14  
Total 42 18 

Table 14: Number of solely-software and hardware-based startups, an overview of the mar et of drones   
Source: own elaboration  

Figure 9: Hardware vs Software drones-based startups, percentage of funded startups Source: own 
elaboration  

Data about funding rates are very similar to the ones obtained with the entire sample. The same 
conclusions drafted for the entire sample apply also to the subsample composed by drones-based 
startups. 
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Figure 10: Hardware vs Software drones-based startups, average funding Source: own elaboration  

Data about average funding are consistent with the results obtained with the entire sample. The same 
conclusions drafted for the entire sample apply also to the subsample composed by drones-based 
startups. 

. .  Differences in functionalities offered across data-collection technologies 
This Section explores the differences in functionalities offered across data-collection technologies. 
Given a number of agriculture-related activities (fertilization, irrigation, management of pests and 
diseases, yield forecast), the aim of the section is to identify which data collection technologies are 
compatible with each activity. The analysis will be divided in three subsections, one for each of the 
data collection technologies analyzed in this paper. 

The first subsample to be analyzed has been the one composed by satellite-based PA 
applications. The goal of the analysis is to understand how compatible satellite-based applications 
are with four agriculture-related activities (fertilization, irrigation, management of pests and diseases, 
yield forecast). For each activity, Figure 11  shows how many satellite-based startups in the sample 
offer functionalities related to the activity. Each column is divided into four areas. The blue (lower) 
area represents the number of startups based solely on satellite data that offer functionalities related 
to the activity. The orange and grey areas show the number of startups based on two data-sources 
(one of which satellites) offering functionalities related to the activity. The yellow (upper) area shows 
the number of startups based on all the three data sources that offer functionalities related to the 
activity. The idea upon which this Section is based is that the higher the blue column, the more self-
sufficient the technology for what concerns the activity under analysis. The same applies for airborne-
data-based startups and IoT-based startups, which will be discussed below. 
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Figure 11: Analysis of the functionalities for satellite-based startups Source: own elaboration  

For fertilization, irrigation and yield forecast, the sample suggests that satellite data can be self-
sufficient. In fact, for all the three activities, the blue portion of the column is predominant over the 
others (respectively 58 , 58  and 66  of the total height of the column). n the other hand, for 
what concerns the management detection of pests and diseases, few satellite-based startups offer 
functionalities related to this activity, despite the high number of solely-satellite-based startups ( 2). 
As noticeable in Figure 11 , when it comes to pests and diseases, satellite technologies are often 
complemented by at least one of the other data collection technologies. 

The same analysis has been carried out for airborne-data-based startups. The results are shown 
in Figure 12 . 

Figure 12: Analysis of the functionalities for airborne-data-based startups Source: own elaboration  
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This category of startups seems to be self-sufficient for all the four considered activities. Differently 
from satellite-based startups, here pest management is the most commonly offered functionality (26 
startups) and it is also the functionality for which airborne-data-based startups demonstrate the 
highest self-sufficiency (69 ). e can conclude that, in general, airborne-data-based startups (with 
differences from startup to startup) are suitable for dealing with all the four agricultural activities 
considered in this paper. 

The same analysis has been carried out for airborne-data-based startups. The results are shown 
in Figure 1 . 

Figure 1 : Analysis of the functionalities for IoT-based startups Source: own elaboration  

This category shows the highest level of self-sufficiency among the three technologies analyzed in 
this paper. IoT products services are suitable by themselves for giving procedural recommendations 
for the processes of fertilization, irrigation, pest management and for forecasting yields. 

In the last years, scholars and academicians have studied the possibility to use these three 
technologies to collect relevant data for agriculture. These researches have given positive results in 
terms of predicted benefits for farmers. The aim of this paper is to analyze whether the world of high-
tech startups has been able to translate these scientific findings into coherent business models. The 
problem of technology transfer is a relevant issue in several sectors. The goal of this Section is to 
understand whether the PA research community suffers from this ind of problem. 6  

The results of the analysis confirm that startups have been able to translate into business 
activities researches carried out in controlled scientific environments. Irrigation, Fertilization and 

ield Forecasting are supported by startups regardless the data source. For what concerns Pest 
Management, it depends on the type of pest disease under analysis (and in particular to its 
symptomatology). The use of satellite images for pest management and detection depends on the 
level of resolution required for an accurate diagnosis. For the other three activities, the level of 
resolution currently available for satellite images is more than sufficient for providing farmers with 
procedural indications. 
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. DEMAND ANALYSIS: ITALIAN FARMERS  AWARENESS  OPINIONS AND TRUST
TOWARD DIGITAL AGRICULTURAL TOOLS

.1 Introduction 

Section  aims at describing the point of view of potential adopters of these three technologies, 
farmers. Their opinions are explored with a survey that interrogates them about their habits and about 
what they thin  of Precision Agriculture tools. Section .2 describes the survey and how it was 
diffused. Section .  analyzes the most significant results of the survey. 

.2 Methodolo y 

To perform this part of the analysis, a short questionnaire was drafted and distributed to Italian 
farmers through several Faceboo  groups. e chose not to distribute the questionnaire through 
specialized Faceboo  groups (e.g. groups for agronomists, groups for students in Agricultural 
Sciences) in order not to distort the sample in terms of level of competencies. The questionnaire was 
distributed through generic agricultural Faceboo  groups. The questionnaire was composed by the 
following questions, shown in Table 15. 

uestion Type of uestion 
1) How old are you Single choice 
2) In which Italian region do you live Single choice 
) hat is your main ob Single choice 

4) hat is your level of education Single choice 
5) Do you own a farm Single choice 
6) hich products do you cultivate Multiple choices possible 
) How many wor ers are employed in your

farm
Single choice 

8) hich social media do you use more than
wee ly

Multiple choices possible 

9) Have you ever heard about Agriculture
4.0

Single choice 

10) hich digital instruments do you use in
your farm

Multiple choices possible 

11) Do you use sensors in your fields  If yes,
which ind of sensors

Single choice 

12) Have you ever used drones on your fields
If yes, for which activities

Multiple choices possible 

1 ) hich of the following sentences describe
your opinion about the use in agriculture of
digital tools such as sensors, apps and
software

Multiple choices possible 

14) In Italy, only 1  of farmers uses high-tech
tools. In your opinion, what are the main
reasons for the low diffusion of technology
in agriculture

Multiple choices possible 

15) hat is your level of trust toward
technology

Single choice 

16) For you, what would be the main decision
driver for the adoption of precision tools
on your fields

Single choice 

Table 15: Survey Source: own elaboration   

1
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After the survey, the 1 5 answers were analyzed. Results are shown in Section . . 

.  Results 

This section describes the results of the questionnaire described in Section .2. This Section is split 
into five subsections. Section . .1 analyzes Italian farmers  awareness about Agriculture 4.0. Section 
. .2 describes Italian farmers  level of familiarity with Precision Agriculture technologies. Section 
. .  is about the level of trust Italian farmers demonstrate toward technology. Section . .4 evaluate 

their opinions about the diffusion of Precision Agriculture. Section . .5 investigates the drivers for 
adoption of Precision Agriculture techniques, methods and tools. 

. .  Agriculture .  farmers  awareness 
Figure 14  shows the farmers  awareness about Smart Agriculture (the so-called Agriculture 4.0 ). 

Figure 14: Awareness among Italian farmers about Agriculture 4.0 Source: own elaboration  

The most stri ing result exposed in Figure 14  is that more than one farmer out of three does not 
have nowledge about Agriculture 4.0. The low awareness demonstrated by the respondents shows 
that, to diffuse Smart Farming among farmers, it is necessary to inform and educate them about the 
possibilities opened by new technologies. 

Nevertheless, a positive signal for the growth of Agriculture 4.0 in the Italian context is that 
2  of the interviewed farmers states that he she uses digital tools applied to agriculture. This figure 
is hard to evaluate in terms of past research: according to Politecnico di Milano ( sservatorio Smart 
Agrifood), 55  of the farmers use techniques oriented to Agriculture 4.0  8 . n the other 
hand, according to Agronotizie, the percentage of Italian fields cultivated with Precision Farming 
techniques is lower than 1 . 9  

The two abovementioned data deliberately refer to different levels of depth for the diffusion 
of precision agriculture techniques. The generic locution use of techniques oriented to Agriculture 
4.0  does not imply 1) that the considered farmers use these techniques on all the fields they cultivate 
2) that, even where these techniques are adopted, the field is cultivated with Precision Farming
techniques. Indeed, Precision Farming is a comprehensive approach that includes several techniques,
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tools and methods. The simple use of a single technique oriented to Agriculture 4.0  is not sufficient 
for the applicability of the definition Precision Farming . 

Having said this, the 2  obtained in our survey is exactly in the middle of the interval 
between the two abovementioned data. In theory, given the genericity of the definition digital tools 
applied to agriculture , it would have been natural to hypothesize a percentage closer to Politecnico 
di Milano s value. 

. .  armers  familiarity with recision Agriculture techniques and tools 
This Section has the goal to investigate farmers  familiarity with techniques and tools typical of 
Agriculture 4.0. Figure 15  shows the answers to the question n your fields, have you ever used 
sensors  If yes, which ind of sensor . 

Figure 15: Use of sensors among Italian farmers Source: own elaboration  

The diffusion of sensors among Italian farmers is very low. Three in four farmers have never used 
sensors on their fields. 25  of the sample has used some sort of sensors on his her fields, but only 

 has used IoT sensors at least once. The abovementioned numbers show that despite a growing 
mar et ( 2 0  last year)  8  the adoption rate is still low. 40  
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An analogous question was posed about the use of drones. Figure 16  shows the answers to the 
question Have you ever used a drone on your fields  If yes, for which purposes  

Figure 16: Use of drones among Italian farmers Source: own elaboration  

Figure 16  shows that drones are still niche products, with a low diffusion among Italian farmers. 
ut of 1 5 answers, 124 were negative: the respondents have never tried drones on their fields. For 

the small minority of farmers that tried (at least once in their lives) to use drones on their fields, the 
most common application is the analysis of images to assess the health of their crops. 

Even if both the numbers are low, drones present more relevant barriers for adoption in 
comparison to IoT sensors. Indeed, as explained in Section 1, IoT sensors do not modify drastically 
the farmers  daily wor ing routine. nce installed, they require periodical maintenance, but the 
farmer is a passive user that receives insights and can directly apply them. n the other hand, the 
great ma ority of drones-based applications and services requires a s illed operator to manage the 
flight (at least in the launch  phase). This is a drastic change in the farmer s methods. Thus, apart 
from the cost for training the operators, drones require more extensive changes in the procedures to 
follow. Therefore, change management is a more relevant issue for drones and therefore a relevant 
barrier in comparison to IoT technologies. 

Never used a drone

Drones used for spreading pesticides or biological control
agents

Drones used for analysing (via images) the state of crops

Drones used for spraying fertilizer

Drones used for irrigating crops

0 20 40 60 80 100 120 140

Have you ever used a drone on your 
fields? If yes, for which purposes?



L. PI ANI ET AL. P TENTIAL ENEFITS F SATELLITE DATA IN PRECISI N AGRICULTURE 

 

. .  armers  trust toward new technologies 
This section aims at analyzing possible problems of trust toward new technologies, hypothetically 
preventing the adoption of Precision Agriculture techniques. Figure 1  shows the answers to the 
question: From 1 to 10, which is your level of trust toward new technologies . 

Figure 1 : Italian farmers  level of trust toward new technologies Source: own elaboration  

Figure 1  shows high levels of trust toward technology. These answers disprove the common 
stereotype: Italian farmers are not a bac ward class, suspicious toward novelties. bviously, a good 
attitude toward technology is not sufficient by itself: farmers need to be provided with user-friendly 
tools that can be easily used without high-tech s ills of any sort. 
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. .  armers  opinion about recision Agriculture tools (and more in general digital tools) 
Figure 18  describes the opinions of the interviewed farmers about the use of digital tools in 

agriculture. Farmers could choose more than one answer. 

Figure 18: Italian farmers  opinions about digital tools in agriculture Source: own elaboration  

ut of 1 5 respondents, 84 (62,22 ) answered that technology can be useful not only for big farmers, 
but also for small-medium farmers. The truthfulness of this sentence has been demonstrated by 
several research articles in the last years  . However, the problem is mostly operational, as 
these scientific results struggle to be transformed into virtuous practices. Fountas et al. 4  underline 
that the main problem determining smallholders  low adoption rate is not the cost. Farmers tend to 
be s eptical about the results of digital-based precision techniques. This is also demonstrated by the 
8 farmers (28 , second highest value) that answered Digital technologies require an excessive 

investment given their effective value . This is a problem not only in terms of purely monetary costs, 
but also for what concerns opportunity costs. Indeed, Fountas et al. state that precision techniques are 
highly time-demanding in comparison to other innovations that were introduced more easily and 
quic ly on the mar et (i.e. Genetically Modified Crops). 

Figure 19  investigates the farmers  opinions about the low diffusion of PA techniques. The 
main difference from Figure 18  is that in this case farmers are as ed to provided information about 
the entire sector, referring not only to their personal experience. 
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Figure 19: Italian farmers  opinions about digital tools in agriculture Source: own elaboration  

According to the survey, costs constitute the main barrier for the diffusion of Precision Agriculture. 
The investments needed for purchasing technology tools are considered a problem for a wide adoption 
Precision Agriculture ( 2 answers out of 1 5). Moreover, 41 1 5 answered that it is not simply a 
matter of financial availability. According to them, the problem is that enefits of the use of digital 
tools are smaller than their cost . Complexity ( 1 5) and difficult integration with existing 
machinery ( 0 1 5) are other relevant barriers highlighted by the respondents. 

Furthermore, almost nobody (8 1 5) answered by stating that Traditional agriculture leads 
to better results . This is consistent with Section . . , where the respondents showed high levels of 
trust toward new technologies. 
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. .  Drivers for the adoption of digital tools for recision Agriculture 
Figure 20  shows the farmers  answers to the question hat would be your main decision driver 

for the adoption of precision tools on your fields . The aim of the question was to study the point of 
view of Italian farmers, understanding which characteristics they would appreciate in a PA-service. 

Figure 20: Italian farmers  main drivers of choice for adopting precision tools Source: own elaboration  

Respondents split almost equally between Simplicity of use  ( 8 ) and Cost  ( 2 ), the two most 
common answers. This is coherent with the findings of the previous Sections. 

It must be noted that 95  of the respondents use Faceboo  at least wee ly, more than 50  
use other social media (Instagram, Lin edIn etc.). Moreover, 6  use generic agriculture-related 
applications for smartphone, 8  use generic agriculture-related applications for tablet and 26  use 
computers for eeping trac managing their tas s. The level of simplicity requested is therefore a 
normal interaction typical of mainstream applications and software. 
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4. CONCLUSIONS

European Precision Agriculture data-based startups are disadvantaged in terms of funding in 
comparison to U.S. new ventures. However, this is a structural problem, due to the higher activity of 
the North American C mar et. 

Hardware-based business models are less in number and more frequently funded than solely-
software business models. n average, solely-software startups receive more financing than 
hardware-based new ventures. 

The ma ority of business models in the sector utilizes a single technology. As they can be used 
more easily for high-precision applications in high-value-density cultures, this consideration has 
lower significance for IoT devices and drones. Nevertheless, it is meaningful for satellite data, which 
offer massive quantities of data with a lower level of detail. The fact that a high number of innovators 
relies exclusively on satellite data for Precision Agriculture business models demonstrates that this 
technology is self-sufficient. The information retrieved by satellites can be used by farmers without 
needing to be enriched with data from higher-level-of-detail sources. Moreover, this is a positive 
signal for the level of adequacy of the technology transfer process, from research organizations 
(where this topic has been being investigated for several years) to businesses.  

As for the analysis of the agricultural activities that can be supported by satellite data, IoT 
technologies and airborne-data-based services are useful, self-sufficient and exploited by startups for 
a wider set of agricultural applications (Fertilization, Irrigation, ield Forecast, Pests and Diseases 
Management). However, the same analysis shows that satellite technologies are useful, self-sufficient 
and exploited by startups for activities such as Fertilization and Irrigation consultancy and ield 
Forecasting. The same does not hold for activities of Pests and Diseases detection and management, 
as the symptomatology is often undetectable with a macroscopic level of detail.  

For what concerns possible adopters, Italian farmers highlight the importance of two factors 
above the others, simplicity and cost. It is important to underline that the respondents use general-
purpose social media at least on a wee ly basis. Therefore, the desired level of user-friendliness must 
not be researched far away. Several general-purpose social media and widely diffused applications 
are already showing the way.  

Farmers perceive costs as a big problem for the diffusion of high-level technologies. 
bviously, this is a useful indication for all the three technologies. In the era of two-sided business 

models, we have become accustomed to receiving services without paying monetary fees (but paying 
with our data). Several startups have tried to replicate business models inspired to this trend, without 
considerable success. This ind of business model would succeed in lowering costs for adopters, 
allowing for a wider diffusion of Precision Agriculture tools. The scale needed by such business 
models (and their gratuity for end users) ma es satellite technologies the natural choice for supporting 
them. Indeed, satellites allow to collect massive quantities of data on a continuous basis. This ma es 
satellite technologies the most naturally scalable technology among the three evaluated in this paper. 
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ABSTRACT 
Acoustic Diagnostics is an Italian Space Agency (ASI) biomedical experiment exploiting the 
diagnostic potential of otoacoustic emissions ( AEs) to monitor the astronauts  hearing health 
on board the International Space Station (ISS). It will be executed on the ISS ( uly -

ebruary ), during the BE ND mission sponsored by European Space Agency (ESA). 
Italian astronaut uca armitano and American astronaut Andrew organ have been 
subjected to Baseline Data collections before leaving for their mission, using a dedicated 
scientific instrument developed by niversity of Rome Tor ergata, INAI , ampus Bio-

edico, and niversity of Roma a Sapienza (as science team), collaborating with Aerospace 
ogistics Technology Engineering ompany (A TE ) for the payload development, test, 

verification and acceptance. These data are then compared with the equivalent measurements 
performed on the ISS, every month (or two months, dependent on crew time availability) during 
the BE ND mission. inally, measurements are performed also post-flight, few days after 
astronaut return on Earth. ASI, in the frame of its national mission of promoting and fostering 
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the culture of space across the ountry, provides access to the ISS as a laboratory in space. 
The utilization support services are provided than s to a contract, awarded by ASI, to 
ARG TE Telespazio ( TISS Team). 

Keywords: ASI, ISS Utilization, Astronaut health, Auditory study. 

1 INTRODUCTION 
Hearing impairment is one of the most relevant issues in ccupational Health. The International 
Space Station (ISS) is a very special wor place, characterized by continuous ambient noise of 
moderate level (typically 50-60 d A in the Columbus module), and (as an almost unique 
feature) by micro-gravity conditions due to the free-fall nature of the ISS orbital motion. As it 
is well- nown, micro-gravity conditions systematically deceive  the homeostatic system that 
normally ensures the correct pressure of intracranial fluids, acting against terrestrial gravity. As 
a consequence, intracranial fluid pressure on the ISS is abnormally high, which may affect, e.g., 
the eye and the inner ear of the astronauts during long-term missions. Indeed, pressure 
anomalies in the middle and inner ear could lead indeed to hearing damage. In that case, it 
would be necessary to develop a mechanistic physiological model of the effect of micro-gravity 
on the hearing structures, to design suitable countermeasures and protection strategies, 
particularly for future longer-term missions. The possible synergistic adverse effect of micro-
gravity and moderate noise exposure is another topic of interest.  
In the past decades, ISS astronauts occasionally reported hearing loss 1-2  after long-term 
missions is micro-gravity conditions. Although noise levels were generally higher (60- 0 d A) 
than current levels, occupational health studies suggest that such noise levels alone can hardly 
be responsible for any significant hearing loss. Therefore, if any adverse effect on hearing is 
confirmed by audiological tests, they could be related to micro-gravity and or its synergistic 
interaction with exposure to moderate noise levels. The Acoustic Diagnostics experiment is 
dedicated to detecting and quantifying early symptoms, either temporary or permanent, of mild 
hearing impairment as a function of time spent on board the ISS. In addition to its effect on 
intracranial pressure, micro-gravity could also affect other mechanisms that protect hearing 
against noise and improve the detection of speech in a noisy environment, as, respectively, the 
stapedial reflex and the medio-olivocochlear mechanism. The results of this study should help 
understanding whether hearing protection is a critical issue for the design of planned longer-
term missions, and what countermeasures could be adopted, if necessary.  
The Acoustic Diagnostics experiment will monitor the hearing function on board the ISS, by 
measuring otoacoustic emissions ( AEs), which are particularly sensitive for the early 
detection of mild hearing loss, as demonstrated by several audiological and occupational health 
studies , 4, 5 . AEs provide a sensitive, fast, non-invasive way to test the auditory function, 
because their generation mechanisms are directly related to the functionality of the cochlear 
outer hair cells ( HCs), which are the active nonlinear physiological subsystem that is 
responsible for the excellent sensitivity and frequency resolution of human hearing. For this 
experiment, a dedicated advanced AE acquisition and analysis system has been designed, 
which significantly enhances the sensitivity of AE-based diagnostic techniques. In particular, 
time-frequency analysis techniques based on the wavelet transform 6  have permitted effective 
unmixing of the AE components coming from different generation mechanisms (therefore, of 
different diagnostic interpretation), based on their different group delay, as predicted by 
theoretical cochlear models. AE component unmixing improves both the specificity of the 

AE diagnostics and the signal-to-noise ratio (SNR), exploiting the randomness of the noise 
phase (and phase-gradient). Due to the noisy ISS environment 1, 2, , advanced AE-based 
tests are probably the best available option for accurate in-flight diagnostics of hearing, since 
they use high-level stimuli (65-55 d  SPL, much higher than the normal hearing threshold 
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levels), which are only wea ly perturbed by ambient noise. Nevertheless, for Acoustic 
Diagnostics, particular care has been necessary in the design of a two-stage noise-insulation 
system that allows one to detect the wea  AE response signals (0-25 d  SPL) with little 
disturbance from ambient noise. Another advantage of the AE technique is ob ectivity, i.e., 
no active collaboration is required from the patient.    
As the scientific goal of the Acoustic Diagnostics pro ect is to detect small changes of the 
DP AE response during and after long term missions on the ISS, specific features have been 
implemented in the proposed device that guarantee stability of the measurements, and limit 
fluctuations of the outcome variables. First of all, a new type of calibration in the ear canal has 
been implemented, based on the equalization of the forward pressure, which accounts for the 
generation of standing waves in the ear canal, which is a resonant cavity closed at both ends. 
Previous Th venin calibration of the sound sources (the ER-2 loudspea ers) allows one to 
separate the pressure field measured by the probe microphone at the ear canal input into a 
forward and a bac ward component, whose balance is a function of frequency sharply 
dependent on the length of the ear canal (i.e. on the insertion depth of the probe). Charazia  and 
Shera 8  recently demonstrated that by equalizing the forward pressure component, the 
resulting AE response is insensitive of accidental changes in the insertion depth of the probe 
in the ear canal, because this procedure guarantees equalization of the stimulus that is actually 
fed to the middle ear and the cochlea, where the AE generation occurs. Second, a swept-tone 
signal (a slow chirp) is used as the waveform of the two DP AE stimuli, and on-line multiple-
windowed Fourier analysis is applied to yield high frequency-resolution (20Hz) DP AE 
complex spectra. High-resolution spectra allow one to separate DP AE components associated 
with different generation mechanisms (nonlinear distortion and linear reflection) based on their 
different group delay, using a new wavelet-based filtering procedure, which optimizes 
unmixing compared to other time-domain filtering techniques 5 . This procedure yields 
separate spectra of the two components, which have different physiological and diagnostic 
meaning, and removes the spurious spectral amplitude fluctuations ( nown as the DP AE fine-
structure) due to alternately positive and negative interference between two components whose 
phase relation is a monotonic function of frequency. Such fluctuations, which may reach 10-20 
d , introduce additional uncertainty in low-frequency-resolution measurements, due to any 
event capable of frequency-shifting the fine structure. High-resolution spectra also yield an 
ob ective estimate of the frequency resolution of hearing, which is another quantity we wish to 
monitor during the mission.  

2 METHODS 
The entire pro ect was submitted for udgment to and approved by the Ethics Committee of the 
Sapienza  University of Rome, to be implemented under the responsibility of Prof. Maria 
Patrizia rlando. Every test is not invasive and does not imply any ris . 
In order to compare flight results with ground based results, two baseline sessions (named as 

aseline Data Collection, DC) are scheduled before and after the Astronaut launch and return 
respectively: 
Preflight: (from 0 to 50 days before the Astronaut launch) full set of audiological tests, 
including DP AE tests performed with the same apparatus to be used in-flight.  
Postflight: (from 5 to 15 days after the Astronaut re-entry on Earth): full set of audiological 
tests, including DP AE tests performed with the same apparatus used in-flight. 
The extensive audiological test session was designed by the team audiologist specialist, 
following a specially designed protocol: Anamnesis: acquisition of clinical information  ENT 
visit, ob ective examination and administration of the Audiological uestionnaire  audiological 
instrumental diagnostics: Tonal Audiometric Test in the 125-16000 Hz range,  Impedance Test, 
Tubal Functional Tests, A R (Audiometry rain Response), using clic  and chirp stimuli  
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Psychoacoustic Tests on Temporal Perception. Some of these tests that are not included in 
common audiological routine (A R CE-Chirp  Eustachian Tube Test). 
The following points are at the base of our choice: better evaluation of the auditory damage, 
identification of a more precise auditory threshold and speeding up of the entire test. Using the 
CE-Chirp model, the amplitude of -waves is bigger and the signal is clearer than that found 
with the Clic  response, and the wave remains recognizable down to the threshold limit. The 
advantage of narrow-band chirp is above all in the evaluation of the low-medium frequencies 
threshold.  
The study of the Eustachian tube function allows early identification of possible alterations in 
the ventilation, drainage and other physico-chemical mechanisms of the middle ear. In our 
protocol, we perform several exams: asal tympanometry, Tympanometry with alsalva and 
Toynbee tests, the Inflation-Deflation test. In the presence of a patulous (wider) Eustachian tube 
a tympanogram is recorded both during breathing and while holding the breath. The oscillations 
of the tympanometric line should coincide with the acts of breathing and should increase during 
forced inspirations and expirations. The test is performed in a normal condition with an intact 
tympanic membrane by measuring the variation of the stiffness of the tympano-ossicular 
system, with reference to the tympanometric pea .  
The Tuba-tests is performed to evaluate the normal function of the Eustachian tube, the function 
the aerodynamic pressure (equipressure), clearance, one or more functions together.  
Time-resolution of hearing is tested using a dedicated device, which evaluates the auditory 
discrimination capability of distinguishing two pulses separated by a variable time interval. The 
sub ect is as ed to communicate, either through the operator, or even automatically by a suitable 
interface, the distinct perception of two separate pulses or of a single pulse, as the time interval 
in changed in a pseudo-random sequence. The purpose of the experiment is to record the 
minimum time interval that permits separate perception of the two tones. This innovative 
apparatus permits a simple man-machine interaction and is fully programmable, thus it may 
also be used for a variety of psychoacoustic experiments.  
The in-flight monitor of the hearing function will be performed with a compact device dedicated 
to the measurement of the distortion product AE (DP AE) response.  
Three DP AE measurement sessions will be performed, in three of the six following windows 
(L is the launch date and R that of the return to Earth): 
1) @ L  20 ( 10 days)
2) @ L  50 ( 10 days) (desired)
) @ L  80 ( 10 days)

4) @ L  110 ( 10 days) (desired)
5) @ L  140 ( 10 days) (desired)
6) @ R - 20 ( 10 days)
The acquisition system will automatically perform a sequence of procedures: calibration of the
stimulus forward pressure in the ear canal, AE measurement, and data storage.
The Acoustic Diagnostics Payload consists of a miniaturized AE probe: Etymotic ER10
microphone  two ER2 loudspea ers, a National Instruments compact-DA  NI91 4 rac
equipped with NI92 4 and NI9260 modules. The AE probe cables pass through a 8mm
diameter hole drilled in one of the cups of a M ptime III hearing protection earmuff (see
Figure 1). The probe rubber eartip, if correctly fit into the ear canal, provides 15-20 d  acoustic
insulation, while the earmuffs contribute an additional (frequency dependent) attenuation of
about 0 d . Two digitally generated linear chirp stimuli at frequencies f1(t) and f2(t), in a
constant ratio r  f2 f1  1.22, are fed to the loudspea ers through the two analog output channels
of the NI9260. Stimulus levels of 65 and 55 d  SPL will be used at frequencies f1(t) and f2(t),
respectively. The DP AE response evo ed at the intermodulation frequency fDP(t)  2f1(t)-f2(t)
is measured by the microphone in the ear canal, pre-amplified and converted into a digital signal
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by the ADC of the NI92 4. Each DP AE chirp waveform is analyzed to get high-resolution 
complex spectra of the DP AE response. A vector average of DP AE complex spectra is 
recorded as a response to N identical chirp stimuli to improve the signal-to-noise ratio (SNR). 
The analysis is performed in real time by the Labview software, and the average DP AE 
spectrum and noise floor are displayed on the laptop monitor, so the sub ect may verify that the 
instrument is wor ing properly (see Figure 2). The automatic noise re ection system is capable 
of discarding noisy data subsets in real time, to provide a clear diagnostic output to the 
astronaut. The sub ect may interactively ad ust the noise re ection threshold and the target 
number of averages during the measurement, to optimize the quality of the data displayed on 
the screen. The raw data are also stored, so an optimized offline analysis will be performed by 
the AUDI  research group, independent of the sub ect s choices during acquisition. 

Figure 1: The Probe-Earmuff assembly of the Acoustic Diagnostics payload. 

Figure 2: Sample online output of the Acoustic Diagnostics DP AE device. The green line is a high 
resolution (20 Hz) average (N 0) DP AE spectrum of a 5  years old normal-hearing sub ect. The 

white line represents the noise floor. The raw data are stored for further offline elaboration, including 
more effective noise re ection and time-frequency filtering, which typically improve the SNR by 

approximately 10d  
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3 PAYLOAD DEVELOPMENT 
The experiment is part of the agreement between ASI and ESA, which signed a cooperation 
agreement with a sharing of responsibilities. The payload has been completely designed in Italy, 
based mostly on C TS components, assembled and qualified by the PD team, located between 
Rome and Turin 
The UTISS team (composed by Argotec in Turin and Telespazio in Napoli) has supported ASI 
for the payload integration on board Columbus module of the ISS and flight and ground 
operation product planning and development. The Acoustic Diagnostic payload is relying on 
some ISS provided items, such power line for the CDA , and laptop for the data exchange and 
download after each session.  

4 RESULTS 

4.1 Acoustic Diagnostics Test Campaigns 
The Acoustic Diagnostics FM has been sub ected to formal functional and environmental 
acceptance testing, according to the ECSS Space Engineering Testing (ECSS-E-ST-10-0 C). 
The verification campaigns consisted of: 

Mechanical tests, to chec  that the payload withstands to the applicable launch loads
Electromagnetic Compatibility (EMC) and Electromagnetic Interference (EMI) tests, to
demonstrate that during the on-orbit operations the payload can be safely executed
inside the ISS Columbus Module Electromagnetic environment
Thermal test, to verify the touch temperature requirement.

b ectives of the mechanical tests are to verify that there are no visible or measurable damage 
to the Acoustic Diagnostics structure and to its electronic units due to the applied launch random 
vibration and shoc  environments test levels and spectrum. During these tests, the payload is 
contained into a foam box in a cargo transfer bag (launch configuration). The random vibration 
test has been performed in order to measure and monitor the dynamic response of the payload 
under the random environment along the three axes (x, y, z). The shoc  test has been executed 
to ensure that the payload withstands to the applicable pyro-shoc  stress along the three axes. 
After each mechanical test, the instrument has been visually inspected to detect that there were 
no rupture or permanent deformation, therefore the quality of the DP AE measurements has 
been verified by chec ing the data files generated during a dedicated functional test. 
The EMC EMI test campaign has been executed to verify that the payload meets its functional 
requirements in the ISS Columbus Module electromagnetic environment. The radiated 
emissions test has shown that the payload does not exceed the limits in the E-field emissions in 
the following frequency ranges: 14 Hz – 10 GHz for the narrowband emissions, 14 Hz – 1 
GHz for the broadband ones. The payload did not exhibit any malfunction or degradation of 
performance when irradiated with the AC magnetic field in the frequency range 0 Hz – 00 
Hz and with the E-field emission in 14 Hz – 10 GHz. Finally, it has been chec ed that the 

generated DC magnetic field does not exceed 1 0 d  picotesla at a distance of  cm from the 
equipment.  
The thermal test was considered successful, as the temperatures measured on the external 
surface of payload were below the Maximum Permissible Material Temperature, i.e. 45 C, 
during the execution of a functional test simulating the on-orbit operations. A maximum 
temperature of about 26. C was detected on the Acoustic Diagnostics Power Adapter. 
All these verifications have been successfully executed: Acoustic Diagnostics is ISS certified 
and can be safely operated by the crew inside the ISS Columbus Module before, during and 
after the DP AE measurement sessions. 

 
Company General Use 
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(a)      (b)         (c)              (d) 

Figure : (a) pyroshoc  test  (b) random vibration test  (c) EMC EMI radiated susceptibility test  (d) 
DC magnetic field test 

4.2 Pre-flight BDC session 
The pre-flight DC session was performed for both astronauts in Cologne (ESA) on May 1 th, 
2019. oth the full set of audiological tests and the AE tests were performed without any 
technical failure and the data have been safely stored and pre-analysed. Preliminary analysis 
confirmed the quality of the data, in terms of SNR and absence of artefacts, and therefore, the 
possibility of detecting subtle changes in the astronauts  hearing during and after the mission 
on the ISS. 
DP AEs were measured using the Acoustic Diagnostics ground model (GM) which is an exact 
replica of the flight model (FM) that will be used on board the ISS. The astronauts were as ed 
to wear the earmuffs, fit the probe into the ear canal, and run the software by themselves, in 
order to improve their familiarization with some of the operations they are requested to perform 
in-flight. ther AE tests were also performed as part of the DC, using the Acoustic 
Diagnostics engineering model (EM, almost identical to GM and FM). Stimulus frequency 

AEs (SF AEs) were measured in the 1-5 Hz range using the suppressor method. Transient 
evo ed AEs (TE AEs) were recorded in the 0.5-10 Hz range with 20Hz resolution as the 
transient response to clic s, using the double-evo ed paradigm 9 . Spontaneous emissions 
(S AEs) were measured in the 0.5-10 Hz range as the long-lasting synchronized average 
response to identical clic s.  

Figure 4: DC Pre-flight session, performed at Cologne on May 1 th, 2019 
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5 CONCLUDING REMARKS 
The Acoustic Diagnostics experiment will provide valuable information about the ris s for 
astronauts  hearing associated with their long-term residence in the noisy and micro-gravity 
environment of the ISS. aseline data collection has been successfully conducted, 
demonstrating the functionality of the payload and the possibility of getting high-quality data 
from both sub ects.   

6 ACKNOWLEDGEMENTS AND REFERENCES 
This wor  was supported by ASI. 

REFERENCES 
1 S.M. Abel, . Crabtree, . . arans i, D.G. Smith, M.M. Thompson, H. . Steene en, .A.

erhave, .C. uc ey, D.L. Alvarenga, .M. Comtois. Hearing and performance during a
0-h exposure to noise simulating the space station environment. Aviat Space Environ ed.,

75, pp. 64- 0 (2004)

2 .C. uc ey r, F.E. Musie , R. line-Schoder, .C. Clar , S. Hart, . Havel a., Hearing
loss in space. Aviat. Space Environ ed. 272, pp. 1121-1124. (2001)

G.R. Long, C.L. Talmadge, and . Lee.. Measuring distortion product otoacoustic emissions
using continuously sweeping primaries. . Acoust. Soc. Am. 124, pp. 161 -1626. (2008)

4 Sisto R., Chelotti S., Moriconi L., Pellegrini S., Citroni A., Monechi ., Gaeta R., Pinto I.,
Stacchini N., Moleti A., (200 ) toacoustic emission sensitivity to low levels of noise-
induced hearing loss. . Acoust. Soc. Am. 122, pp. 8 -401.

5 imatore G., Stanzial D. and rlando M.P. toacoustic Emissions  in Acoustic Emission
Research and Applications - Edited by  ojciech Si ors i in Tech pen. - Chapter 9, 199-
216 pp. 201

6 Moleti A., Longo F., Sisto R. (2012). Time-frequency filtering of the evo ed otoacoustic
response. . Acoust. Soc. Am. 132, pp. 2455–246 .

. Limardo, C. Allem. International Space Station (ISS) Crewmember s Noise  Exposures
from 2015 to Present, in Proceedings of the th International onference on
Environmental Systems, Charleston, South Carolina (USA), ICES-201 -191(201 )

8 Charazia  , Shera CA (201 ). Compensating for ear-canal acoustics when measuring
otoacoustic emissions. . Acoust. Soc. Am. 141, pp. 515.

9 eefe D.H., Ling R. (1998). Double-evo ed otoacoustic emissions. II. Intermittent noise
re ection, calibration and ear-canal measurements. . Acoust. Soc. Am. 103, pp. 499- 508.



Italian Association of Aeronautics and Astronautics 

XXV International Congress 

9-12 September 2019| Rome, Italy

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF DAMAGE 
EVOLUTION IN CURVED COMPOSITE LAMINATES

S. Ghiasvand , A. Airoldi, A. Spini, M. oiocchi, C. Mirani, P. ettini

Dept. of Aerospace Science and Technology, Politecnico di Milano - ia La Masa, 4 – 20156 – Milano, ITAL  

e-mail: sara.ghiasvand@polimi.it

ABSTRACT 

The significant increment in the use of composite materials led to the necessity of increasing the 
knowledge of their mechanical and fracture behaviour to predict the capability of them to remain in 
an acceptable amount of residual strength. In thick composite parts, with complex geometry and lay-
ups, delamination induced by out-of-plane stress components represent the most significant structural 
risk. The main objective of this work is introducing a novel nonlinear modelling approach to model 
the interlaminar damage evolution in thick composite specimens with multidirectional stacking 
sequence, including the possibility of modelling the interaction with intralaminar damage. For this 
purpose, a test based on a modification of an ASTM standard has been designed to study interlaminar 
damage in different conditions. Numerical experimental correlations proved the capability of the 
nonlinear innovative approach to represent delamination scenarios without any priori information 
regarding to crack locations and to estimate with appreciable precision the residual strength of the 
structure in the damaged state. Accordingly, such new technique has to be considered a promising and 
valuable tool for a reliable virtual prediction of residual strength curves in thick composite elements 
by considering the variability of material properties, loading and environmental condition and to 
include interactions with intra-laminar damage phenomena. 

Keywords: Delamination, Cohesive laws, explicit code, Finite element analysis 

1 INTRODUCTION 

Delamination induced by interlaminar stresses is the most common type of damage occurring in 
composite materials. Furthermore, the experimental evaluation of the interlaminar strengths is not 
straightforward. There are two significant parameters to be considered when this problem is faced, 
which are the Interlaminar Tensile Strength (ILTS) and the Interlaminar Shear Stress (ILSS). The 
increment in the use of composite materials in the last decades ma es detection and understanding of 
delamination, one of the most interesting topics in composite failure study. A detailed review of the 
mechanics of delamination in composites can be found in the paper by Tay 1 .  
Numerical analysis got high attention as well as experimental study when cohesive modelling 
technique reveals that it has the capability to efficiently simulated the nucleation and propagation of 
single delamination in a generic composite laminate 2 . The cohesive modelling employs damage 
mechanics and softening. Researchers used cohesive elements for simulating the debonding of highly 
complex composite parts. Unfortunately, application of cohesive elements in quasi-static analyses of 
multiple delaminations carried out by using explicit FE codes pose considerable numerical difficulties. 
Explicit FE codes are suited to model high-velocity transient phenomena but can also be used in quasi-
static analyses of delamination to model stable as well as unstable crac  propagations and to predict 
the transitions between the two regimes . In addition, Explicit eliminate all the converging problems 
of Implicit 2 . esides of all the benefits of Explicit, the combination of Explicit and cohesive 
modelling has the problem of very high computational time costs 4 .  Such difficulties can be related 
to the fact that traditional cohesive approaches are based on elements with zero or infinitesimal 
thic ness and require high penalty stiffness values to avoid relative motion before the fracture onset 
5 . Since the penalty stiffness of cohesive elements is inversely related to the thic ness of the 

connected sub-laminates, the penalty stiffness will directly related to the number of cohesive elements 

1 5
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layers in the FE model. It is well studied in literature 6-8  that high penalty stiffness values can 
negatively affect both the response and the computational time cost of a FE model solved by means of 
an explicit and cohesive approach, so that quasi-static analyses including a large number of cohesive 
layers become very difficult to be performed.    
Interlaminar normal and shear stresses in a curved region of structures were investigated through 
analytical solutions by edward et al. 9  and Cui et al. 10 . An early numerical wor  of isnom 2  
investigated the stress distribution of a curved beam during bending through three-dimensional ( D) 
finite element analysis. Stress variation was found along the width of the beam, indicating the 
necessity of D analysis. ther researches on stress variation based on different evaluation methods 
can be found in other wor s 11-14 . In other wor , G zl l  et al.  15  investigated dynamic 
delamination in curved composite laminates. The specimen was tested until a sudden load drop 
occurred at the maximum load. Failure occurred with a loud brea ing sound associated with 
instantaneous delamination.  
In addition, some numerical modelling approach has been developed. Nguyen et al. 16  used the D 
finite elements modelling by the mean of cohesive element to investigate multiple delamination in 
curved specimen of Cycom 5 20-1 epoxy resin with IM  bre system prepreg. In another wor , 
Airoldi et al. ,1 ,18  performed an efficient modelling technique to investigate complex 
delamination scenarios in curved specimen. 
In this wor , curved beam specimens of unidirectional Hexcel AS4 8552 pre-pregs sub ected to a 
quasi-static traction load were considered as a significant test case to verify the behaviour of a generic 
structural element characterized by a response that is mainly dominated by multiple damages. The 
experimental test is based on modification of ASTM standard D6415 19  to study interlaminar 
damage. The numerical modelling in this wor  consists of initial statistical analysis to predict the 
failure behaviour of specimen in design procedure and non-linear simulation to represent delamination 
scenarios and to estimate the residual strength of the structure in the damaged state. Non-linear 
analysis in this paper presents a novel modelling technique based on cohesive element to model the 
interlaminar damage evolution in the tested specimens.  

2 DESCRIPTION OF THE PROPOSED COHESIVE MODELLING APPROACH 

The need of very high penalty stiffness levels for conventional cohesive elements in explicit time 
integration scheme will directly affect the stable time step leading to very high computational costs 
1 . To overcome such difficulty, the cohesive modelling approach based on the different roles that are 

actually played by the in-plane and the out-of-plane stress components has been proposed 2 .  

Figure 1- Stress resultants acting on a single lamina in bending conditions (A), and proposed finite element 
scheme ( ). 

y consideration of simple bending condition in simple lamina, the translational equilibrium of a sub-
laminate can be formalised as Eq. (1).  

Hence, the area of the lamina cross-section is considered lumped at the lamina mid-plane and 
represented by a bi-dimensional element, such as a membrane or a shell element and are connected by 
bric  elements as interface elements. The bi-dimensional elements ust carrying the out-of-plane stress 
components  however, conventional bric  elements with a constitutive behaviour characterised by a 
null in-plane response could be adopted as interface elements. Figure 1 presents the resulting finite 
element scheme. y using relative displacement at the mid-plane, fracture process in mode I, II and III 
(Eq. (2)) have been introduced in the interface elements in proposed cohesive zone model.  

𝑑𝑁𝑥𝑥
𝑑𝑥 = 𝜏𝑥𝑧(𝑧 + 𝑑𝑧) − 𝜏𝑥𝑧(𝑧) (1)
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∆𝐼= {∆𝑧   𝑖𝑓     ∆𝑧> 0
0     𝑖𝑓     ∆𝑧≤ 0 ;  ∆𝐼𝐼= ∆𝑥;   ∆𝐼𝐼𝐼= ∆𝑦 (2) 

y conceptually replacing  with the vector of displacement discontinuities 𝛿 and by relating  to 
average strain 𝜀 with the assumption of small strain, Eq. ( ) can be developed to convert a generic 
traction-displacement law into a stress-strain law to be attributed to the solid element. In the elastic 
range, such law will be calibrated by the out-of-plane stiffness of the composite material, without 
requiring any penalty stiffness. 

𝜀 = {𝜀𝑧𝑧 𝛾𝑥𝑧 𝛾𝑦𝑧}𝑇 = ∆ 𝑡𝑘⁄  ( ) 

Figure 2-Fracture process described in the proposed modelling technique 

The scalar damage variable d, which is introduced in Eq. (4), is used to model interlaminar damage 
onset and propagation, as it has been shown in Figure 2. The onset and the evolution of the damage 
variable introduced in Eq. (5) can be set to model the strength and the toughness of the interlaminar 
layers. Mixed mode processes are addressed by introducing the mixed-mode criterion proposed by 

enzeggagh and enane (B-K criterion) . 

{
𝜎𝑧𝑧
𝜏𝑥𝑧
𝜏𝑦𝑧

} = [
𝐸𝑧𝑧 0 0
0 𝐺𝑥𝑧 0
0 0 𝐺𝑦𝑧

] (1 − 𝑑) {
𝜀𝑧𝑧
𝛾𝑥𝑧
𝛾𝑦𝑧

} (4) 

∫ 𝜎𝑧𝑧𝑑∆𝐼

∞

0

= 𝑡𝑘 ∫ 𝜎𝑧𝑧𝑑𝜀𝑧𝑧

∞

0

= 𝐺𝐼𝑐;   ∫ 𝜎𝑥𝑧𝑑∆𝐼𝐼

∞

0

= 𝑡𝑘 ∫ 𝜎𝑥𝑧𝑑𝜀𝑧𝑥

∞

0

= 𝐺𝐼𝐼𝑐 = 𝐺𝐼𝐼𝐼𝑐 (5) 

The resulting cohesive law was implemented in a Fortran umat subroutine to be lin ed to the Abaqus 
Explicit Code 1 . 

y mean of this modelling technique, all the material can represent their physical properties without 
introducing non-physical penalty stiffness. In addition, the proposed cohesive zone modelling does not 
introduce free surfaces that do not exist at the beginning of the computation.  

3 QUASI-STATIC TENSILE LOADING ON CURVED SPECIMEN 

To study the interlaminar damages, in the absence of specific pre-damaged zone, curved specimen has 
been sub ected to a quasi-static tensile loading condition. The specimen that has been considered for 
this study is 48 plies with the layup of 45 0 -45 90 6S by unidirectional Hexcel AS4 8552 pre-pregs. 
The National Center for Advanced Materials Performance (NCAMP) 1,2  provides a large database 
containing all the properties of the Hexcel AS4 8552. In this study the material properties for Room
Temperature Dry (RTD) condition has been considered. 
The available standard for the experimental measurement of ILTS, ASTM 6415  is developed to 
determine the strength of a composite material using a 90  curved beam specimen, which consists of 
two straight legs connected by a 90  bend with a 6.4mm inner radius. An out-of-plane (through-the-
thic ness) tensile stress is induced when load is applied. If a specimen with continuously 
unidirectional fibers along the legs and around the bend is considered, this test method can be used to 
measure the ILTS. The configuration of specimen in this study is based on ASTM D6415  
however, the loading condition is different. 



EXPERIMENTAL AND NUMERICAL INVESTIGATION OF DAMAGE EVOLUTION IN 
CURVED COMPOSITE LAMINATES Ghiasvand 

 

To verify that the chosen layup sequence meets the purpose of this study, linear analysis has been 
performed to investigate the failure criteria. The failure analysis by Hashin s failure criteria ,8  
which is capable to discriminate the failure modes and Monte Carlo Simulation are performed by 
applying the criterions from the material allowables. 600 samples have been considered for the Monte 
Carlo Simulation. The procedure to compute the created linear FEM models in Abaqus Standard is 
automatized by writing the necessary scripts in MATLA  to run for every sampling. However, this 
study ust gives the information about the first failure mode, the location of the first failure on a lamina 
will give an idea about the experimental setup of measuring the strain variations and detecting the 
failure mechanism for future correlation and verification.  

Figure - Stress contours for quasi-isotropic linear model, (A) S11, ( ) S , (C) S22 and (D) S12 

Figure 4- Probability Density Functions of failure 

According to Figure 4, the first two types of damages that should occur in this laminate are Matrix
Tensile Cracking (MTC) and Delamination in Tension (DiT). The Means and standard deviations of 
displacement and force for first failure has been reported in Table 1. 

Table 1-Means and standard deviations of displacement and force 
Displacement (mm) Force (N) 
𝜇 𝜎 𝜇 𝜎 

MTC 1 .156 0.900 4 6. 9  25.154 
DiT 21. 90 2.058 594.221 54.52  

Three specimens with the mentioned configuration and material has been manufactured. Each of these 
specimens have been equipped with  strain-gauges with the positions that have been defined in 
Figure 5-(A). The dimension of specimen is reported in the Figure 5-(A), as well. The tests have been 
performed by the apparatus with special clamping that has been designed to give freedom on the 
rotational degrees of freedoms around its transversal axis. The configuration of apparatus and 
specimen connection to the fixture is shown in Figure 5-( ). The specimen was positioned on the 
machine such that the length of the straight part between the constraints and the curvature was 80 mm. 
The load was applied by slowly turning the threaded bar. The test contains of two loading cycle. The 
first loading continued till the first crac (s) happened, then the specimen has been unloaded to 
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measure the permanent deformations. The second loading happen to investigate the behavior of failed 
specimen. In this case, the same as first loading scenario, after appearance of the crac (s) the 
unloading has been started to assess the distortion of failure.  

Figure 5-Position of strain gauges on the curved specimen (A), apparatus of quasi-static tensile loading ( ) 

Figure 6- Interlaminar crac  evolution for specimen 1 (A)-( ), specimen 2 (C)-(D) and specimen  (E)-(F), 

As it is shown in Figure 6, all the failures were caused by interlaminar fractures. The failure behaviour 
of specimens 1 and , almost has the same approach, it started by two crac s close to each other in 
one third of lower section in thic ness direction and in the second loading cycle, multiple crac s 
occurred scattering in thic ness direction. Figure 6-(A), ( ) and Figure 6-(E), (F) presents the first 
failure evolution and final configuration of specimen 1 and 2, respectively. However, failure in 
specimen 2, started by 2 close crac s in the position of neutral axis and by second loading multiple 
crac s scattered all over the thic ness direction, Figure 6-(C), (D).  

Figure - Load vs. displacement of both loading for specimens 

(A) 

( ) 

(C) 

(D) 

(E) 

(F) 

(A) ( ) 
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Load and displacement as well as strains have been recorded in both loading cycles. The speed of 
unloading was faster than loading phase to eliminate all the permanent distortion after failures. Figure 
 presents load versus displacement of all specimens in both loading cycles. The limit load level in 

correspondence of the first failure evolution is about 1  N, 660 N and 6 4 N for specimen 1, 2 and 
, respectively. As a matter of fact, in the case of failure, sudden drop of load occurred which are 

visible in all the loading cycles. In the second loading cycle of specimen 2, two load drops have been 
reported. The first drop in the second loading cycle is related to the nucleation of the crac  in the 
lower part of specimen which wasn t completely destructive, so instead of immediately unloading, it 
has been decided to proceed with the loading till final failure. 

4 NON-LINEAR MODELING APPROACH 

The FE model of this activity developed based on the proposed numerical technique. As mentioned 
before the specimen has 48 plies which has been modelled by means of 48 shell element (S4R) and 4  
layers of solid elements (C D8R). Despite of previous activities 4,5  which ust modelled central part 
of curved laminate, in this FE model all the specimen has been modelled in detail. In this way, the 
crac  has been allowed to propagate through the legs and won t be arrested by the lac  of numerical 
details. Solid elements were characterised by the material properties reported in Table 2.  In addition, 
the initial critical fracture toughness in mode I and mode II were considered as GIc = 0.3 kJ/m2 and GIIc

= 0.87 kJ/m2, respectively. 

Figure 8- Detail of the hybrid mesh, (A) FE model of the curved beam specimen, ( ) in plane elements and (C) 
solid elements.  

In order to simulate the opening action of specimen, two reference points have been connected to the 
clamp area of legs (20 mm). ne of this reference points has been clamped and the other one moved 
by appropriate velocity. oth reference points had the freedom to rotate along their transversal axis. 
However, the experiment contained to loading cycles, numerical modelling applied by one continues 
loading till the complete failure of specimen. All the quasi static analyses were performed by means of 
Abaqus Explicit code 6 . 
The numerical result shows an acceptable agreement with experiments. Figure 9 presents the crac  
evolution by non-linear numerical modelling with proposed cohesive model. As it is reported in Figure 
9-(A) the first crac  occurred in one third of lower section in thic ness direction as has been expected 
from the experimental results. The analysis continued till the second failure and then has been stopped. 
The results of load versus displacement of this numerical analysis has been reported in Figure 10. 
Particularly, the first numerical modelling failure result shows high accuracy to experimental results, 
specially with specimen 2. It reveals that this technique is capable of detecting accurately the first 
failure loads and the residual strength and predict other failures as well. The value of the interlaminar 
tensile strength was set equal to 6 .914 MPa in all the layers. The numerical non-linear model 
correctly represents the linear response of the two curved specimens until a maximum load level of 
about 661 N in agreement with the value measured for the specimen 2. In addition, it has been 
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observed that the stiffness of the specimen after the load drops is in good agreement with the 
experimental response after the delamination events. 
The result of linear modelling is presented in Figure 10 for comparison with non-linear and 
experimental results. It indicates that, however linear modelling underestimates the failure limit load, 
it is a safe investigation for understanding the failure behaviour. 

Property Compression Tension 
𝐸11  (𝐺𝑃𝑎) 111.488 12 2  
𝐸22  (𝐺𝑃𝑎) 9.860 92 9 
𝐸33  (𝐺𝑃𝑎)  9.860 92 9 
𝐺12  (𝐺𝑃𝑎)   4.826 4826 
𝐺13  (𝐺𝑃𝑎)  4.826 4826 
𝐺23  (𝐺𝑃𝑎)  4.826 4826 

𝜈12  0. 5 0. 02 
𝜈13  0. 5 0. 02 
𝜈23 0.  0.  

𝐸𝑓−𝑏𝑎𝑟𝑒  (𝐺𝑃𝑎) 2 4.422 2 4422 

Table 2-  Properties at lamina level 1  2  

Figure 9- Crac  evolution in numerical modelling, (A) first crac  appearance, ( ) final configuration 

Figure 10- Numerical-experimental comparison of load vs displacement 

5 CONCLUSION 

The wor  has been presented in this paper confirmed the importance of the numerical analysis in the 
study of the main damage mechanisms that characterize composite materials. The initial statistical 
analysis showed the benefit of this simple tool to investigate the interaction of different failure modes 
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in the preliminary design phase. Such statistical approach was used to design the experiments and 
allowed to choose the most interesting stac ing sequence. 
During the tests, multiple delaminations were detected, showing a quite significant variability for what 
concerns the failure loads. The presence of intralaminar damage was significant in the specimens and 
absolutely had a great influence on the failure mode. The presence of intralaminar damage confirmed 
the results of the statistical analysis.  
The numerical technique has been subsequently applied to model the interlaminar fracture onset and 
propagation within an undamaged curved laminate in a quasi-static tensile load condition. The 
comparison between the wor  developed by non-linear numerical modelling and experimental results 
shows the capability of a novel methodology to model the interlaminar damage of the aforementioned 
specimens under the specified loading conditions and quantitatively evaluate the residual strength of 
the specimen. Furthermore, the evolution of the load as a function of the displacement shows the 
capability to capture load level during the stable propagation of multiple delaminations and as a matter 
of the fact the stiffness has a good correlation with numerical modelling.   
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ABSTRACT 
The increasing number of stratospheric missions and suborbital space transportation systems 
suggests to improve the currently available surveillance and tracking systems. Some of the most 
promising techniques are represented by the TDOA (Time Difference of Arrival) and Frequency 
Difference of Arrival (FDOA). Stratospheric or suborbital tracking can be achieved by 
maintaining a high-gain antenna pointed towards the target and by acquiring both the pointing 
angles and the Doppler shift frequency. With a single station and without data or telemetry 
exchanges with the target, it is possible to maintain the tracking information if the tracking 
initial point is known with acceptable precision. STRAINS (Stratospheric Tracking Innovative 
Systems) is a stratospheric experiment conceived by Sapienza University of Rome and ALTEC 
(Aerospace Logistics Technology Engineering Company) for the 2018 call of the HEMERA 
H2020 Balloon Launch Infrastructure. The experiment is aimed at testing the TDOA and the 
FDOA for assessing the performances of such tracking systems with stratospheric flights. 
Additionally, the single motorized antenna tracking will be tested as a complementary method 
for stratospheric aviation The experiment has been accepted in early 2019 and a launch 
opportunity will be provided in mid-2020 from the Esrange Space Center in Kiruna, Sweden. 

Keywords: passive, trac ing, stratospheric, platforms 

1 INTRODUCTION 
The progressively increase of proposed and planned stratospheric missions imposes the need 
for more performing surveillance and trac ing systems that will be able to support the rise of 
the stratospheric aviation in the near future. Traditional aircraft trac ing is mainly performed 
by radar systems, implying a low dependability with a high power consumption from the 
radiating station. The extension of the aviation limit to stratospheric heights requires to maintain 
acceptable safety levels, although considering systems with extended range and large capacity. 
Some of the most promising trac ing techniques, already tested for commercial aviation and 
suitable for stratospheric and even suborbital vehicles trac ing, are relying on the 
implementation of passive Radio-Frequency (RF) sensors 1 – , able to integrate the collected 
measurements to provide a precise estimation of the target position and velocity. 

1
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Some of these techniques are the TD A (Time Difference of Arrival, 4 ) and the FD A 
(Frequency Difference of Arrival, 5 ). Furthermore, a single station able to detect the Doppler 
shift frequency from the target and to compute the pointing angles while autonomously remain 
pointed towards the aircraft is capable of achieving a good precision in the position and velocity 
estimation of an aircraft, stratospheric platform or suborbital vehicle 6 , . 

The TD A is based on a networ  of RF receivers at ground, receiving pulses from the target 
and assigning to each received pulse a timestamp with the reception time, without any 
information on the signal transmission time. y integrating the acquired information on the 
arrival times of the signals, it is possible to triangulate the position of the transmitting target.  
The FD A is based on the reception of signals from the target and on measuring the signal 
Doppler shift frequency, which can be related to the radial velocity of the target with respect to 
the ground station. A third technique to be mentioned is relying on a single motorized station 
able to remain autonomously pointed towards the target, performing the so-called 
autotrac ing  technique, integrating the instantaneous pointing angles and the acquired 

Doppler shift frequency into a tra ectory prediction model of the target. As obvious, the three 
mentioned techniques are relying on a cooperative, transmitting target, increasing the 
dependability of the trac ing system. However, the trac ing techniques are not requiring the 
target to transmit information, while only dummy  signals are sufficient to exploit these 
methodologies. 

These techniques have already been tested and applied for various typologies of vehicles. 
TD A and FD A are usually applicable to aircraft trac ing. The TD A is more frequently 
used as bac -up and support surveillance system for commercial aircraft in terminal air 4 , 8 , 
since the reduction of the method range allows to implement reduced cost solutions for the 
receivers sensitivity and networ  interconnection with the master station computing the aircraft 
position. The FD A is more precise when applied to vehicles performing plane tra ectories, 
especially if the tra ectory plane is parallel to the ground plane. For this reason, the FD A is 
particularly promising for en-route air traffic control. The single motorized station trac ing is 
often used to trac  launch vehicles, missiles or re-entering vehicles. 

2 EXPERIMENT OBJECTIVES AND OPERATING CONCEPT 
STRAINS (Stratospheric Trac ing Innovative Systems) is a stratospheric experiment aimed at 
testing the performances of the TD A, FD A and of the single motorized station trac ing 
techniques for stratospheric vehicles. The experiment was conceived by the S5Lab (Sapienza 
Space Systems and Space Surveillance Laboratory) team at Sapienza University of Rome and 
by ALTEC (Aerospace Logistics Technology Engineering Company, located in Turin, Italy) 
and proposed for the 2018 call of the HEMERA H2020 alloon Launch infrastructure. The 
experiment was selected for a stratospheric launch opportunity from the Esrange Space Center 
in iruna, Sweden, in mid-2020 and it is currently under development. 

STRAINS will test the TD A, FD A and single motorized station trac ing techniques for a 
ero Pressure alloon ( P ) flight performed by the Esrange Space Center. The STRAINS 

mission ob ectives are: 

• To investigate the suitability and performances of the TD A, FD A and single
motorized station trac ing methodologies for stratospheric vehicles surveillance
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• To perform stratospheric testing of an airborne TD A and FD A trac ing unit, to be
used as prototype for future stratospheric missions

• To demonstrate the suitability of the proposed architecture of ground-based trac ing
stations for usage on future stratospheric balloon missions trac ing.

The experiment is based on a stratospheric segment and ground segment, cooperating for testing 
the aforementioned trac ing techniques. The ground segment will be divided into a Master 
Control Station (MCS) unit, which will integrate the data and control the experiment 
performances, and  multiple (at least five) Slave Portable Stations (SPS) units, which will 
acquire signals from the stratospheric segment. The experiment concept scheme is depicted in 
Figure 1. 

Figure 1 : STRAINS Experiment concept diagram 

The stratospheric segment will be mainly in charge of omnidirectionally transmitting signals 
for allowing reception and trac ing from ground. The SPS will receive signals from the 
stratospheric segment in different locations, analysing the received pulses in real time to extract 
the Doppler shift frequency and by assigning a reception timestamp to each signal. The MCS 
will control the whole experiment, receiving telemetry data from the stratospheric segment and 
with the possibility to send telecommands to ad ust its performances. Moreover, the MCS will 
control the single motorized station and acquire the received signals and computed positioning 
data. Finally, the MCS will receive the timestamps and Doppler shift frequencies from each 
SPS, integrate the data to exploit the TD A and FD A techniques. 
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3 EXPERIMENT DESIGN AND OPERATIONS 
The experiment design considers the implementation of Software Defined Radios (SDRs) for 
the whole RF equipment needed to perform the investigation. A SDR is a device able to offer 
a wide range of receiving and transmitting frequencies (often in the range between few Hz and 
5-6 GHz). The SDRs will be integrated along with other data collection and processing
equipment, sensor, power delivery and control components in order to assure the well-
functioning of the whole experiment. The experiment design, with details on the components
constituting each experiment segment and unit and on the interconnections, is schematized in
Figure 2.

Figure 2 : STRAINS Experiment Design bloc  diagram. 

As reported before, the stratospheric segment is mainly composed by a SDR in charge of 
transmitting dummy signals omnidirectionally. The most suitable transmission band for the 
stratospheric segment operations is the C band (5 GHz), in order to maximize the Doppler shift 
amplitude while matching with most of the SDRs available on the mar et. In addition to 
generating and transmitting pulses to ground, the stratospheric segment will collect positioning 
and attitude data through a GPS (Global Positioning System) receiver and an IMU (Inertial 
Measurement Unit). An n- oard Data Handling ( DH) will collect the data, command the 
SDR, store the data and communicate with the MCS through the telemetry lin  provided by the 

P  vehicle. Finally, a PDU (Power Distribution Unit) will deliver electrical power to all the 
components, as well as monitoring the batteries voltage and current delivery and the 
components power consumption. The PDU will allow also shutting off and on all the 
components, both for the reliability (assuring the possibility to perform hard resets on 
components in case of deadloc s) and safety (allowing to permanently shut down a component 
in case of anomalies on its power consumption) of the experiment operations. The stratospheric 
segment will be hosted in an aluminium box of approximately 0 x 0 x 50 cm, ensuring 
sufficient volume for hosting the components and for the AI  (Assembly, Integration and 

erification) activities to be performed on the stratospheric experiment. 
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The SPSs will receive pulses and dummy signals from the stratospheric segment by means of 
SDR receivers. The SDR data will be both recorded and stored on-board, in order to allow post-
flight processing and analysis, and analysed in real time to exploit the trac ing algorithms to be 
tested. The analysis of the single received samples will include : 

• Recognition of received samples 
• Evaluation of the carrier frequency 
• Computation of the Doppler shift frequency 
• Evaluation of the timestamp to be assigned to each RF sample.

For assigning a precise timestamp, the SPS will include a GPS receiver to synchronize the 
operations. After the completion of the signal processing, the SPS need to communicate with 
the MCS master station to perform the data integration. This will be probably done through 
4G LTE communication. The operations of the SPSs will be managed by an on-board computer. 
Internal batteries will assure perfect functionality of the ground stations throughout the flight. 

The MCS will be the core of the experiment data acquisition. It will be connected to the 
telemetry lin  of the stratospheric segment, to receive house eeping data, monitor the 
functionalities and possibly to ad ust the settings of each airborne component. It will 
communicate with the SPS on ground through 4G LTE communication, receiving processed 
data after the signals reception. It will integrate the received data to test the TD A and FD A 
algorithms. Finally, it will control and monitor the exploitation of the single motorized station 
trac ing method. A SDR will receive samples from the balloon, computing the Doppler shift 
with the same procedure applied by the SPS. y basing on the pointing angles, which will be 
maintained towards the balloon by means of the autotrac ing technique, and on the Doppler 
shift, which will be autonomously calculated by the SDR, the station will compare the data to 
the theoretical flight dynamics tra ectory prediction model and ad ust its pointing angles. If 
providing a very precise estimation on the initial position (position at lift-off is nown with 
very high accuracy), the method should be able to output very precise results throughout the 
flight. 

4 RESEARCH APPLICABILITY 
If successful, the conducted research on the trac ing systems for new concept platform can be 
applied to stratospheric platforms and vehicles. Affordable, reliable trac ing systems will be 
ta en into account when dealing with stratospheric aviation vehicles. As first beneficiaries of 
the conducted investigation, High Altitude Platform Stations (HAPSs) shall be mentioned. 
These vehicles are permanent solar-powered aerostats which will be performing quasi-satellite 
missions, such as Earth imagery, telecommunication lin  establishment, or even for providing 
temporary broadband communication lin s to areas hit by natural disasters. HAPSs can apply 
such trac ing systems both to improve their traceability, and the overall safety of the 
stratospheric operations, and to reduce the needed power consumption to perform the 
surveillance operations, without the need for radar stations at ground to be applied during 
nominal operations. The ma ority of the most important aerospace manufacturing companies 
are investing on HAPSs for establishing fleets of stratospheric platforms. If the investigation is 
successful, the design of the stratospheric and ground segments would be used as baseline for 
a minimum trac ing unit pac age that could be implemented potentially on all typologies of 
stratospheric vehicles and flight envelopes. 
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Furthermore, the implementation of these trac ing systems can be extended to suborbital 
vehicles. A rising interest has been put into commercial suborbital vehicles for human 
transportation. The recently designed and built manned vehicles will require high safety levels 
during all the flights phases, both inside and outside the commercial aviation air space. The 
implementation of such trac ing systems would extend the reliability of suborbital vehicles 
trac ing systems. In the highest flight phases, where a coarser precision (around 0 m) in the 
position determination can be sufficient due to the absence of other aircraft operating at similar 
altitudes, the proposed systems could be used as primary trac ing systems. Also, such trac ing 
systems can be considered to integrate the functionalities of the ATC devices during the process 
of establishing a regulatory system that allows execution of stratospheric and suborbital flights 
within commercial air spaces 

5 FUTURE DEVELOPMENTS 
The STRAINS investigation success can suggest the extension of the tested innovative trac ing 
systems to various fields of implementation. Nowadays, the emerging technologies for 
aerospace are extending the possible mission profiles to new limits in terms of maximum height, 
speed and environmental conditions. 

In particular, in addition to suggest consideration for stratospheric flights, these three systems 
may be applied to commercial suborbital flights trac ing . As for the stratospheric flights study 
case, a suborbital mission needs to maintain a sufficient reliability of the trac ing systems 
although considering higher distances from the trac ing stations at ground and a wider set (with 
respect to general and commercial aviation) of elevation angles, which inherently influences 
the design of the trac ing systems with remar able differences with the conventionally 
implemented systems for aircraft trac ing. The three tested systems would need further testing 
to be used as primary trac ing system for manned near-space, suborbital and space operations. 
The implementation as bac -up systems would be useful both for increasing the trac ing 
systems reliability and for allowing a sufficient maturity improvement. The latter improvement 
would be obtained also with the on-going implementations for aircraft and UA  (Unmanned 
Air ehicles), that are increasing the utilization of such systems. 

An evaluation of the performances of all the trac ing systems for suborbital spaceplanes 
operations has been already carried out for the currently considered site of Grottaglie in Apulia, 
Italy, and flights to be performed on the Ionian or Adriatic coasts of Apulia. The analyses 
showed perfect compliance of such systems to a commercial manned spaceplane typical 
mission profile 9 , 10 . hen acquiring a sufficient maturity and reliability, these systems 
could be implemented as primary systems for suborbital vehicles trac ing. 
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Figure  : Evaluation results for trac ing systems applied to suborbital flight envelopes on the Ionian or Adriatic coasts of 
Apulia, Italy. The evaluation considered the trac ing stations to be installed at the Grottaglie Airport, Italy. The results of 

these analyses are presented in 9 , 10 . 

6 CONCLUSIONS 
ith the rising number of stratospheric missions and vehicles under design and development, 

there is the need for specializing trac ing systems for high altitude platforms. The STRAINS 
Experiment, proposed by Sapienza University of Rome and ALTEC for the 2018 call of the 
HEMERA H2020 balloon launch infrastructure, is aimed at testing three promising trac ing 
techniques for future stratospheric aviation. In particular, the experiment will test the 
effectiveness of the TD A, the FD A and the single motorized station trac ing techniques. 
STRAINS will be launched in mid-2020 from the Esrange Space Centre in iruna, Sweden. 

The experiment will be aimed at testing the three aforementioned trac ing techniques for 
stratospheric vehicles. Moreover, the developed stratospheric segment and ground segment 
could be used as baseline for portable trac ing systems for future stratospheric platform 
missions. 
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ABSTRACT 
After several year of development ST’s 6” SiC wafer production started in 2017, with the ramp-
up of production helping to drive down costs and increase supply for the ever increasing list of 
SiC applications, including solar inverters, industrial motor drives, home appliances, and 
power adapters.  
In this successfully story and following the path of More than Moore for HV Power technologies 
ST joined ECSEL JU project WInSiC4AP in June 2017 participating with many R&D teams for 
bricks development, front-end, package and system applications. 
ST activities on the project focus on 1200V and 650V SiC device, design methodologies, Power 
Module and Reliability. 

Keywords: SiC, Package, Avionics, Reliability 

1 INTRODUCTION 
STMicroelectronics has been working with Silicon Carbide since 20 years. Introducing a new 
technology in a semiconductor market demanding high quality, long lifecycles at competitive 
costs is demanding. ST overcame the challenges of the industrialization of this wide bandgap 
material and started to produce its first SiC diodes in 2004. In 2009 ST started to produce its 
first SiC MOSFETs and since then we have added 1200V versions of both SiC MOSFETs and 
power Schottky diodes to complement the original 650V versions.  
The supply chain for SiC is becoming more robust, the cost of the basic material is decreasing 
as supplier competition increases. ST has worked hard on the quality of the material and process 
improvement. As the material and the products based upon SiC technology became more robust 
ST created automotive-grade SiC power devices that are becoming a key enabler in vehicle 
electrification.  
The WInSiC4AP Consortium comprises 19 partners from 4 EU countries (Italy, France, 
Germany and Czech Republic), including both large Industries, SMEs, Universities, and Public 
Research Organizations. In this context, companies working in different domains (i.e., 
automotive car makers, avionics, railway and defense) and in the vertical value chain 
(semiconductor suppliers, companies manufacturing inductors and capacitors) as well as 
academic entities and research laboratories are collaborating to co-design solutions, solve 
problems and exchange know-how, such that unforeseen results may also emerge. WInSiC4AP 
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core objective is to contribute to developing reliable technology bricks for efficient and cost-
effective applications addressing social challenges and market segments where Europe is a 
recognized global leader as well as automotive, avionics, railway and defence. WInSiC4AP 
approach is to rely on the strength of vertical integration allowing optimization, technologies 
fitting application requirements, developing the full ecosystem and approach relevant issues as 
reliability in the full scope.  

2 MAIN CHARACTERISTIC OF SIC TECHNOLOGY  
I1 Silicon Carbide is a compound semiconductor which in theory allows, thanks to some of its 
fundamental characteristics, to make power devices with performances that are clearly superior 
to those achievable with Silicon. This is possible thanks to the high value of bandgap, of the 
critical electric field, and of the thermic conductivity. As shown in Table I, whatever the 
polytype (3C, 4H, 6H), the differences with the silicon of the fundamental physical quantities 
are considerable, with impressive consequences on the electrical characteristics of the devices 
and on the workability of the material. Of course the comparison refers to the theoretical 
performances that devices made with different materials can have; in reality the limitations due 
to the quality of the material and the problems of interface with the oxide, change the terms of 
the comparison considerably. 

Si 3C-SiC 6H-SiC 4H-SiC 
Eg (eV) band-gap  

vs (cm/sec) 
l.l 2.3 3 3.3 

Electron saturation 
speed 

l xl07 2.5xl07 2xl07 2x107 

µ (cm2 N sec) 1350 1000 380 947 
Mobilità elettroni 1l.8 9.66 9.7 9.7 

Ec (V/cm) 
Critical electrical 

field 

2xl05 3x106 4x106 3x106 

k (W/cm K)  
thermal 

conductivity 

l.5 4.9 5 5 

Table I: Main characteristics of Si and WBG SiC materials [6] 

Peculiar physical characteristics of the semiconductor: 

very low diffusion of the dopant, 
complexity of the lattice 
Small size of currently available wafers (150 mm)  
Process steps not compatible with the normal layers used in the manufacture of semiconductor 
devices (e.g. ion implantation, dopant activation, …)  

A dedicated process line and special integration solutions will be developed in the project. 

Fig.2 represents comparison between silicon and Wide Band Gap material (SiC, GaN). In 
automotive and avionic applications, where switching frequency is not a key point, the SiC is 
preferred to GaN due to excellent performances in driving and temperature. 
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Figure 2: Comparison of the figures of merit of Si, SiC and GaN [Source: Yole Développement] 

3 SIC TECHNOLOGY BRICKS IN WINSIC4AP PROJECT 

3.1 SiC devices 
The manufacture of SiC devices, due to the physical characteristics of the semiconductor (very 
low diffusion of the dopants and complexity of the lattice) and the small size of the wafer 
diameter currently available on the market (150 mm), requires the use of a dedicated process 
line. In particular ion implantation, activation of the dopants processes, contacts, dielectrics, 
etc. are not compatible with the normal layers used in the manufacture of silicon devices [1].  
These peculiarities therefore require particular integration solutions. 

Using these approaches, two versions of SiC power MOSFETs will be realized, capable of 
sustaining a cut-off voltage higher than 1200V with a current capability of 70A and an output 
resistance of less than 30mOhm. 

The devices have been assembled in a new package, the H2PAK-7, specially designed for SiC 
power devices to enhance their thermal capacity. SiC has a thermal conductivity three times 
higher than that of Silicon [2] and the SiC MOSFET made by ST, reported in this paper as an 
example, has efficient characteristics even over 200°C. 
SiC MOSFET development activity for WInSiC4AP project were mainly completed in year 
2018. Expected performances for a similar device are shown in Fig.3, Fig.4, Fig.5 and Fig.6: – 
respectively –output characteristics, normalized Rdson, threshold voltage and breakdown 
voltage. 
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Figure 3 Output characteristics of current MOSFET in SiC SCTH100N120G2. 
at 25 and 200 ° C. 

The output resistance has a behavior enough constant with temperature. 

Figure 4 Normalized Rdson of SiC MOSFET SCTH100N120G2 up to 200°C. 

The threshold voltage value (Vth) is reduced by 700mV from 25 to 200oC while the breakdown 
voltage (BV) increases by about 90V. The performances are significantly higher than silicon 
MOSFETs. 

Figure 5 Threshold voltage at 25 and 200°C of the MOSFET in SiC SCTH100N120G2 
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Figure 6 Breakdown Voltage at 25 and 200°C of the MOSFET in SiC SCTH100N120G2. 

It is relevant to observe, from other characterization data, that the dissipated energy in 
switching, including the recovery time of the body drain diode of the structure, remains constant 
as the temperature increases in the range 25 - 200 °C. 
Similar or better performances will be achieved with new devices that will be developed in 
project. The improvements of the Rdson is a key parameter of the developing SiC MOSFET. A 
lowest Rdson will help final users optimize their prototype demonstrators. Taking into account 
the fact that SiC is a relatively new material and that the SiC device can operate at temperatures 
and power densities higher than silicon. 

3.2 Power Module for SiC in WInSiC4AP Project 
The WInSiC4AP project envisages innovation in the development of advanced packaging 
options, utilizing the performance of new SiC devices capable of working at high temperatures 
[3,4] and delivered current.  
For the packaging technologies, WInSiC4AP will focus on introducing a breakthrough in the 
robustness of the full assembly solution at high temperature on one hand, and on clamping the 
temperature evolution in the Package on the other hand. The ultimate goal will be to break new 
records in reliability: 

9 more than 5 times the state of the art, and also in performance at high temperature;
9 ability to work at 200°C or above.

SiC is a relatively new material and the SiC device can operate at temperatures and powers 
density higher than silicon. Hence, within the project it is necessary to develop new approaches 
between the device and the package (compatibility between FE and BE) and optimization of 
power modules, in order to not limiting the device performances with the package. For this 
reason, dedicated metal stacks on both front side and back side have been developed [5], 
evaluated and assessed from both a structural, electrical and reliability point of view. In 
particular, novel and more reliable and efficient die attach but also top side connections are 
needed to improve the efficiency of the system. As just example the back metal to be compatible 
with Ag sintering (pressure and pressureless) and diffusion soldering, similar to the front side 
integration of an additive metal stack to allow the solderability of copper clip, or to sinter. 
Passivation and treatment need to be taken into account to permit a very robust adhesion of the 
die top surface with encapsulant material of the final package.  
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In fact, the powers required by the applications that will be developed need more SiC devices 
(> 20) housed in a Power Module specially designed to ensure a balanced paralleling between 
the devices, the minimization of losses in conduction, and minimal parasitic inductances to 
ensure a good frequency switching (minimum 20kHz). 
The Fig. 7 shows some Power Module that will be used in the project. 

Figure 7: ACEPACK 2, SMIT - Power Modules suitable for automotive application. 

ST’s ACEPACK 1 & 2 together with latest entry SMIT represent automotive power modules 
option providing a compact platform for different applications in Hybrid and Electrical 
Vehicle like auxiliary drives, DC/DC-converters, onboard chargers and heaters. This power 
modules option with Silicon Carbide Power MOSFET on board, thanks to the outstanding 
light load power energy losses, further benchmark power density improving system 
efficiency. 

4 SIC RELIABILITY 

Reliability will be assessed particularly addressing the relevant standardization committees in 
the Avionics and HEV fields. Different analysis will be carried on by exploiting Avionics and 
HEV partners’ competencies and sharing and integration of different practices will be done to 
explore opportunities for defining a standard approach for SiC.  

Fulfilment of lifetime requirements for passive components is assessed for each demonstrator. 

4.1 Analysis of failed devices 
In the WInSiC4AP Project, University of Messina (in collaboration with 
STMicroelectronics) investigated the effect of the thermo-mechanical stress on the 
metal surface of a failed device by means AFM (atomic force microscopy), optical 
microscopy, SEM, X-Ray analysis, Scanning Acoustic Microscopy analyses. The 
investigated DUT is a SiC-based Power MOSFET (mod. SCT30N120) undergone to 
approximately 21500 current pulses, after which the DUT is failed. After the failure, 
metal layer appears characterized by many cracks and fractures, mainly distributed close 
to the active area of the device. Figure 8 shows the optical image of the DUT surface, 
after the failure. Noticeably, the optical image acquired with a magnification of 12 X 
clearly shows a stressed area at the center of the DUT, which appears blackened. A 
greater magnification allows seeing the detail of the damages of the metal surface: close 
to the gate contact, the metal layer is still intact with a smooth surface; on the contrary, 
the central area of the DUT is characterized by a higher roughness.  

ACEPACK™ 2 ACEPACK™ SMIT       
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Figure 8: SEM images of the DUT surface acquired in the good (close to the gate contact) and stressed 
area (close to the source contact). 

These observations are directly correlated to the thermo-mechanical analysis, 
confirming that the area affected by the maximum mechanical displacement and by the 
achieved maximum temperature values, due to the Joule heating, will fail. More 
information are obtained analyzing the DUT surface with high spatial resolution 
microscopy techniques. 

4.2 Device FMEA analisys/report 
The Device FMEA is an analytical technique used by a design responsible organization as a 
means to assure, to the extent possible, that potential failure modes and their associated 
causes/mechanisms have been considered and addressed. 

5 CONCLUDING REMARKS 
Thanks to the intrinsic characteristics of SiC materials, the new generation power devices 
increase the efficiency of the applications, also increasing the working temperature. 
The devices will be assembled in new packages specially designed for SiC power devices to 
enhance their thermal capacity. SiC has a thermal conductivity three times higher than that of 
Silicon and the SiC MOSFET reported in this paper as an example has efficient characteristics 
even over 200°C. 
From the point of view of the project, and in relation to the automotive sector, as the evolution 
of thermal motor cars to hybrid and finally electric cars requires the use of efficient and 
advanced electronics, we expect a positive economic impact with a use of SiC technology for 
every new car placed on the market. 
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ABSTRACT 
A novel methodology for the preliminary sizing of pure-electric and serial hybrid-electric 
airplanes is presented, which is general and capable of dealing with propeller-driven 
airplanes of arbitrary configuration and size. The method ta es into account the wider design 
space available to hybrid-electric aircraft compared to conventional ones, allowing to 
consider varying degrees of hybridization , i.e. the share in power and energy between the 
components of the powertrain. urthermore, the energy management strategy adopted for the 
sizing flight mission is considered, by iteratively performing a thorough time simulation after 
an initial estimation of the sizing. This allows to adjust the energy-storage-related masses in 
order to optimize the results. Applications to - and -passenger aircraft and realistic 
missions are shown, highlighting the impact of three possible energy management strategies, 
including an optimized one. 

Keywords: electric aircraft, serial hybrid-electric propulsion, environmentally-friendly 
aviation, micro-feeder 

1 INTRODUCTION 
This paper describes a general methodology for the preliminary sizing of pure-electric (PE) 
and hybrid-electric (HE) manned aircraft, a topic that is currently attracting much attention in 
view of near-future applications in the quest of improved sustainability in aviation. A 
significant body of scientific literature dedicated to the analysis of PE and HE has been 
produced in recent years and a growing number of concepts and applications is undergoing 
advanced development (see 1  for a recent review). Indeed, several prototypes and 
demonstrators have already flown (examples cited in 2, ), while a few reached the series 
production stage, starting with motor-gliders and currently pea ing with the 2-seater Pipistrel 
Alpha Electro, an ultralight undergoing a certification process in the EU and USA. 

Notwithstanding this impressive development, general methodologies for initial PE 
and HE aircraft design are still far from the maturity achieved in tac ling conventional 
machines. In particular, this applies to preliminary sizing, conceived as the determination of 
the gross design mass and its brea down into its main components, the determination of the 
total installed power and the performance of each powertrain component, and the 
determination of the reference dimension (typically, the wing surface, or wing planform area). 

The present wor  concerns activities framed in the MAHEPA pro ect (Modular 
Approach to Hybrid-Electric Propulsion Architecture), a Horizon 2020 EU-funded activity 
developing new more sustainable powertrain architectures for aviation 4 . Among the 
MAHEPA goals, scenario studies for a future environmentally-friendly air transportation 
system are pursued, considering the application of HE powertrain technologies to short-haul 
passenger aircraft. To this end, the present methodology has been developed by extending the 
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approach presented in 2, , aiming to the setup of a preliminary sizing framewor  applicable 
to the initial design of propeller-driven airplanes of arbitrary configuration and size. This is at 
variance with respect to many recent contributions in the literature, where typically a 
retrofitting approach is considered, by designing a pure-electric or hybrid-electric propulsion 
system in substitution of the native thermal one for an existing aircraft. The presented method 
ta es into account the energy management strategy adopted for the sizing flight mission. 
Indeed, the various possibilities to exploit the two energy sources on board (battery and fuel) 
in each flight phase may play an important role, leading to more or less optimized solutions. 

2 SIZING METHODOLOGY 
The proposed approach applies to the preliminary sizing of PE and serial HE propeller-driven 
aircraft. The serial propulsive architecture implies the presence of an electric motor (EM) 
driving each propeller, powered by a battery pac  ( P) and an electric power generation 
system (PGS) 1 . The latter is typically represented by a hydrocarbon-burning internal 
combustion engine (ICE), being either a reciprocating engine or a turboshaft, coupled with an 
electric generator. ther possibilities for the PGS include the case of a fuel cell system, as 
discussed in 5 .  In the present context, a PE aircraft is obtained as the case of a serial HE one 
without a PGS. 

The sizing procedure consists in a modification of an approach commonly employed 
in the conceptual design of conventional aircraft, ma ing use of suitably adapted formulations 
and tools. The first element which is at variance with conventional aircraft is given by the 
design maximum ta e-off mass (MT M) 𝑀𝑚𝑡𝑜 brea down: 

𝑀𝑚𝑡𝑜 = 𝑀𝑝 +𝑀𝑎 +𝑀𝑚 +𝑀𝑏 +𝑀𝑔 +𝑀𝑓� (1) 

where 𝑀𝑝 represents payload mass, 𝑀𝑎 non-propulsive airframe mass, 𝑀𝑚 electric motor 
mass, 𝑀𝑏 P mass, 𝑀𝑔 PGS mass, and 𝑀𝑓 fuel mass. e remar  that, here, non-propulsive 
airframe mass ta es into account of all airframe masses (structure, on-board systems, landing 
gear, etc.) except those related to the powertrain. Therefore, the sum (𝑀𝑎 + 𝑀𝑚 +𝑀𝑏 +𝑀𝑔) 
corresponds to the empty mass  commonly referred to in a conventional aircraft. This is 
typically estimated as a single term in the mass brea down through historical statistical 
regressions based on similar existing aircraft, a process that is not applicable for PE and HE 
aircraft, due to the lac  of consolidated data for these new airplane types. 

The mass estimation procedure is therefore crucial for a reliable sizing, and is 
inherently coupled with power and wing surface estimation in a much more elaborate way 
than in conventional aircraft. Indeed, one possibility to tac le conventional aircraft 
preliminary sizing consists in finding the MT M by coupling a historical statistical regression 
for the empty mass and a fuel-fraction procedure for the fuel mass, based on mission energy 
requirements. Then, power and wing surface are determined by choosing the design point in 
the feasible design space drawn according to the sizing matrix plot (SMP), which ta es into 
account all point and terminal performance requirements 2, . 

In the case of a PE or HE aircraft, power considerations apply directly to mass 
estimation, as EM, P, and PGS masses inherently depend on their power output. Therefore, 
starting with the choice of a design point on the SMP, which amounts to the determination of 
the design power loading 𝑊𝑚𝑡𝑜 𝑃𝑏⁄  and wing loading 𝑊𝑚𝑡𝑜 𝑆⁄ , being 𝑃𝑏 the shaft bra e-
power and 𝑆 the wing surface, the method derives the component masses of Eq. 1 starting 
with an initial MT M guess and loops until convergence. In this process, all mission 
requirements and performance specifications deriving from the applicable certification basis 
or other design considerations are involved, as well as numerous parameters yielded by the 
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mar et analysis and technology survey that are normally performed as an initial phase in 
conceptual design. 

Among these specifications, on-board energy management is of paramount importance 
for HE aircraft. As an essential advantage of serial HE powertrains is the possibility of 
operating in PE mode, this is often considered as an element to be included in the mission 
profile, by requiring PE operations below a given altitude. This grants zero-emission and a 
considerable noise abatement in the vicinity of airports, greatly contributing to eco-
friendliness of future air transportation. ther energy management specifications, concerning 
the amount of power from P and or PGS during the various phases of the flight profile and 
the amount of residual energy stored on board at mission completion cannot be ta en into 
account accurately at this level and is one of the main reasons for the subsequent refinement 
of the preliminary sizing. 

In fact, once the above discussed sizing is accomplished, a second process is deployed, 
which involves the time-marching simulation of the sizing mission. In this process, the flight 
profile is covered from ta e-off to landing by applying performance equations and 
considering different modes of energy supply to the EM. These are the PE mode, in which 

only the P provides motive power, and 
the HE mode, in which the PGS is 
switched on, providing power to either 
the EM, the P or both. Also, energy 
recuperation in gliding flight by 
deriving battery recharging power from 
the windmilling propeller can be 
considered. This process corrects the 
sizing previously achieved, through the 
ad ustment of the components 𝑀𝑏 and 
𝑀𝑓 of the mass brea down, according 
to the actual needs observed in the 
simulation. 

The complete procedure was 
implemented in the Hyperion (Hybrid 
Performance Simulation) tool according 
to the scheme seen in Figure 1 (FMS 
stands for flight mission simulation). A 
fully detailed account of the proposed 
methodology and its implementation is 
presented in 6 . 

3 IN-FLIGHT ENERGY MANAGEMENT 
Given the possibility to draw power for flight from two independent power sources, i.e. the 

P and PGS, in-flight energy management needs to be defined according to some criteria. 
Here, a number of possibilities arises, which may have an impact on the overall energy 
efficiency of the sizing mission and, therefore, on the optimal sizing of the aircraft as well as 
on its operational efficiency. 

Several parameters play a role in this regard, including P power energy and PGS 
power performance specifications, requirements on the alternative or concurrent usage of the 
two power sources, upper and lower threshold values of P state of charge (S C), P 
charge discharge rates, and PGS throttle rating. 

Hereinafter, we shall consider the following requirements for HE aircraft: 
a. PE mode below a specified transition altitude

Figure 1: loc  diagram of the Hyperion tool for 
electric aircraft preliminary sizing. 
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b. EM sized to fulfil maximum mission power (ta e-off  climb) at its highest
(non-continuous) rating

c. P sized either to fulfil maximum mission power first, and then increased if
needed to provide energy for the flight phases below the transition altitude

d. PGS sized to fulfil the cruising power requirement, plus some extra power in
order to be able to recharge the P

e. Fuel tan  sized to provide the required mission energy, except for the part
provided by the P at full charge

f. Minimum values for P S C and fuel remaining at mission completion.
The flight profile considered for the sizing mission is the typical transfer for a civil 

passenger of freight airplane, composed by ta e-off, climb, cruise, descent, loiter (according 
to applicable regulations), and landing. Apart from terminal ones, all phases are flown at 
constant equivalent airspeed (EAS). 

In the following, three relatively simple energy management strategies are considered, 
in order to illustrate their impact on aircraft sizing. 

A first strategy shall be indicated as strategy 1 and is represented by a cyclic  
operation for the P. Indeed, in this case, the battery is discharged in the beginning of the 
mission, up to the lower threshold and then recharged. As soon as the upper threshold is 
reached, the P is again discharged, and so on. The activation of the PGS follows accordingly 
to the current power requirement, so that it is ept off if the P power is enough, and then 
turned on when the P cannot sustain the power required for flight. 

A second strategy shall be indicated as strategy 2 and corresponds to operating the 
P in a quasi steady  S C for most of the time. In this case, after the completion of the 

initial portion of the flight performed in PE mode, the P is recharged and ept as close to 
full charge as possible during the remaining part of the mission. Consequently, the PGS is 
ept running until the transition altitude is reached during descent. 

It can be demonstrated that neither of the previous strategies is energy-optimal, under 
the considered conditions 6 . Indeed, both of them cannot guarantee to complete the sizing 
mission with the minimum amount of energy stored on board, nor to fly each segment at the 
best possible efficiency, given that the aircraft mass changes in different ways. A study in 
optimization reveals that the optimal strategy is very similar to the steady  strategy ( 2). 
This has the advantage of burning fuel, so reducing aircraft mass, as soon as possible, except 
for the fact that towards the end of the mission, the PGS is switched off before reaching the 
transition altitude and PE mode is established so that the residual energy on board at landing 
exactly matches the requirements. This strategy shall be indicated as strategy . 

4 NUMERICAL STUDIES 

4.1 Preliminary considerations 
The proposed methodology was applied to a number of example cases across several aircraft 
categories, ranging from 4 to 0  occupants. Here, results concerning a light, 8-passenger 
commuter airplane (named H8) and a 0-passenger regional liner (named H 0) are illustrated. 

The interest in the light commuter is spurred by the fact that this type of aircraft may 
fulfil the role of a microfeeder , i.e. a small liner intended to operate from a diffuse networ  
of small airports and even airstrips in order to feed passengers to and fro regularly scheduled 
flights at ma or airports. This concept, recently explored in , is of primary concern in the 
research carried out in the MAHEPA pro ect, as a possible ey component in the future 
development of a more connected transportation networ . This is envisaged in the Flightpath 
2050 document 8 , which calls for a continental transportation system capable of moving 
people from any European location to any other in less than four hours, door to door. To do 
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that, a novel class of environmentally-friendly, short-haul airliners is crucial to connect 
smaller cities and open country territories to ma or airports. 

The case of the large regional airliner is also of high interest, as regional air 
transportation may benefit of substantial environmental advantages and thus contribute to 
sustainability of civil aviation at large. 

In the numerical studies that follow, we assume that the battery specific power is 1.50 
g  the battery specific energy is 0.50 h g  the EM overrating is such that 25  extra 

power can be exploited in ta e-off and climb  the target final values for P S C and fuel 
remaining are 25  and 10 , respectively  the transition altitude is set at 1,000 m above 
ground level (AGL). 

4.2 Light commuter airplane 
e consider a sizing mission with a range of 1, 0 m, plus a final loiter of 45 minutes below 

the transition altitude (here at 00 m). The total ta e-off distance requirement is 654 m and 
the cruising speed 150 n at 1,800 m. 

Figure 2: Time histories of battery state of charge (blue), PGS throttle (red), fuel quantity (yellow), 
and altitude for the H8 using the three energy management strategies (left: 1  center: 2  right: ). 

Figure 2 shows the time evolution of the energy stored on board obtained by applying 
the three energy management strategies. The P S C and fuel quantity are shown, together 
with the PGS throttle level and altitude profile. The difference between strategies 1 and 2 is 
apparent in the S C and PGS throttle time histories. 

In case 1, the battery is partially discharged in PE mode up to transition altitude, then 
the PGS is turned on, providing some extra power to climb up to cruising altitude. At the top 
of climb, the PGS is turned off and the battery provides power for flight up to discharge at the 
lower S C threshold. This is a consequence of the P being sized for power, which implies 
extra energy at the end of climb. From then on, the PGS is turned on again at maximum 
rating, providing both cruising power and P recharging power. attery S C increases until 
hitting the upper threshold. There, the PGS is switched off and a segment of the cruise is 
flown on battery only, up to discharge, which triggers again the PGS on. Descent ensues and 
the PGS is turned off when crossing the transition altitude and the final loiter is flown in PE 
mode. 

In case 2, the battery is discharged only during the PE phases, while it is charged 
throughout the rest of the flight. The PGS is ept running during the P charging phases 
(without the need to operate at maximum rating) to provide the recharge, with a mar ed 
reduction during descent, when at fully charged P, the PGS provides the power required for 
flight in descent down to transition altitude. 

The only difference between cases 2 and  lies in the full switching-off of the PGS 
about 15 minutes before the start of descent for the optimal case, when the required residual 
fuel is achieved. The following P usage insures the required residual S C at mission 
completion. 
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Figure : Time histories of shaft power (green), P power (blue), PGS power (red), and altitude for 
the H8 using the three energy management strategies (left: 1  center: 2  right: ). 

The P is sized to provide 616  and 290.5 h, while the PGS is sized to 50 . 
Figure  shows the time evolution of the power delivered by the two power sources on board, 
contrasted with the shaft power required for flight and the altitude profile. P and PGS 
activities clearly follow trends corresponding to those seen in Figure 2. Negative values of the 

P power output corresponds to battery charging. 
The mass brea down obtained in the three cases is shown in Table 1. It is readily seen 

that for the cyclic and optimized strategies we get almost identical results, due to the fact that 
the final P S C and fuel remaining values happen to be extremely close to the target values 
in case 1, as seen in Figure 2. ith respect to the cyclic strategy, the optimized strategy 
yields a reduction in MT M 1.0 , and fuel consumption by 1. . This corresponds to a 
saving of 6 g of fuel for the same mission. If compared to the steady strategy, the MT M 
reduction is 1.0  and fuel consumption reduction is 6.1  or  g. 

1 2  
g   g   g   

Maximum Ta e-off Mass ,254 100.0 ,285 100.0 ,248 100.0 
Empty mass  1, 4 42.2 1, 4 41.8 1, 4 42.  

ccupant mass 819 25.2 819 24.9 819 25.2 
attery mass  581 1 .9 581 1 .  581 1 .9 

Fuel mass 4 9 14.  510 15.5 4  14.6 

Table 1: Mass brea down for the H8 according to the three energy management strategies. 

4.3 Large regional airplane 
e consider a sizing mission with a range of 800 m, plus a final loiter of 45 minutes above 

the transition altitude (here at ,000 m). The total ta e-off distance requirement is 1, 0 m 
and the cruising speed 1 5 n at ,000 m.. 

Figure 4: Time histories of battery state of charge (blue), PGS throttle (red), fuel quantity (yellow), 
and altitude for the H 0 using the three energy management strategies (left: 1  center: 2  right: ). 
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Figure 4 shows the time evolution of the energy stored on board obtained by applying 
the three energy management strategies. Again, the difference between strategies 1 and 2 is 
apparent in the S C and PGS throttle time histories. The difference between cases 2 and  
is seen in the final part of the mission, with the PGS on during loiter and final descent for case 
2 and mostly off in case . Indeed, with the optimized strategy, the P sizing allows to fly 

most of the loiter and the subsequent final descent in PE mode, even if above the transition 
altitude. 

Figure 5: Time histories of shaft power (green), P power (blue), PGS power (red), and altitude for 
the H 0 using the three energy management strategies (left: 1  center: 2  right: ). 

The P is sized to provide 5,252  and 1,829 h, while the PGS is sized to 4,524 
. Figure 5 shows the time evolution of the power delivered by the two power sources on 

board, contrasted with the shaft power required for flight and the altitude profile. It is seen 
that for this specific aircraft, the power required for cruise is significantly lower than the 
power for ta e-off and climb. P and PGS activities clearly follow trends corresponding to 
those seen in Figure 4. It is apparent the similarity of the loiter and final descent phases in 
cases 1 and 2, and the similarity of the rest of the mission in cases 2 and . 

The mass brea down obtained by applying the three energy management strategies is 
shown in Table 2. Also in this case, we get identical results for the cyclic and steady 
strategies, since the final P S C and fuel remaining values happen again to be almost 
identical, as seen in Figure 4. However, for the optimized strategy, the MT M is reduced by 
1.2  and fuel consumption by 19 . This corresponds to a saving of 401 to 410 g of fuel for 
the same mission, compared with 1 and 2, respectively. This appears a significant result, 
ustifying an investment in the consideration of optimized energy management early in 

conceptual design. 

1 2  
g   g   g   

Maximum Ta e-off Mass 1, 06 100.0 1,69  100.0 1,29  100.0 
Empty mass  18,969 59.8 18,969 59.8 18,969 60.6 

ccupant mass 6,955 21.9 6,955 21.9 6,955 22.2 
attery mass  ,658 11.5 ,658 11.5 ,658 11.  

Fuel mass 2,125 6.  2,116 6.  1, 15 5.5 

Table 2: Mass brea down for the H 0 according to the three energy management strategies. 

5 CONCLUSION 
This wor  contributes to the EU-funded H2020 MAHEPA pro ect, encompassing scalability 
studies in aircraft design and analysis of future scenarios for GA and regional air 
transportation by exploiting hybrid-electric aircraft, based on both thermal and fuel-cell 
systems. A general methodology for the preliminary sizing of pure-electric and serial-ICE 
hybrid-electric aircraft has been developed, which can be applied to vehicles of arbitrary 



reliminary Sizing and Energy anagement of ybrid-Electric Airplanes Trainelli et al. 

 

weight category. The methodology allows to consider the effect of all mission requirements, 
certification specifications, and other design constraints, as in conventional aircraft initial 
design, and to include the peculiar aspects of electric propulsion. Among them, an important 
role is played by the degree of hybridization  in power and energy, i.e. the share between the 
output capabilities of the electric and thermal components of the powertrain. In addition, the 
energy management strategy during the mission implies variations in the overall energy 
efficiency and, therefore, on the needed masses of battery and hydrocarbon fuel. As such, this 
can have an impact on the optimal sizing of the aircraft. The application to the preliminary 
sizing of two passenger aircraft designs is presented for realistic sizing missions, considering 
three different energy management strategies. It is shown that significant advantages in fuel 
efficiency may be achieved with an optimal energy management, in contrast to simpler 
strategies, leading to significant fuel savings. This motivates the interest in considering energy 
management strategies from the very initial phases in conceptual design, in order to identify 
the most promising design configuration. A detailed discussion of the method, together with 
its validation and further applications are found in 6 . 
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ABSTRACT 
The study of the interaction between Space Environment and Space components is one of the 
most important topics of the Aerospace Engineering. To have a full test chain thus represents 
a great advantage in basic research, design and realization of Space Systems and Structures. 
The Aerospace Systems aboratory ( SA) of Department of Astronautic, Electrical and 
Energy Engineering at Sapienza niversity of Rome can perform all the Space Environmental 
tests, such as utgassing, Atomic xygen-  synergistic degradation effects on space 
materials and  Thermal ycling. oreover the materials and systems characterization is 
completed by the evaluation of the Thermal Expansion oefficient, the echanical roperties 
and the Electromagnetic behaviour of such materials. An important part of the research 
activity is the study of the interaction between structures and Space Systems with the ars 
Environment, both on orbit and on the Red lanet Surface, by mean of the hemical, 

ressure and Temperature haracteristics of the ars perative Environment. 
ver the years many subsystems and space systems operative in Space have been successfully 

tested at SA, such as ESA Exomars arachute, ESA Galileo  Navant, - NS , 
niversity of Nairobi Nanosatellite supported by ASI, A A and SA, and many joined 

research projects have been carried out, such as ASA hase B  of ASI, ESA- IST project on 
Advanced oating and ASI project on Advanced Thermal and Environmental rotection 
System.  
To achieve these goals important collaborations have been also carried out with relevant 
Research enters, such as the Department of hemistry and the Section of uman Anatomy 
of  the Department of Anatomical, istological, orensic and rthopaedic Sciences both of 
Sapienza niversity of Rome. 
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1 INTRODUCTION 
In the last decades the human aim to reach the stars produced a continue run, focused on both 
research and exploration, and the commercialization of space. The conquest of space has 
enabled the technological and commercial development of many countries in many areas of 
engineering, but on the other hand has caused the rising of a new problem, i.e. the facing of 
all the hazards due to the space environment 1 . Therefore when a mission to space is 
planned, it is necessary ta e into account the environment in which the instrumentations and 
the satellite that carries them will go to wor . About 25  of operating anomalies are in fact 
due to the space environment that affects the control and management systems of the 
spacecraft and of the instrument. In order to use space for these purposes it is mandatory to 
guarantee the compliance with the low earth orbit (LE ) space environment that degrades the 
performances and functionality of materials with phenomena such as atomic oxygen (A ), 
ultraviolet (U ) radiation, plasma, micrometeoroids and orbital debris (MM D), as well as 
severe temperature cycles. In this frame the Aerospace Systems Laboratory of Department of 
Astronautic, Electrical and Energy Engineering at Sapienza University of Rome can perform 
all the Space Environmental tests, such as utgassing, Atomic xygen-U  synergistic 
degradation effects on space materials and  Thermal Cycling. Moreover the materials and 
systems characterization is completed by the evaluation of the Thermal Expansion Coefficient 
and the Mechanical Properties and the Electromagnetic behaviour of such materials, as well 
as the study of the interaction between structures and Space Systems with the Mars 
Environment, both on orbit and on the Red Planet Surface. In this paper an overview of ASL 
Laboratory research activities is given, with particular emphasis on the complete test chain 
achievable with the Laboratory facilities. 

2 GROUND TEST FACILITIES FOR SPACE ENVIRONMENT INTERACTION 
ENGINEERING  

In order to utilize space for scientific and commercial purposes it is necessary to understand 
the Low Earth rbit (LE ) space environment where most of the activities are now, and will, 
be carried out. LE  environment includes severe hazards such as Atomic xygen (Ao),  
Ultraviolet (Uv) Radiation, Ionizing Radiation, High acuum, Plasma, Micrometeoroids And 
Debris, Severe Temperature Cycles. At the Aerospace Systems Laboratory, except for 
Ionizing Radiation, every aspect is ta en into account, bot for single tests and a complete 
qualification test chain, considering the synergistic effects of all the hazard a spacecraft shall 
face and the thermomechanical properties of space components.  
As a first step, thermomechanical properties of all the material involved in the design of a 
component or a structure are evaluated by mean of mechanical test and thermal expansion 
coefficient (CTE) evaluation: every component shall be compliant with the nominal values 
given by the designers.  
Then, for a complete space characterization, and the certification of spaceability of such 
components, the first step is the utgassing test 2  , that gives at first glance the 
possibility to use or not a material in space. In fact when utgassing test give rise to a failure, 
any other test lose importance, since outgassing effects are to damage and contaminate the 
structures themselves and the other components of a spacecraft.  
Then a parallel examination of the effects given by Thermal Cycling and Atomic xygen  
U  4  interaction is ta en into account, considering as a result, respectively, the 
morphological and mechanical properties changes, and the chemical and  morphological 
properties changes.  
Finally, and in parallel, the electromagnetic behaviour, such as Radar Cross Section and 
Absorption Cross Section 5  6  of all the components  can be performed at different 
frequency ranges. 
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Every single test is performed in accordance with the respective reference standard, that could 
be given by ASTM, ECSS or a combination of them  8  9  10  11 . Thus, for a precise 
evaluation of CTE, Atox  U  effects and utgassing properties, all these facilities wor  
inside an IS  Certified Clean Room, while for Thermal Cycling and Electromagnetic 
behaviour a temperature  humidity controlled room is used. 

2.1 Thermomechanical characterization: the evaluation of Thermal Expansion 
Coefficient (CTE) 

The dilatometer tests are performed by the use of the horizontal dilatometer L 5H 1600.  
The facility is equipped by an outer tube for samples and a pushrod as required by the ASTM 
E228D. the temperature range of the facility is RT-1600 C. The measuring head, which is 
connected with the pushrod, measures the sample dilatation and the software is demanded to 
process data and evaluate the CTE.  

Figure 1: The Dilatometer 

Figure 2: Example of CTE trend 

2.2 Thermomechanical characterization: the evaluation of Mechanical Properties 
The tensile tests are performed using Schenc  Trebel Tester. The mechanical testing device is 
equipped by two clamps dedicated to every single test. The testing machine is equipped with a 
2 N – TR  200 transducer, a 20 N – H M U2  transducer and a 100 N – 4 transducer. 
The acquisition system is a Metrocom proprietary system. The Tester wor s using a 
controlled displacement speed whose maximum is 900 mm min. 
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Figure : Grab clamps mounted on the facility 

       (a)             (b)                                              (c) 
Figure 4: Load transducers (a) 2 N – TR  200   (b) 20 N – H M U2   (c) 100 N – 4 
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2.3 Outgassing 

The test facility consists of the following components: A vacuum oven, the outgassing 
simulator, composed by two parallel copper plates for samples and collectors, a set of  Sample 
holders an collectors, a Micro-balance, a chiller for cooling the collector plate, a set of a dry 
pump and a Turbomolecular pump.  The reference standards are ASTM E-595 Standard Test 
Method for Total Mass Loss and Collected olatile Condensable Materials from utgassing 
in a acuum Environment  and ECSS- -ST- 0-02C Thermal vacuum outgassing test for the 
screening of space materials . Images of the test facility follow: 

Figure 5: utgassing facility and components 

This test method covers a screening technique to determine volatile content of materials when 
exposed to a vacuum environment. Two parameters are usually measured: total mass loss 
(TML) and collected volatile condensable materials (C CM). An additional parameter, the 
amount of water vapor regained ( R), has also been obtained after completion of exposures 
and measurements required for TML.  
TML is calculated from the mass of the specimen as measured before and after the test and is 
expressed as a percentage of the initial specimen mass.  

ater vapor regained, R is the mass of the water vapor regained by the specimen after an 
additional reconditioning step. R is calculated from the differences in the specimen mass 
determined after the test for TML and again after exposure to a 50  relative humidity 
atmosphere at 2 C for 24 h. R is expressed as a percentage of the initial specimen mass.  
This test method describes the test apparatus and related operating procedures for evaluating 
the mass loss of materials being sub ected to 125 C at less than ,  10  Pa (5,  10 5 torr) for 
24 h. The overall mass loss can be classified into non condensables and condensables. The 
latter are characterized herein as being capable of condensing on a collector at a temperature 
of 25 C.  
The criteria used for the acceptance and re ection of materials is determined by the user and 
based upon specific component and system requirements. Historically, TML of 1.00  and 
C CM of 0.1  have been used as screening levels for re ection of spacecraft materials.  
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2.4 Atomic Oxygen / VUV ageing 
The S-PRE  Plasma Source, which is manufactured by xford Scientific Instruments, is a 
radio frequency Inductively Coupled Plasma Source (ICPS)  it is a device in which the 
ionization of the oxygen molecules occurs, coupling the energy from a radio-frequency Power 
Source (1 .56MHz) to an ionized gas. The energy is transmitted to an inductive circuit 
element (a copper coil) ad acent to a discharge region. The molecular gas changes in a plasma 
and the plasma eeps itself in a limited zone of the chamber because of the high vacuum 
pressure. The reference standard is the ASTM E2089 Standard Practices for Ground 
Laboratory Atomic xygen Interaction Evaluation of Materials for Space Applications . 

Figure 6:  The plasma chamber simulate the Atox and U  

Plasma composition 
Neutral species 99  (60  atoms  - 40  molecules 2) 

xygen 1  ions  
Operating conditions 

or ing pressure 1E-5 mbar 
Distance between sample and emission 
aperture 50 mm 

Energy of the neutral species  5-25 e  
Flux 2.5E15 ns cm2 s 
Atomic oxygen Fluence Up to 1.46 E21 atoms cm2 
Plasma Fluence Up tp .11E21 neutral species cm2 

eam Temperature  200 C 

Table 1 The plasma composition and the operative conditions 

U  lamp and U  controller  the U  generator is a highly stable mercury-xenon lamp 
produced by HAMAMATSU (model LC8 Lightning Cure). The system have high-intensity 
U  line spectra with an elliptical reflector (U  cold mirror) having reflectivity higher than 
90  in the U  range and a quartz light guide with U  transmittance. The lamp wor s in a 
horizontal position in order to have an optical system with low light loss. The spectral 
emittance field range is 200 to 600 nm with a maximum emission value of 65 nm. The 
radiation intensity of the lamp system is 410 m cm2 (|10 Suns) at 60 mm distance with an 
aperture size of 20 mm. 
Atomic oxygen test  all samples are positioned inside a Clean Room and conditioned for 48h 
at a pressure of 260 mbar as required by ASTM E2089 for atomic oxygen tests. After such 
treatment the samples are exposed to A , until the final exposition time, expressed in 
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Equivalent Sun Hours (EHS) at a maximum effective fluence of 1.5 1021 A cm2. For the 
weight measurements, the experimental apparatus is equipped by a high precision 
microbalance (Mettler-Toledo, sensitivity 0.002 mg). The maximum sample geometry is of 
25x25x10 mm, but it can be adapted to custom requirements. The sample can be oriented at 
different angles of attac , regarding both A  and U  fluxes. 

2.5 Thermal Cycling 
Two thermal cycling facilities are operative at LSA. oth facilities can be also used for the 
simulation of the Mars atmosphere, by the use of C 2 and N, that can be connected to a gas 
mixer, that allows the correct mixing of gases at the mean surface pressure of 00 Pa also 
with the help of the vacuum system. 
All the facilities complies with the reference standard ECSS - 0-04A: Thermal testing for 
the evaluation of space materials, processes, mechanical parts and assemblies. 

. .  SAS System I  T E S R D 

The SHR UD is a system that is able to simulate the characteristics temperature trend of a 
LE  orbit due to the different phases of sun light-shadow during the orbital period. The 
characteristics temperature range is between 150 C and -150 C with a nominal pressure 
P 10-6 mbar (10-4 Pa) that is reached putting the SHR UD inside the SAS. The hot and cold 
phases for sun light-shadow simulate is realized than s to a pipe circuit for nitrogen flow 
(cold phase ) and electrics heaters ( hot phase ). The cylindrical layout with one external 
shield and one internal shield, allow a good isolation during all wor  phases and an 
homogeneous distribution of radiation. The frame is constituted of two main rings (frontal and 
rear) and three secondary rings for maintain the geometry during wor . The two rings are 
connected by 60 nitrogen flow copper pipes, while the secondary rings eeps the heaters still 
during the operation. The heaters and copper pipe configuration scheme ensures a uniform 
distribution of radiation. 

Figure :  Shroud test system for thermal cycling 
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Figure 8:  Shroud test system for thermal cycling: example of thermal cycling 

. .  SAS System II  T E S R D II IT  ARA E  ATES 
The 80x80x 4 cm vacuum chamber has two internal plates with dimensions 50x50x0.8 cm in 
which heaters and liquid nitrogen coils are present. The chamber can operate either in vacuum 
or in a nitrogen atmosphere. According to the operating principle, cooling is carried out in the 
following ways. 

In a vacuum, pmin  10-4 mbar: cooling with liquid nitrogen, which flows into coils that are
welded inside the two plates.

In a nitrogen gas atmosphere N2: cooling by liquid nitrogen, which flows in coils welded
inside the two plates and by blowing in gaseous nitrogen, thermos-regulated at the inlet,
inside the chamber.
The number of thermocouples present is 4 for the monitoring and control of the plates, and 9
for the monitoring and control of the samples, plus two safety and control thermocouples
placed respectively in the boiler and on one of the plates.

Figure 9:  Shroud II test system for thermal cycling 
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Figure 10:  Shroud II test system for thermal cycling: example of thermal cycling on 1- UNS PF 
Nanosatellite. 

2.6 Electromagnetic Environment 

. .  Absorption ross Section 
The Reverberation Chamber used for the study of ACS is of cylindrical shape. The 
fundamental mode resonance frequency is f0 8 .  MHz, giving a lower usable frequency 
(LUF) of about 5f0 4168 MHz. A vertical stirrer is placed inside the chamber. The stirrer is a 
combined -folded copper paddle  the bottom part with height of 1  cm and width of 1  cm 
and the upper part with height of 1  cm and width of 6 cm. The stirrer is moved in a stepped 
mode by a stepper motor, which assure a 1 degree resolution. Transmitting and receiving 
antennas are two A-Info  wor ing between 50 GHz and 0 GHz. A NA (Anritsu Model 
MS464 ) is used to measure the transmission coefficient between the two antennas, after an 
adequate calibration able to compensate for the antenna cable attenuation. A 1000 Hz IF 
bandwidth was set for the NA to reduce noise and a 5 seconds sweep time was set for each 
range. In this way, a sufficient frequency resolution (1.25 MHz) was reached to allow a good 
frequency stirring. Moreover, measurements are usually repeated in 60 stirrer independent 
positions (1 degree steps) to add also a mechanical stirring process for a better  factor 
evaluation. Figure 11 show photographs of the system. The absorbing material sample was 
placed over a polystyrene foam support and oriented avoiding any alignments along the 
chamber Cartesian axes. 
A second RC is available. It is a modified version of SAS I acuum chamber where also 
atmosphere (temperature, composition, pressure) and U IR irradiance rate could be modified 
for material testing in space environment conditions. It has the following characteristics. The 
Chamber has a volume of 5 m  and is of cylindrical shape (Figure 1 ). The fundamental 
mode resonance frequency is f0 200 MHz, giving a lower usable frequency (LUF) of about 
5f0 1000 MHz. A vertical stirrer is placed inside the chamber. The stirrer is a -folded 
aluminum paddle with height of 5  cm and width of 40 cm. The stirrer is moved in a stepped 
mode by a stepper motor, which assure a 1 degree resolution. Transmitting and receiving 
antennas are two A-Info  wor ing between 800 MHz and 8 GHz. A NA (Anritsu Model 
MS2026C) is used to measure the transmission coefficient between the two antennas in the 
microwave range from 500MHz to 6GHz, after an adequate calibration able to compensate for 
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the antenna cable attenuation. A 1000 Hz IF bandwidth was set for the NA to reduce noise 
and a 5 seconds sweep time was set for each range. 
A third RC has been available adapting the large Space Simulator once used for the San 
Marco satellites and available at the Department of Astronautics, Electrical and Energy 
Engineering in order to obtain a big reverberation chamber. It ma es use of the space 
environment simulator, with an internal volume of 40 m  where also atmosphere 
(temperature, composition, pressure) and U IR irradiance rate could be potentially modified 
for material testing in space environment conditions. Moreover an anechoic sub-chamber can 
be inserted inside the Simulator. The resonance frequency of the fundamental mode is f0  50 
MHz, giving a LUF of about 5f0 250MHz. A vertical stirrer is placed inside the chamber: it 
is a combined -folded copper paddle 2m high and 1.4m wide. 
The RC field power can be statistically analyzed over the angular steps by computing the S21 
ensemble average over the stirrer rotation for each value of frequency  the ACS is then 
calculated by averaging the quality factors  of the chamber loaded with samples and empty 
chamber over the desired stirrer positions, subtracting the second from the first. 

(a) (b) 

(c) (d) 
Figure 11:  RC measurement setup: (a) the chamber closed and connected to the NA, (b) the 

mechanical rotating stirrer, (c) details of the horn antennas arrangement, (d) image of the closed RC 
inside, with a foam sample placed on the bottom polystyrene support.  

Figure 12:  Example of Absorption Cross section (ACS) measures 
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Figure 1 :  Configuration of the RC measurement setup inside the SAS Chamber 

Figure 14:  Configuration of the RC measurement setup inside the San Marco acuum Chamber 

. .  Radar ross Section 
The facilities used for the determination of the Radar Cross Section allow us to study the 
stealthness of the materials 12 . e can use the transmission line theory in order to find the 
microwave reflection coefficient (RC) at the air-composite material layer interface. 
Measurements setup consists of a vector networ  analyzer ( NA) Agilent PNA L wor ing up 
to 20 GHz, wave guide calibration it in the -band (8.2-12.4 GHz), sample holder hosting 
the material under test (MUT) of 9.  mm thic ness. Permittivity results give wave 
impedance values. Some pictures of the system follow. 
Radar cross-section is used to detect planes or ob ects in a wide variation of ranges. For 
example, a stealth aircraft (which is designed to have low detectability) will have design 
features that give it a low RCS (such as absorbent paint, smooth surfaces, surfaces specifically 
angled to reflect signal somewhere other than towards the source), as opposed to a passenger 
airliner that will have a high RCS (bare metal, rounded surfaces effectively guaranteed to 
reflect some signal bac  to the source, lots of bumps li e the engines, antennas, etc.). RCS is 
integral to the development of radar stealth technology, particularly in applications involving 
aircraft and ballistic missiles. RCS data for current military aircraft is most highly classified. 
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Informally, the RCS of an ob ect is the cross-sectional area of a perfectly reflecting sphere 
that would produce the same strength reflection as would the ob ect in question. ( igger sizes 
of this imaginary sphere would produce stronger reflections.) Thus, RCS is an abstraction: 
The radar cross-sectional area of an ob ect does not necessarily bear a direct relationship with 
the physical cross-sectional area of that ob ect but depends upon other factors. 
Somewhat less informally, the RCS of a radar target is an effective area that intercepts the 
transmitted radar power and then scatters that power isotropically bac  to the radar receiver. 
More precisely, the RCS of a radar target is the hypothetical area required to intercept the 
transmitted power density at the target such that if the total intercepted power were re-radiated 
isotropically, the power density actually observed at the receiver is produced 12 . 
Stealthness (RCS) research activities consists in design and optimize multilayer structures. 
The aim is to reduce as much as possible the Microwave Reflection Coefficient and the 
Microwave Transmission Coefficient, in other words target is to miximize the loss factor of 
the strucutre. Simultaneously the total thic ness of strucutres must be minimized. These target 
must be satisfied in the frequency band and for all of the electromagentic wave incidence 
angles. The immediate consequence is a reduction of the radar corss section (RCS) when the 
ob ect is covered or builted using such type of materials.  
The microwave characterization is carried out performing scattering measurements and 
extracting the electrical permittivity through canonical algorithms.. e adopted and compared 
Nicholson-Ross and New Non Iterative algorithms. 

Figure 15:  Design of a Radar Absorbing Material 

Figure 16:  The RCS system 
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3 RESEARCH ACTIVITIES PROJECTS JOINED AND COLLABORATIONS 
The basic research at LSA is about the design and the performing of tests, as said, but also the 
design and realization of Nanosatellites, Thermal Protection Systems for re-entry applications, 
High Thic ness Carbon Carbon Composites and Space Environment Protection Systems are a 
crucial part of our wor . 
Thermal Protection Systems have been studied for years in  collaboration with the Italian 
Space Agency in the frame of ASA Phase 2 Program. 
High Thic ness Carbon Carbon Composites have been studied in collaboration with A I , 
starting from the preliminary study of materials involved and producing several CC samples, 
tested in the way described in the previous sections. 

Figure 1 :  High thic ness CC for re-entry applications 

Many of the samples produced in this pro ect have been also used to produce brand new 
Space Environment Protection Systems, designing a new ind of coating in order to protect 
space structures from the Space Environment. As an example the coating material created at 
LSA was a solution of 1  in weight of Si 2 nano-spheres (produced by Sigma-Aldrich), 
mixed in a pyro-paint liquid varnish. The pyro-paint (produced by AREMC ) is an 
Aluminium xide refractory coating which can be used in application with wor ing 
temperature up to 1800 C. After the mixing of the two components, the coating was applied 
on the samples reaching 0.5mm in thic ness. 

Figure 18:  High thic ness CC coated with Space Environment Protection System 
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ver the years many subsystems and space systems operative in Space have been successfully 
tested at LSA, such as ESA Exomars Parachute, ESA Galileo F C Navant, 1- UNS PF, 
University of Nairobi Nanosatellite supported by ASI, A A and SA, and many oined 
research pro ects have been carried out, such as ASA Phase 2 of ASI, ESA-LIST pro ect on 
Advanced Coating and ASI pro ect on Advanced Thermal and Environmental Protection 
System. 
To achieve these goals important collaborations have been also carried out with relevant 
Research Centers, such as the Department of Chemistry and the Section of Human Anatomy 
of  the Department of Anatomical, Histological, Forensic and rthopaedic Sciences both of 
Sapienza University of Rome. 

ith the Department of Chemistry, the chemical properties of space materials such as evlar 
and Nylon have been investigated.  
The molecular structure of the examined materials was studied by C-1  Nuclear Magnetic 
Resonance (NMR) spectroscopy at solid state. NMR is a non-destructive, multiparametric , 
multinuclear and in the solid state non-invasive technique, extremely sensitive to any change 
in conformational, configurational and constitutional features of molecules and 
macromolecules.  
Samples were pac ed into 4 mm zirconia rotors, and sealed with el-F caps.  
Solid-state 1 C CPMAS NMR spectra were performed at 100.6  MHz on a ru er Avance 
III 

Figure 19:  1 C CPMAS spectrum For evlar and Nylon 

ith the Section of Human Anatomy of  the Department of Anatomical, Histological, 
Forensic and rthopaedic Sciences both of Sapienza University of Rome the SEM EDS 
analysis of coated Carbon Carbon Samples  produced at LSA have been performed. 
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Figure 18:  Morphological surface and chemical identification of the coated C C samples 

4 CONCLUDING REMARKS 
All the activities performed at LSA of Sapienza University of Rome have been listed and 
described in this paper, considering both the complete test chain achievable at LSA and the 
research activities conducted by LSA personnel even in collaboration with National and 
International Agencies over the years. 
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ABSTRACT 
ini-E S  is an imaging detector expected to be launched on the International Space Station 

on August  with an unmanned Soyuz spacecraft. It will observe the Earth in a multispectral 
range comprising  (  -  nm), visible (    nm) and NIR (    nm). ini-
E S  will be accommodated on board the Russian vezda module, facing on a -transparent 
window in Nadir direction. The telescope main optics comprise two resnel lenses focusing 
light onto an array of  amamatsu multi-anode photomultiplier tubes, each of  channels 
for a total of  pixels. In addition to the two ancillary cameras, ini-E S  contains an x  
array of ulti- ixel hoton ounter Si . The ini-E S  main research objectives are the 
study of ltra igh Energy osmic Rays above  e  and the search for Strange uar  

atter, even though, with its large field of view ( ), it will map an Earth ground area of 
x  m  every .  s, allowing to study several atmospheric event such as Transient 

uminous Event (T Es), meteoroids and marine bioluminescence.  

Keywords: U  telescope  EM-EUS  International Space Station  cosmic rays. 

1 INTRODUCTION 
The EM-EUS  collaboration aims to bring to space the observation of Ultra-High Energy 
Cosmic Rays (UHECRs) 1 . Several detectors have been realized (fig.1): EUS -TA 2 , a 
ground-based detector located at the Telescope Array site in Utah (201 -)  EUS - alloon 

(2014) and EUS -SP 1 4  (Super Pressure alloon) (201 ) two balloon-borne detectors 
launched respectively from Canada and New ealand. EUS -SP 2 5  is under construction 
for a long duration flight in 2022. Additional synergies of purposes and equipment are with 
TUS 6  a Russian mission with an array of photomultipliers and a mirror optics placed onboard 
the Lomonosov satellite on April 28th 2016. 
Mini-EUS  (U -Atmosphera in Russian program) is a telescope which will be hosted onboard 
the ISS (∼ 400 m altitude), on a nadir-facing U  transparent window, inside the Russian 
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vezda module. It is expected to be launched with the Soyuz spacecraft (in an unmanned cargo 
configuration) from the ai onur Cosmodrome ( aza hstan) on August 2019. Mini-EUS  is 
a mission supported by ASI (Italian Space Agency) and R SC SM S (Russian Space 
Agency). The EM-EUS  collaboration and the respective funding institutes have contributed 
to the construction of the detector. In this paper we discuss the mission ob ectives, describe the 
payload and the tests performed in the qualification phase.  

 Figure 1: Roadmap of the EUS  telescopes: a) EUS -TA: Ground detector installed in 201  at 
Telescope Array site, with focal surface installed in 2015. b) EUS - alloon: 1st balloon flight from 
Timmins, CA (French Space Agency) August 2014  c) NASA Super Pressure alloon (SP ) 
flight:201  d) TUS on Lomonosov satellite, 2016  e) MINI-EUS  (2019) inside of International 
Space Station (ISS)  f) -EUS   g) P EMMA 8 . 

2 MISSION OBJECTIVES 
The Mini-EUS  9  main ob ective is to observe UHECRs by measurement of the U  
fluorescence and Cheren ov light in the Earth atmosphere. The light is produced by the 
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interaction of the nitrogen molecules with EAS (Extensive Air Shower) caused by the primary 
incident particle. A simulation of an UHECR event signature on the Focal Surface (FS) made 
with ESAF (the EUS  Simulation and Analysis Framewor  10 ) is shown in fig.2.  

Figure 2: Left: U  Photon counts observed in the Mini-EUS  focal surface for a simulation of an E  
1 x 1021 e  with an inclination of 80  to the nadir. Right: Light curve for the same event as a function 
of time in units of GTU (1 GTU  2.5 s). 11  

The low cosmic ray flux at these energies requires to observe the largest area possible. After 
the mirror-optics TUS, Mini-EUS  will perform these observations with a refractive, Fresnel 
lens optics.   

The detection efficiency of Mini-EUS  as a function of energy and corresponding aperture 
are shown in fig. . 

As it is possible to see in the above figure, the 25 cm diameter lens allows to detect primary 
cosmic rays with energy above than 1021 e  threshold. At this energy no particles are expected 
to be observed, therefore Mini-EUS  will place an upper limit for UHECR showers. According 
to Auger and TA measurements we shouldn t expect to see UHECRs due to the very high 
(G ) suppression 12 , so we expect to provide, at least, an upper limit for a null detection 
also for highly inclined showers. Having a larger exposure than the TUS detector, Mini-EUS  
might be able to shed light on the nature of extreme energy EAS-li e event recently reported 
by TUS 6 . Moreover, Mini-EUS  will produce a high-resolution map of night-Earth U  

Figure : Detection efficiency (Left, blac ) and geometric aperture 
(Right, red) as a function of the EAS energy in e . 10  
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emission, focusing on terrestrial emissions 9  (fig.4). Mini-EUS  will observe many other 
phenomena: marine phytoplan ton bioluminescence, meteoroids with magnitude of M  5, 
TLEs such as blue ets, sprites and elves events that occur in the upper atmosphere. Also, Mini-
EUS  will test space debris detection to investigate the possibility of using laser ablation for 
debris removal 1 . Mini-EUS  will also search for Strange uar  Matter (S M) or 
Strangelets 14 , which is one of the Dar  Matter (DM) andidates. According to the strange 
matter hypothesis, these particles can have cosmological origin, being produced during the 

CD confinement phase transition or can be generated inside the neutron stars and even after 
UHECR interaction in Earth s atmosphere. The absolute magnitude M of S M should depend 
only on their mass and should be constant, according to the relation 15 :  

𝑀 = 15.8 − 1.67 log (𝑚) (1) 

where m is the mass expressed in g. The energy emitted should follow the blac  body 

radiation, so inside the Mini-EUS  wavelenght range. Strangelets are expected to move at 
galactic speeds (up to 5 0 m s), higher than a meteor but still in the detector timescale range. 
Mini-EUS  will be able to set a new lower limit on the detection of Strangelets or provide the 
first experimental evidence for their existence as shown in fig.5. 

3 THE TELESCOPE 
Mini-EUS  is a compact telescope with dimension     62 cm  and 28 g weight. It 
consists of two main subsystems: ptics and Photo Detector Module (PDM).  

Figure 6: Telescope mechanical body with subsystems.            Figure : Mini-EUS  focal surface. 

Figure 5 : Upper limit to Strange uar  
Matter with Mini-EUS  after 24 h 
observation as compared to other 

measurements. 

Figure 4 : The Italian island of Sicily as it 
will loo  from the Mini-EUS  U  

measurements (simulated data). 
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Mini-EUS  optics consists of two PMMA Fresnel lenses (25 cm diameter, one of them double 
sided) which will focus light onto the Focal Surface (FS) with a large field of view (44 ). Mini-
EUS  total FS observable area on Earth correspond to 26   26  m2. The FS consists of an 
array of 6 Hamamatsu 64 channels Multi-Anode Photomultiplier (MAPMT) divided into 9 
Elementary Cells (EC), for a total of 2 04 pixels. Each MAPMT is powered by a Coc roft-

alton high voltage 16  power supply board placed inside a ceramic pad and present a G  
U  filter on the entry window. Together with FS, the signal and data handling electronics form 
the PDM chain: 6 SPACIR C  1  (Spatial Photomultiplier Array Counting Integrated 
Read utChip) ASIC boards, a ilinx ynq C 0 0 system on chip containing a intex  
FPGA with an embedded dual core ARM9 CPU processing system and a PCIe 104 form factor 
CPU which represent the front end electronics. In addition to the main detector, Mini-EUS  
contains: two ancillary cameras for complementary measurements in the near infrared and 
visible range, three single pixel U  sensors used as switches for day night recognition read by 
an Atmel 2560 10-bit microcontroller board. Furthermore, Mini-EUS  mounts a 64 channels 
Multi-Pixel Photon Counter (MPPC) 18  Silicon PhotoMultiplier Tubes (SiPM) C1 65 array 
module provided by Hamamatsu Photonics consisting of the photosensitive array, a high 
voltage power supply DC-DC converter, a microcontroller for the bias ad ust and temperature-
compensation tool. A multiplexing board was developed and built on purpose for the MPPC 
read out while, is involved on the ancillary sensor read-out. The Low oltage Power Supply 
(L PS) boards, consisting of three PC  modules mounting different icor DC-DC converter, 
stabilize the 28  input voltage coming from ISS providing power for all subsystems and 
preserving the entire instrumentation from spi e and polarization inversion. Moreover, the 
L PS contains three main bistable relais as house eeping for the main subsystems connected 
to a board driven by the CPU. Mini-EUS  power consumption is around 55  and a scheme 
of the subsystem s power distribution is shown below. 

Figure 8: Mini-EUS  main power distribution 

4 SPACE QUALIFIED TEST 
The implementation of the oint Mini-EUS  space experiment requires tests to be carried out 
on the instrument nown as General Technical Requirements for Experiment, Equipment and 
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Technical Documents on board ISS. Those can be summarized as follows: 

• Electro-Magnetic Interference and Conductive (EMC EMI)
• ibrational and shoc
• High and Low pressure functionality test
• Thermal and humidity

Pressure tests requirements involved the instrument to be placed inside a special chamber at 
450 mm Hg and 9 0 mm Hg for two hours each. Several thermal cylces inside a thermal 
chamber were made, reaching threshold of 55 . Requirements were satisfied once by 
switching on the instrument or a functional run after each test. 

4.1 EMC/EMI Tests 

The aim of the tests is to verify that Mini-EUS  Instrument does not produce any undesired 
electromagnetic radiated emissions and that is capable to withstand different irradiations from 
external sources. Mini-EUS  engineering model has been sub ected to emission and 
susceptibility tests to demonstrate its electromagnetic compatibility requirements listed as 
follows: 

• Low and High Frequency (LF HF) Conductive Interference
• Electrical Field Intensity Produced by HF Emissions
• Pulse Interference
• Inrush Current

The test equipment is composed of a M E EMI receiver and spectrum analyzer by
Agilent Technologies with a frequency range between 20 Hz  26.5 GHz, a Line
Impedance Stabilization Networ  placed on the power supply for inrush current
measurement, ESD Generator, three different types of antennas: biconical, horn and rod.
Mini-EUS , together with antennas were placed inside an anechoic chamber as shown
below.

Figure 9: Mini-EUS  EMC EMI qualification 
tests inside the anechoic chamber 

Figure 10: Mini-EUS  Conductive Interference 
spectrum response in range (200  1000 MHz) 

During tests antennas have been rotated to obtain the interference spectrum for both vertical 
and horizontal polarization. All tests have been succesfully passed. In fig.10 are shown the 
results of the conductive interference in a selected frequencies range. In all frames it is visible 
a solid line indicating the conductive interference limits, which is measured in d .  



ini-E S  on ISS G. ambi

 

4.2 Vibration and shock tests 

The Mini-EUS  equipment will be launched into Russian launcher (Soyuz) in hard- mounted 
configurations. This qualification procedure required to demonstrate that Mini-EUS  payloads 
are able to sustain the random vibration launch loads. In the following will be described the 

ualification ibration Test ( T) and the shoc  test applied. Those tests can be divided into 
two branches, Random ibration Tests and Shoc  Tests: 

• Random vibration in the three orthogonal axis ,  and  over six different frequencies
width 
➢ Resonance survey before all test sessions
➢ Random Insertion (120 seconds) with an overall strength of .42 g
➢ Random Insertion (480 seconds) with an overall strength of .58 g
➢ Random rbital Flight (600 sec) with an overall strength of .84 g

• Shoc
➢ Seven shoc  with  ms duration 40 g strength over ,  and  axis

The criteria for successful testing include a visual inspection after ualification ibration and 
Shoc  Test to show no evidence of ruptures or damages. Also functional chec  and resonance 
comparisons, before and after each test session are required to displacement of natural 
frequencies lower than 5 . 

Figure 11: Mini-EUS  ibration set-up scheme 
for  axis 

Figure 12: Mini-EUS  accommodation on the 
sha er -  direction 

5 CALIBRATION AND SIMULATION 
Mini-EUS  is intended to wor  in a single photoelectron counting mode which has advantages 
over analog measurement in terms of signal-to-noise ratio. Furthermore, PMT response has to 
be as uniform as possible. For this reason, the 64 signals from MAPMT anodes are fed through 
the SPACIR C  preamplifiers which offer ad ustable gain to correct the gain non-uniformity 
of the MAMPT. These signals are digitized and discriminated to count photon triggered pulses 
and to measure the photon intensity, thus, allowing to set a threshold for the PMT single 
photoelectron detection. If the PMT efficiency and the threshold to separate photon pulses from 
noise are nown, then the number of single photoelectron counts is a measurement of the 
number of single photons incident on the PMT. The charge or pulse-height spectrum ta en at a 
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extremely low light level, such that the response of the PMT to a single photon can be measured 
with high accuracy, is nown as a single photoelectron spectrum which is shown for a single 
pixel in fig.1 . This show number of discriminated counts per channels corresponding to 
different pulse height. Each channel is a 8 bit threshold increment, so that we can distinguish 
the typical noise pedestal (right) from the rising slope (left) corresponding to the single 
photoelectron production needed. isualizing all MAPMT s single photoelectron spectrum 
response, it is possible also to ad ust the gain noting that the pedestals are shifted along different 
channels (fig.14). Indeed, the width from the single photoelectron production and the pedestal 
represent the PMT s gain, thus all pedestals should occur at the same ADC value to have a 
uniform PDM. 

Figure 1 : Top: Single pixel S-curve showing counts over a 
discriminated ADC threshold value. ottom: S-curve derivative in 
logarithmic scale. In order to figure out the threshold for the single 

photoelectron production it is needed to recognize where the 
derivative grows and show the plateau before increasing again due 

to the pedestal. In this case our wor ing point falls between 400 and 
500 ADC value. 

In fig.15 we are showing a field test, which represent a night s y frame ta en in zenith position 
at latitude N 42  05 55  and longitude E 1  05 18  19 . e had also the possibility to detect 
a meteor burning in the s y as showed below. The event lasts 60 ms as one can see in time 
reported on the top of each frames.  
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ABSTRACT 
In the present work an optimization procedure is proposed for the design of morphing devices 
based on the distributed compliance concept. Starting from the outcome of an existing two-
levels approach, the integration of a mathematical toolbox with a finite element solver allows 
to refine morphing solutions but also to adapt topologies to different materials. Another 
optimization tool is employed to get the numerical solution closer to the manufacturing 
process stage. The procedure is applied to the design of a morphing droop nose to be 
installed on a reference regional aircraft. The same steps are then repeated using a 
superelastic material as alternative to the aluminium alloy for the compliant ribs. The results 
show an improvement of shape quality, but only the superelastic material allows to 
completely satisfy stress requirements. Finally, a detailed finite elements model is used to 
verify the obtained solution.  

Keywords: morphing, optimization procedure, compliant mechanisms, superelastic material 

1 INTRODUCTION 
Morphing devices for aircraft wings represent a promising technology to improve the 
performances, enabling the achievement of more efficient aircraft thanks to the capability to 
adapt the aerodynamic shape during the mission. Indeed, the possibility to modify the airfoil 
geometry depending on the flight condition allows to increase the lift/drag ratio. Moreover, 
the replacement of classical high lift devices with adaptive ones results in lower drag and 
airframe noise reduction. Unfortunately, the design of morphing wings is complex due to 
conflicting requirements, since high deformability is requested to accomplish the shape 
change but at the same time the load-bearing function of the structural components mustn’t be 
compromised [1]. 

One of the most promising concepts is the active camber morphing, whose aim is the 
variation of the airfoil camber in order to increase the aerodynamic performances, especially 
in take-off and landing. Different implementing solutions have been evaluated during the 
years. The typical concept is based on a flexible skin coupled to a rigid mechanism having 
levers and kinematic joints, as in SADE and SARISTU projects [2]. However, this approach 
suffers from the issues related to rigid mechanisms, such as high stress concentrations, wear 
and backlash. 

An alternative to the rigid kinematics approach for the realization of variable camber 
wings is based on compliant structures, mechanical devices that achieve motion via elastic 
deformation, thanks to an efficient implementation of flexibility inside the structure [3]. The 
distributed compliance concept was originally proposed by Kota [4] as an alternative to the 
distributed actuation one. The major issue in the design of compliant structures is that 
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conflicting kinematic and structural requirements must be simultaneously satisfied. Therefore, 
dedicated design procedures must be developed and specific tools like multi-objective 
optimization are required, in order to achieve a feasible design according to the requirements.  

In this paper an optimization procedure for the design of morphing wings is proposed 
following the active camber concept, limited to leading and trailing–edge deflections, with an 
internal compliant structure. The proposed procedure is general for leading and trailing–edge 
devices. Since the criticalities concerning leading–edge morphing solutions are higher, 
application to droop nose will be shown. Many difficulties are encountered when designing a 
droop nose and also compliant structures can be characterized by high stress level. In this 
work the problem is overcome adopting superelastic Nitinol as material of the internal 
mechanism. 

The working environment for the application of the procedure is the contribution of 
POLIMI in the framework of the EU funded Clean Sky 2 REG-IADP AG2 project. 

2 DESIGN PROCEDURE 
The aim of this work is the development of a procedure for the optimal design of morphing 
devices. The general framework can be outlined in four phases: 

1. An aerodynamic shape optimization with structural constraints for the definition of the
optimal shape according to the performance requirements.

2. A multi-objective genetic algorithm optimization for the definition of the topology of
the internal compliant structure.

3. An SQP optimization to optimize the sizing variables of the selected topology.
4. A shape optimization of the compliant mechanism to reduce local peaks of stress.

The background of the procedure is the two-levels approach proposed by De Gaspari [5], 
whose capabilities are expanded here developing dedicated tools whose potentialities are: 

• the possibility to change the materials or the geometric scale even if the topology has
already been defined;

• the versatility of FEM simulations, in terms of material constitutive laws and
modelling;

• the achievement of a solution almost ready for manufacturing process.

2.1 Morphing shape optimization 
The first level of the procedure consists in an aero–structural optimization of the morphing 
shape to obtain the most efficient aerodynamic shape while minimizing the strains in the skin. 
The morphing shape optimization is performed by means of a Knowledge-Based Engineering 
(KBE) framework that revolves around an object-oriented code named PHORMA [6]. 

2.2 Multi-objective Genetic Algorithm 
The topological synthesis of the internal compliant mechanism is based on the Load Path 
Representation method [7] and aims at obtaining the best internal structural configuration able 
to achieve the target optimal shape. The main tool used in the second level is SPHERA [5,8]. 
Topology and size design are simultaneously faced. The compliant mechanism must be able 
to satisfy the kinematic and structural requirements, for all the considered load conditions. 
This is a multi–objective problem that can be incorporated into the genetic algorithm. The 
optimal solution is a trade–off between the objectives of deformability and load-carrying 
capability. 
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2.3 SQP optimization 
The third step is a sizing optimization aimed at the specialization of the topology to the actual 
structural configuration, in terms of materials or geometric scale. The problem is formulated 
as the minimization of the Least Square Error (LSE) between the deformed shape and the 
target shape, subject to: i) a stress constraint on the actuated mechanism; b) a constraint on the 
skin deformation under the aerodynamic loads of a non-morphing critical condition. The 
design variables are the widths of the mechanism, the thicknesses of the skin, the position of 
the internal points of the mechanism. The optimization problem is set up in Matlab with 
fmincon function, and Sequential Quadratic Programming (SQP) algorithm is chosen. 
Objective function and constraints are evaluated as results of non-linear finite element 
analyses performed by Abaqus. The model consists in a beam-elements rib located at the 
middle of a plate-elements skin whose spanwise length is equal to the rib pitch. Two different 
analyses are required: 

1. analysis of the model when the compliant mechanism is actuated, under the
aerodynamic loads of the morphing condition, for instance take-off or landing;

2. analysis of the model when the compliant mechanism is fixed, under the aerodynamic
loads of a critical flight condition, such as Cruise or Dive Speed condition.

The model is the same in the two cases, apart from loads and boundary conditions. A 
dedicated Python script automatizes model generation during the optimization analysis. 

2.4 Compliant mechanism shape optimization 
The last step faces the transition from a beam-elements model to the actual drawing of the 
device, performing a shape optimization of the compliant mechanism aimed at the 
minimization of local stresses. A CAD model of the mechanism is created, exhibiting the 
actual internal points positions and the load path thicknesses of the found optimal solution. A 
planar sketch is imported in Abaqus and it is finely meshed with two-dimensional solid 
elements. 

The optimization analysis is implemented by means of Tosca shape. It is used to find 
the optimal position of the surface nodes for the minimization of the maximum principal 
stress. The static analysis performed at each iteration consists in imposing the displacements 
and the in-plane rotation at the points of the rib attached to the skin and applying the actuation 
force at the input point. The displacement history is extracted from the output of the previous 
step. 

3 DROOP NOSE 

3.1 Reference wing 
In the framework of EU funded Clean Sky 2 REG-IADP AG2 project, one of the developed 
concepts is a morphing Leading Edge able to guarantee high lift requirements as well as 
Natural Laminar Flow (NLF) wing. The reference aircraft is a 90 pax, twin prop Regional 
Aircraft. The reference wing has been provided by ONERA. The adoption of a morphing LE 
is needed to delay the stall in take-off and landing. In order to achieve this goal a seamless 
and smoothed surface is required so that no anticipated loss of laminarity occurs. 

3.2 Topological synthesis results 
After the definition of the optimal shape able to satisfy the performance requirements, the 
topological synthesis of the compliant ribs takes place. The solution is selected as good 
compromise between the conflicting kinematic, structural and stress requirements. This 
solution, shown in Figure 1, is the starting point for an example of application of the last steps 
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of the procedure. The purpose is the validation of the benefits in terms of solution 
improvement. 

Figure 1: Topological solution 

The selected solution, when actuated, displays a maximum stress of 550 MPa. The choice of 
accepting such high level of stress was dictated by the need of achieving the 16° droop angle 
of the aerodynamic target. However, this stress value is not allowable for the aluminium alloy 
of the mechanism. This fact suggests the need of materials able to provide high recoverable 
strains, a potentiality found in the superelastic behaviour of Nitinol. Both aluminium elastic 
material and superelastic Nitinol will be subjected to the proposed optimization tools. 

3.3 Nitinol 
NiTiNOL is the most common among shape memory alloys. In addition to the shape memory 
effect, another property they show is superelasticity: at relatively high temperatures it can 
happen the recovery of large deformations due to mechanical stress induced transformation. 

A numerical model to simulate superelastic behaviour is available in Abaqus. The 
required data characterize the start and the end of the phase transformations. Some parameters 
(Young moduli and Clausius-Clapeyron coefficients) are taken from Qidwai and Lagoudas 
[9]. The other values result from setting the transformation temperatures so that 
superelasticity occurs for an operative range between 263 K and 313 K. Computations will be 
performed at the reference temperature T0 = 293 K. Then verification at limit temperatures 
will be executed. 

4 RESULTS AND DISCUSSION 
In this section, starting from the result of genetic algorithm, an optimized solution is found by 
means of the SQP optimization. Then, the new compliant mechanism is subjected to Tosca 
shape optimization. The whole procedure is applied twice, for different materials of the 
mechanism: aluminium alloy (E = 72 GPa, ν = 0.33) and Nitinol. In both cases, the skin is 
made of composite material, modelled as an equivalent isotropic material (Eskin = 40 GPa, 
ν = 0.12). 

4.1 Aluminium alloy 

4.1.1 SQP optimization 
First, the features of the model and the set-up of the optimization are discussed. The rib pitch 
is equal to 130 mm and it is used as spanwise length of the skin. The rib thickness is equal to 
35 mm. The chord extension of the model is 467 mm. The actuation force has vector 
components (-468.2 N, -40.96 N). The aerodynamic conditions for the evaluation of objective 
and constraints are landing condition (α = 10°, qd = 2561 Pa) and dive speed condition 



An optimization procedure for morphing devices Cavalieri, De Gaspari, Ricci 

1  

(α = 0°, qd = 5000 Pa) at sea level. The model corresponding to the initial solution is depicted 
in Figure 2. It shows the starting design variables, that are the result of the genetic algorithm. 

Figure 2: Abaqus model corresponding to the initial variables 

Concerning the admissible stress for aluminium, the 550 MPa value already discussed is 
considered. The sizing variables must belong to [0.5 mm, 7 mm]. The internal points position 
can vary of ±5 mm. The optimization analysis converges to an optimal solution, decreasing 
the LSE from 10.2 mm to 2.2 mm. Maximum stress in the rib is 549.9 MPa. Figure 3 
illustrates the initial shape, the optimal shape and their comparison with the target. 

(a)                                                           (b) 
Figure 3: Aluminium alloy: SQP optimization. (a) Initial solution; (b) Optimal deformed shape 

The results show the improvement of the kinematic requirement. The optimal solution shows 
a greater droop angle and a smoother skin surface with respect to the initial solution. 
Concerning the stress constraint, it is satisfied within the optimization analysis; however, it 
must be remembered that the selected admissible value is overestimated. Therefore, the 
obtained solution isn’t feasible, in the absence of elastic materials with a sufficiently large 
elastic range. 

4.1.2 Shape optimization 

Shape optimization of the compliant mechanism is applied to the optimal solution previously 
found. First, a static analysis with imposed displacements at the boundary is performed to 
observe the mechanism behaviour and to identify the most critical regions. The result is 
shown in Figure 4. In addition to the global deformation, the most stressed regions are 
highlighted. 
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Figure 4: Aluminium alloy: static analysis of the compliant mechanism 

The maximum Von Mises stress is 1200 MPa, higher than the value obtained from the beams 
model. Indeed, a beams model can’t give accurate estimates of the stress in singular points 
like its extremities or the intersections. The application of shape optimization to the region on 
the right decreases maximum stress from 877 MPa to 598 MPa, however it is still too high. A 
similar analysis is carried out on the left region but failing. Therefore, the optimization tool is 
able to modify the junction region in such a way to reduce stress peaks, however it can’t 
overcome the intrinsic limitation of a conventional linear material for the compliant 
mechanism. 

4.2 Nitinol 

4.2.1 SQP optimization 
Nitinol is adopted in the same optimization analysis previously performed with the aluminium 
material. 500 MPa is considered as admissible stress: this value is just below the stress level 
at the end of the loading plateau. The SQP optimization converges to an optimal solution, 
decreasing the LSE from 10.2 mm to 1.4 mm. Figure 5 illustrates the comparison between the 
optimal shape and the target one, and the stress level inside the mechanism. 

(a)                                                                  (b) 
Figure 5: Nitinol: SQP optimization. (a) Optimal deformed shape; (b) Von Mises stress in the rib 

The results show a significative LSE reduction, better than with aluminium. The maximum 
stress is 462 MPa and the corresponding strain is 0.018, which is in the range of the 
recoverable strains. These results reveal that materials able to provide large strains are 
preferred for compliant structures. Moreover, the existence of the stress plateau allows to limit 
the stress values. Therefore, the use of Nitinol in combination with the SQP optimization, 
allows a meaningful enhancement of the aerodynamic performance. Moreover, the following 
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results will show that Nitinol may assure the structural feasibility that aluminium alloy can’t 
guarantee. 

4.2.2 Shape optimization 

The 2D solid elements model of the optimal compliant mechanism made of Nitinol is created. 
The result of the static analysis with imposed displacements is shown in Figure 6. 

Figure 6: Nitinol: static analysis of the compliant mechanism 

Also in case of Nitinol the refined finite element model shows stress concentrations and the 
critical regions are the same of the previous case. Shape optimization is applied to the left 
region, where maximum stress is 1052 MPa. The optimization provides a redistribution of 
stress reducing it to 541 MPa. The comparison between initial and optimized solutions is in 
Figure 7. 

(a)                                                                      (b) 
Figure 7: Nitinol: shape optimization for the left region. (a) Initial solution; (b) Optimum solution 

The transformation strains are significantly reduced. The stress-strain relationship for the 
loading history is reported in Figure 8. It shows that the initial solution is not acceptable since 
the plateau is fully exploited and then the stress reaches the critical value for slip: permanent 
deformations would remain upon unloading. Differently, the optimized solution shows an 
acceptable behaviour: deformations can be recovered. Therefore, shape optimization is crucial 
to achieve a feasible structural solution, as well as the adoption of a superelastic material. 

(a)                                           (b) 
Figure 8: Nitinol: stress-strain curve in the left region. (a) Initial solution; (b) Optimum solution 



An optimization procedure for morphing devices Cavalieri, De Gaspari, Ricci 

1 1 

4.2.3 Verification at limit temperatures 

The analyses of the optimal solution at the limit temperatures do not show substantial 
differences in terms of deformed shape with respect to what obtained at reference 
temperature. 

4.2.4 Detailed verification of the optimal solution 
At the end of the procedure, the designed optimal morphing device must be verified. A 3D 
solid elements model of the compliant mechanism coming from shape optimization is 
realized. It is coupled with the shell elements skin and the displacement at the actuation point 
is imposed. Figure 9 shows the deformed shape and its comparison with the target. 

(a)                                                                         (b) 
Figure 9: Nitinol verification. (a) 3D verification; (b) Deformed shape and target shape 

The maximum stress in the mechanism is 477 MPa and the corresponding strain is 0.026, 
hence the structural feasibility of the solution is confirmed. Concerning the aerodynamic 
requirement, the LSE is 4.4 mm. Despite the worsening, the achieved result can be considered 
acceptable. 

After the numerical design phase, manufacturing and testing are required to assess the 
real feasibility of the conceived solution. This includes studies of characterisation for the 
material and the investigation of manufacturing technologies. This is especially true for 
Nitinol. Due to the dependence of its mechanical characteristics on alloy composition, 
manufacturing process, thermal treatments and operative temperatures, a lot of work is 
required to understand better how to achieve the actual application of Nitinol in aeronautical 
structures. 

5 CONCLUDING REMARKS 
This paper has described an optimization procedure for the design of morphing devices. Its 
application to the design of a droop nose has shown the benefits in terms of fulfilment of the 
requirements. Sizing optimization applied to a topological solution allows an improvement of 
the device. Moreover, even adopting the same topology, the use of a different material is 
possible, and the results demonstrate a further enhancement if Nitinol is selected. Indeed, it 
has permitted to achieve a better kinematic requirement, as well as the withstanding of the 
loads within the material strength limit. The last steps of the procedure can be considered 
validated since they are able to improve the solution, decreasing the LSE and then reducing 
the stresses. 
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ABSTRACT 
Long-term manned space-exploration missions and the permanence of human colonies on 
orbital stations or planetary habitats will require the regeneration of resources onboard or 
in-situ. Bioregenerative Life Support Systems (BLSSs) are artificial environments where 
different compartments, involving both living organisms and physical-chemical processes, are 
integrated to achieve a safe, self-regulating, and chemically balanced Earth-like environment 
to support human life. Higher plants are key elements of such systems and Space greenhouses 
represent the producers’ compartment. Growing plants in Space requires the knowledge of 
their growth responses not only to all environmental factors acting on Earth, but also to 
specific Space constraints such as altered gravity, ionizing radiations and confined volume. 
Moreover, cultivation techniques need to be adjusted considering such limitations. The type 
and intensity of environmental factors to be taken into account depend on the mission 
scenarios. Here, we summarize the experience of our research group, which have been leader 
in studies aiming to cultivate higher plants in Space to regenerate resources and produce 
fresh food onboard. Both biological and agro-technological issues have been chased with 
both experiments ground-based on Earth and in Space. 

Keywords: agro-technology, Bioregenerative Life Support Systems, artificial ecosystem, 
Space biology 

1 INTRODUCTION 
The realization of long-term manned space-exploration missions and the permanence of 
human colonies on orbital stations or planetary habitats will require Bioregenerative Life 
Support Systems (BLSSs). BLSSs, also known as Closed Ecological Life Support Systems 
(CELSS), are systems capable of regenerating large parts of the essential resources for 
humans survival (i.e. H2O, O2, food), solving the constrain of the unfeasible complete re-
supply from Earth [1]. 
BLSSs will be likely based on the harmonization of compartments involving both living 
organisms and physical-chemical processes to achieve a safe, self-regulating, and chemically 
balanced artificial ecosystem to support human life. (Photo) bioreactors have been widely 
explored to grow micro-algae for food, waste treatment, and production of biomaterials. 
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However, among biological components, higher plants are the most promising because, as 
every photosynthetic organism, they regenerate the atmosphere by CO2 uptake and O2 
production, can recycle nutrients derived from human wastes and provide not only food tastier 
and more complex than algae, but also non-nutritive benefits. Indeed, higher plants play a role 
in psychological support against conditions of isolation, which are recognized to elicit 
behavioral changes in crewmembers [2]. 
To realize Space greenhouse modules, and even more in the case of BLSSs, there is common 
agreement on the need for the integration of different disciplines and approaches to achieve a 
deep knowledge of both plant biological processes and crop production techniques under 
Space constraints [3]. 
The literature about Space experiments with plants clearly demonstrated that plants can be 
cultivated in Space (in microgravity conditions on Low Earth Orbit spacecraft) even 
achieving the seed-to-seed cycle. However, the main Space factors, namely microgravity and 
ionizing radiation, can alter many physiological processed in direct and indirect ways (e.g. 
through the interaction with physical processes including liquid and gas behavior) [4, 5]. Such 
alterations during plant growth must be taken into account in the design of cultivation 
chamber modules, because they in turn influence plants’ activity as bioregenerator elements. 
As well, cultivation protocols and procedures are species- and cultivar-specific and need to be 
defined once the response of plants to cultivation factors is unraveled. Therefore, ground-
based experiments are needed for understanding how growth efficiency and yield (considering 
all plants’ output as oxygen, biomass, etc.) is affected by cultivation and simulated Space 
factors, in order to establish the requirement specifications for all subsystems, including a 
nutrient delivery system and the lighting system. 
Here, we summarize the experience of our research group which, for long time, has been 
involved in studies aiming to cultivate higher plants in Space to regenerate resources and 
produce fresh food onboard. Both biological and agro-technological issues have been chased 
with both experiments ground-based on Earth and in Space. Special attention has been 
dedicated to agro-technologies applied to BLSSs in order to identify cultivation protocols to 
maximize plant resource efficiency, yield and to provide edible products with suitable 
nutritional quality. The output of our studies is also applicable for the sustainability of crop 
production on Earth. 

2 THE SPACE FACTORS AND THE EFFECTS ON PLANTS 
The traits of higher plants on Earth are the result of a long evolution process by which the 
organisms achieved adaptation to specific ecological factors such as light, temperature, water 
and nutrient availability. The different combinations of these ecological variables have 
determined the success of plants in different Earth biomes in the different geographical areas. 
The potential of plant survival and reproduction in extra-terrestrial environments is controlled 
by the same factors that act on Earth (e.g. light, pressure, temperature and relative humidity) 
at different levels and by additional factors, typical of Space, such as altered gravity and 
ionizing radiation. 
All environmental factors, alone or interacting each other, exert an influence on plant growth 
at different levels on various processes, from molecular to the whole organ functioning and to 
the whole plant metabolism. Depending on species-specific plasticity, plants adapt to 
changing environmental conditions, thus altering their structure and physiology, and 
ultimately their interaction with the environment itself. Consequently, growth requirements 
and resource use under nominal conditions on Earth can be very different from those of plants 
growing in extra-terrestrial environments. Therefore, in order to realize sustainable plant 
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cultivation in Space, and eventually optimize the use of resources, it is necessary to know the 
effects of space factors on plant growth processes to evaluate possible changes in cultivation 
requirements and estimate possible changes in yield and quality of products. 

2.1 Plant growth in altered gravity  
An increasing number of Space biology studies are focused on factors and processes involved 
in root orientation aiming at the improvement of plant cultivation in altered gravity conditions 
as those of the International Space Station (ISS), Moon or Mars. Apart from Space 
applications, understanding root growth strategy and tropism interactions can provide 
valuable insights to optimize fertilization and irrigation in plant cultivation on Earth. 
As for animals, plant growth and morphogenesis are fundamentally regulated by a genetic 
program. However, plants are sessile organisms and their processes of growth and 
morphogenesis are strongly influenced by many environmental factors among which gravity 
is unique, because it is always present in a constant direction and magnitude on Earth. During 
the long processes of evolution, plants have utilized gravity as the most stable and reliable 
signal for their growth. Consequently, weightlessness conditions affect plant biological 
processes at different stages of their seed-to-seed cycle [5].  
On Earth, true microgravity conditions can be produced by free fall or parabolic flight but 
they are generally too brief to induce changes in plant growth and morphogenesis. Uniaxial 
clinostats have been widely used to simulate microgravity and their use is often considered 
basic to plan experiments in real microgravity [6, 7]. Nevertheless, uniaxial clinostats can 
cause undesired variations and side effects due to the chronic stimulation of the lateral sides 
of the biological samples. To avoid such effects, three-dimensional (3-D) clinostats are also 
used to continuously rotate plant material. Considering that clinostats can counteract only 
dynamic gravistimulation (direction of gravity) while are unable to eliminate static 
gravistimulation (magnitude of gravity), deeper studies on the effect of weightlessness on 
plant growth must be done in real microgravity conditions such as those on the ISS. 
The cell wall plays a central role in the regulation of growth and morphogenesis in plants and 
is involved in the modifications of these events in space. The stimulation of elongation 
growth in space is caused by cell wall loosening, which is brought about by diverse changes 
in the metabolic turnover of cell wall constituents [8, 9]. 
As for the stem, the automorphic curvature in space may be caused by the inherent difference 
in the cell wall extensibility between the convex and concave sides, which is induced by the 
uneven modification of the metabolism of cell wall constituents. In space, the expression of 
the genes encoding the proteins responsible for cell wall metabolism, cytoskeleton formation, 
and plant hormone metabolism is greatly modified [10,11], which may induce changes in cell 
wall properties. 
Regarding roots, organ response to directional growth responses, referred to as tropism are 
driven by directional stimuli [12]. 
Although roots have also evolved other specific tropisms to explore the soil in search of 
beneficial conditions of water and nutrients availability [13], root gravitropism is dominant on 
other tropisms on Earth. 
The basis for our understanding of the reliable downward movement of plant roots has been 
shaped by the Cholodny-Went theory [14]. Despite some criticism on the original draft, the 
central premise that a differential localization of auxin causes differential elongation on the 
upper- and lower side of the root still stands firm. In the root tip, higher accumulation of 
auxin on the lower side causes a decrease in cell elongation within the central elongation 
zone, which make the root bend towards gravity. An important elaboration on the Cholodny-
Went theory is the auxin fountain model. Most of the auxin in plant roots in synthesized in 
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and around the columella cells [15]. The model proposes a normal state flow of auxin from 
these synthesis sites, moving upward through the epidermis and partially flowing back 
through the cortex, endodermis and pericycle to the vasculature where it returns to the root 
tip. When the root is not positioned in the direction of gravity this normal flow is altered to 
increase the amount of auxin flowing to the lower part, while decreasing the flow to the upper 
part. 
To better understand the role of gravity in the signaling pathways of root growth orientation 
space experiments have been performed. Most of them are aimed at deepening the gravitropic 
reactions investigating the interactions with secondary tropisms (such as phototropism, 
hydrotropism and chemotropism) in absence of the gravitropic stimulus in space [16, 17]. 

2.2 Plant growth after exposure to ionizing radiation 
The protection of organisms, especially humans, from the action of ionizing radiation is one 
of the main challenges to realize Space exploration. Results from experiments aiming to 
evaluate the effect of radiation on plants are often contrasting and not easily comparable 
because plant response depends on many factors including radiation type and dose, plant 
species/cultivars and plant developmental stage. Generally, the radiation-induced damage 
increases with increasing doses; at same dose, the discriminant among different deleterious 
effects becomes the radiation quality: high-LET (Linear Energy Transfer) is more dangerous 
than low-LET radiation in inducing genetic mutations [18, 19]. Even if plant response to 
ionizing radiation is not yet fully understood at the different plant levels (Fig. 1), the issue 
becomes more complicated considering that some species exhibit an intrinsic resistance to 
radiation due to molecular and biochemical mechanisms [4,20,21]. Generally, the exposure to 
ionizing radiation increases embryo lethality induces dwarf architecture and modification of 
floral elements [4, 19, 22]. However, radiation has also been reported to increase growth (e.g. 
taller plants), yields, reproductive success (e.g. formed seeds) and increase the ability to 
endure water shortage [23-26]. 
At the morphological and anatomical levels, the effect of ionizing radiation is also tissue-
specific and depends on tissue architecture: complex tissues seem less sensitive to damage 
[27, 28]. Radiation-induced modifications of cell size in both mature and developing tissues 
may be ascribed to alterations in cell wall and consequently in resistance during the turgor-
driven enlargement. Indeed, there is evidence that irradiation with cosmic and γ-rays affects 
cell wall traits in so far as radiation increases the activity of enzymes responsible for the 
degradation of pectins, the dissolution of middle lamellae and the separation of cells [29]. 
At functional level, ionizing radiation affects photosynthesis, one of the most critical 
biological processes for plant destined to cultivation in BLSSs [30]. It has been demonstrated 
that photosynthetic process may be altered at any step by ionizing radiation: electron transport 
carriers, light-harvesting pigment-protein complexes and enzymes of the carbon reduction 
cycle [18, 20, 31]. In particular the light phase of photosynthesis seems to be particularly 
sensitive to γ- radiation. Flight experiments conducted on cyanobacteria showed that 
photosystem II (PSII) is impaired by radiation which targets the pigment–protein complex in 
the chloroplast. The degree of PSII damage under ionizing radiation is influenced by the level 
of light, being more pronounced at high light conditions, which favor the photoinhibition of 
the photosynthetic apparatus [32]. The X-rays induced increased synthesis of phenolics, 
accumulated along chloroplast membranes in the mesophyll of leaves of different age, seems 
a mechanism to protect the photosynthetic machinery [18, 27, 28]. However, the increased 
amount in antioxidant compounds has also been detected in tomato fruits from plants growing 
from seeds irradiated with high-LET ionizing radiation [26]. On-going studies are also 
demonstrating a strong interaction between radiation and light quality. 
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Figure 1: Scheme summarizing the action of ionizing radiation on different traits at various plant 
levels. 

3 CULTIVATION IN PROTECTED CONDITIONS TO IMPROVE RESOURCE 
USE EFFICIENCY 
So far, various species (i.e., tuber crops, cereals, fruit and leafy vegetables) have been tested 
as potential candidates for food production in BLSSs in Space [33]. Both technical and 
dietary requirements are taken into account in the selection of candidate crops. Technical 
requirements are linked with biological and agro-technological issues, as the choice of a 
species or cultivar firstly depends on its suitability to grow in a closed controlled 
environment. Generally accepted requirements are short cultivation cycles from seed-to-seed 
or tuber-to-tuber, reduced plant size, good adaptability to Space factors, high productivity, 
and resistance to diseases [3]. These properties originate from the typical constraints of Space 
missions, namely reduced availability of resources in terms of time, volume and energy, as 
well as from the need for sanitary safety. In parallel, dietary issues are linked with the need to 
support the astronauts’ health, providing food with high nutritional value and low levels of 
anti-nutritional factors. 
On these bases, energy- and/or protein- rich crops (e.g. bread and durum wheat, potato, 
soybean) are evaluated in the current research programs, such as the ESA (European Space 
Agency) project MELiSSA - Micro-Ecological Life Support System Alternative. For instance, 
in the framework of this project, a two-step approach has been applied by to select the most 
suitable European cultivars of soybean for hydroponic cultivation: a) the development of an 
objective theoretical procedure for a preliminary identification of four candidate cultivars and 
b) the evaluation of the plant behavior of the selected cultivars in an on-purpose designed
soilless system under controlled environment (reviewed in Paradiso et al. [2]). The overall
analysis of results indicated a good performance in hydroponics of the four cultivars [34],
chosen in the theoretical selection phase [35], and showed that hydroponic cultivation
improved the nutritional quality of soybean seeds and its products (sprouts, soymilk, okara)
compared to soil cultivation [36], also suggesting that specific cultivars could be selected to
obtain the desired nutritional features of the soybean raw material depending on its final use.
Furthermore, the possibility to optimize the plant growth and yield of soybean in hydroponics
by applying specific symbiotic bacteria [37, 38] or a selected consortium of beneficial
microorganisms [39, 40] has been demonstrated.
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3.1 Experiments on the effect of light 
As primary source of energy, light is one of the most important microclimate factors along 
with air temperature for plant growth and quality. Maximizing the productivity of fresh food 
and minimizing energy consumption are of major importance in Space food production 
systems and considered as selection criteria for candidate crops [41, 42]. Several researchers 
from the University of Naples Federico II conducted a series of experiments in a phytotron 
open-gas-exchange growth chamber aiming to evaluate a wide range of lettuce cultivars 
(Lollo rossa, red oak leaf, red Salanova, baby Romaine, green Salanova and Lollo verde) of 
different types and pigmentation under optimal (420 µmol m-2 s-1) and suboptimal (210 µmol 
m-2 s-1) light intensity and to identify the most promising candidates for BLSSs. The authors
reported that cultivation of assorted Lactuca sativa L. cultivars is the optimal scenario for
space farming, where baby Romaine could provide adequate amounts of fresh yield owing to
its high radiation use efficiency (RUE), whereas red pigmented lettuce cultivars in particular
red oak leaf and red Salanova could contribute to the daily dietary requirements for bioactive
compounds such as phenolic acids and carotenoids (unpublished data). Red butterhead
Salanova lettuce reached maturity faster that its green counterpart at the chosen daily light
integral (18.144 mol m-2 d-1), implying a shorter harvest schedule to attain final weight and
maturity stage requirement [43]. This latter is an important parameter for maintaining better
quality characteristics after harvest, in case storage of the commodity is an option in human
life support systems.
In the last decade, advanced light-emitting diode (LED) technology had gained increasing
interest in space farming since it provides optimal management of light intensity and
especially spectral quality which can effectively increase the productivity as well as the
biosynthesis of phytochemicals in candidate crops. Paradiso and co-workers [44] studied the
effect of two light sources, white fluorescence tubes and red blue LEDs with a ratio 8:1 on
two potato cultivars (Avanti and Colomba) and observed a significant increase of yield under
RB light, due to a better photosynthetic activity, with no beneficial effect on tuber quality
(starch and glycoalkaloids). In a similar experiment, the effects of white light fluorescent and
red-blue LEDs 90:10 on growth and nutritional quality of lettuce were compared (Shen et al.
2014). The former authors reported, that the red: blue LED produced nearly same fresh
biomass with far less energy consumption relative to white light fluorescent (higher RUE). In
addition the LED treatment incurred a significant increase in nutritional and functional quality
parameters such as higher soluble sugar and vitamin C content and lower anti-nutrient
(nitrate) accumulation [45].
Notwithstanding possible interaction with species/cultivars, the former studies demonstrated
that by managing light intensity, spectral quality and photoperiod the fresh yield and target
phytochemicals could be altered [46-48]. In this respect, future researches should focus on
elucidating the genotype × light conditions × management interaction to select the best
combination for growing fresh food on future Space missions.

3.2 Issues related to the cultivation system 
Most of the studies aiming to characterize crop production under controlled conditions, in the 
sight of their use in BLSS, have been conducted in soilless (or hydroponic) culture 
techniques, with recirculating nutrient solution (closed system) [30]. In the recirculating 
nutrient film technique (NFT), which is one the most common in Space-oriented experiments, 
plants are suspended in a slightly sloping channel, in which the nutrient solution flows by 
gravity through the roots and is recovered and reused, after the needed adjustment (Fig. 2) 
[34]. This kind of system allows to minimize the amount of substrate and its influence on 
plant growth and to guarantee root hydration and oxygenation, in order to prevent anoxic 
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conditions at the root level. On the other hand, NFT requires a continue monitoring and 
control of pH, electrical conductivity (EC) and volume of the recirculating nutrient solution, 
because of the limited water volume and buffering capacity, and is risky in case of 
malfunctions (e.g., loss of circulating pumps). 

Figure 2: Plants of Lactuca sativa L. ‘Salanova’ cultivated in hydroponics in NFT. 

Within the experiments performed on soybean in the framework of the MELiSSA project, the 
NFT system and the nutrient solution management adopted proved to be efficient in growing 
healthy soybean plants, with no nutrient deficiency or other kind of stress, e.g. anoxic 
condition for the roots [34]. However, when plants were inoculated with Bradirhizobium 
japonicum, a root symbiotic bacterium which contributes to plant nutrition in soil providing 
ammonium through the bacterial fixation of atmospheric nitrogen, cultivation on inert media 
(i.e. rockwool slabs) positively influenced root nodulation and plant growth and yield, without 
affecting the proximate composition of seeds, compared to NFT [37]. 
Regardless of the presence of the substrate, hydroponic systems used in Earth-based 
experiences still needs to be tested in Space, where weightlessness (e.g. Space flights 
conditions) or reduced gravity (e.g. Space colonies or outposts on Moon or Mars) alter liquid 
and gas behavior, making the distribution of water and the control of moisture in root zone 
problematic [49-51]. Indeed, gravity-independent watering systems, such as porous tubes and 
membrane hydration systems have been developed for microgravity conditions but still need 
to be improved to be used on board the International Space Station or other spacecraft [52]. 
On these bases, within the activities of the ESA project MELiSSA, we are working to realize 
a prototype of a modular food complement production unit for cultivation of edible tuberous 
plants (i.e. potato and sweet-potato) in microgravity. Specifically, the objective is to design 
and to assemble a breadboard to be tested in spaceflight experiments in microgravity [53]. 
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4 SPECIFIC ISSUES RELATED TO MISSION SCENARIOS 
In order to design space greenhouses, it is fundamental to keep in mind which is the target 
mission. The requirements for life support surely change depending on the characteristics of 
the mission, and especially the duration and distance from Earth. With increasing duration and 
distance (exploratory-class missions), there is an increase in the need for reducing 
refurbishment from Earth and augmenting the regeneration of resources on-board. As regards 
food, there is also a shift in the choice of species to be cultivated. For short-duration missions 
fresh food produced on-board can be only a complement to the astronauts’ diet that is still 
mainly based on ready-to-eat food taken from Earth. In such a case, the species choice 
regards vegetal systems easy-to-cultivate such as microgreens and salads, mainly providing 
vitamins, minerals, antioxidants. For long-duration missions, such as the one to Mars, it is not 
feasible to rely on food furnished from Earth: therefore, other species need to be cultivated 
such as potato, soy, wheat and other staple crops in order to provide the needed amount of 
carbohydrates, lipids and proteins. 

4.1 Microgreens as complement to diet 
In a recent review paper, Kyriacou and co-workers [54] proposed, for future space missions, a 
new class of specialty crops, called microgreens, valued for their nutrient-dense and 
functional quality. Microgreens, also known as ‘vegetable confetti’, are defined as ‘tender 
immature greens produced from the seeds of vegetables, herbs, or grains, including wild 
species’ [55]. Candidate microgreens are expanding based on sensory and functional 
properties, however, currently exploited are mostly species from the Amarillydaceae, 
Amaranthceae, Apiaceae, Asteraceae, Brassicaceae, Chenopodiaceae, Lamiaceae, and 
Malvaceae families [56]. They are normally harvested at the soil level upon appearance of the 
first two true leaves stage, usually between one to three weeks from seed germination, 
depending on species and/or cultivars [57].  

Figure 3: Different species of microgreens from the Brassicaceae family: Pack choi, Mizuna, Mibuna, 
Komatsuna. 
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Microgreens have been proposed as ideal candidates for astronauts’ functional salad due to 
their high concentration in secondary metabolites also known as phytochemicals such as 
polyphenols, glucosinolates, polyamines and carotenoids [55]. Their production can be 
implemented on inert, shallow substrates with little or no nutrient solution, and this alleviates 
problems of poor crop performance associated with low oxygen and nutrient solubility in 
microgravity soilless cultivation [58]. Recently, Kyriacou et al. [59] examined nutritive and 
phytochemical variation across thirteen microgreens species representing Apiaceae 
(coriander), Brassicaceae (cress, kohlrabi, komatsuna, mibuna, mustard, pak choi, radish and 
tatsoi), Chenopodiaceae (Swiss chard), Lamiaceae (green and purple basil) and Malvaceae 
(jute) in fully controlled environment.  
Antioxidant activity was highest in brassicaeous microgreens, while the highest phenolic 
profile was recorded in Lamiaceae microgreens. The obtained information in the former study 
is crucial for selecting new species/cultivars of microgreens that may satisfy astronauts 
demand for both taste and health-promoting properties. Although microgreens are 
characterized by a high harvest index, these specialty crops are also characterized by low 
biomass fixation and consequently low oxygen generation [54]. Therefore, the need for higher 
oxygen generation can be met by growing microgreens along with larger candidate crops in 
particular tubers and fruit vegetables characterized by higher biomass fixation but, usually, 
lower harvest index. 

4.2 Mission scenarios: constraints and resource availability 
Whatever the species to be cultivated, it should be taken into account that the type and levels 
of environmental factors affecting plant growth changes depending on the mission scenario. 
For missions on orbiting platforms, microgravity and low-dose chronic radiation are the main 
constraints. Whereas for planetary missions, microgravity and low-gravity issues should be 
taken into account respectively during the travel and the permanence on the satellite/planet. 
Also the radiation type and dose is extremely variable in Space. Notwithstanding all the 
uncertainties still linked with the levels of environmental factors in exploratory-class 
missions, there is also the possibility to use resources present in situ (in-situ-resource-
utilization) which seems a promising opportunity to reduce the need to transport material from 
Earth. This is the case of Lunar and Martian soil which could be used as shielding material, 
or, opportunely amended, as substrate for cultivation as is being tested in current experiments. 

5 CONCLUDING REMARKS 
The knowledge achieved and agro-technologies realized within space-oriented research at the 
Departments of Agricultural Sciences and of Biology of the University of Naples are useful 
and applicable on Earth. Indeed, for sustainable permanence of humans in Space 
environments, one of the main targets is to achieve a complete regeneration of resources in 
BLSSs. Within this context, for Space applications, the cultivation technologies, to be applied 
in higher-plant-compartments, have to point towards specific targets such as yield 
maximization, energy saving and waste reduction. These are also target of nowadays 
agriculture and especially urban horticulture. Therefore, all agro-technologies developed for 
Space application can be transferred to Earth to achieve targets of sustainability of cultivation 
in the general context of actions directed to the mitigation of climate change-related issues. 



Biology and horticulture in Space De Pascale 

15

6 ACKNOWLEDGEMENTS 
Funding for the mentioned project MELiSSA - Micro-Ecological Life Support System 
Alternative - was provided by the European Space Agency (ESA). 

7. REFERENCES

[1] R.M. Wheeler, C.L. Mackowiak, G.S. Stutte, N.C. Yorio, L.M. Ruffe, J.C. Sager,
R.P. Prince, B.V. Peterson, G.D. Goins, W.L. Berry, C.R. Hinkle, W.M. Knott. Crop
production for advanced life support systems. Observations from the Kennedy Space
Center Breadboard Project. NASA Technical Memorandum 211184, 58 (2003).

[2] R. Paradiso, V. De Micco, R. Buonomo, G. Aronne, G. Barbieri, S. De Pascale.
Soilless cultivation of soybean for Bioregenerative Life Support Systems (BLSSs): a
literature review and the experience of the MELiSSA Project - Food characterization
Phase I. Plant Biology, 16, pp. 69-78 (2014).

[3] V. De Micco, G. Aronne, G. Colla, R. Fortezza, S. De Pascale. Agro-biology for
Bio-regenerative Life Support Systems in Long-Term Space Missions: general
constraints and the Italian efforts. Journal of Plant Interactions, 4, pp. 241-252
(2009).

[4] C. Arena, V. De Micco, A. De Maio. Growth alteration and leaf biochemical
responses in Phaseolus vulgaris exposed to different doses of ionising radiation.
Plant Biology, 16, pp. 194-202 (2014a).

[5] V. De Micco, S. De Pascale, R. Paradiso, G. Aronne. Microgravity effects on
different stages of higher plant life cycle and completion of the seed-to-seed cycle.
Plant Biology, 16, pp. 31-38 (2014).

[6] G. Aronne, V. De Micco, P. Ariaudo, S. De Pascale. The effect of uni-axial clinostat
rotation on germination and root anatomy of Phaseolus vulgaris L. Plant Biosystems,
137: 155 - 162 (2003).

[7] V. De Micco, M. Scala, G. Aronne. Effects of simulated microgravity on male
gametophyte of Prunus, Pyrus and Brassica species. Protoplasma, 228: 121 - 126
(2006).

[8] V. De Micco, G. Aronne, J-P. Joseleau, K. Ruel. Xylem development and cell wall
changes in soy seedlings grown in a microgravity environment. Annals of Botany,
101: 661 - 669 (2008).

[9] V. De Micco, K. Ruel, J-P. Joseleau, G. Aronne. Building and degradation of
secondary cell walls: are there common patterns of lamellar assembly of cellulose
microfibrils and cell wall delamination? Planta, 232: 621 - 627 (2010).

[10] A.L Paul, A.K. Zupanska, E.R. Schultz, R.J. Ferl. Organ-specific remodeling of the
Arabidopsis transcriptome in response to spaceflight. BMC Plant Biology, 13, 1–11
(2013).



Biology and horticulture in Space De Pascale 

15 3

[11] T. Hoson, K. Soga, K. Wakabayashi, T. Hashimoto, I. Karahara, S. Yano, et al.
Growth stimulation in inflorescences of an Arabidopsis tubulin mutant under
microgravity conditions in space. Plant Biology, 16, 91–96 (2014).

[12] S. Gilroy. Plant Tropisms. Current Biology 18 (7): R275–77 (2008).

[13] K.J. Niklas. The evolutionary biology of plants. University of Chicago Press (1997).

[14] F.W. Went. Wuchsstoff Und Wachstum. Recueil Des Travaux Botaniques
Néerlandais 25: 1–116. (1928).

[15] S.V. Petersson, A.I. Johansson, M. Kowalczyk, A. Makoveychuk, J.Y. Wang, T.
Moritz, et al. An auxin gradient and maximum in the Arabidopsis root apex shown
by high-resolution cell-specific analysis of IAA distribution and synthesis. The Plant
Cell, 21(6), 1659-1668 (2009).

[16] J.P. Vandenbrink, R. Herranz, F.J. Medina, R.E. Edelmann, J.Z. Kiss. A novel blue-
light phototropic response is revealed in roots of Arabidopsis thaliana in
microgravity. Planta, 244(6), 1201-1215 (2016).

[17] G. Aronne, L.G. Izzo, L.E. Romano, S. De Francesco, V. De Micco, S. De Pascale,
et al. Multitrop: The challenge of using refurbished hardware for an educational and
scientific experiment on the ISS. Proceedings of the International Astronautical
Congress, IAC, 2018-October (2018).

[18] C. Arena, M. Turano, B. Hay Mele, P.R. Cataletto, M. Furia, M. Pugliese, V. De
Micco. Anatomy, PSII activity and DNA polymorphism in leaves of dwarf tomato
irradiated with X-rays. Biologia Plantarum, 61, pp. 305-314 (2017).

[19] N. Shikazono, A. Tanaka, S. Kitayama, H. Watanabe, S. Tano. LET dependence of
lethality in Arabidopsis thaliana irradiated by heavy ions. Radiation and
Environmental Biophysics, 41, pp. 159-162 (2002).

[20] C. Arena, V. De Micco, G. Aronne, M. Pugliese, A. Virzo De Santo, A. De Maio.
Response of Phaseolus vulgaris L. plants to low-let ionizing radiation: growth and
oxidative stress. Acta Astronautica, 91, pp. 107-114 (2013).

[21] M.A. Esnault, F. Legue, C. Chenal. Ionizing radiation: advances in plant response.
Environmental and Experimental Botany, 68, pp. 231-237 (2010).

[22] M. Mei, Y. Qiu, Y. Sun, R. Huang, J. Yao, Q. Zhang, M. Hong, J. Ye.
Morphological and molecular changes of maize plants after seeds been flown on
recoverable satellite. Advances in Space Research, 22, pp. 1691–1697 (1998).

[23] R. Zaka, C.M. Vendecasteele, M.T. Misset. Effects of low chronic doses of ionizing
radiation on antioxidant enzymes and G6PDH activities in Stipa capillata (Poaceae).
Journal of Experimental Botany, 53, pp. 1979-1987 (2002).

[24] J.P. Maity, D. Mishra, A. Chakraborty, A. Saha, S.C. Santra, S. Chanda. Modulation
of some quantitative and qualitative characteristics in rice (Oryza sativa L.) and
mung (Phaseolus mungo L.) by ionizing radiation. Radiation Physics and Chemistry,
74, pp. 391-394 (2005).



Biology and horticulture in Space De Pascale 

[25] X. Yu, H. Wu, L.J. Wei, Z.L. Cheng, P. Xin, C.L. Huang, K.P. Zhang, Y.Q. Sun.
Characteristics of phenotype and genetic mutations in rice after spaceflight.
Advances in Space Research, 40, pp. 528-534 (2007).

[26] C. Arena, E. Vitale, B. Hay Mele, P.R. Cataletto, M. Turano, P. Simoniello, V. De
Micco. Suitability of Solanum lycopersicum L. ‘Microtom’ for growth in
Bioregenerative Life Support Systems: exploring the effect of high-LET ionising
radiation on photosynthesis, leaf structure and fruit traits. Plant Biology, 21, pp. 615-
626 (2019).

[27] V. De Micco, R. Paradiso, G. Aronne, S. De Pascale, M. Quarto, C. Arena. Leaf
anatomy and photochemical behaviour of Solanum lycopersicum L. plants from
seeds irradiated with Low-LET Ionising Radiation. The Scientific World Journal,
2014, ID 428141, pp. 1-13 (2014).

[28] V. De Micco, C. Arena, G. Aronne. Anatomical alterations of Phaseolus vulgaris L.
mature leaves irradiated with X-rays. Plant Biology, 16, pp. 187-193 (2014).

[29] E. Kovàcs, J.P. Van Duren, L.A. Pitifer, H.C. Hoch, T. Terhune. Effect of irradiation
and storage on cell wall structure of golden delicious and empire apples. Acta
Alimentaria, 26, pp. 171-190 (1997).

[30] R.M. Wheeler. Carbon balance in bioregenerative life support systems: effects of
system closure, waste management, and crop harvest index. Advances in Space
Research, 31, pp. 169-175 (2003).

[31] C. Arena, V. De Micco, E. Macaeva, R. Quintens. Space radiation effects on plant
and mammalian cells. Acta Astronautica, 104, pp. 419-431 (2014).

[32] E. Esposito, A. Margonelli, E. Pace, M.T. Giardi, C. Faraloni, G. Torzillo, A. Zanini.
The effect of ionizing radiation on photosynthetic oxygenic microorganisms for
survival in space flight revealed by automatic photosystem II-based biosensors.
Microgravity Science and Technology, 18, pp. 215-218 (2006).

[33] E. Meinen, T. Dueck, F. Kempkes, C. Stanghellini. Growing fresh food on future
space missions: Environmental conditions and crop management. Scientia
Horticulturae, 235, pp. 270-278 (2018).

[34] R. Paradiso, R. Buonomo, V. De Micco, G. Aronne, M. Palermo, G. Barbieri, et al.
Soybean cultivar selection for Bioregenerative Life Support Systems (BLSSs).
Hydroponic cultivation. Advances in Space Research, 50, pp. 1501-1511 (2012).

[35] V. De Micco, R. Buonomo, R. Paradiso, S. De Pascale, G. Aronne. Soybean cultivar
selection for Bioregenerative Life Support Systems (BLSSs). Theoretical selection.
Advances in Space Research, 49, pp. 1415-1421 (2012).

[36] M. Palermo, R. Paradiso, S. De Pascale, V. Fogliano. Hydroponic cultivation
improves the nutritional quality of soybean and its products. Journal of Agricultural
and Food Chemistry, 60, pp. 250-255 (2012).

[37] R. Paradiso, R. Buonomo, M.A. Dixon, G. Barbieri, S. De Pascale. Soybean
cultivation for Bioregenerative Life Support Systems (BLSSs): the effect of

15



Biology and horticulture in Space De Pascale 

hydroponic system and nitrogen source. Advances in Space Research, 53(3), pp. 574-
584 (2014). 

[38] R. Paradiso, R. Buonomo, M.A. Dixon, G. Barbieri, S. De Pascale. Effect of
bacterial root symbiosis and urea as source of nitrogen on performance of soybean
plants grown hydroponically for bioregenerative life support systems (BLSSs).
Frontiers in Plant Science, 6, pp. 888 (2015).

[39] R. Paradiso, C. Arena, V. De Micco, M. Giordano, G. Aronne, S. De Pascale.
Changes in leaf anatomical traits enhanced photosynthetic activity of soybean grown
in hydroponics with plant growth-promoting microorganisms. Frontiers in Plant
Science, 8, pp. 674 (2017).

[40] C. Sheridan, P. Depuydt, M. De Ro, C. Petit, E. Van Gysegem, P. Delaere, et al.
Microbial community dynamics and response to plant growth-promoting organisms
in the rhizosphere of four common food crops cultivated in hydroponics. Microbial
Ecology, 73.2, pp. 378-393 (2017).

[41] X. Chunxiao, L. Hong. Crop candidates for the bioregenerative life support systems
in China. Acta Astronautica, 63, pp. 1076-1080 (2008).

[42] R.M. Wheeler. Agriculture for space: People and places paving the way. Open
Agriculture, 2, pp. 14-32 (2017).

[43] C. El-Nakhel, M. Giordano, A. Pannico, P. Carillo, G.M. Fusco, S. De Pascale, Y.
Rouphael. Cultivar-specific performance and qualitative descriptors for butterhead
Salanova lettuce produced in closed soilless cultivation as a candidate salad crop for
human life support in space. Life, 9, pp. 61 (2019).

[44] R. Paradiso, C. Arena, Y. Rouphael, L. d’Aquino, K. Makris, P. Vitaglione, S. De
Pascale. Growth, photosynthetic activity and tuber quality of two potato cultivars in
controlled environment as affected by light source. Plant Biosystems, in press
(2019).

[45] Y.Z. Shen, S.S. Guo, W.D. Ai, Y.K. Tang. Effects of illuminants and illumination
time on lettuce growth, yield and nutritional quality in a controlled environment. Life
Sciences in Space Research, 2, pp. 38-42 (2014).

[46] Y. Rouphael, M.C. Kyriacou, S.A. Petropoulos, S. De Pascale, G. Colla. Improving
vegetable quality in controlled environments. Scientia Horticulturae, 234, pp. 275-
289 (2018).

[47] Y. Rouphael, M.C. Kyriacou. Enhancing quality of fresh vegetables through salinity
eustress and biofortification applications facilitated by soilless cultivation. Frontiers
in Plant Science, 9, pp. 1254 (2018).

[48] M.C. Kyriacou, Y. Rouphael. Towards a new definition of quality for fresh fruits and
vegetables. Scientia Horticulturae, 234, pp. 463-469 (2018).

[49] H.G. Levine, K.T. Georgiana, J.H. Norikane. Fluid behavior under microgravity
conditions within plant nutrient delivery systems: Parabolic flight investigations.
SAE Technical Paper No. 2003-01-2483. SAE Int., Warrendale (PA) (2003).

15 5



Biology and horticulture in Space De Pascale 

[50] S.L. Steinberg, D. Poritz. Measurement of hydraulic characteristics of porous media
used to grow plants in microgravity. Soil Science Society of America Journal, 69,
301-310 (2005).

[51] R. Heinse. Measurement and modelling of reduced-gravity fluid distribution and
transport in unsaturated porous plant- growth media. All Graduate Theses and
Dissertations, Paper 243. http://digitalcommons.usu.edu/etd/243 (2009).

[52] G.D. Goins, H.G. Levine, C.L. Macowiak, R.M. Wheeler, J.D. Carr, D. Ming.
Comparison studies of candidate nutrient delivery systems for plant cultivation in
space. SAE Technical Paper Series No. 972304-1997 (1997).

[53] R. Paradiso, A. Ceriello, A. Pannico, S. Sorrentino, M. Palladino, M. Giordano, et al.
Design of a module for cultivation of tuberous plants in microgravity: the ESA
project “precursor of food production unit”. Frontiers in Plant Science. Special topic
"Higher Plants, Algae and Cyanobacteria in Space Environments", in press.

[54] M.C. Kyriacou, S. De Pascale, A. Kyratzis, Y. Rouphael. Microgreens as a
component of space life support systems: a cornucopia of functional food. Frontiers
in Plant Science, 8, pp. 8-11 (2017).

[55] M.C. Kyriacou, Y. Rouphael, F. Di Gioia, A. Kyratzis, F. Serio, M. Renna, S. De
Pascale, P. Santamaria. Micro-scale food production and the rise of microgreens.
Trends in Food Science & Technology, 57, pp. 103-115 (2016).

[56] A.W. Ebert. Sprouts, microgreens, and edible flowers: the potential for high value
specialty produce in Asia. SEAVEG 2012 High Value Vegetables in Southeast Asia:
Production, Supply and Demand, 216 (2013).

[57] J. Sun, Z. Xiao, L.Z. Lin, G.E. Lester, Q. Wang, J.M. Harnly, et al. Profiling
polyphenols in five Brassica species microgreens by UHPLC-PDA-ESI/HRMSn.
Journal of Agricultural and Food Chemistry, 61, pp. 10960–10970 (2013).

[58] M.H. Perchonok, M.R. Cooper, P.M. Catauro. Mission to Mars: food production and
processing for the final frontier. Annual Review of Food Science and Technology, 3,
pp. 311-330 (2012).

[59] M.C. Kyriacou, C. El-Nakhel, G. Graziani, A. Pannico, G.A. Soteriou, M. Giordano,
A. Ritieni, S. De Pascale, Y. Rouphael. Functional quality in novel food sources:
genotypic variation in the nutritive and phytochemical composition of thirteen
microgreens species. Food Chemistry, 277, pp. 107-118 (2019).

15



Italian Association of Aeronautics and Astronautics 

XXV International Congress 

9-12 September 2019| Rome, Italy

PRELIMINARY DESIGN OF AN INOFFENSIVE FIXED-
WING UNMANNED AERIAL SYSTEM 

C. Grillo1 , F. Montano1, E. M. La Rocca2

1 Dipartimento di Ingegneria, Universit  degli Studi di Palermo, iale delle Scienze al Parco 
d rleans, ld. 8, Palermo 

2T T e-Solutions, via Frigia 2 , Milano, Italy 
caterina.grillo@unipa,it

ABSTRACT 
Aim of this paper is the preliminary design of an harmless fixed-wing nmanned Aerial System. 
To improve application fields, endurance has been selected as fundamental performance and 
the blended wing configuration has been chosen. So the fuselage has the same airfoil of the 
wing and contains all the payload. In this way the drag has been reduced. 
Because of the blended wing arrangement, to control pitch and roll elevons have been 
introduced. To guarantee the directional stability, winglets have been used  besides winglets 
increase the equivalent aspect ratio and consequently reduce the drag and improve the 
endurance. 
The selected propulsion system has been based on an electrical brushless engine with a i o 
battery and a pusher propeller. According to ENA  -NA  guidelines, propeller is 
made of flexible materials. The selected engine needs of limited electrical power.  
The propulsion system and the power distribution unit have been chosen optimizing both 
performance and safety. According to EAN  guidelines, the electrical system has been 
provided with a fire protective case, in this way ris s for people or infrastructures in the remote 
case of a crash have been reduced.  
A prototype has been realized with medium density E S, according to ENA  guidelines. 

Keywords: inoffensive, safety, UAS, fixed-wing 

1 INTRODUCTION 
Drones are a growing business in Europe, delivering services in all environments, including 
urban areas. 
Mapping, infrastructure inspections, precision agriculture, delivery of goods and e-commerce 
are ust some of the services possible using drones.  
Following the increase of availability of UAS, the civil aviation authorities are wor ing 
together, to establish a well defined regulation bac ground for safer use of this ind of systems. 
A clear framewor  at EU level would allow the creation of a truly European mar et for drone 
services and aircraft, thereby harnessing potential for obs and growth creation in this new 
sector of the economy. 
In this context, U-space is a set of new services relying on a high level of digitalisation and 
automation of functions and specific procedures designed to support safe, efficient and secure 
access to airspace for large numbers of drones. 
In support of this initiative, in 201  the SESAR oint Underta ing drafted the U-space blueprint, 
a vision of how to ma e U-space operationally possible. 
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Inoffensivity is a fundamental requirement to insert drones in a safe, efficient and secure way 
into the ATM.  
All European Regulation Agency are wor ing together to define inoffensivity rules. Among 
these, ENAC issued 2016 00 -NA  guidelines 1  to define requirements for inoffensive UAS. 
This paper is inserted in such a field, it describe the preliminary design, according to ENAC 
2016 00 -NA  rules, of a fixed-wing unmanned with better performances than other 
commercial ones. 

2 AIRCRAFT PRELIMINARY DESIGN 
As it is well nown, the purpose of each aircraft design is to obtain the maximum lift with the 
lowest possible drag. This can result in high load capabilities, maintaining a low energy 
consumption. The conventional aircraft design consists of specific components to perform each 
specific action, but the best option would be to have the minimum number of components 
performing the maximum number of actions. The flying wing concept is a solution to this 
problem, not yet integrated in the civil aviation, yet still in development in the military aviation. 
Since efficiency, simplicity and safety were the ey aspects during the development of this 
pro ect, the flying wing concept met all the requirements of the concept. This philosophy of 
design is covered by the ENAC 2016 00 -NA  guidelines. In fact, since safety is the ma or 
concern in such a guidelines, such ind of configuration matches perfectly with the ENAC 
requirements. 

2.1 Design constraints 
The preliminary design can be carried out via the Matching Plot approach, as suggested by 2 , 

, 4 . The approach is iterative, for each change made in the design, the design plot changes, 
leading to the final configuration.  The ing Load ( S) and the Specific Power ( d ) are 
the two parameters for describing each performance requirement. Depending on the desired 
performance, a relationship between the two parameters can be obtained, narrowing the design 
space for each set requirement. An initial guess on the aircraft mass has to be made, in order to 
generate the plot. Since each UAS is highly specific, it is difficult to determine a class, such as 
in the civil or military field 2- , so a state of the art analysis has to be made. After this first 
research phase, the T guess is set to be: 

𝑇𝑂𝑊𝑔𝑢𝑒𝑠𝑠 = 7.85 𝑁 (1) 

Ta ing into account the ENAC guidelines, which set a limit on the maximum inetic energy, 
the set limit shall not be exceeded: 

𝐸𝑘 =
1
2

(𝑇𝑂𝑊/𝑔) ∗ 𝑉2 ≤ 𝐸𝑘
∗ =  122 𝐽 (2) 

This inetic energy limit results in a speed limit, considering also the maximum allowed wind 
speed. 

𝑉𝑚𝑎𝑥 ≤ √(2 ∗ 𝐸𝑘
∗) (𝑇𝑂𝑊𝑔𝑢𝑒𝑠𝑠/𝑔 )⁄ = 17.46𝑚/𝑠 ( ) 

The inetic energy limit results also in a wing loading limit: 

𝑊/𝑆 = (𝐸𝑘
∗ 𝜌 𝐶𝐿)/(𝑇𝑂𝑊𝑔𝑢𝑒𝑠𝑠/𝑔) (4)
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esides, to determine design point, other performance constrains had been imposed. The chosen 
performance requirements result from a state of the art research phase, comparing the desired 
design with the existing UA  of the same category. The vision is to design an UA  with a long 
flight time without compromising flight performances. Considering the other UA s belonging 
to the same category, the endurance ranges from a minimum of 0 minutes of flight time, up to 
2 hours, but with heavy power systems and beyond the limits imposed by the ENAC guidelines. 
The ob ective for this pro ect is to design an UA  capable to perform missions that might last 
one hour, being agile enough to perform fast turns (mapping mission requirements), but capable 
to fly slow enough to respect the ENAC guidelines. The climb speed is chosen to minimize the 
time to reach the mission altitude without requiring a high propulsion power. 
Previous mentioned performance requirements are expressed by: 

• Stall Speed Vms  7 m/s

𝑊/𝑆 = 0.5 ∗ 𝜌𝑉𝑚𝑠
2 𝐶𝐿𝑚𝑎𝑥 (5) 

• Range ptimization Vcruise = 12 m/s

𝑊𝑚

𝑊
= √𝑊

𝑆
1

√𝜌
 2

3
2  𝐶𝐷0

1
4  (𝜋 𝐴𝑅𝑒)−3

4 (6) 

• Endurance ptimization Vloiter = 10 m/s

𝜂
𝑊𝑚

𝑊
= √𝑊

𝑆
1

√𝜌
 2

3
2  𝐶𝐷0

1
4  (𝜋 𝐴𝑅𝑒)−3

2 ( ) 

• Climb VZmax = 0.2 m/s
𝑊
𝑆

=
1
2

∗ [𝐸√𝐶𝐿 √𝜌 (𝜂
𝑊𝑚

𝑊
− 𝑉𝑧𝑚𝑎𝑥)]

2
(8) 

• Turn ψ̇turn = 1.5 rad/s , nturn =  1.82

𝑊
𝑆

=

𝜂𝑝
𝑉𝑐𝑟𝑢𝑖𝑠𝑒

 ∗  𝑊𝑑
 𝑊  ±  √( 

𝜂𝑝
𝑉𝑐𝑟𝑢𝑖𝑠𝑒

 ∗  𝑊𝑑
 𝑊)

2
−  

4𝑛𝑡𝑢𝑟𝑛
2 𝐶𝐷0

𝜋  𝐴𝑅𝑒 

2 𝑛𝑡𝑢𝑟𝑛
2 /(𝑞 𝜋 𝐴𝑅𝑒)

(9) 

The design point on the matching plot is chosen as: 

𝑾𝒅

𝑾
= 17

𝑊
𝑁

(10) 

𝑾
𝑺 = 30

𝑁
𝑚2 (11)
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In addition to the performance constrains, it is necessary to ta e into account the requirements 
in 1 . In the remote case of a crash, in fact, the UA  could cause serious damage to people or 
infrastructures. Considering also the energy source (LiPo batteries), the crash could result in a 
fire. Having these issues in mind, the most suitable material for the airframe and the fuselage 
has to be selected. 
In particular, according to 1 : 

1) The fuselage, wings and other main UA  components shall be manufactured in soft and
low-density material, such as EPS, balsa wood and tissue

2) The airframe covering materials shall be flexible enough to transmit the stress of an
impact to the inner structure. Metal and fiber reinforced composites are not allowed

) No sharp parts shall be used in the airframe
4) Spinning parts shall be adequately protected
5) Protection against accidental fire shall be provided
6) The UA  components shall be assembled preventing detachment during flight

2.2 Wing Design Optimization
The wing is designed in a blended configuration with the fuselage, for better aerodynamic 
performances. inglets are used to enhance stability characteristics and aerodynamic 
efficiency. Elevons are designed as the only control surfaces. 
To select the airfoil, both aerodynamic efficiency and safety have to ta e into account 5 . No 
sharp edges have to be used in the design, as previous stated. The airfoils studied for the design 
belong to the MH class, specifically designed for flying wing aircrafts flying at low speeds.  
The MH 61 airfoil is chosen, being a good compromise between aerodynamic performances, 
housing space and safety. In Table 1 the chosen airfoil characteristic are reported 6 . 

Name 𝒕𝒎𝒂𝒙 𝒄𝒂𝒎𝒃𝒎𝒂𝒙 𝑬𝒎𝒂𝒙 𝑪𝑫𝟎 𝑪𝑳𝒎𝒂𝒙 𝑪𝑳𝜶 
MH 61 10,2  @ 2 ,6  1,4  @ ,  4 ,6 0,020 1,0 4,58 

Table 1: MH 61 Airfoil Characteristics 

The wing parameters are optimized starting from the values obtained in the performance 
requirements optimization. The following hypotheses are made on the wing: 

• The wing structure does not contain holes
• The wing taper ratio is a linear function of the y coordinate

The first optimization concerns the weight of the airframe. Considering the model proposed in 
, the area inside the airfoil can be written as follows: 

𝐴(𝑦) =
(𝑘 + 3) 𝑐(𝑦) 𝑡(𝑦)

6
(12) 

here: 

𝑐(𝑦) = 𝐶𝑟 −
2 𝐶𝑟

𝑏
(1 − 𝜆) 𝑦 (1 ) 

𝜆 = 𝐶𝑡/𝐶𝑟 (14) 

And 𝑘 is the location of the airfoil s maximum thic ness as a fraction of the airfoil s chord. 
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The weight trend is plotted in Figure 1, as a function of the taper ratio and for different 
wingspans. The mass corresponding to a wing with 𝑏 = 1.2 𝑚  and 𝜆 = 0.7 is less than 
0.15 𝑘𝑔. The value of the weight will be updated in the following iterations. 

Figure 1: ing weight trends as a function of Taper ratio and wing span 

The second optimization criterion is related to aerodynamic efficiency. Every wing can be 
modelled as an elliptic wing using the swald Coefficient. For this pro ect, the Howe formula 
is used, which can help estimate the swald Coefficient from geometric and aerodynamic 
parameters: 

𝑒 =
1

(1 + 0.12 𝑀2) (1 +
0.142 + 𝑓(𝜆) ∙ 𝐴𝑅 ∙ (10 𝑡

𝑐)
0.33

cos2 Λ25
+ 0.1 ∙ (3𝑁𝑒 + 1)

(4 + 𝐴𝑅)0.8 )
(15) 

Figure 2: swald coefficient as a function of taper ratio 

After having evaluated the swald coefficient (e 0. 6), the 𝐶𝐿𝛼 of the wing can be evaluated 
and the wing performance can be analyzed. The next step is to select the wing parameters 
considering the stability of the UA . Since the flying wing design cannot be stable using a 
conventional profile, the best solution to guarantee longitudinal stability without compromising 
aerodynamic performance is to negatively twist the wingtips. A suggestion comes from the 
semi-empirical Pan in  Cuvler formula: 
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𝑖𝑔𝑒𝑜𝑚 =
(𝐾1𝐶𝑚𝑟𝑜𝑜𝑡 + 𝐾2𝐶𝑚𝑡𝑖𝑝) − 𝐶𝐿𝐶 ∙ 𝐾𝑆𝑀

1.4 ∙ 10−5 ∙ 𝐴𝑅1.43 ∙ Λ25
− (𝛼𝑍𝐿𝑟𝑜𝑜𝑡 − 𝛼𝑍𝐿𝑡𝑖𝑝) (16) 

with 

𝐾1 =
3 + 2𝜆 + 𝜆2

4(1 + 𝜆 + 𝜆2 )
 𝐾2 = 1 − 𝐾1 (1 ) 

A negative twist of the wing tips is required and is equal to −3°. The linear wing twist law is: 

𝑖(𝑦) = 𝑖𝑔𝑒𝑜𝑚 ∗ 𝑦/(𝑏/2) (18) 

3 DRAG COEFFICIENT ESTIMATION AND PROPULSION SYSTEM DESIGN 
After having expressed in an analytical form all the geometrical parameters, the drag estimation 
is one of the most critical aspects during the design process. The result of the drag analysis is 
crucial to guarantee a suitable propulsion system, providing the chosen d. For this purpose, 
the polar diagram of the drag coefficient must be obtained. Its general expression is: 

𝐶𝐷 = 𝐶𝐷0 + 𝐶𝐿
2/(𝜋 ∗ 𝐴𝑅 ∗ 𝑒) (19) 

It is therefore necessary to obtain a reliable estimation of 𝐶𝐷0 coefficient.  
The preliminary drag analysis is conducted considering the following hypotheses: 

• The flight regime is at 𝑅𝑒 ≈ 200.000
• Air compressibility phenomena can be neglected

The s in friction coefficient can be approximated by the lasius formula (laminar flow): 

𝐶𝑓 =
1.328
√𝑅𝑒

= 0.003 (20) 

The drag coefficient can be evaluated: 

𝐶𝐷0 = 2 ∗ 𝐶𝑓 ∗ 𝑆 = 0.0019 (21) 

For a better drag estimation, a numerical analysis was carried. The tool utilized is FLR5, 
developed as a low Reynolds CFD analysis tool. After having loaded all the parameters of the 
wing profile, the D model of the UA  has been analyzed in different configurations. 
After the numerical CFD analysis, a drag coefficient of 0.02 is estimated. 

Figure : Graphical results of the CFD analysis using FLR5 
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3.1 Propulsion system matching 
Having estimated the UA  drag coefficient, the propulsion system is chosen. The first 
optimization concerns the selection of the propeller, which shall have the highest efficiency at 
low flight speeds and low angular speeds, to meet the pro ect s requirements. An APC slow 
flyer 8in diameter with .8 in revolution pitch was chosen. The propulsion system consists of a 
brushless electric engine, powered by a LiPo battery and controlled by a conventional ESC. To 
respect the harmless requirements, the battery has been inserted into a soft and not flammable 
box Matching the engine and the propeller is a ey aspect to guarantee suitable performance 
while maintaining a high efficiency. For this reason, a low  engine was chosen. The chosen 
engine is a brushless outrunner T-Motor MN 2206, 2000  with maximum static thrust of 6.9 
N. 

4 GROUND AND ON-BOARD INSTRUMENTS 
The ground systems and on-board electronics were chosen from off the shelf components. The 
FCS is loaded onto a P 4 Pixhaw  controller, which contains also the IMU measurement 
system, a GPS receiver, a magnetometer and a barometer. The flight control law is a simple 
PID controller, and the gain values can be tuned using the Pixhaw  interface. In autonomous 
flight mode, the user shall select a set of waypoints to perform the desired mission and the UAS 
will choose the best path to complete the mission, which will be loaded as a reference trac  for 
the UA . The receiver communicates with the ground operators, who use a Taranis UA  radio 
to set both the autonomous and the controlled flight modes. The elevons are actuated by two 
standard servos. The payload is a Sony R 0 used for topography purposes, which can shoot 
high-resolution videos as well as RA  image data to be processed to obtain a point cloud map 
of the mapped area. 

5 GEOMETRICAL AND PONDERAL CHARACTERISTICS OF THE UAV 
In Table 2 are reported geometrical characteristics after above mentioned analysis. In Table  
are reported ponderal characteristics in the hypothesis that the payload is made ust by high 
resolution camera. 

ing Area 𝑆  0.3244 𝑚2 Elevons Area 𝑆𝑒 0.054 𝑚2 
ingspan 𝑏 1.2 𝑚 Elevons span 𝑏𝑒 0.5 𝑚 

Root Chord 𝐶𝑟 0.256 𝑚 inglets height 𝑏𝑤 0.1 𝑚 
Tip Chord 𝐶𝑡 0.179 𝑚 inglets Area 𝑆𝑣 0.036 𝑚2 
Sweep Angle Λ 30° Engine power 80 𝑊 
Taper Ratio 𝜆 0.7 Propeller diameter 20.32 𝑐𝑚 
Aspect Ratio 𝐴𝑅 5.5 

Table 2: UA  configuration parameters 

Airframe eight 1.668 N 
Engine eight 0.491 N 
Servo eight 0.1  N 

attery eight 1.  N 
Receiver eight 0.118 N 
ESC eight 0.196 N 
Pixhaw  Controller eight 0.  N 
Maximum Payload  2.94  N 
Maximum T  . 8 N 

Table : UA  weight characteristics 
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6 PROTOTYPING PHASE 
The prototyping phase was conducted after having evaluated all the possible solutions to obtain 
a high precision airframe, in a reproducible manner and in a simple way. Since the selected 
material is a soft polymer, the hot-wire cutting technique seems to be the most suitable, when 
compared to the more expensive in ection molding or robotic milling. The airframe is designed 
in a blended configuration, resulting in better aerodynamic performances. A D CAD has been 
realized, to evaluate all the dimension to transfer into the real model. After having milled the 
wing templates, the hot wire was used to cut the fuselage, the wings and the winglets. The UA  
structure has been reinforced using carbon fiber rods embedded into the foam.  
In Figure 4 is shown a demonstrator that it has been used for first test, without determine any 
stability characteristics. 

Figure 4: UAS demonstrator 

7 CONCLUSIONS 
A preliminary design of an inoffensive fixed-wing UAS has been made. It has been designed 
to have better performances than other commercial ones of the same category.  
Selected materials permit a manufacturing with production costs comparable to other 
commercial UAS. 
It has been realized a gliding prototype to ma e first tests on aerodynamic behavior. 
At the present time the prototype is equipping with instruments and engine to perform first 
flight tests in order to determine aerodynamic and control derivatives. 
These tests will be performed with remote control but the final configuration of the drone will 
be fully autonomous for L S flight. 
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ABSTRACT

This work illustrates a semi-analytical approach for analyzing the pre-buckling and buckling

response of innovative panel configurations for aerospace structures. Specifically, the approach

allows composite panels with variable-stiffness skins and stiffened by curvilinear stringers to

be studied in a fast yet accurate manner. The method of Ritz is applied in conjunction with first-

order theories for modeling the skin and the stiffeners, the former described referring to Mindlin

plate theory, the latter to Timoshenko beam model. Due to the excellent convergence properties

of the approach, pre-buckling stress distributions can be captured with reduced effort. Similarly,

accurate buckling predictions can be obtained with relatively few degrees of freedom, much less

with respect to typical models relying upon the use of finite elements. Results are presented for

a number of test-cases from the literature, illustrating the potential of the proposed approach as

a mean for performing preliminary studies with reduced computational effort.

Keywords: Curvilinear stringers, Variable-stiffness, Stiffened panels, Ritz method.

1 INTRODUCTION

Aerospace structural panels have been classically designed using orthogonal stiffening ele-
ments, i.e. stringers along the longitudinal directions and ribs/frames along the transverse one.
However, improved tailoring opportunities are available by exploiting the concept of stiffness
variability, using tow-steering and curvilinear stringers, separately or in combination. Potential
gains offered by tow-steered panels are well-documented in the literature [1–4], and several
studies clearly illustrated the possibility of improving buckling and post-buckling responses
with respect to corresponding quasi-isotropic configurations.
Recent studies demonstrated that curvilinear stringers can be successfully used to further im-
prove stiffness tailoring opportunities and, to a more general extent, the structural efficiency of
stiffened panels. Pioneering work in this field is due to Kapania and co-workers [5; 6], who
discussed the possibility of reducing static stresses and improving buckling loads, in particular
for shear-dominated loading conditions [7].
In the past, ad-hoc finite element strategies were developed to facilitate the analysis of curvi-
linearly stiffened panels. Indeed, one crucial aspect regards the generation of regular grids,
despite the presence of non-straight stiffeners. To this aim, a finite element incorporating the
stiffener element, whose displacement field is interpolated starting from the skin, was proposed
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in Refs. [8–10]
Another effective strategy consists in adopting a mesh-free approach, so that any issue due to
the generation of the model is essentially removed. This approach was pursued in Refs. [11–
15]. Recently, the concept of variable-stiffness skin in conjunction with curvilinear stringers
has been proposed in the context of finite-element procedures [16–18]. Optimization studies
were carried out to highlight potential advantages with respect to straight-fiber configurations.
Given the inherent geometrical complexity of variable-stiffness (VS) panels with curvilinear
stringers, the development of efficient computational tools plays a crucial role in facilitating
preliminary design studies and investigating potential benefits. This work illustrates a simpli-
fied procedure for assessing the structural response – emphasis is given here to the pre-buckling
and buckling response – of VS curvilinearly stiffened panels. The procedure is semi-analytical
in so far as relies upon the method of Ritz, where the structure is modelled as an assembly
of plate and beam elements. The displacement field is approximated using orthogonal poly-
nomials, guaranteeing convergence of the solution with a relatively small number of degrees
of freedom, much smaller with respect to those required by an equivalent Finite Element (FE)
analysis. The accuracy of the predictions is shown by comparison against FE simulations and
results from the literature, illustrating the potential of the proposed tool as a valuable mean for
performing parametric studies and preliminary optimizations.

2 SEMI-ANALYTICAL APPROACH

The approach is developed in the framework of a displacement-based approach, where the gov-
erning equations are derived from a variational formulation of the problem. The approximate
solution is retrieved referring to the Ritz method, leading to the solution of discrete problems
characterized by a relatively small number of degrees of freedom.
A sketch of the structure under investigation is provided in Figure 1.

Figure 1: Sketch of a stiffened panel with three curvilinear stringers – dimensions and conventions for
edge loads and prescribed displacements.

A reference system xyz is defined at the center of the panel, whose longitudinal and transverse
dimensions are denoted as a and b, respectively. Any boundary condition can be accounted for,
and loading conditions are defined in the form of prescribed displacements and forces. Note, the
sketch illustrates compressive loading conditions, but any other set of loads can be considered
within the proposed analysis framework.
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2.1 Plate model

The plate model refers to well-known first-order shear deformation theory (FSDT). One advan-
tage offered by this model – in addition to the possibility of accounting for transverse shear
deformability effects – consists in the ease in enforcing continuity of rotations between skin
and stiffeners. According to FSDT, the displacement field is expressed as:

u(x,y,z) = u0(x,y)+ zLj(x,y)

= [I zL]

(

u0
j

)

= [I zL]d0
(1)

where the vectors u0,j collect the generalized displacement components, i.e. u0 = {u0 v0 w0}T

and j =
�

j

x

j

y

j

z

 T. The matrix L has dimension 3⇥ 3, the only not-null contributions
being the unitary values at the positions (1,1) and (2,2).
By differentiating the displacement components it is possible to retrieve the strains as function
of the kinematic model strain parameters, which are collected into the vector e as:

e =
n

x

T
k

T
g

T
oT

(2)

The entries of Eq. (2) represent the membrane, curvature and transverse-shear deformation pa-
rameters, respectively.
The skin of the panel is characterized by variable in-plane properties, with fiber orientation
defined using Lagrange interpolation in an arbitrary number of points as:
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Linear fiber orientation variation and straight fiber configurations are retrieved as special cases.

2.2 Stiffener model

Dealing with curvilinear stringers, the first step consists in defining the geometry in terms of
path. To this aim, a Bézier description is used, where the stiffener coordinates are given as:

x(q) =
n

Â
i=0

 

n

i

!

P

i

(1�q)n�i

q

i with q 2 [0 1] (4)

where the vectors P

i

specify the coordinates of the control points.
Once the geometric parametrization is available, the tangent vector, at any point, is obtained as:

t = x,s (5)

where s is the arc-length coordinate. One can observe that the relation between the parameter p

and the arc-length differentials is:

ds = ||x,p||dp = Js dp (6)

with Js representing the Jacobian of the transformation.
The beam kinematic model is based on Timoshenko beam theory. According to this model, the
displacement field for the generic stiffener i is:

u

i(s,n,b) = u

i

0(s)+(d⇥)
T

q

i(s) (7)
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having denoted with s,n,b the coordinates in the curvilinear reference system where n = t and
b are the normal and binormal vectors, respectively. For ease of derivation, the origin of the
system is taken in correspondence of the skin midsurface.
Note that u

i

0 and q

i define the displacements and the rotations around the three axes, while d is
the position vector.
Following Ref. [13; 19], the beam strains can be expressed as:
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the first and the second expanded vectors representing the axial strains and the curvatures; the
last contribution, h

i stems from the linearization of the Green-Lagrange strain tensor and is
introduced for the buckling solution procedure only.
The compatibility between stringers and skin is enforced in a strong-form manner by expressing
the beam displacement components as function of the plate generalized displacements. This is
done by ensuring that:

(

u

i

0 = u0|Gi

q

i = J T
j|Gi

(9)

where the matrix J is introduced to transform the skin rotation parameters into rotations
around the orthogonal axes xyz.

2.3 Pre-buckling

The pre-buckling analysis is conducted by assuming linear behaviour, and referring to the mini-
mum potential energy principle to derive the equilibrium conditions. The total potential energy
is the sum of skin and stiffeners contributions, and the relevant variational principle reads:

dP = d
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where N

s

is the number of stringers.
The strain energy U is [20]:
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with obvious definition of the vector e and the plate constitutive matrix Dp.
It is important to remark that Dp = Dp(x,y) as fiber orientations are, in general, function of the
in-plane position (see Eq. (3)).
The contribution due to mechanical loads is restricted to the prescribed forces (as prescribed
displacements are part of the essential conditions of the problem) and is:

Wm =�
4

Â
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Z
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�
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yi

�

d∂A
i

(12)

where the summatory is taken at the four edges of the plate. In a similar fashion, the energy
term due to thermal loads can be obtained as:

Wth =�
Z

A
e

T
R̂(x,y)dADT (13)
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where R̂ are the unitary thermal loads, e is defined in Eq. (2), and DT is the uniform temperature
variation, taken positive for heating.
The stiffener contribution to the total strain energy can be written as:
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3

5 ds (14)

having denoted with a tilde the beam strain parameters once compatibility with the skin dislace-
ments is enforced, and with C

i the section constitutive matrix [21].

2.4 Buckling

Buckling equations are derived referring to the Trefftz’s criterion. By splitting the contributions
due to the skin and stiffeners, the reading variational principle is:

d

 

d

2P+
Ns

Â
i=1

d
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!

= 0 (15)

The first entry accounts for the quadratic part of the skin strain energy, which is:
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The membrane forces N

pre
ik

are those available from the solution of the pre-buckling problem.
Note that all the displacement components entering Eq. (16) should be interpreted as variation
with respect to the pre-buckling condition.
The quadratic part of the stiffeners’ total potential energy is:
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where P

i specifies the pre-buckling axial forces carried by the stiffeners.

2.5 Ritz approximation

The approximate solution for the pre-buckling and buckling problem is sought by referring to
the Ritz approach. In this framework, the generalized displacement components are expressed
using global trial functions. Specifically, the displacements components are expanded as:
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where Fu is a matrix collecting the trial functions – defined here as the product between Leg-
endre polynomials and boundary functions – for the approximation of the three displacement
parameters u0,v0 and w0, while the vector au collects the unknown Ritz amplitudes.
The last vector of Eq. (18), F, is introduced to consider any prescribed displacement at the four
edges, and its entries are:

f u =
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2
x yu =
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2
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2
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2
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(19)



Pre-Buckling and Buckling Response of

Composite Curvilinearly Stiffened Panels Vescovini et al.

The expansion for the rotation parameters is operated similarly to Eq. (18). Upon substitution of
Eq. (18) into the variational principles (see Eqs. (10) and (15)), and after performing numerical
integration, the set of algebraic equations governing the pre-buckling and buckling problem are
derived as:

Ka = F

�

K +lKg
�

a = 0 (20)

where K, Kg and M are the assembled stiffness, geometric stiffness and mass matrices of the
stiffened panel, while F is the vector of the external loads.

3 RESULTS

The semi-analytical approach is applied to study two test-cases from the literature, which re-
gard the mechanical and thermal buckling of panels stiffened by curvilinear stringers. Both
concentric and eccentric stiffeners are considered, i.e. e = 0 and e 6= 0, where e is the stiffener
eccentricity. All the computations are performed using the same number of trial functions for
all the displacement components. The corresponding expansion is then indicated as R⇥S. The
number of functions is chosen on the basis of preliminary convergence tests.

3.1 Mechanical buckling curvilinearly stiffened panel

The first benchmark is taken from Ref. [18], and deals with the buckling analysis of a square
panel with dimension 300 mm. A 16-ply lay-up with sequence [±q1/± q2]2s is considered.
The panel is stiffened by four stringers of dimensions 2.03 ⇥ 10.16 mm

2. All the relevant data
are available in Ref. [18] and are not given here for the sake of brevity. The panel is simply-
supported at the four edges, and is loaded with a uniform prescribed shortening along the axis
x. The in-plane displacements along the transverse direction are prevented, thus the skin expe-
riences a biaxial pre-stress state.
A preliminary convergence study is illustrated in Table 1 for the pre-buckling and buckling
response, where the buckling multiplier corresponding to an axial shortening of 0.02 mm is re-
ported. A fixed grid of 30 integration points along the two in-plane directions is considered for
evaluating the in-plane integrals.

Concentric (e = 0) Eccentric (e 6= 0)
Rbuck Rbuck

Rpre 5 10 15 20 25 5 10 15 20 25

3 8.70 7.68 7.50 7.46 7.44 23.78 17.89 17.24 17.06 16.96
5 8.82 7.69 7.49 7.45 7.43 24.82 16.79 16.23 16.06 15.96
10 8.92 7.61 7.40 7.35 7.33 25.57 15.57 14.96 14.79 14.70
15 8.94 7.62 7.41 7.36 7.34 25.65 15.53 14.92 14.75 14.66
20 8.95 7.63 7.42 7.37 7.35 25.67 15.53 14.92 14.75 14.66
25 8.95 7.63 7.42 7.37 7.35 25.68 15.53 14.92 14.75 14.66

FEM ([18]) - NASTRAN ([18]) 7.09 - 7.29 14.70 - 14.91

Table 1: Buckling multipliers for simply-supported VS panels with four curvilinear stringers under pre-
scribed axial shortening of 0.02 mm. Convergence analysis using Rpre ⇥Rpre and Rbuck ⇥Rbuck functions
for the pre-buckling and buckling analysis, respectively.

One can assess the convergence of the pre-buckling solution by moving along the rows of the
table, while that of the buckling solution can be analyzed moving along the column-wise di-
rection. It is interesting to note the faster convergence achieved for the pre-buckling analysis,
where just 15 trial functions are needed. The buckling problem, due to the presence of local
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modes, is more demanding, and more trial functions are necessary to reach convergence.
The buckling values obtained by means of finite element calculations are also reported in Ta-
ble 1. Close agreement can be noted between the reference results and those obtained using the
present formulation. It should be noted that slight differences are due to different descriptions
of the stiffener path, represented here using a minimum least-square technique to fit the Hobby
spline representation of Ref. [18].
Pre-buckling stress distributions are reported in Figure 2 for a prescribed axial shortening of
0.02 mm. The combined presence of curvilinear stringers and variable fiber orientations is re-
sponsible for a relatively complex pattern. To facilitate the understating of the internal load
paths, the fiber orientations of plies at q1 and q2 are reported in Figure 2(a). Looking at the
N

xx

component, the load re-distribution towards the edges can be noted as a response of fiber
steering. The external portion of the panel are indeed the areas where fibers are mostly aligned
with the loading direction, thus offering the highest stiffness along the x direction. Local peaks
of axial compressions (blue regions) can be seen due to stringers’ local stiffening effects.

(a) (b) (c) (d)

Figure 2: Pre-buckling stress resultants for VS panels with four concentric curvilinear stringers under
prescribed axial shortening: (a) fiber path (q1 black, q2 red), (b) N

xx

, (c) N

yy

, (d) N

xy

.

In addition, the comparison of the buckling modes is reported in Figure 3, where the contour
refers to the out-of-plane displacements.

(a) Mode 1, Present (b) Mode 1, Ref. [18] (c) Mode 1, Present (d) Mode 1, Ref. [18]

Figure 3: Buckling modes for simply-supported VS panels with four curvilinear stringers under pre-
scribed axial shortening: (a)-(b) e = 0, (c)-(d) e 6= 0.

It is observed that, for the concentric case (e = 0), the mode displays a global pattern, and all
the stiffeners lift from the midsurface. When the eccentricity effect is considered, the modal
shape is strongly different, and the onset of a local buckle can be noticed in the upper part of the
skin. As seen by comparison reference results, the quality of the predictions is very satisfactory.
This is even more true if one considers the small number of degrees of freedom involved in the
analysis process, which is equal to 3000, approximately. A similar approach based on finite
element calculations, such as the one reported Ref. [18] and where second-order plate element
are used, requires a number of dofs which is 6 to 10 times larger.
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3.2 Thermal buckling curvilinearly stiffened panel

A second test case deals with the buckling analysis in the presence of a thermal load (Ref. [17]).
A composite panel made of carbon/epoxy is considered. The thermal expansions coefficients

are a1 =�0.9 ·10�6 1
�
C

and a2 = 27 ·10�6 1
�
C

, while the remaining elastic properties are avail-
able in Ref. [17]. The panel is square with size of 150 mm, and the skin is characterized by a
lay-up [±< 69|�5.705 >]2s. The two curvilinear stringers have dimensions 1.02 ⇥ 5.08 mm

2,
with all the plies oriented at 0 degrees. The panel is subjected to uniform heating, while the
in-plane motion along the directions normal to the panel edges is prevented. Simply-supported
flexural boundary conditions are considered (all rotations are left free along the boundaries).
The path of the plies at [+ < 69|�5.705 >] is sketched in Figure 4(a), while the pre-buckling
stress distribution is presented in Figures 4(b) to 4(d). It can be observed that the central area
of the panel experiences a tensile N

yy

pre-buckling state, due to the negative thermal expansion
coefficient along the fiber direction. On the contrary, the external parts undergo a compressive
N

yy

pre-stress of increasing magnitude as the fibers are progressively aligned with the hori-
zontal direction. Indeed, the positive thermal expansion coefficient along the matrix direction
determines a compressive stress as a reaction to the edges’ prevented displacement along the y

direction.

(a) (b) (c) (d)

Figure 4: Pre-buckling stress resultants for VS panels with two concentric curvilinear stringers subjected
to thermal heating: (a) fiber path [+< 69|�5.705 >], (b) N

xx

, (c) N

yy

, (d) N

xy

.

A summary of the first five critical temperatures is available in Table 2, where the comparison is
presented against results from the literature. The results are computed using 20⇥20 functions,
leading to a number of dofs that is 5 to 6 times smaller with respect to the FEM models used in
the reference.

Concentric (e = 0) Eccentric (e 6= 0)
Mode FEM ([17]) NASTRAN ([17]) Ritz FEM [17] NASTRAN ([17]) Ritz

20 ⇥ 20 20 ⇥ 20

1 77.78 78.00 77.89 101.03 100.92 101.83
2 117.44 118.07 118.02 122.61 123.27 123.51
3 138.78 140.06 137.97 150.08 152.25 149.55
4 143.09 144.65 143.04 151.75 153.83 151.13
5 149.92 151.97 149.69 160.01 162.38 160.49

Table 2: Critical temperatures (�C) for for simply-supported VS panels with two curvilinear stringers
under uniform temperature increase.

The quality of the prediction of buckling temperatures can be seen by inspection of Table 2,
where a maximum difference of 1.5% is obtained. The first buckled shapes are summarized in
Figure 5, revealing an excellent agreement.
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(a) Mode 1, Present (b) Mode 1, Ref. [17] (c) Mode 1, Present (d) Mode 1, Ref. [17]

Figure 5: Buckling modes for simply-supported VS panels with two curvilinear stringers under uniform
temperature increase: (a)-(b) e = 0, (c)-(d) e 6= 0.

4 CONCLUDING REMARKS

The work discussed a semi-analytical approach for the pre-buckling and buckling analysis of
composite stiffened panels, where the skin can be characterized by non-uniform stiffness prop-
erties and the stiffeners can run along curvilinear paths described by Bézier splines. The com-
parison with reference finite element calculations demonstrates the accuracy of the approach
proposed. Main advantages are the reduced number of degrees of freedom involved in the com-
putations along with the ease in generating the models. These aspects render the formulation
particularly suitable for those cases where several analysis need to be run, such as in the early
steps of the design phase. Furthermore, the ease in generating and analyzing relatively complex
configurations allows to perform parametric studies and preliminary optimizations, which can
be useful for gathering understanding into the mechanical response of curvilinearly stiffened
panels. While the combined effects of VS skin and curvilinear stringer can be exploited for
achieving improved buckling response, future work should be directed towards the introduction
of blending requirements between the skin and stiffeners.
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ABSTRACT 
We present the optical concept of a static Fourier transform spectrometer (S-FTS) conceived 
to obtain extremely high signal to noise ratio and throughput in the visible and near infrared 
spectral region.  
S-FTSs are traditionally based on the use of reflective diffraction gratings; these optical devices
are one of the main sources of noise, due to the contribution of the diffused light generated by
each groove.
We have proposed the replacement of the gratings with prisms. Prisms are optical elements
that can be manufactured with an extremely high optical quality, and the diffuse light they
introduced is extremely low. Moreover, prism inter-reflections, being mirror-like components,
can be studied by raytracing and their effects can be reduced by an appropriate optical layout.
S-FTSs based on the use of Wollaston prisms have already been realized (RSI 66, 2807 1995):
the working principle is driven by the different light path at different polarization state.
Compared to this device, the working principle of our instrument is independent from the
polarization state of the incoming light.
To our knowledge, the optical configuration adopted by our instrument is new and,
consequently, never tested before.
To demonstrate the applicability of our device in a real case, outside of the controlled
laboratory environment, a prototype has been proposed for a flight in a sounding balloon at
the HEMERA infrastructure. The proposal has been selected, and the flight is planned for the
mid-2020.
We present the results obtained in laboratory with a demonstrative set-up.
Keywords: Spectroscopy  Fourier transform  visible light  heterodyne

1 INTRODUCTION 
The progresses on the technology of 2D detector arrays, CCD and CM S, have permitted their 
use in sectors far from the straightforward imaging applications  one of these is the Static 
Fourier transform spectrometers (S-FTS) 1 . This technique, from the first demonstration in 
the U -EU  spectral region in the 90s 2, , has gained nowadays a consolidated degree of 
maturity.  
Depending on the wor ing spectral range, two classes of devices may be used: all reflective or 
catadioptric systems 4 - 6 .  
The spectroscopic analysis of chemical compounds in the atmosphere is valuable for monitoring 
the air pollution and for understanding the chemistry of components that are fundamental for 
the life on the planet, as ozone, water vapour, carbonyl sulphide and N x. In planetary 
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exploration missions, atmospheric spectroscopy is essential for the determination of the 
atmospheric composition and to measure wind speed  - 10 .  

alloon-borne atmospheric observations are becoming attractive due to their planning 
flexibility and low cost 11 . The data acquired with the payloads on board of such a ind of 
balloon-based missions have been proved to be useful also as a valuable integration to data sets 
acquired with satellites 12 . 
Recently S-FTS has been digested in some wor s, giving to this technique a mature form 1 , 
14 . 
Different variants of the basic idea have been proposed 15, 16 . Here we present a variation 
tailored to obtain high signal to noise ratio in a 100 nm spectral region.  

2 INSTRUMENT 
The spectrometer scheme, illustrated in fig. 1a), is based on a Michelson interferometer. The 
radiation emitted by the source S is spectrally limited using the filter F. The lens L1 collimates 
the beam and the beam splitter S divides the radiation into two equal intensity beams. The 
radiation retro-refracted by the two Littrow prisms P1 and P2 is recombined by S, and is 
focalized via the ob ective assembly L2 into the detector plane on the camera. F is used to avoid 
aliasing in the reconstructed spectrum. 
The optical concept has been tested in laboratory using a breadboard model. Fig. 1b) shows the 
demonstrative setup. 

Figure 1: (a) Scheme of the optical layout of the proposed instrument. The indetermination in the 
reconstructed spectrum is illustrated with the ambiguity between the barred and un-barred wavelength. 

(b) Laboratory implementation.

As example of the instrumental capabilities, an interferogram acquired with a spectral sodium 
lamp (Philips mod. 9 122) is presented in Fig. 2. The pin hole is 600 m in diameter. Fig. 2 a) 
represents the full acquired interferogram, Fig. 2 b) is a zoom helping to appreciate the fringes 
visibility modulation, beating, introduced by the sodium doublet (D2  588.995 nm, D1  
589.592 nm). The spectrum, reconstructed applying the Fourier transform, is presented in Fig.2 
c). No windowing (signal apodization) has been applied. The rough estimation of the resolution 
is, circa, 000. 

a) b) 
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Figure 2: (a) Interferogram acquired with a sodium vapour lamp. (b) oom of part a) 
emphasizing the visibility modulation of the fringes due to the spectral doublet. (c) 
Reconstructed spectrum. 

3 MISSION PROFILE 
The flight segment is expected to be composed of: a Tortex (reasonably a mod. T 000) 
balloon, a separator, a parachute, a radiosonde, a geolocation unit, and a three-axis 
accelerometer 1 .  
The payload is composed of  units: the optical, the processing, and the power one. The main 
parameters are summarized in Tab. 1. No active control of the temperature is present  the 
payload will be shielded with a light material with low thermal conductivity. Following the 
experience gained in previous missions 11 , the shield is planned to be realized in expanded 
polypropylene (EPP). This material combines good, low, thermal conductivity 
(0.0 5 m-1 -1, EPP 20g l), with sufficient mechanical properties. 

Units 
Mass   g 

Envelope  00 x 00 x 00 mm 
Average power  15  

Table 1: Payload main parameters. 

3.1 Optical unit 
The expected temperature variation of the operational environment (that could reach -80q 1 ) 
has driven the design of the optical unit. The breadboard, where all the optical elements are 
installed, is conceived to minimize the optical misalignment due to thermal expansion. An 
illustrative model of the present layout is presented in Fig. . In the flight model the lens L1 is 

a) b) 

c)
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split into two elements L1-a, and L1-b. This permits to act on the entrance aperture and field of 
view. 

Figure : Mechanical model of the optical unit. 

3.2 Processing and power units 
The processing unit is composed of a commercial single board computer (Raspberry Pi) and an 
inertial navigation system (INS). This last one combines the data from an inertial measurement 
unit (IMU) and those from a GNSS module in order to provide the attitude parameters of the 
payload. 
In parallel to the spectrometer, an ancillary camera is foreseen to provide images of a s y 
portion inside which the spectrometer is loo ing.  
The power unit is planned to be realized with four elements lithium ion batteries (Panasonic 
NCR18650 , 200 mAh, .6 ). The expected low temperature can compromise the batteries 
performances 18 , for this reason a dedicated thermal shield is planned for the power unit. 
INS architecture and payload operational modes are illustrated in Fig. 4. 

Figure 4: (a) Inertial navigation system architecture. (b) perational modes. 

L1-a 

L1-a 

P2 

P1 
S 

L2 
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Prism 
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3.3 Data processing 
No on-board processing will be done. All the acquired data will be processed after the landing. 

ac ground subtraction, apodization, and geometrical aberrations correction 19  are steps that 
will be done in order to upgrade the data from the level 0 to the level 1.  
In this phase, the payload attitude determination will be done, and the proper reference field of 
view will be associated to each acquired spectrum. 

4 CONCLUDING REMARKS 
e have presented some results on the characterization of a static Fourier transform 

spectrometer based on the use of prisms instead of gratings. The application on a balloon 
platform for stratospheric observations has been presented. The payload mechanical and 
electric architecture has been illustrated.  
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ABSTRACT 
The in-orbit qualification of bioregenerative autonomous Biological ife Support Systems 
(B SS) is a ey step for achieving the high level of resources and nutriment management for 
future long-term manned space exploration missions. In this framewor , great efforts have been 
put in cultivating plants in space, either by being directly handled by astronauts in space 
stations or in autonomous systems capable of carrying out complete seed-to-seed cycles. or 
the latter branch of research, the miniaturization of cultivars and control systems is of 
paramount importance for accommodating the maximum possible number of plants in a 
relatively reduced volume. 

n this purpose, GREEN BE is a  ubeSat mission aimed at demonstrating the 
capabilities of an autonomous B SS for microgreen cultivation. The mission was proposed and 
selected by Sapienza niversity of Rome, ENEA (Italian National Agency for New 
Technologies, Energy and Sustainable Economic Development) and niversity of Naples 

ederico II  for the ESA launch opportunities on-board the EGA-  aiden flight. The  
ubeSat (approximately  x  x  mm volume) will host a pressure vessel capable of 

maintaining the environment pressure (which will be held at .  atm), air composition (with 
oxygen and carbon dioxide tan s aimed at supporting the life cycle of the plant), humidity, 
nutriment management (by injecting water and nutrients into the plant soil), photosynthesis 
cycle (by activating and de-activating ED matrices aimed at permitting the plants circadian 
cycle). The microgreens will be cultivated through a complete seed-to-seed cycle which lasts 
for approximately  days. Their growth performances in microgravity environment will be 
studied through a series of optical sensors, which will allow a D reconstruction of the plants 
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volume inside the pressure vessel, as well as infra-red imagery for sensing the photosynthetic 
cycles duration and performances, as well as the plant health status. 
GREEN BE is currently under development and it will be launched in  from the Guiana 
Space enter in ourou, rench Guiana. The satellite will be released on a circular orbit with 
radius  m and it will be operated through the Ground Stations in Rome, Italy, and 

alindi, enya. 

Keywords: Astrobiology, plant cultivation, CubeSat, nano-satellite 

1 INTRODUCTION 
Human space exploration beyond low Earth orbit is strongly constrained by the need to carry 
adequate consumables for the crew. Sustaining human presence on the Moon with Earth 
supplies is more realistic, whereas a crewed base on Mars can be planned only if crews can be 
maintained with a minimal dependency from Earth. The need for safe production of food for 
future manned exploration missions is currently addressed by developing iological Life 
Support Systems ( LSS) for recycling gas, liquid and solid wastes, and thereby extending their 
usage, during a space mission. However, in their current design, LSS are not suitable for 
autonomous, long-term human bases on Mars or on the Moon. First, because their running time 
without resupply is limited by the decreasing amount of material cycling in the system: 
recycling cannot reach 100  efficiency and some losses are unavoidable. Then, because they 
cannot be expanded since the initial pool of components is - at best - constant. Thus, current 
life support system technologies need regular re-supply of materials that is unrealistic when 
target sites are far from Earth (e.g., on Mars). The achievement of this tas  is to select the best 
advanced technology to support confined crews during travel and in future planetary bases. 

2 THE GREENCUBE MISSION 
the choice of crops may partly hold the answer to several of the challenges facing seed-to-seed 
production in microgravity. Crop criteria established for plants grown in space include: the ratio 
of edible mass to total biomass (harvest index), crop efficiency (per unit area, time, and 
volume), potential yield (edible mass and 2 and H2  production), and the crop s horticultural 
requirements (planting, harvesting, pollination, processing needs). Salad crops present the 
highest harvest indices ( 90 ) among candidate crops, and low water upta e transpiration ratio 
which translates into high humidity input into the space flight environment that can be 
harnessed, but they cannot be part of a closed system using recycled gray water 1  moreover, 
they are characterized by low 2 production and C 2 consumption rates, i.e., low biomass 
fixation. Salad crops are highly suitable for chamber cultivation, they are easy to cultivate, they 
have short growth cycles, they are low ethylene producers and can be pic ed and eaten fresh, 
requiring minimal horticultural input from the crew. Moreover, growing salad crops is easily 
adaptable to the needs of a diverse and renewed diet while adding a palatable and bioactive 
aspect to it.  
A new class of speciality salad crops valued for their color and flavor enhancing properties but 
also for their rich phytonutrient content are microgreens. Produced from the seeds of vegetables, 
herbs, or grains, including wild or even ornamental species, microgreens have a brief, species-
dependent production cycle, of 2–4 wee s from seed germination. They are harvested at soil 
level, when cotyledons are fully expanded and the first pair of true leaves has emerged.  
Candidate genotypes are expanding based on sensory and health criteria, however, currently 
exploited are mostly species from the Brassicaceae, Asteraceae, henopodiaceae, 

amiaceae, Apiaceae, Amarillydaceae, Amaranthceae, and ucurbitaceae families. 
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Compared to their mature-leaf counterparts, microgreens contain higher amounts of important 
phytonutrients (ascorbic acid, -carotene, -tocopherol, and phylloquinone) and minerals (Ca, 
Mg, Fe, Mn, n, Se, and Mo) and lower nitrates. Ease of germination varies among 
microgreens species, with slow germinating species benefiting from brief pre-sowing 
treatments that help standardize and shorten their production cycle.  

Microgreens are leafy vegetables harvested as seedlings, typically 2-4 wee s old from 
germination to harvest, highly acceptable by consumers as Ready To Eat (RTE) food because 
tender, tasty and visually attractive (Fig. 1). They are promoted by scientific reports as a highly 
nutritious and healthy food product, being an excellent source of minerals and phytonutrients 
such as vitamins, carotenoids and flavonoids in concentrations higher, from four to forty-fold 
more concentrated, than in mature plants 2 – 5 .  
Microgreens are best suited for the production of leafy vegetables in that they are: i) short in 
height ( -12 cm), adaptable to multitier cultivation rac s  ii) fast growing (15-21 days)  iii) 
performing well under low light intensity and at high plant density  iv) high-added value 
product because fresh, clean, nutritious and absolutely pesticide free  v) amenable to 
improvement of nutraceutical contents by environmental control  a component of space life 
support systems 6 . Such plants have been selected to provide the best nutraceutical allowance, 
an important issue for the physical and mental wellbeing of personnel operating in harsh and 
isolated conditions. 
For this experiment will be evaluated the effects of several stressors (Hypobaria  Hypobaria 
and Microgravity) on the growth of a green and a red variety of cabbage microgreens. Red 
varieties of cabbage contain higher levels of anthocyanins in respect to green varieties – 9  
. Anthocyanins are important molecules implicated in tolerance to stressors in plants but also 
excellent free radical scavengers 10 . Here we hypothesize that red varieties of cabbage will 
perform better than green varieties in the satellite environment due to the presence of this 
protective molecules. 

For this experiment will be evaluated the effects of several stressors on the growth of a green 
and a red variety of cabbage microgreens. 

Cabbage microgreens are widely used for their health benefits and their leafs range from pale-
green (Brassica oleracea var.capitata f. alba) to dar  purple-red (Brassica oleracea 
var.capitata f. rubra)  In red cabbage the concentrations of vitamins, flavonoids and 
glucosinolates is high (Table 1 iao et al. 2012  Sun et al. 201  iao et al. 201 ). For every 
gram of seeds of red cabbage the mean fresh weight of microgreen harvested is around 26.1 
grams with a mean percent dry weight of .  and a percent water content of 92.  (Table 1 2 , 
11 , 12 ).  

Table  Nutritional composition of microgreens ( G) and adult plants (A ) of abbage (Brassica oleracea var. capitata) 
for  grams of fresh weight. The Average values of vitamin , , A and E were measured by iao et al. ( ) while for 
the adult plant are obtained from the National Nutrient Database for standard reference SA Release April . NASA 
nutrition requirements for long-duration missions are extracted from NASA constellation rogram ( x ) document , 

uman-Systems Integration requirements , section . . . .  . ith Nasa nutritional requirements it is possible to 
calculate the grams of fresh weight necessary to satisfy the recommended daily inta e of each vitamin for an adult. 

Microgreen Adult plant NASA nut. 
req. 

Ration (g) 

Water (g) 92,3 90,4 2500 
Dry weight (%) 7,7 9,6 
Vitamin K (µg) 280 38,2 90/120 Wom32/Men43 
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Vitamin C (mg) 147 57 90 61,2 
Vitamin A (µg RE) 1916 56 700-900 36,5-46,9 
Vitamin E (mg) 24,1 0,11 10 15 62,2 
Ration (g/day) 62 
Yield (g/m2) 1500 
Serving/m2 24 

3 SATELLITE DESIGN 
The -Units CubeSat (approximately 00 x 100 x 100 mm) will be divided into two sections: 
two Units (approximately 200 x 100 x 100 mm, depicted in Figure 1) will be dedicated to the 
ECLSS, which relies on a pressurized vessel that will host the microgreens and all the needed 
nutrients and instrumentation. The remaining unit will host the spacecraft bus, which will be 
based on C TS components that have already been used by the team for the 1 UNS-PF and 
LEDSAT missions, two 1-Unit CubeSat missions developed by S5Lab at Sapienza. 

igure  Green ube ( AD drawing). 

The CubeSat exploded view is displayed in Figure . 

3.1 The Spacecraft Payload 
The CubeSat payload is represented by an ECLSS hosting two cultivars of cabbage (to be 
confirmed during satellite integration). The ECLSS is a pressurized vessel (at 0.25 atm, 25 Pa 
circa) of approximately 150 x 100 x 100 mm. Its edges will be rounded for minimizing the 
pressure stresses. The pressurized vessel consists in a 0.5 mm aluminium shell, whose structural 
safety factor to pressure stresses will be higher than 100. The ECLSS will allow to control a 
great number of environmental parameters CAD drawings of the ECLSS are presented in Figure 
2. 
In the drawings, the plant grows from a D-printed substrate. elow the substrate, small tan s 
of air, carbon dioxide and water are connected to electrovalves and micropumps that control 
their flow to the main pressurized chamber. In the upper part of the chamber (visible in the 
drawing on the right-hand side, LEDs manage the photosynthetic cycles control, while 
spectrometers and cameras monitor the plant growth and save the data into the on-board 
memory. The following subparagraphs describe in more detail the utilities and sensors included 
in the ECLSS. 
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To better assess crop growth and yield performances under potential stress conditions during 
the experiment will be used  an hyperspectral camera 14 – 16 . This camera is able to wor  in 
an in-line scan mode in the visible and near infrared ( NIR 400-1000) best suited not only for 
the assessment of stress in plants but also for phenotyping and disease detection applications. 
The experiment here proposed will evaluate the cotyledon spectral variations registered on the 
microgreen plantlets during the growth process between red and green varieties of cabbage 
maintaining constant between satellite and on the ground experiments temperature, relative 
humidity, C 2 concentration, light spectra and intensity,  photoperiod and nutrient solution but 
different hypobaria and microgravity conditions. n ground with two type of experimental 
conditions: one with plants in hypobaria similar to satellite (GH) and the other one without 
hypobaria and microgravity as a control (GC)  in space inside the satellite with hypobaria and 
real microgravity conditions (SHMG). From the real time image analysis of the spectral 
variations realized on the cotyledons during the growth process under the different test 
conditions (GC, GH and SHMG plants) will be possible not only to do spectral comparative 
measurements between the plants in non-stressed (GC plants) and stressed  (GH and SHMG 
plants) conditions but also within the same environmental condition between the red and green 
cabbage genotypes. 
To do other biometric measurements such as plant height, shoot biomass and  cotyledon area 
will be used a multi view stereo D camera system with D image reconstruction of the 
seedlings 1 . An additional camera will be used to monitor and to study plant water relations 
and also as diagnostic tool for the quantification of plant stress 18 , 14 – 16   

igure  AD drawings of the E SS in section view. 

3.2 The Spacecraft Bus 
The CubeSat will be realized with a PFM (Proto-Flight Model) model philosophy, by ta ing 
advantage of a read- oard Model ( M) of the bus that is already available to the Sapienza 
team in Rome. The M has already been used to produce a reliable software for the bus 
components management, that is being used as baseline for all the satellite pro ects. The M 
is a replica of the bus components of the satellite, except for the S-band transceiver, which 
will be tested in the next months after the proposal delivery. The M is usually applied to a 
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1-Unit structure, as it will be mounted (without any difference in the mechanical interfaces)
on a -Unit structure. The CubeSat exploded view is displayed in Figure .
The M is depicted in Figure 4.

igure  Green ube exploded view. 

igure  ubeSat bus components BB . 

4 EXPECTED RESULTS AND POSSIBLE OUTCOME 
The scientific and technological approach will develop an innovative closed system  to 
maximize the efficiency in terms of both space and energy water consumption able to cultivate 
young vegetable green, microgreens, in closed loop hydroponic conditions on a D printed 
substrate 19 . 
The proposal will address these constrains for human space exploration by using a minisatellite 
as a test-bed of a prototype devised by Sapienza University of Rome (DIAEE) and ENEA 
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( I TEC) teams to grow crops off ground in an extreme environment and to validate it for 
plant growth on ground (with and without hypobaria) and in real microgravity and hypobaric 
conditions. 
A replica of the experiment will be executed, in parallel with the in-orbit operations of the 
satellite, in a hypobaric chamber on ground and in a third, closed-loop cultivar at ambient 
conditions. The comparison among the three experiments results will be crucial for assessing 
the growth performances of the plant in space. 

5 CONCLUSIONS 
The U CubeSat here developed is an innovative resource-efficient, aseptic and closed plant 
production system in which will be possible to test an independent life support system to 
support a microgreen complete cycle of growth foreseen as an enabling technology for 
applications in space exploration.  ased on the importance of providing safe food in extreme 
environments the testing of the nano-satellite prototype in geostationary orbit will provide 
important data for the validation of the use of microgreens during travel as a long-term 
independent food complement. 
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ABSTRACT 

The increasing number of spacecraft launches inherently increases the need for space debris 
precise orbit determination for decreasing collision risks and optimizing the collision 
avoidance maneuvers. Space debris tracking usually relies on data fusion among a variety of 
techniques. Optical debris tracking is characterized by high precision in celestial coordinates 
determination, despite the dependability of the measurements on light and weather conditions. 
The optical stand-alone orbit determination techniques can be refined by improving the tuning 
of all the implemented algorithms, towards a finer orbit determination that will require a 
smaller number of optical observations. 
LEDSAT (LED-based small SATellite) is a 1U CubeSat under development at the S5Lab 
(Sapienza Space Systems and Space Surveillance Laboratory) team at Sapienza University of 
Rome and conceived in collaboration with the University of Michigan. The satellite will equip 
140 LEDs in three different colors on all its six faces. When autonomously executing its flashing 
patterns, LEDSAT will be observed by a network of optical telescopes for tracking and attitude 
determination. The LEDSAT nominal mode will allow orbit determination. The LED boards 
will alternate long and short flashes to simultaneously ease the satellite identification over the 
background stellar field, and to allow a precise celestial coordinates determination through the 
already available astrometry software. The LEDSAT experimental mode will aim at 
reconstructing the spacecraft attitude by means of optical data. Separate LED sequences will 
be performed by different faces. The currently considered patterns allow high self-correlation 
and low cross-correlation, in order to ease the face recognition. The attitude reconstruction 
will integrate the acquired LED patterns data into the software that was already used for the 
Tiangong-1 attitude reconstruction by means of light curve analyses. 
LEDSAT is currently in phase D1. The satellite is part of the second edition of the European 
Space Agency (ESA) Fly Your Satellite! Programme and part of the Italian Space Agency (ASI) 
IKUNS Programme. The nano-satellite will be qualified for space flight within early 2020, in 
order to be deployed from the International Space Station in mid-2020.  
This paper will deal with the description of the LEDSAT mission and on its impact for the 
improvement of space debris optical tracking techniques. 

Keywords: space debris, CubeSat, LEDs, optical tracking 
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1 INTRODUCTION 

Space debris represent by far the large majority of the objects in Earth orbit. While more than 
15000 objects have been tracked by the U.S. Department of Defense Joint Space Operations 
Center (JSpOC), statistical models can estimate a much larger number of objects (29000 larger 
than 10 cm in diameter and 75000 between 1 and 10 cm [2]). These uncontrolled objects 
represent a great threat for the active, controlled, and possibly manned satellites, also by 
considering that relative speeds at the impact point can easily equal or exceed several km/s. The 
density of the space debris clouds is constantly increasing, making the need for a precise 
tracking of each uncontrolled and controlled object in Earth orbit as of paramount importance 
for the next decades.  
LEDSAT is a CubeSat mission conceived by the S5Lab (Sapienza Space Systems and Space 
Surveillance Laboratory) research team at Sapienza – University of Rome and by the University 
of Michigan [3]–[6]. The mission aims at developing a 1-Unit CubeSat (100 x 100 x 113.5 mm) 
equipped with LEDs of three different colors. The satellite has been designed in late 2016 and 
accepted for the European Space Agency (ESA) Fly Your Satellite! Programme (FYS!) in May 
2017. 
LEDSAT addresses the problem by improving the actual space debris orbit determination 
algorithms by the means of ground based optical observations to exploit the observational data 
to retrieve the satellite position, attitude and health status. In particular, the satellite will execute 
specific LED sequences for improving the orbit determination, the attitude determination and 
the acquisition of basic dummy or housekeeping data from the optical observatories at ground. 
In addition, it will prove an early identification after the deployment, which is a main concern 
in particular during cluster launches, by flashing an identification code with the LEDs. 

2 LEDSAT CUBESAT DESCRIPTION 

LEDSAT is a 1-Unit (100x100x113.5 mm) CubeSat aimed at testing a LED-based technology 
for spacecraft optical tracking from ground-based telescopes. The CubeSat implements, as 
payload, 140 LEDs in three different colours (red, green, blue) on all the satellite faces, with 
the same colour on opposite faces. The satellite is equipped with a standard, commercial 
CubeSat bus with flight heritage. LEDSAT will include an On-Board Computer, a UHF band 
transceiver with a turnstile antenna, a Power Distribution Unit (PDU) that will store energy on 
a six-cells Li-Ion battery pack, an Attitude Determination and Control Subsystem (ADCS) with 
magnetometers, an Inertial Measurement Unit for the determination part and magneto-torquers 
installed on the rear side of all solar panels for the attitude control, a GPS receiver for orbit 
determination, a camera for coarse attitude determination. The LED control will be made by 
means of a bespoke controller board able to command the flashing patterns of all the six LED 
boards. Predetermined patterns will autonomously be executed by LEDSAT, while other 
patterns can be uplinked and commanded by the ground stations. 

3 LEDS DETECTABILITY 

The LEDs are installed on each face of the CubeSat in three different colours, red, blue and 
green; one colour for each opposite faces of the CubeSat. The red LEDs are installed on a 
dedicated board on the top and bottom of the CubeSat, while the blue and green LEDs are 
installed on small boards screwed to the solar panel board, as shown in Figure 1. 
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Figure 1: LED boards configuration 

The LEDs are be controlled by a dedicate control board, and the operative modes differentiate 
for telescope tracking method and type of optical sensor used to detect LEDSAT. 
The different tracking methods are sidereal tracking, fixed and satellite tracking. 

In sidereal tracking and fixed mode LEDSAT will appear as a sequence of dots and lines over 
the sky background as LEDSAT is moving through the field of view. A simulation of this mode 
is shown in Figure 2[5], [10]. 

Figure 2: Sidereal Tracking long exposure picture simulation[5], [10] 

Tracking mode follows the satellite to keep it inside the field of view. This allows longer time 
in the field of view. 

1.1. Optical sensors 
To detect LEDSAT imaging optical sensor, as CCD and sCMOS, and single pixel sensor, as 
PIN photodiode and APD, are used Each optical sensor is fitted for a specific observation 
method. 
For sidereal tracking and fixed observation methods, CCD are used to make long exposure 
pictures of the sky during a LEDSAT passage over the ground station, The images are analysed 
to detect LEDSAT dots over the sky background. This method is used for all LEDSAT 
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objectives, orbit determination, attitude determination and data downlink, but in this mode 
allows a very low data rate. Instead sCMOS has higher frame rate, so it can achieving a higher 
data rate. 
With imaging sensors the data collected can be only recovere with image processing technics, 
while to achieve a real time link APD and PIN photodiodes are used. These sensors do not take 
pictures of the sky, instead all the light collected through the telescope is converted directly into 
a current signal, which voltage is analysed by an oscilloscope and the data is directly retrived.  

To determine the level of detection of LEDs, it is necessary to determine the light flux 
reaching the observer over various elevations. The slant range varies with the elevation over 
the horizon and can be more than 5 times from the minimum distance at the zenith. For an 
ISS-like orbit of around 400km the distance increase rapidly at low elevation and reach over 
2200 km when the satellite is at the horizon, as shown in Figure 3. 

Figure 3: Slant Range vs elevation angle 

The Optical Link Budget has to take in consideration all the parameters from the source to the 
detector. In particular the main parameters on the satellite that influence the link are the power 
emitted from the LEDs, the wavelength that characterize the atmospheric absorption, the slant 
range and the light emission angle that define the LEDs directivity. 
The main parameters considered for the Link Budget are listed in Table 1. 

Table 1: Optical Link Budget main parameters 

Parameter Value Unit 
Wavelength 660 nm 
Transmitted optical 
power 

12.75 W 

Distance 400 km 
LED Emission Angle 150 deg 
Atmospheric 
Transmittance 

0.7 - 

Power at Ground 1.2ꞏ10-11 W/m2 

To determine LEDSAT detectability, two analysis method have been performed: apparent 
magnitude and Signal to Noise Ratio (SNR) evaluation. 
LEDSAT apparent magnitude can give an easy comparison method to evaluate its visibility 
over the sky background, as it is the most common value used in astronomy to describe the 
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brightness of an object in the sky. LEDSAT apparent magnitude as a function of elevation 
angle is shown in Figure 4. 

Figure 4: LEDSAT apparent magnitude 

Signal to Noise Ratio (SNR) determine the level of light signal over the various source of 
noise, internal and external. External noise comes from the sky background brightness and 
from the stars near LEDSAT during the exposition time. Internal noise comes from 
electronics dark current noise, read-out noise and shot noise from the source and the 
background. (as shown in Equation (1)). 

 Read Current Dark ShotSky Shot 
Efficiency Quantum Received Photons

+++


=SNR   (1) 

it is useful to calculate the average time on a pixel, due to the movement of LEDSAT through 
the field of view during the exposure time, to evaluate the number of photons received. The 
binning of the sensors is also important since LEDSAT light can fall in between two pixels and 
can be used to increase the integration time. The time on pixel for a typical imaging sensor 
mounted on a 25cm telescope in shown in figure 5. 

Figure 5: LEDSAT time on pixel 

The SNR calculation for an imaging sensor in fixed mode and tracking mode with an 
acquisition time of 10 ms, as a function of elevation, is shown in Figure 6. 

Figure 6: Signal to Noise Ration vs elevation 
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4 CURRENT STATUS AND FUTURE DEVELOPMENTS 

If proving the functionalities of the LED-based payload, LED-based boards can be attached to 
different classes of satellites for improving the orbit and attitude determination. Moreover, 
independent LED boards (with a controller, small solar panels and battery packs) could be 
implemented on larger satellite and enormously contribute to their orbit determination even in 
case of a mission failure or after the passivation of the spacecraft prior to re-entry or after the 
injection into a graveyard orbit. The potential of LEDs for spacecraft tracking will improve to 
maintain a certain sustainability of the operation in the increasingly congested environment of 
the outer space. 
LEDSAT is currently being integrated at Sapienza University of Rome. The integration phase 
and ambient testing of the satellite will be concluded in late 2019, while the environmental 
testing will be offered by ESA Education at the CubeSat Support Facility (CSF) in Transinne, 
Belgium, in early 2020. The launch to ISS is currently foreseen for mid-2020, while the 
spacecraft will be released in orbit probably in summer 2020. The LEDSAT mission will last 
at least one year. Further developments will be foreseen on the base of the mission results. New 
CubeSats manufactured at the S5Lab could implement LED boards for optical tracking 
although equipping a different payload. 

5 CONCLUSIONS 

LEDSAT is a 1U CubeSat aimed at testing a LED-based technology for enhancing optical 
traceability of small satellites in Low Earth Orbit. The CubeSat is under development at 
Sapienza University of Rome, while the mission has been conceived in collaboration with the 
University of Michigan. LEDSAT is part of the second edition of the ESA Fly Your Satellite! 
Programme and of the IKUNS Programme of ASI. 
The satellite will include 140 LEDs in three different colours, distributed in six electric boards 
mounted on each external surface of the CubeSat. The detectability of the LEDs has been 
proven by analysis and by observing, with the optical ground segment that will be implemented, 
objects of similar apparent magnitude of LEDSAT, with good results. 
LEDSAT will be assembled in late 2019 and its ambient and functional tests will be completed 
within the year. The environmental and acceptance testing campaign will be carried out in early 
2020, in order to launch and deploy the satellite from ISS in mid-2020. The mission will last 
for one year. If successful, LED-based boards can be implemented on small satellites to enhance 
their traceability from ground and their orbit determination or early recognition upon 
deployment. 
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Since the first missions of man on a spatial level, first with John Glen’s trips around the Earth orbit, and 
then, from 1969, with landing on the Moon by Neil Armstrong and “Buzz” Aldrin, space food research met 
the challenge of providing food that tastes good and travels well in space.  Next to the availability of ready-
made foods, the problem has been posed, for astronauts, as well as for those who in the future will be found 
to colonize the space- for instance the Moon but mainly the red planet Mars-to have the opportunity to eat 
fresh vegetable products, of good quality and safe from health point of view. This obviously also implies 
the need also to develop particular cultivation systems. 

The project “Ground Demonstration of Plant Cultivation Technologies and Operation in Space for Safe 
Food Production on-board ISS and Future Human Space Exploration Vehicles and Planetary Outposts” 
(EDEN ISS) has been funded by the European Commission under the Programme "Enabling European 
competitiveness, non-dependence and innovation of the European space sector (H2020-EU.2.1.6.1.)" of the 
Horizon 2020 Framework Research Programme, Topic COMPET-07-2014 - Space exploration – Life 
support, funding scheme Research and Innovation Action (RIA). 

The project, coordinated by the German Aerospace Center (DLR), Institute of Space Systems, aimed to 
design, build and operate in a particular environmental situation, identified with the Antarctic station, an 
automated plant growth facility to test space-oriented technology for bio-regenerative life support systems 
(1). The partners involved in the project are shown in figure 1 
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Figure 1: Consortium of partners involved in the EDEN-ISS project (credits:DLR) 

The research activity of Food safety and Food Contamination, was organised in different steps. In the first 
step, different procedures were studiedat the CNR labs located in Avellino, Italy, to allow also to a not 
expert in biology, more precisely in microbiology, to can monitor the potential contamination of 
vegetables, grown in specific conditions mimicking those of extreme environments. In such phase of the 
project, particular attention and related research activities were focused on solving two problems. The first 
was related to the development of one or more systems of detection and microbial identification that could 
also be used by an operator not biologist; the second problem to be solved concerned the optimization of 
methods to disinfect plant products, so that they could be eaten without danger of causing infections. To 
achieve the first target, we proposed two different methodological approaches. The first allowed the 
simultaneous monitoring of the presence of several genera and / or species using culture media powders, 
containing enzymes and chromogenic substances specific for genera and species. It is well known that each 
bacterial species produces in fact one or more characteristic enzymes of the same species. The action of the 
enzyme on the respective chromogenic substrate reflects a localized colour change observable with the 
naked eye.  The chromogenic media represent a fast and reliable solution for the identification of the main 
pathogenic microorganisms. In the industrial field, the chromogenic soil replaces more complex methods 
for the identification, for instance, of Listeria monocytogenes count, Salmonella, Enterobacteriaceae, 
Proteus, Bacilluscereus, E. coli and coliforms, Enterococcus. etc.Thus, on a unique plate, the presence of 
different microorganisms could be identified from the different colour of the colonies forming units, and 
their possible dangerousness was assessed. Subsequently, in order to facilitate the operator's work, the use 
of ready-made plates was proposed, on which the operator would only have had to sow the sample prepared 
for the purpose.The second method proposed and tested provided,instead, for the use of liquid culture 
media, using the so called MBS-HACCP&ACQUE EASY TEST. The method of analysis is based on the 
observation of the colour change of thesuspension formed in the analysis vial(Figure 2) in which the 
sample to be analysed is inserted: the suspension changes colour if microorganisms are present; the greater 
the amount of microorganisms, the faster the change in colour.The MBS method has been validated 
according to ISO 16140: 2003 “Microbiology offood and animal feeding stuffs - Protocol for the validation 
of alternative methods". 
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Figure 2. Colour change in the vial due to the presence of microorganisms (see: 
https://www.emmebiesse.net) 

The advantage of using such methodology is that, under the working conditions at the Neumeier III 
Antarctic station, although it was not possible to use a software system that would also allow quantification 
of any microbial contamination, it could be possible to use plant samples directly, without the need to 
process them. 

Another important problem to be solved was to set up a system or a way to sanitize vegetables, before they 
were provided for lunch to the people on site. It is easy to imagine that the problem was very delicate: plant 
cultivation was done at the Antarctic station, an isolated place, where the environmental conditions of the 
ISS space station had to be mimicked. Therefore, if the appropriate precautions were not used, any 
contamination of the products could have meant an infection, in extreme environmental conditions. In 
recent years, the research has focused its attention on the use of compounds, such as silver ions, which have 
effectively demonstrated an excellent efficacy of action, inhibiting the possible growth of pathogenic or 
undesirable microorganisms. Now, even with all its effectiveness, this method was inapplicable for our 
purpose. Decontaminating the plants with Silver ions, would also have meant determining an ingestion of 
these ions, to the detriment of health. Also taking into account the operator that should work within the 
Antarctic station Neumeier III (an engineer, not a biologist), we tested three washing systems, normally 
used also at "home" level, on some types of vegetables purchased at local markets. A first system included 
the use of running water; a second system instead provided for the use of a solution of sodium bicarbonate; 
sodium hypochlorite, commercially Amuchina, was the third proposed system. From the analyses carried 
out before and after the various treatments, we proposed the use of a double system, which included, after 
washing the vegetables in running water, a first treatment with Amuchina, under the conditions indicated 
by the company, and a subsequent treatment with a sodium bicarbonate solution, also for the purpose of 
eliminating the acrid smell from vegetables, due to use of Amuchina. The tests were carried out on 
different vegetables, including tomatoes, rocket, peppers, and various salads, all types of vegetables that 
would then be cultivated also in the Antarctic station. Plants responded differently to the treatment, so that 
while products such as tomatoes actually started from being very contaminated ab origine, other products, 
such as peppers, were less contaminated. The different products, then, were also differentlycontaminated, 
and we evaluated this using chromogenic culture media. Further experiments were carried out on a type of 
rocket grown in the laboratories of the IRET-CNR of Porano (Figure 3), which actually showed itself to be 
much less contaminated than the commercial rocket (Figure 4) and therefore more easily decontaminated 
with the proposed washing systems. This could indicate that also the different environmental conditions 
affect the potential microbial presence onto vegetables. 

Figure 3 
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Figure 3. (credits: Dr Simona Proietti, IRET-CNR) 

Figure 4. Rocket salad bought at a local market and treated with the two different steps. The growth 
medium is a chromogenic medium for the detection also of E.coli and coliforms (blue-green colonies) 
(credits: Dr. Filomena Nazzaro) 

In the second phase of the project, vegetables were grown at the Antarctic Station NEUEMEIR III, within 
the so-called “Mobile Test Facility”, in an almost complete isolation from the external environment, except 
than the supply of energy. The larger plant growth system, called Future Exploration Greenhouse (FEG) 
permitted a plant cultivation within 13 m2 of growing surface. The smaller plant growth unit was similar in 
size and format to a European Drawer Rack 2 (EDR II) and named International Standard Payload Rack 
(ISPR). The EDEN ISS operations allowed the operator to modulate the system activities (like for example 
setting the light intensity, or the ambient temperature), as well as the plants management (seedling, 
pruning, harvesting, etc.), and to check and monitor, during the mission, the quality and safety of the 
produced food. The safety of products was also monitored in the post-mission phase, to obtain a complete 
characterization of such products and to compare their biochemical and microbial parameters to those of 
vegetables grown in conventional way (terrestrial). After the analysis performed in loco by Dr Paul Zabel 
and at the CNR-ISA, we can also assume a diverse behaviour of some microorganisms. In any cases, when 
all procedures are carried in a correct way (starting from the correct cleaning of the material) no sample 
cultivated at the Antarctic station and sent to CNR resulted contaminated by some bacteria, such as the 

Fully%controlled%environment%facilities%at%IBAF%–CNR%in%use%for%EDEN<ISS.%
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uropathogenic E.coli, coliforms, nor by Enterococci, indicating that the growth of vegetables could give 
comforting results, indeed that, starting from clean and correct procedures, could depend on the different 
environment (2, 3). 

References(

1) Projects: EDEN ISSPaul Zabel, Matthew Bamsey, Conrad Zeidler,et al. Introducing EDEN ISS - A
European project on advancing plant cultivation technologies and operations 45th International 
Conference on Environmental Systems ICES-2015-58,12-16 July 2015, Bellevue, Washington 

2) F. Nazzaro. Batteri e Muffe in alimenti. In Workshop: “Spatium Bacteria. Questioni, curiosità e
tecnologie sulle forme di vita nello spazio dall’astrobiologia alla colonizzazione spaziale”. Napoli, 
2018 

3) Filomena Nazzaro. Good and safe food for space and for the Earth. In Workshop: “Cibo spaziale
per una terra che cambia”, Parma, 2019 

1 10



Italian Association of Aeronautics and Astronautics 

XXV International Congress 

9-12 September 2019| Rome, Italy

STRAINS: A STRATOSPHERIC EXPERIMENT FOR 
INNOVATIVE TRACKING SYSTEMS TESTING  

P. Marzioli1 , A. Gianfermo1, L. Frezza1, D. Amadio1, F. Santoro2, C. Romanelli2,
F. Piergentili1, F. Santoni

1Department of Mechanical and Aerospace Engineering (DIMA),  
Sapienza University of Rome, via Eudossiana 18, 00184 Rome, Italy 
2ALTEC (Aerospace Logistics Technology Engineering Company), 

Corso Marche 9, 10146 Turin, Italy  

Department of Astronautics, Electric and Energy Engineering (DIAEE), 
Sapienza University of Rome, via Eudossiana 18, 00184 Rome, Italy 

paolo.marzioli@uniroma1.it

ABSTRACT 
The increasing number of stratospheric missions and suborbital space transportation systems 
suggests to improve the currently available surveillance and tracking systems. Some of the most 
promising techniques are represented by the TDOA (Time Difference of Arrival) and Frequency 
Difference of Arrival (FDOA). Stratospheric or suborbital tracking can be achieved by 
maintaining a high-gain antenna pointed towards the target and by acquiring both the pointing 
angles and the Doppler shift frequency. With a single station and without data or telemetry 
exchanges with the target, it is possible to maintain the tracking information if the tracking 
initial point is known with acceptable precision. STRAINS (Stratospheric Tracking Innovative 
Systems) is a stratospheric experiment conceived by Sapienza University of Rome and ALTEC 
(Aerospace Logistics Technology Engineering Company) for the 2018 call of the HEMERA 
H2020 Balloon Launch Infrastructure. The experiment is aimed at testing the TDOA and the 
FDOA for assessing the performances of such tracking systems with stratospheric flights. 
Additionally, the single motorized antenna tracking will be tested as a complementary method 
for stratospheric aviation The experiment has been accepted in early 2019 and a launch 
opportunity will be provided in mid-2020 from the Esrange Space Center in Kiruna, Sweden. 

Keywords: passive, trac ing, stratospheric, platforms 

1 INTRODUCTION 
The progressively increase of proposed and planned stratospheric missions imposes the need 
for more performing surveillance and trac ing systems that will be able to support the rise of 
the stratospheric aviation in the near future. Traditional aircraft trac ing is mainly performed 
by radar systems, implying a low dependability with a high power consumption from the 
radiating station. The extension of the aviation limit to stratospheric heights requires to maintain 
acceptable safety levels, although considering systems with extended range and large capacity. 
Some of the most promising trac ing techniques, already tested for commercial aviation and 
suitable for stratospheric and even suborbital vehicles trac ing, are relying on the 
implementation of passive Radio-Frequency (RF) sensors 1 – , able to integrate the collected 
measurements to provide a precise estimation of the target position and velocity. 
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Some of these techniques are the TD A (Time Difference of Arrival, 4 ) and the FD A 
(Frequency Difference of Arrival, 5 ). Furthermore, a single station able to detect the Doppler 
shift frequency from the target and to compute the pointing angles while autonomously remain 
pointed towards the aircraft is capable of achieving a good precision in the position and velocity 
estimation of an aircraft, stratospheric platform or suborbital vehicle 6 , . 

The TD A is based on a networ  of RF receivers at ground, receiving pulses from the target 
and assigning to each received pulse a timestamp with the reception time, without any 
information on the signal transmission time. y integrating the acquired information on the 
arrival times of the signals, it is possible to triangulate the position of the transmitting target.  
The FD A is based on the reception of signals from the target and on measuring the signal 
Doppler shift frequency, which can be related to the radial velocity of the target with respect to 
the ground station. A third technique to be mentioned is relying on a single motorized station 
able to remain autonomously pointed towards the target, performing the so-called 
autotrac ing  technique, integrating the instantaneous pointing angles and the acquired 

Doppler shift frequency into a tra ectory prediction model of the target. As obvious, the three 
mentioned techniques are relying on a cooperative, transmitting target, increasing the 
dependability of the trac ing system. However, the trac ing techniques are not requiring the 
target to transmit information, while only dummy  signals are sufficient to exploit these 
methodologies. 

These techniques have already been tested and applied for various typologies of vehicles. 
TD A and FD A are usually applicable to aircraft trac ing. The TD A is more frequently 
used as bac -up and support surveillance system for commercial aircraft in terminal air 4 , 8 , 
since the reduction of the method range allows to implement reduced cost solutions for the 
receivers sensitivity and networ  interconnection with the master station computing the aircraft 
position. The FD A is more precise when applied to vehicles performing plane tra ectories, 
especially if the tra ectory plane is parallel to the ground plane. For this reason, the FD A is 
particularly promising for en-route air traffic control. The single motorized station trac ing is 
often used to trac  launch vehicles, missiles or re-entering vehicles. 

2 EXPERIMENT OBJECTIVES AND OPERATING CONCEPT 
STRAINS (Stratospheric Trac ing Innovative Systems) is a stratospheric experiment aimed at 
testing the performances of the TD A, FD A and of the single motorized station trac ing 
techniques for stratospheric vehicles. The experiment was conceived by the S5Lab (Sapienza 
Space Systems and Space Surveillance Laboratory) team at Sapienza University of Rome and 
by ALTEC (Aerospace Logistics Technology Engineering Company, located in Turin, Italy) 
and proposed for the 2018 call of the HEMERA H2020 alloon Launch infrastructure. The 
experiment was selected for a stratospheric launch opportunity from the Esrange Space Center 
in iruna, Sweden, in mid-2020 and it is currently under development. 

STRAINS will test the TD A, FD A and single motorized station trac ing techniques for a 
ero Pressure alloon ( P ) flight performed by the Esrange Space Center. The STRAINS 

mission ob ectives are: 

• To investigate the suitability and performances of the TD A, FD A and single
motorized station trac ing methodologies for stratospheric vehicles surveillance
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• To perform stratospheric testing of an airborne TD A and FD A trac ing unit, to be
used as prototype for future stratospheric missions

• To demonstrate the suitability of the proposed architecture of ground-based trac ing
stations for usage on future stratospheric balloon missions trac ing.

The experiment is based on a stratospheric segment and ground segment, cooperating for testing 
the aforementioned trac ing techniques. The ground segment will be divided into a Master 
Control Station (MCS) unit, which will integrate the data and control the experiment 
performances, and  multiple (at least five) Slave Portable Stations (SPS) units, which will 
acquire signals from the stratospheric segment. The experiment concept scheme is depicted in 
Figure 1. 

Figure 1 : STRAINS Experiment concept diagram 

The stratospheric segment will be mainly in charge of omnidirectionally transmitting signals 
for allowing reception and trac ing from ground. The SPS will receive signals from the 
stratospheric segment in different locations, analysing the received pulses in real time to extract 
the Doppler shift frequency and by assigning a reception timestamp to each signal. The MCS 
will control the whole experiment, receiving telemetry data from the stratospheric segment and 
with the possibility to send telecommands to ad ust its performances. Moreover, the MCS will 
control the single motorized station and acquire the received signals and computed positioning 
data. Finally, the MCS will receive the timestamps and Doppler shift frequencies from each 
SPS, integrate the data to exploit the TD A and FD A techniques. 
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3 EXPERIMENT DESIGN AND OPERATIONS 
The experiment design considers the implementation of Software Defined Radios (SDRs) for 
the whole RF equipment needed to perform the investigation. A SDR is a device able to offer 
a wide range of receiving and transmitting frequencies (often in the range between few Hz and 
5-6 GHz). The SDRs will be integrated along with other data collection and processing
equipment, sensor, power delivery and control components in order to assure the well-
functioning of the whole experiment. The experiment design, with details on the components
constituting each experiment segment and unit and on the interconnections, is schematized in
Figure 2.

Figure 2 : STRAINS Experiment Design bloc  diagram. 

As reported before, the stratospheric segment is mainly composed by a SDR in charge of 
transmitting dummy signals omnidirectionally. The most suitable transmission band for the 
stratospheric segment operations is the C band (5 GHz), in order to maximize the Doppler shift 
amplitude while matching with most of the SDRs available on the mar et. In addition to 
generating and transmitting pulses to ground, the stratospheric segment will collect positioning 
and attitude data through a GPS (Global Positioning System) receiver and an IMU (Inertial 
Measurement Unit). An n- oard Data Handling ( DH) will collect the data, command the 
SDR, store the data and communicate with the MCS through the telemetry lin  provided by the 

P  vehicle. Finally, a PDU (Power Distribution Unit) will deliver electrical power to all the 
components, as well as monitoring the batteries voltage and current delivery and the 
components power consumption. The PDU will allow also shutting off and on all the 
components, both for the reliability (assuring the possibility to perform hard resets on 
components in case of deadloc s) and safety (allowing to permanently shut down a component 
in case of anomalies on its power consumption) of the experiment operations. The stratospheric 
segment will be hosted in an aluminium box of approximately 0 x 0 x 50 cm, ensuring 
sufficient volume for hosting the components and for the AI  (Assembly, Integration and 

erification) activities to be performed on the stratospheric experiment. 
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The SPSs will receive pulses and dummy signals from the stratospheric segment by means of 
SDR receivers. The SDR data will be both recorded and stored on-board, in order to allow post-
flight processing and analysis, and analysed in real time to exploit the trac ing algorithms to be 
tested. The analysis of the single received samples will include : 

• Recognition of received samples 
• Evaluation of the carrier frequency 
• Computation of the Doppler shift frequency 
• Evaluation of the timestamp to be assigned to each RF sample.

For assigning a precise timestamp, the SPS will include a GPS receiver to synchronize the 
operations. After the completion of the signal processing, the SPS need to communicate with 
the MCS master station to perform the data integration. This will be probably done through 
4G LTE communication. The operations of the SPSs will be managed by an on-board computer. 
Internal batteries will assure perfect functionality of the ground stations throughout the flight. 

The MCS will be the core of the experiment data acquisition. It will be connected to the 
telemetry lin  of the stratospheric segment, to receive house eeping data, monitor the 
functionalities and possibly to ad ust the settings of each airborne component. It will 
communicate with the SPS on ground through 4G LTE communication, receiving processed 
data after the signals reception. It will integrate the received data to test the TD A and FD A 
algorithms. Finally, it will control and monitor the exploitation of the single motorized station 
trac ing method. A SDR will receive samples from the balloon, computing the Doppler shift 
with the same procedure applied by the SPS. y basing on the pointing angles, which will be 
maintained towards the balloon by means of the autotrac ing technique, and on the Doppler 
shift, which will be autonomously calculated by the SDR, the station will compare the data to 
the theoretical flight dynamics tra ectory prediction model and ad ust its pointing angles. If 
providing a very precise estimation on the initial position (position at lift-off is nown with 
very high accuracy), the method should be able to output very precise results throughout the 
flight. 

4 RESEARCH APPLICABILITY 
If successful, the conducted research on the trac ing systems for new concept platform can be 
applied to stratospheric platforms and vehicles. Affordable, reliable trac ing systems will be 
ta en into account when dealing with stratospheric aviation vehicles. As first beneficiaries of 
the conducted investigation, High Altitude Platform Stations (HAPSs) shall be mentioned. 
These vehicles are permanent solar-powered aerostats which will be performing quasi-satellite 
missions, such as Earth imagery, telecommunication lin  establishment, or even for providing 
temporary broadband communication lin s to areas hit by natural disasters. HAPSs can apply 
such trac ing systems both to improve their traceability, and the overall safety of the 
stratospheric operations, and to reduce the needed power consumption to perform the 
surveillance operations, without the need for radar stations at ground to be applied during 
nominal operations. The ma ority of the most important aerospace manufacturing companies 
are investing on HAPSs for establishing fleets of stratospheric platforms. If the investigation is 
successful, the design of the stratospheric and ground segments would be used as baseline for 
a minimum trac ing unit pac age that could be implemented potentially on all typologies of 
stratospheric vehicles and flight envelopes. 
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Furthermore, the implementation of these trac ing systems can be extended to suborbital 
vehicles. A rising interest has been put into commercial suborbital vehicles for human 
transportation. The recently designed and built manned vehicles will require high safety levels 
during all the flights phases, both inside and outside the commercial aviation air space. The 
implementation of such trac ing systems would extend the reliability of suborbital vehicles 
trac ing systems. In the highest flight phases, where a coarser precision (around 0 m) in the 
position determination can be sufficient due to the absence of other aircraft operating at similar 
altitudes, the proposed systems could be used as primary trac ing systems. Also, such trac ing 
systems can be considered to integrate the functionalities of the ATC devices during the process 
of establishing a regulatory system that allows execution of stratospheric and suborbital flights 
within commercial air spaces 

5 FUTURE DEVELOPMENTS 
The STRAINS investigation success can suggest the extension of the tested innovative trac ing 
systems to various fields of implementation. Nowadays, the emerging technologies for 
aerospace are extending the possible mission profiles to new limits in terms of maximum height, 
speed and environmental conditions. 

In particular, in addition to suggest consideration for stratospheric flights, these three systems 
may be applied to commercial suborbital flights trac ing . As for the stratospheric flights study 
case, a suborbital mission needs to maintain a sufficient reliability of the trac ing systems 
although considering higher distances from the trac ing stations at ground and a wider set (with 
respect to general and commercial aviation) of elevation angles, which inherently influences 
the design of the trac ing systems with remar able differences with the conventionally 
implemented systems for aircraft trac ing. The three tested systems would need further testing 
to be used as primary trac ing system for manned near-space, suborbital and space operations. 
The implementation as bac -up systems would be useful both for increasing the trac ing 
systems reliability and for allowing a sufficient maturity improvement. The latter improvement 
would be obtained also with the on-going implementations for aircraft and UA  (Unmanned 
Air ehicles), that are increasing the utilization of such systems. 

An evaluation of the performances of all the trac ing systems for suborbital spaceplanes 
operations has been already carried out for the currently considered site of Grottaglie in Apulia, 
Italy, and flights to be performed on the Ionian or Adriatic coasts of Apulia. The analyses 
showed perfect compliance of such systems to a commercial manned spaceplane typical 
mission profile 9 , 10 . hen acquiring a sufficient maturity and reliability, these systems 
could be implemented as primary systems for suborbital vehicles trac ing. 
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Figure  : Evaluation results for trac ing systems applied to suborbital flight envelopes on the Ionian or Adriatic coasts of 
Apulia, Italy. The evaluation considered the trac ing stations to be installed at the Grottaglie Airport, Italy. The results of 

these analyses are presented in 9 , 10 . 

6 CONCLUSIONS 
ith the rising number of stratospheric missions and vehicles under design and development, 

there is the need for specializing trac ing systems for high altitude platforms. The STRAINS 
Experiment, proposed by Sapienza University of Rome and ALTEC for the 2018 call of the 
HEMERA H2020 balloon launch infrastructure, is aimed at testing three promising trac ing 
techniques for future stratospheric aviation. In particular, the experiment will test the 
effectiveness of the TD A, the FD A and the single motorized station trac ing techniques. 
STRAINS will be launched in mid-2020 from the Esrange Space Centre in iruna, Sweden. 

The experiment will be aimed at testing the three aforementioned trac ing techniques for 
stratospheric vehicles. Moreover, the developed stratospheric segment and ground segment 
could be used as baseline for portable trac ing systems for future stratospheric platform 
missions. 
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ABSTRACT 
Since , the Sapienza Space Systems and Space Surveillance aboratory (S ab) research 
team at Sapienza niversity of Rome has successfully carried out a significant number of 

ubeSat projects, from concept to launch and operation. After RSA AI R, a  ubeSat 
developed between  and  and launched in , the S ab team collaborated in  
with the niversity of Nairobi to develop NS-  ( st enyan niversity Nano-Satellite  

recursor light), a - nit ubeSat addressed at acquiring panchromatic images of the East 
Africa region and at performing the in-orbit test of commercial technologies for nano-satellite 
bus components. The nano-satellite was developed by a joint team of Italian and enyan 
students in , with the support of Italian Space Agency (ASI, in the framewor  of the I NS 

rogramme), of the enya Space Agency ( SA) and of several Italian companies (Roboptics 
and N ) and selected for a launch opportunity from ISS for the ibo ube rogramme, 
managed by N SA ( nited Nations ffice for uter Space Affairs) and A A ( apan 
Aerospace e ploration Agency). The nano-satellite was launched on ay th,  and it is 
in operations after more than one year of mission. 

EDSAT ( ED-based small satellite) is a - nit ubeSat mission conceived by the S ab 
research team and the niversity of ichigan, aimed at testing a ED ( ight Emitting Diode)- 
technology for optical trac ing of actively illuminated targets. In particular, EDSAT will 
equip  EDs in three different colors on its six external faces. The ED boards will be 
commanded to flash with different flashing patterns to be trac ed from ground-based optical 
observatories. The main mission objective is to enhance the optical orbit determination 
algorithms for space debris trac ing, allowing a comparison between the currently used 
algorithms and methodologies, based on optical data stand-alone, and on-board 
instrumentation, such as orbital G S receivers. The secondary mission objectives are related 
to attitude reconstruction related to specific pattern recognitions and bac -up light-based 
communication. The satellite is currently under development at S ab. A launch opportunity 
will be offered by the European Space Agency (ESA) in , in the framewor  of the ly our 
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Satellite  Educational rogramme. EDSAT is also part of the ASI I NS rogramme, for the 
collaboration with enyan students during all the development phases. 
GREEN ube is a - nit ubeSat conceived by S ab with ENEA (Italian National Agency for 
New Technologies, Energy and Sustainable Economic Development) and niversity of Naples 

ederico II   for the cultivation of microgreen plants in space. The satellite is aimed at testing 
a Biological ife Support System (B SS) that will autonomously manage the cultivation of the 
microgreens. The B SS will control the pressure, air composition, nutrients flow, water 
recycling and condensation, humidity, temperature, day and night cycles for approximately 
fifteen days, completing a seed-to-seed cycle of the cultivar. 
This paper will describe the NS- , EDSAT and GREEN ube missions, with details on 
the development and operation of the three described ubeSats. 

Keywords: Nano-satellites, CubeSat, development, hands-on activities 

1 INTRODUCTION 
The miniaturization of electronics is increasingly allowing CubeSat manufacturers to include 
more complex payloads on-board CubeSats, nano-satellites and small satellites. Moreover, the 
standardization of bus architectures, communication protocols and electrical interfaces usually 
allows to implement a standard bus for a large variety of missions, combining the maturity of 
the bus with the flexibility of the applications of the components. 
In this framewor , the S5Lab (Sapienza Space Systems and Space Surveillance Laboratory) is 
developing since many years CubeSat missions based on a standard, space-proven, reliable, 
commercial CubeSat bus. After the first launch of a U CubeSat in 201  with the URSA-
MAI R mission, S5Lab has helped developing 1 UNS-PF (First enyan University Nano-
Satellite-Precursor Flight), gaining experience and nowledge on CubeSat commercial bus on 
a relatively simple mission, aimed at transferring nowledge on an entire spacecraft 
development cycle to enyan students and University staff and at allowing to shoot 
panchromatic images on the spacecraft and at commanding their downlin  through a networ  
of ground stations. 1 UNS-PF was developed in the framewor  of the I UNS Programme, 
managed by ASI, and it was launched from the ISS on May 11th 2018 and it is still operative in 
orbit after more than one year of mission. Then, LEDSAT (LED-based small SATellite) will 
test a LED-based technology as payload for enhancing the optical trac ing of small satellites 
from ground. The satellite is under development at S5Lab in the framewor  of the Second 
Edition of the Fly our Satellite  Programme managed by ESA and of the I UNS Programme 
by ASI. Finally, GREENCU E will aim at cultivating micro-greens in an autonomous 
laboratory on-board a U CubeSat, in order to test both the behaviour and the growth of cabbage 
plants in micro-gravity, and to verify the effectiveness of an autonomous LSS ( iological Life 
Support System) to be hosted on a nano-satellite platform, as alternative to space station 
biological infrastructure. 
This paper will deal with the description of the three missions 1 UNS-PF, LEDSAT and 
GREENCU E, developed in collaboration with the S5LA  team and that share the same 
CubeSat bus. 

2 THE 1KUNS-PF MISSION 
1 UNS-PF (1st enyan University Nano-Satellite, Precursor Flight) is a 1U CubeSat developed 
by the University of Nairobi in collaboration with the University of Rome La Sapienza, and in 
particular the S5Lab  the final configuration can be seen in Figure 1. It is the first nano-satellite 
of the country of enya and the development was assisted by the enya Space Agency ( SA) 
and the Italian Space Agency (ASI), with the additional collaborations of the Italian companies 
Roboptics S.r.l, a Sapienza spin-off, and NPC (New Product Concept). The collaboration 
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between the apanese Aerospace Exploration Agency ( A A) and the United Nations ffice 
for uter Space Affairs (UN SA) provided the opportunity for the launch from the 
International Space Station (ISS) for developing countries. The title of precursor flight mar s 
as one ob ective of the mission the testing of the hardware that will be used in the future in the 
context of the I UNS mission, a pro ect of La Sapienza and ASI in collaboration with the 
University of enya, whose ob ective is to allow students from both Universities to collaborate 
in developing 1U and 6U CubeSats. The primary ob ective of the mission is to ta e 
panchromatic pictures of the Earth using three Commercial ff-The-Shelf on-board cameras 
and downlin  them to the main Ground Stations based in Urbe, Rome and Malindi, enya. 
1 UNS-PF was developed between May and ctober of 201  and the environmental tests were 
performed at the Sapienza facilities between November and December of the same year. It was 
handed over to A A on the 16th of anuary 2018 and was brought onto the ISS on the CRS-
14 mission. It was finally deployed from apanese Experiment Module, ibo, on May 11th, 
2018. The launch was successful, as well as the early operations and the CubeSat was promptly 
received from the Ground Stations, with the additional help of radio-amateurs. The CubeSat 
has been operating nominally in orbit now for more than a year. During this time there were 
many upgrades, both on the ground stations and on the satellite: after the initial month the baud 
rate (i.e., the downlin  bit rate) received an eight-fold upgrade to 9600 bit per seconds and the 
ground stations were automatized. At the same time, the CubeSat received three in-flight 
software updates: the software was set up to be able to receive software updates such that 
development from the students on ground could continue in orbit. Several bugs were fixed this 
way and many features were added, all with the main ob ective of developing robust software 
for the platform to include in future missions. During the fifteen months in orbit, 1 UNS-PF 
was able to downlin  more than 600 high resolution images of the Earth (two can be seen in 
Figure 2), as well as over 00 megabytes of telemetry that will be crucial for the next missions. 
The telemetry contains information on the overall status of the CubeSat, such as battery voltage, 
temperatures and currents, as well as attitude data from the magnetometer, gyroscope and sun 
sensors and is sampled three times every minute to give a complete picture of the status of the 
satellite. The telemetry is downlin ed automatically when passing over the main ground 
stations if no pictures are to be downloaded. ther than the automatic downlin , the telemetry 
is also transmitted live every fifteen seconds as a beacon. The radio-amateur community has 
been very supportive, and the 1 UNS-PF team continuously receives data of the beacons 
received from all around the world. The S5Lab currently manages the Ground Station in Urbe, 
Rome, that has a complete satellite receiving and transmitting station for UHF and HF  the 
UHF portion, used by 1 UNS-PF is composed by two radios: a Commercial ff-The-Shelf 
receiver transmitter from the on-board transceiver manufacturer and a Software Defined Radio 
(SDR) based receiver system developed by the students. 

igure  icture of NS-  after assembly. 
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igure  Two pictures of NS-  n the left, the Earth and the moon over Africa, on the right a picture over hile 

3 THE LEDSAT MISSION 
LEDSAT (LED-based small SATellite) is a 1U CubeSat mission conceived by the S5Lab team 
at Sapienza University of Rome, together with the University of Michigan. The satellite is 
testing a LED-based payload for optical trac ing from ground, implementing 140 LEDs in three 
different colours (red, green and blue, with the same colour of diodes mounted on opposite sides 
of the spacecraft) on all the external surfaces of the satellite. The LEDs will be commanded to 
flash with pre-determined patterns aimed at easing the orbit determination, the attitude 
reconstruction or a LED-based low data rate optical communication, to be used as bac -up for 
the traditional RF-based communication system of the CubeSat. LEDSAT is part of the second 
edition of the Fly our Satellite  Educational Programme, managed by the Education ffice of 
the European Space Agency (ESA), and of the Italian Space Agency (ASI) I UNS Programme 
(Italian- enyan University Nano-Satellites), for the involvement of enyan students at all 
phases of the development. 
The primary mission ob ective of LEDSAT aims at improving the current methodologies for 
space debris orbit determination. The active illumination payload will manage the spacecraft 
flashes to facilitate an easy recognition from ground-based telescopes. The orbit will be 
determined on the base of the acquired optical data and then compared to the on-board 
instrumentation data, such as GPS and IMU, in order to calibrate and improve the orbit 
determination patterns. 
The secondary mission ob ective of LEDSAT aims at reconstructing the satellite attitude by 
means of specific LED sequences to be observed from ground. The evaluated LED patterns are 
based on the GPS Pseudo-Random Number (PRN) Gold Codes for their high self-correlation 
and low cross-correlation. For determining the most useful patterns among the wide range of 
possible Gold codes sections to be used, an analysis has been performed, returning the patterns 
described in Figure  as best choice for the attitude determination patterns. 
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igure   Selected patterns for the EDSAT nano-satellite. The patterns are ordered per faces, while the x-axis represents the 
time scale. The patterns are not overlapped but every pattern is following the previous one for power constraints. The y-axis 
plots represents the faces of the satellite in this order  , - , , - , , - . The colours represent the ED colour of each 
face. 

Finally, the third ob ective of LEDSAT is to test an innovative communication system based 
on LED flashes to be used as bac -up communication method for RF system. The 20  of the 
failed CubeSat missions present a failure in the transceiver, without malfunctionings of the 
payload, with a resulting functional spacecraft but without any possibility to communicate 
without ground. ith LEDs, it would be possible to down lin  basic, low-data-rate and low 
definition data by means of LED flashes encoding. n this purpose, LEDSAT will test different 
encodings and different techniques of observations to evaluate the effectiveness of this method. 

n this purpose, different flashing patterns are being tested on long range testing campaigns at 
ground, simulating LEDSAT passes by moving the telescope mount and by scaling the emitted 
power of the replica LED boards. These testing campaigns have shown perfect compliance with 
the LEDSAT ob ectives. The test set-up is shown in Figure 4. 

igure   ight-based communication extended range test set-up. 
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LEDSAT is under integration at the S5Lab at Sapienza, Rome, and it will be launched in mid-
2020 from the International Space Station. The mission will last approximately for one year. 

4 THE GREENCUBE MISSION 
Human space exploration is strongly constrained by the need to carry adequate consumables 
for the crew. Safe production of food for future manned exploration missions is addressed by 
developing iological Life Support Systems ( LSS). 
GREENCU E is a U CubeSat mission under development at S5Lab to demonstrate an 
autonomous LSS for microgreen cultivation in orbit. 
This mission was proposed by Sapienza University of Rome, ENEA (Italian National Agency 
for New Technologies, Energy and Sustainable Economic Development) and University of 
Naples Federico II  and was selected for the ESA launch opportunities on-board the EGA-
C Maiden flight 

The -Units CubeSat (approximately 00 x 100 x 100 mm) will be divided into a bus section 
and payload section. 1 Unit is dedicated to the US and 2 Units to the payload. The CubeSat 
CAD drawing is shown in Figure 5. 
The payload is composed by the ECLSS, which relies on a pressurized vessel that host the 
microgreens and all the needed nutrients and instrumentation. The main component is a pressure 
vessel, made in a 0.5 mm aluminum shell, whose structural safety factor to pressure stresses 
will be higher than 100, held at 0.25 atm, which aim to maintain air composition, humidity, 
nutriment management and photosynthesis to support the plant s life cycle. The cultivation 
seed-to-seed cycle lasts for approximately 15 days. 

To verify crop growth and yield performances under stress conditions an hyperspectral camera 
will be used 1 – . This camera is also able to perform phenotyping and disease detection 
applications. The experiment will evaluate the cotyledon spectral variations registered on the 
microgreen plantlets during the growth process between red and green varieties of cabbage in 
hypobaria and microgravity conditions. 

a multi view stereo D camera system with D image reconstruction of the seedlings 4  will 
be used for biometric measurements as plant height, shoot biomass and  cotyledon area. 
To monitor plant water and stress two additional camera will be used, one in visible and on 
infrared thermal 5 , 1 – . 

The bus section is based on C TS components, most of which that have already been used by 
the team for the 1 UNS-PF and LEDSAT missions. This will lead to a faster design and 
integration process than s to a PFM (Proto-Flight Model) model philosophy as the other 
CubeSat mission developed and in development at S5Lab.  
The CubeSat exploded view is displayed in Figure 6. 
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igure  Green ube ( AD drawing). 

igure  Green ube exploded view. 

The scientific and technological developed is an innovative resource-efficient, aseptic and 
closed plant production system. It will be able to test an independent life support system for a 
complete microgreen growth cycle aimed at providing safe food in extreme environment for 
human space exploration.  

5 CONCLUSIONS 
In the recent years, the S5Lab team at Sapienza University of Rome had the chance to develop 
three CubeSat missions sharing the same commercial CubeSat bus. The bus and the bespo e 
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software are currently used as baseline for each typology of CubeSat mission, independently 
from the payload. 
1 UNS-PF is a 1U CubeSat aimed at acquiring panchromatic images and developed in 
collaboration with University of Nairobi in the framewor  of the ASI I UNS Programme. It 
was selected for a launch opportunity from ISS in the framewor  of the UN A A I Cube 
Programme and it was launched on May 11th 2018. It is still operative in orbit after one year of 
mission. 
LEDSAT is a 1U CubeSat conceived by Sapienza and University of Michigan and aimed at 
testing a LED-based payload for optical trac ing, orbit determination and attitude determination 
from ground. It is part of the ASI I UNS Programme and of the ESA Fly our Satellite  
Programme. It is under integration at Sapienza and it will be launched in mid-2020 from the 
International Space Station. 
GREENCube is a U CubeSat mission ointly proposed by S5Lab, ENEA and University of 
Naples Federico II  for integration as payload of the maiden launch of the EGA-C launcher 
vehicle. It was selected by ESA for this launch opportunity and it currently under integration at 
Sapienza University of Rome. Its mission is aimed at testing a LSS for cultivation of 
microgreen plants in microgravity environment and within an autonomous miniaturized 
biological laboratory. 
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ABSTRACT 
In 2020 during the qualification flight of VEGA C launcher, the consolidated version of the 
VEGA launcher, the LARES 2 satellite will be put in orbit. LARES 2 will be the evolution of 
the ongoing LARES satellite. LARES 2 will be a laser tracked satellite completely passive 
especially designed for improving by an order of magnitude the results of LARES on the tests 
of the general relativity. The achievement of these goals will pass through several scientific 
and engineering challenges and mission constraints. Satellite altitude and procurement time 
have driven the selection of the Cube Corner Reflectors (CCRs) used for the mission, in fact 
the nominal orbit of the satellite will have a semimajor axis of about 12,270 Km, an 
eccentricity nearly zero and an inclination supplementary to the one of LAGEOS 1 (iLAGEOS= 
109.83°): due to this higher altitude with respect to LARES satellite orbit, the overall 
reflecting surface one would obtain using the same  design of LARES would not assure the 
proper operation of the LARES 2. To increase the reflecting surface and the accuracy in the 
ranging measurement, CCRs with smaller diameter have been selected. The use of smaller 
CCRs has increased the number of the CCRs themselves, causing a significant increase in 
cost and above all in procurement time which is not compatible the mission schedule. For this 
reason the selection of COTS CCRs was the only viable solution. The selected CCR from a 
commercial producer had never been used in a space program, creating the need of designing 
a proper mounting system able to keep in a safe condition these fragile payload during the 
launch but, on the other side, do not affect the performances of the satellite. This paper 
presents the tests performed to qualify the specifically designed mounting system for the 
CCRs that will be used on LARES 2.  

Keywords: LARES 2, Qualification tests, vibration tests, CCR. 

1 INTRODUCTION 

The LARES 2 mission [1] will be the follow-on of the LARES (Laser Relativity Satellite) 
mission, launched in 2012 [2]. The main goal of the mission will be the test of General 
Relativity and fundamental physics and in particular the improved measurement of the 
intriguing General Relativistic phenomenon of frame-dragging effect [3, 4], improving the 
results of LARES by about one order of magnitude. Indeed, one of the objectives of LARES 2 
will be to obtain the most accurate test of this General Relativistic phenomenon to get an 
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accuracy of a few parts in one thousand [5,6,7,8]. This objective will be achieved by 
exploiting the orbit of LARES 2 with supplementary inclination with respect to that of the 
LAGEOS satellite, as originally proposed in the eighties [9]. The accurate measurement of 
frame-dragging will be obtained with the precise measurement of the shift of the line of the 
ascending node of the orbit of LARES 2 and LAGEOS by Satellite-Laser-Ranging (SLR). 
Indeed, using two satellites with supplementary inclinations, the combination of the two nodal 
shifts will allow to remove the large drift due to the even zonal harmonics, the major source 
of error in the measurement of frame-dragging; indeed this shift will be of the same 
magnitude for the two satellites but in opposite directions. However, the nodal shift due to 
frame-dragging will be in the same direction of the Earth rotation for the two satellites and 
with the same magnitude.  
LARES 2 will also provide accurate measurements in space geodesy and Earth sciences, 
providing, so far, the best target, in terms of precision and accuracy, for the International 
Laser Ranging Service (ILRS), proving relevant contributions to the evaluation of the Earth 
Reference Frame and also climate changes [10]. 

2 LARES 2 SATELLITE 

The first constrain imposed by the Italian space agency regarding the LARES 2 mission was 
obviously the maintenance of the tight schedule dictated by the time path of the qualification 
of the new launcher, developed by ASI and ELV, VEGA C. for achieving this, has been tried 
to maintain a design of the satellite and its subsystems the closest as possible to the project 
already made and qualified during the first LARES mission. For example, the philosophy of 
operation and implementation of the separation system [11,12] has been entirely borrowed 
into the future release system by making only minor changes for scaling the system to 
accommodate the new satellite. 
 As for the satellite body, the tight deadlines together with the restrictions dictated by the new 
orbit parameters and the load capacity of the launcher, have forced to completely revise the 
design of the main body of the new satellite. The launch timing was not compatible with the 
procurement procedures required to obtain the high number of custom retroreflectors, as those 
used for LARES [13], to be mounted both on the flight model and on the qualification model, 
also considering the fact that the choice fell on the use of small retroreflectors that improve 
the quality on the satellite positioning from the ground stations in to the detriment of a total 
optical cross-section loss. Due to this new design approach the CCRs selected was 
commercial off the shelf (COTS). Moreover the consistent increase of quota, moved from the 
1450 km of LARES to 5870 of LARES 2 it has forced the increase of optical cross-section to 
guarantee an excellent laser return and good performance of the satellite tracking, for 
obtaining an higher value of optical cross-section the diameter of the satellite has been 
increased, passed from 364 mm to over 410mm.  
LARES 2 will be launched using the qualification flight of the VEGA C, because of this, for 
not stressing to much the capabilities of the rocket the maximum payload mass have been 
kept low, leaving less than 300 kg of useful mass for the satellite. The combination of the 
higher diameter and lower mass has addressed the choice of the material to be used in the 
range of density 8000-9000 Kg / m3 typical metallic alloys in this range nickel and copper 
alloys.  

2.1 CCR mounting system 
The new COTS CCRs selected for the LARES 2 satellite need a new mounting system, the 
absence of tabs in the CCR has obliged a new way for keeping the CCR in a safe condition, 
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but on the other hand, avoiding to tighten it too much risking to deform the angles between 
faces. In Figure 1 a comparison of the mounting systems of LARES and LARES 2 is shown 
[14].  

          (a)                   (b) 
Figure 1: Comparison between LARES and LARES 2 CCR mounting system 

The first main difference is the number of rings used in the mounting systems, the new design 
need an additional ring for taking care of high uncertainties in manufacturing of the COTS 
CCR. The second main difference is due to the absence of tabs in the COTS CCR that is kept 
in position laying on the three back faces. 
In figure 2 the different dimensions of the two CCRs are shown. 

Figure 2: LARES and LARES 2 CCR samples 

3 CCR MOUNTING SYSTEM VIBRATION TEST 
The new design has been tested under vibration environment in order to ensure the reliability 
during the launch phases, A visual inspection comparison has been used as success criteria 
since the only risk of our interest is the creation of visible damages, it is important to notice 
that even though a scratch in the glass is not acceptable in the present design check stage, the 
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presence of a scratch itself doesn’t impinge the performance of the CCR or of the whole 
satellite. Two special fixtures have been realized, the first one ( Figure 3), the conventional 
one has been used to test the mounting system and verify that no impact  between CCR and 
mounting system occurs. The second one (Figure 4) , has been used to verify that no sticking 
effect due to vibration friction could occur between the faces of the CCR and the mounting 
system. 

Figure 3: Classic fixture for vibration test 

Figure 4: Special fixture for vibration test. 

For the dummy satellite interfaces has been used an aluminium commercial alloy, this choice 
simplify the test realization without subvert the objectives of the test itself. For speeding up 
the preparation of each step of test, a vertical fixture (Figure 5) has been used for changing the 
orientation of the specimens, this has induced unwanted resonance effect during the test, 
however the overall effect of this resonance has introduced a plus of stress in the specimen, so 
it has been kept. 



Vibration tests of a cube corner reflector assembly of lares2 satellite Sindoni, Paris, Ciufolini 

1 31 

Figure 5: Vertical fixture. 

3.1 Vibration loads 

The specimens have been tests with a combination of loads derived from the VEGA user 
manual [15], the user manual for the improved VEGA C version is not public available, on 
top of this a custom shock tests for a further check of the reliability of the design has been 
performed. Several tests have been performed on the three axis with different CCRs, 
acceleration levels have been increased after the nominal test for refining the upper limit of 
the system. 

Test # Test Type Acceleration 
(RMS) 

Acceleration 
(Peak) 

Directions 

1,2,3 Random 14 g 55g X,Y,Z 
4,5,6 Random 20 86 X,Y,Z 
7,8 Shock na 60 X,Z 

9,10 Shock na 100 X,Z 

Table 1: Test summary. 

In Table 1 is shown a summary of the test performed, the cycle of ten vibration tests have 
been performed on four retroreflector using the two mounting interfaces. 
In Figures 6 are shown the reference channels of the accelerometers used for controlling the 
tests, it shown also the resonance frequency of vertical fixture.  

Figure 6: Reference channel. 

After each test the visual inspection has been conducted on the CCR, usually without 
dismounting it from its cavity, the CCR in fact can works has a magnify lens for reflecting 
any defect on its surfaces, has expected, the mounting system has provided optimal casing for 
keep the fragile cube corner reflector safe.  
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4 CONCLUSIONS 

The LARES 2 mission will provide a boost by about one order of magnitude of the accuracy 
in the test of the intriguing general relativistic phenomenon of frame-dragging, proving too 
other tests of General Relativity and fundamental physics and relavant measurements in space 
geodesy and Earth sciences. To achieve this objectives, a new satellite has been designed and 
will be launched, in the article we have shown the design of the mounting system of the cube 
corner reflectors and its qualification tests, the new system seems to be capable of retaining 
the glass prisms safe during the launch phases, several CCRs have been test and with different 
levels of induced acceleration, all the tests have been passed and no issues have been detected   
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ABSTRACT 

This work describes the development of a three degrees of freedom CubeSat attitude simulator 
testbed. To enable a reliable verification of attitude determination and control systems for 
nanosatellites, the environment of low Earth orbits with an almost disturbance-free rotational 
dynamics must be simulated. To this end, several subsystems have been developed and 
integrated: i) an air-bearing based, three degree of freedom platform with automatic balancing 
system ii) a Helmholtz cage for geomagnetic field simulation, iii) a Sun simulator, and iv) a 
metrology vision system for ground-truth attitude measurement. Apart of the Helmholtz cage, 
which is a COTS equipment, the other subsystems required substantial development effort, 
whose main outcome are: residual disturbance in the order of 10-5 Nm, attitude determination 
accuracy of the metrology system equal to 0.15° rms; divergence of the sun simulator light less 
than 0.2° in a 30cm diameter area. The commissioning phase of the facility is currently ongoing. 

Keywords: ADCS verification, CubeSat 

1 INTRODUCTION 

The growing interest for the development of highly capable nanosatellites for a wide range of 
missions demands for careful performance assessment of the spacecraft bus through extensive 
ground testing. In particular, the verification of the Attitude Determination and Control 
Subsystem (ADCS) is of paramount importance. To simulate the on-orbit environment for 
hardware-in-the-loop testing, a disturbance-free rotational dynamics shall be created. A class 
of simulators that meets such requirement is based on air bearings, as they offer nearly torque-
free motion and a relatively low complexity level [1]. 

Dynamic hardware in the loop facilities are certainly not new. Perhaps the simplest type 
relies on the concept of wire suspension, [2][3], while the most commonly employed solution 
relies on air bearings: indeed, air bearing simulators have been used for ADCS verification 
starting from the 1960s [1]. They allow low friction motion, with unconstrained rotation over 
one (the local vertical) or two axes, and constrained motion in tilt angles, depending on the 
layout. This last can be categorized in three broad configurations, namely table-top ([4][5]), 
dumb-bell ([6]) and umbrella ([7]). For a historical review of air bearing simulators, the reader 
is referred to [1]. The main drawback of the air bearing based facilities is that they are quite 
heavy, especially due to balancing weights, required to minimize the disturbance torque due to 
gravity. Only more recently, the growth of the CubeSat community has led many Universities 
towards the development of scaled down ADCS simulators ([8]-[11]). 

In this context, the Microsatellite and Space Microsystems Lab at University of Bologna 
has recently developed a three degrees of freedom ADCS testbed, which is currently under 
commissioning, aimed at 3U CubeSats hardware and algorithms verification. The core of the 
testbed consists of a table-top air bearing platform, with custom design, whose function is to 

1
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hold the nanosatellite mock-up under test; it includes an automatic balancing system with 
shifting masses actuated by linear motors, as in [12],[13]. Other subsystems include a 
Helmholtz cage for geomagnetic field simulation, a Sun simulator, and a metrology vision 
system for ground-truth attitude measurement. Their development and commissioning required 
quite some efforts, aimed at achieving good performances, while meeting a rather low cost-cap: 
this manuscript summarizes the main design choices, implementation steps and verification 
tests carried out, and may hopefully represent a useful guide for analogous low-cost University 
projects. 

2 TESTBED PLATFORM AND AUTOMATIC BALANCING SYSTEM DESIGN 

The air bearing platform is aimed at supporting the nanosatellite mock-up, allowing a nearly 
torque-free rotational motion. The main disturbances affecting such systems are the 
aerodynamic torques from bearing and from the environment, anisoelastic torques arising from 
the platform, static and dynamic unbalance torques, and torques arising from vibration and 
electromagnetic interaction. Such torques must be limited, by design or by active systems, up 
to a magnitude comparable to the maximum disturbance torque expected in orbit. This, in turn, 
lies typically within 10−6Nm for a 3U CubeSat.

The unbalance torque due the distance between the centre of mass (CoM) and the centre 
of rotation (CoR) is usually the largest. It can be cancelled only partially by design, and manual 
balancing does not guarantee a priori performance level [5]. Several automatic mass balancing 
system have been proposed in the literature [12],[13],[14] as it can largely reduce the time 
necessary for the platform tuning and guarantee efficient minimization of the residual 
disturbance torque. Even if static unbalance torque is successfully reduced, anisoelasticity gives 
origin to deformation of the platform which may lead to a consistent disturbance torque. The 
structural deformation of the rotating platform due to its own weight is challenging to 
compensate, since making a structure stiffer requires more weight. As a countermeasure, an 
active compensation system was proposed in [15]; nevertheless, efficient structural design 
remains a key to the solution of the problem: this is the approach followed for our facility. In 
summary, platform design must account for two functional subsystems: 

- the mechanical structure, supporting the satellite and all the components necessary for
the testbed operations, with minimal deformation torque;

- the automatic balancing system.

2.1 Platform mechanical design 

An aluminium tabletop platform has been selected as the most suited to satisfy the requirements, 
namely: i) accommodate a 3U CubeSat while guaranteeing 3DoF with large rotations; ii) limit 
the anisoelastic torque in the order of 10−6Nm, and iii) minimize the weight and inertia tensor.

Preliminary platform sizing was driven by analytical tools, using available results from 
the thin-plate theory to compute the plate deformation, under the effect of its own weight, as a 
function of the thickness h and tilt angle 𝛼. From the deformation function, the displacement of 
the CoM from the CR in the horizontal plane, 𝑤𝑥𝑦(ℎ, 𝛼), can be computed. Then the gravity
torque due to deformation would be 𝑇𝑑𝑒𝑓 = 𝑤𝑥𝑦(ℎ, 𝛼) × 𝑔𝑏 ∙ 𝑚𝑡𝑜𝑡(ℎ), 𝑔𝑏 being the gravity
vector, and 𝑚𝑡𝑜𝑡(ℎ) the overall mass. This way, the disturbance torque is related to the main
design parameter, the thickness h, and thus to the overall weight. Result of this preliminary 
analysis indicated that a plate alone would get too thick and heavy before having enough 
stiffness, thus suggesting for a modified configuration.  

The final design consists of a thin octagonal plate with side walls featuring radial 
elements to enhance flexural stiffness, see Figure 1-a). The maximum tilt angle allowed is ≈30°. 
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2.1.1 FEM simulations 
The proposed design was verified through FEM simulations using Ansys Workbench 
environment. The numerical model included the octagonal geometry with the stiffening 
elements, plus payload and balancing system components, modelled as point masses at the 
bottom of the platform. Simulations were repeated at various tilt angles. From the computed 
deformation, the new center of mass of the entire geometry can be computed which, in turn 
allows to estimate the gravity torque as per eq. (1). The predicted disturbance torque curve is 
shown in the Figure 2.8. 

Figure 1: Air bearing platform. (a): 3D CAD model; (b) computed gravity torque due to 
deformation as a function of the tilt angle. 

The maximum disturbance torque is lower than 4 ∙ 10−6Nm, at the maximum allowable
tilt angle, which is in line with the target requirement.  

2.2 Automatic mass balancing system 

The static balancing of the platform is done by two types of balancing masses: the coarse 
balancing is done by counterweights and the fine balancing is done by an automatic system 
using three sliding masses (Figure 2), designed to compensate the static unbalance down to the 
target level. A two-step procedure is employed to compensate the static unbalance: the first step 
is devoted to in-plane balancing, the second one to the joint identification of the vertical offset 
plus inertia properties. The underlying idea is that, since the torque that can be generated by the 
balance masses is physically confined in the direction perpendicular to the gravity field, the 
disturbance torque acting on the same subspace can be compensated by a feedback law. The 
feedback is provided by attitude quaternions and angular velocity measurements from an 
inertial measurement unit (IMU) mounted on the platform. The control law has been proved to 
be robust against disturbances and parameter uncertainties through simulations. 

Once the offset in the two directions perpendicular to the gravity field are known, the 
last component can be estimated by sampling the free oscillating rotations through a least 
squares filter, which is a modification of the one proposed in [14]. Full description of the 
employed algorithms can be found in [16], while the outcome of the experimental assessment 
of the residual disturbance torque after balancing will be reported in a full-length manuscript. 
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Figure 2: The dynamic ADCS testbed. 

3 SUN SIMULATOR 

Since most LEO nanosatellites are equipped with sun sensor, a sun simulator was embedded in 
the facility, which delivers a collimated light-beam resembling the sunlight. Derived from a 
COTS device (Photonia Radiate D300) with a 300W phosphor-coated led as luminous source, 
the simulator is equipped with a custom collimating Fresnel lens (ϕ=400mm), whose position 
has been optimized for maximizing the beam collimation.  

A sun simulator is classified according to three criteria, namely, a) spectral matching, 
b) spatial uniformity, and c) temporal stability. In addition, for testing a sun sensor, other
parameters are of importance, such as the collimation of the light beam over a wide area, that
shall be kept within 0.53°, i.e. the apparent angular diameter of the Sun at 1AU, and the power
flux level (≈1367 W/m2 at 1 A.U.) at the nominal target distance (≈ 0.75 m in our case).

Most solar simulators make use of Xenon or metal halide discharge bulbs, which deliver 
a good spectral matching, at the expense of low efficiency, low lifetime, and a complicated 
power supply needed to achieve a stable, flicker-free output. For our simulator, a different 
choice was made, namely a led source, since it is inherently flicker-free, highly efficient, and 
can achieve a good matching in the visible part of the spectrum1. The main drawback is the near 
absence of output in the IR and UV bands, so that spectral matching with the sunlight is lost 
out of the visible band. This is not, however, considered a limiting factor, as most existing Sun 
sensors are built upon CMOS, CCD, PSD, whose response is maximum within the visible band 
and falls-off rapidly in the IR and UV wavelengths. Note that using a led source, one shall not 
aim at matching the overall solar irradiance, since a consistent amount of it is found in the IR 
and UV bands. Rather, the led source power was chosen to match the extra-atmospheric solar 
illuminance (i.e. the photometric, visible flux density), which amounts to about 130.000 lux at 
1 A.U. The target design parameters of the simulator are summarized in Table 1. 

1 This last is usually evaluated in terms of the so-called Correlated Color Temperature (CCT). 
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Sun simulator design parameters 

CCT 5600 K 
Illumination area diameter 0.3 m 

Working distance ≈ 0.75 m 
Illuminance @ 0.75 m 130.000 lux 

Angular divergence <0.53° 
Spatial uniformity 10% 

Table 1: Sun simulator design parameters. 

3.1 Experimental optimization and verification of the sun simulator 

Validation of the Sun simulator design was performed in two steps: first, a test campaign was 
carried out for finding the distance between the Fresnel lens and the led source to obtain the 
desired collimation level of the light beam. Then, a second test campaign was performed to 
assess the temporal stability and spatial uniformity of the beam. Both test campaigns employed 
as a sensing device a 1.3 MPx monochromatic CMOS camera (EO-1312M 1/1.8”, Edmund 
Optics) equipped with a small pinhole aperture. By varying the position of the sensor over the 
width of the light beam, the divergence can be estimated from the position in the image of the 
centroid of the bright spot, i.e. using the same working principle of pinhole sun sensors [17][18]. 
Temporal and spatial uniformity were evaluated by monitoring the raw CMOS readings in the 
bright pixels area within the image. 

Figure 3: Sun simulator. (a): detail of the assembly on the Helmholtz cage; (b) test setup for temporal 
stability and spatial uniformity measurements, taken from [19]. 

Results of the tests performed at the optimal lens-to-source distance allowed to keep the 
beam divergence below the 0.53° threshold within a 34 cm beam diameter, thus meeting the 
requirement. Temporal fluctuations were found to be within 1%, showing high stability, as 
expected for a led source. Spatial uniformity was found to be within 10% in a 25 cm diameter 
beam, which is slightly below the target value. 

4 GROUND-TRUTH VISION SYSTEM 

For validating the ADCS of a satellite through the dynamic testbed, independent ground truth 
data shall be available. To this end, a metrology system based on a monocular camera vision 
has been developed. Despite having different degree of complexity, many similar applications 
were developed and published in the literature, like [5], [11], which use either a vision system 
or an Inertial Measurement Unit (IMU) to determine the true orientation of the object under 
test. Using IMUs in our case, however, would introduce further complexity on the test platform. 
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This is a reason why a vision system has been preferred. The second reason lies in its potential 
accuracy: according to [20], a vision system can reach accuracies down to 0.01°-0.05°. 
Reported applications on air bearing systems such as the ones in [11] and [21], however, exhibit 
errors which are one order of magnitude larger. 

4.1 System Implementation 

The working principle relies on placing a known visual pattern on top of the device under test 
(Figure 4), which is then imaged using a calibrated camera. Solving for the camera pose with 
respect to the target through corner points correspondences provides the attitude, which is 
retrieved as part of the pose solution. To this end, the required hardware consists simply of a 
monocular camera, a calibrated target to track, and a computer for running the image acquisition 
and processing software. The software relies on existing opensource vision and image 
processing libraries, namely the OpenCV 3.3.0 Library. 

Figure 4 Calibrated Chessboard target onto the platform seen from the monocular camera. 

4.1.1 Calibration 
Camera calibration is fundamental in photogrammetry since it allows to obtain the intrinsic 
camera matrix and to compensate for optics distortions. For this work, we adopted the 
widespread calibration algorithm from [22] and a calibrated chessboard printed on aluminium, 
having an accuracy of 0.02 mm. and is located at the operative distance, i.e. the average distance 
at which the tracked pattern is during real tests. Taking a dozen of images of this target in 
different positions inside the FoV, we obtained a calibration precision with 0.06 pixels of mean 
reprojection error. 

4.1.2 The Computer vision system 
The Computer Vision system automatically analyses an image to obtain the relative attitude 
between the camera and the target chessboard. The extraction/selection of the relevant 
information from recorded images is accomplished through a sequence of 3 steps [23], namely:  
i) features detection, ii) extraction, and iii) matching. Features detection consists of finding the
points of the image where corners appear (i.e. also chessboard corners). Feature extraction task
selects the detected features that satisfies a sharpness criterion, to avoid unwanted features, such
as corners from other objects other than the chessboard ones. Features matching takes the
extracted features and match them to internal information to recognize desired objects, a
chessboard in our case.

Once the object is recognized, its tracking is performed by computing the optical flow, 
i.e. the pattern of relative motion between two subsequent imaged frames. In our work, the well-



A Dynamic Attitude Testbed for CubeSats Bahu, Modenini, Curzi, Tortora 

1  

known Lucas-Kanade algorithm was adopted for corner tracking. Computing the optical flow 
requires an initial guess: in our case however, due to the relatively high speed of the tracked 
points, the initial guess is obtained from the predictive stage of a Kalman Filter [24]. Once the 
image processing step is completed, a set of points coordinates in camera frame is available. 
Knowing also these points in the target frame, the pose of the object relative to the camera 
(hence the attitude) is retrieved by solving a Perspective-n-Point problem [25]. 

4.2 Experimental accuracy characterization 

The accuracy of the proposed monocular vision system was tested against a high precision 2 
Degrees-of-Freedom (DoF) turntable by Aerosmith, upon which the chessboard target was 
tightly fixed. Right above the test-rig, a lamp reflector was placed to mimic sunlight 
illumination. The tracked target was moved with random rotation in the 2 DoF of the test rig, 
with angular rates up to 45°/s. Attitude accuracy is obtained comparing the readings of the test 
rig and the output of the vision system. Table 1 summarizes the results both with and without 
lamp illumination: the system keeps the root mean square error below 0.16°, regardless of the 
Sun simulator activity. 

Sunlight rms std mean 

on 0.151 0.078 0.129 
off 0.158 0.081 0.136 

Table 1 Absolute Error statistics [deg]. 

5 CONCLUSIONS 

Developing a dynamic attitude testbed for CubeSats is quite a challenging task. In this paper, 
we outlined the design solutions, implementation steps, and validation strategy for the 
subsystems of one such facility, currently under commissioning at the University of Bologna.  

Experimental results achieved so far demonstrated: 1) a residual disturbance of the 
optimized table-top platform after balancing in the order of 10-5 Nm; 2) attitude determination 
accuracy of the monocular metrology system equal to 0.15° rms; 3) divergence of the Sun 
simulator light less than 0.2° in a 30cm diameter light beam. Future work will encompass a 
more detailed characterization of the residual disturbances and the testing of a CubeSat mock-
up for validating magnetic-based attitude control techniques. 
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ABSTRACT 
Sensorised structures aimed at Structural Health Monitoring implementation in aircraft 
components are among the most promising approaches for a next future evolution of the current 
maintenance procedures (and consequently for operative costs reduction) but also for relevant 
modifications of design rules and manufacturing processes. Adhesive bonds and co-infusion 
represent efficient manufacturing processes for composite structural parts due to the possibility 
to co-bond or co-cure together thin plates and stiffeners leading to weight saving, although 
they have not been massively employed yet. Actually among the showstoppers for the full 
implementation of adhesive bonds or co-infusion in composites are the airworthiness 
certification requirements for composite aircraft structures as presented within the FAA 
Advisory Circular 20-107B. Within that document the general methods for substantiating the 
limit load capacity of any bonded stiffener, the failure of which would result in catastrophic 
loss of the airplane, are prescribed. Among the suggested methods, the only one really 
permitting to achieve the optimal bonding efficiency without the addiction of disbond stoppers 
(i.e. rivets), is a “repeatable and reliable non-destructive inspection techniques ensuring the 
strength of each joint”. This paper presents experimental activities that the authors have 
carried out to characterize stiffened plates that are “nominally” equal, but obtained by different 
manufacturing processes; the two plates have been statically characterized performing 
compression tests, inspected by traditional NDI (ultrasonic C-Scan) and implementing a guided 
waves based SHM system designed for stringer debonding detection and characterization. A 
critical analysis of the experimental results as well as a comparison with the expected nominal 
structural performances will be presented, looking at the possible implementation of a SHM 
system committed at satisfying the certification requirements of the AC 20-107B. 

Keywords: composites stiffened panels, co-bonded and co-infused joints, post-buckling 
analysis, compression tests of stiffened panels, Ultrasonic C-Scan, Structural Health 
Monitoring.  
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1 INTRODUCTION  
In recent years, composite materials have been widely adopted in aerospace and transport 
engineering in order to design high performance and lighter components, however they present 
intrinsic problems in their nature that require attention in the design, manufacturing and use 
phases [1,2,3]. In fact they are susceptible, during manufacture and use, to the formation of 
internal defects ("Barely Visible Damages" or BVID) which can affect their performance in 
service in terms of stiffness, resistance and fatigue life. Their main weakness is their 
vulnerability to the impact of low speed / energy, as significant damage can occur within the 
thickness of the material without any perception on the affected side. Their impact behavior is 
not yet completely understood due to the numerous composite materials configurations that can 
be obtained by varying the lay-up sequence and manufacturing procedures.. Composites 
complex failure mechanisms that can lead to a barely visible or non-visible flaws include the 
cracking of the matrix, fiber cutting, fiber breakage; these mechanisms can then lead to 
delamination between different layers or to separation between structure and stiffening, in 
particular in structures with stiffened thin walls such as those typical of aerospace use. As a 
result, all structural components are inspected at regular intervals using a variety of complicated 
and costly Non Destructive Techniques. Composites materials could also exploit in the most 
efficient way the employ of bonded joints in all the “stiffened shells” like components 
commonly employed within aerospace structures. At present in the aeronautical shell structural 
components, in which thin carboresin panels are coupled with transverse stiffeners made of the 
same material, the certifying entity (typically EASA European or FAA US) does not accept 
bonding as the only joining technology, requiring the addition of rivets between the panel and 
stiffening in a conservative manner. In FAA Advisory Circular 20-107B [4] the general 
methods for substantiating the limit load capacity of any bonded stiffener, the failure of which 
would result in catastrophic loss of the airplane, are prescribed. Among the suggested methods, 
the only one really permitting to achieve the optimal bonding efficiency without the addiction 
of disbond stoppers (i.e. rivets), is a “repeatable and reliable non-destructive inspection 
techniques ensuring the strength of each joint”. Request for riveting bonded joints is due to a 
lack of knowledge of their behavior as a function of the environmental parameters as well as of 
impacts at low speed and it implies a series of penalties in the design phase (over-sizing of the 
surfaces to be coupled to take into account the holes and rivets), manufacturing (addition of 
drilling and installation of rivets to bonding), or operations (greater weight due to rivets, higher 
operative costs during maintenance for the controls of the same rivets). Guided waves based 
SHM systems already demonstrated their effectiveness in monitoring de-bonding of stiffeners 
of metallic or composite stiffened plates [5, 6, 7, 8, 9, 10, 11] and this methodology will be 
investigated within this work where the production, compression mechanical tests as well as 
NDI and SHM tests results before and after the failure will be presented together with some 
preliminary conclusions concerning actual design and maintenance approaches.  

2 TEST ARTICLES DESCRIPTION 
2.1 Monostringer panels manufacturing 
The monostringer demonstrators under investigation are part of an aircraft Outer Wing Box 
panel composed by a skin panel with 14 plies [45/-45/0/0/90/-45/45]s, having a size of [mm] 
950x480 and 3 stringers with 10 plies spaced of 150mm. The stringers have a cap allowing the 
same thickness both for the web and the flanges. Same details of the parts are reported in the 
Figure 1. 
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Figure 1- Outer Wing Box panel sketch 

The monostringer test articles have been produced within a building block approach for the 
manufacturing of the OWB stiffened panel, starting from a small scale demos up to the 
production of the final full scale component. Specifically, the small scale demos were useful to 
set the AFP (automatic fiber placement) preforming process and the infusion strategies 
(injection lines, bagging scheme, etc.). Two stiffened panels with different skin-stringer joints 
were produced. A first one with a co-infused single blade stringer and a second one with a 
secondary bonded single blade stringer (Figure 2). In the latter the Hysol EA9394 structural 
adhesive was used for the skin-stringer bonding. The characteristics of the two panels are 
summarized in the Table 1 below. 

PANEL ID CS2_AG2_2111601_Bonded CS2_AG2_2111601_Coinfused 
Materials CFRP CFRP 
 L x W [mm] 500 x 200 950 x 250 
 Ply Count Skin: 14 Stringer: 10 Skin: 14 Stringer: 10 

Layup Skin: [+45,-45,0,0,90,-45,+45]s 
Stringer: [+45, -45, 0, 0, 90]s 

Skin: [+45,-45,0,0,90,-45,+45]s 
Stringer: [+45, -45, 0, 0, 90]s 

Process Description Preforms realized by AFP of UD dry 
fibers then infused by LRI 

Preforms realized by AFP of UD dry 
fibers then infused by LRI 

Table 1- Monostringer demonstrators data 

After the production process, the two panels have been mechanically resized so that they had 
the same in plant geometrical dimensions of 445 x 200 mm. 

(a)         (b) 

Figure 1 - a) Stiffened panel demo with a single blade stringer bonded; b) Stiffened panel demo with a 
single blade stringer co-infused 
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The AFP technology with LRI (liquid resin infusion) process was used for panel and 
monostringer demos production. AFP manufacturing process combines the advantages of 
Filament Winding and the compaction and cut-restarting capability of the Automated Tape 
Laying. Single tows of fibers are unrolled from a reel and feed a head which lays them in bands 
on a mold. A compactor roller combined with the action of a heat source, which in the case of 
dry fiber material with binder is a 3 kW laser, laydown the tows on the layup surface (Figure 
3a). The compression action makes the tows adhere to the layup surface and removes any air 
pockets present, minimizing the need for removal by vacuum. The core of the fiber deposition 
process lies in the head (Figure 3b), which must be able to cut the tow during deposition and 
then pick it up again from another point. 

  (a)                                                             (b) 

Figure 2 - a) AFP process scheme [11]; b) AFP cell 8-fibre placement head 

The AFP cell, developed by CORIOLIS COMPOSITES (France), is made up of an ABB IRB-
6640/2.75m/205kg standard robot, with an 8-fibre placement head, mounted on a linear axis 
having 3 meters of working length. The system is able to process prepreg composites with 
thermoplastic matrix, thermosetting and dry binderized fiber. Figure 4 shows the automated 
deposition system available at the Novotech S.R.L. Plant in Avetrana (TA) - Italy, partner of 
the Airgreen2 EU funded research project and manufacturer of the test articles. 

Figure 3 - Laser assisted automated fiber placement robot (Novotech S. R. L. Plant) 

The dry fibers preforms were impregnated following the Liquid Resin Infusion (LRI) method 
in which liquid resin is injected into dry fibers under the application of vacuum.  No external 
pressure is applied on the final part. The resin is heated and injected into a vacuum bag using 
special means. The part is allowed to cure under vacuum and temperature following a curing 
schedule according to the recommendation/instructions from the resin system manufacturer. A 
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composite curing oven coupled with an advanced online monitoring system for the of the 
manufacturing parameters control (temperatures, vacuum level) were used. The cure cycle 
results in a fiber reinforced structure. 

2.2 Materials 
Resin system selected for OWB project is the Solvay PRISM EP2400, a single part liquid epoxy 
resin system with a superior toughness, low viscosity and extended pot-life [12], specifically 
developed for simplifying the manufacturing process of primary aircraft structures like wing 
boxes stiffened panels.  
For the AFP process, the dry carbon fiber tape Cytec Solvay Prism TX1100 [13] system has 
been used to produce preforms to be infused. Material system for AFP process is reported below 
in Table 2. 

Dry Fiber Material TX1100 IMS65-24K-UD 
Epoxy Liquid Resin System PRISM EP2400 

Table 1 - Monostringer demonstrators raw materials 

IMS 24K is a family of intermediate modulus, aerospace-grade carbon fibers, for use as 
reinforcements in high performance composites. These fibers are produced from 
polyacrylonitrile (PAN) precursor and are surface treated to promote adhesion to organic matrix 
polymers (Figure 5). The epoxy-based sizing materials are designed to aid in handling. 

Figure 4 - PRISM TX110 dry tape cross section [13] 

2.3 NDI controls 
NDI controls have been carried out by a Phased Array Ultrasonic Testing (PAUT) consisting 
in an Olympus OmniScan SX flaw detector (Figure 6a) with a 16:64PR phased array unit able 
to perform pulse-echo, pitch-catch or TOFD inspection. High frequency acoustic waves are 
used to check the samples internal structure. Tests have been executed by  an encoded 5 MHz, 
64 elements linear array probe with a straight wedge and by employing a specific gel as 
coupling medium(Figure 6 b). No calibration blocks are used, so the specimen thickness has 
been taken as reference.  

    (a)         (b) 

Figure 5 - a) Olympus OmniScan SX flaw detector; b) encoded 5 MHz, 64 elements linear array probe 
with a straight wedge 
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Tests were carried out with the phased array positioned over the smooth surface of the 
specimen, the probe was moved physically along the stringer longitudinal axis while the 
ultrasonic beam electronically scanned along the transverse one (Figure 7b). A mini wheel 
encoder was used to maintain a precise geometric correspondence of the C-Scan image with 
the scanned part. 

     (a)           (b)

Figure 6 - a) Panel Testing setup; b) scan pattern scheme. 

Monostringer demonstrator with a bonded single blade stringer pre-testing NDI results 
Preliminary NDI controls (Figure 8) did not detect the presence of defects or macroscopic 
damage in the material stratification both for the skin component and for the stringer. The 
layering appears uniform in terms of thickness and resin distribution.  

     (a)     (b) 

(c) 

Figure 7 - Stiffened panel with a bonded single blade stringer NDI Controls: a) C_scan, b)S_scan and 
c) B_scan analysis.

Looking at the longitudinal B_scan image (Figure 8c) acquired along the stringer foot, at a 
depth of about 2 mm, two slightly concave longitudinal blue lines highlight the presence of a 
skin-stringer interface witnessing the presence of the bonding layer that ensures the skin-
stringer structural connection. An air inclusion was detected inside the glue layer under one of 
the two feet of the stringer. This latter is particularly evident in the S_scan image (Figure 8b) 
acquired in correspondence of the defect. 
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Monostringer demonstrator with a coinfused single blade stringer pre-testing NDI results 
The material stratification appear uniform in terms of thickness distribution and infusion 
characteristics in line with the reinforcement and resin characteristics. No skin-stringer 
interface was detected form B and S_scan images (Figure 9 c and b) demonstrating that the two 
structural elements were coinfused in a single process. No defects or macroscopic damage were 
detected through the material stratification, only superficial and negligible edge defects are 
visible from the C_scan analysis (Figure 9a) and due to mold and counter mold imperfection. 

 (a)      (b) 

(c) 

Figure 8 - Stiffened panel with a coinfused single blade stringer NDI Controls: a) C_scan, b) S_scan 
and c) B_scan analysis. 

3 EXPERIMENTAL TESTS 
3.1 Compression test set up 
The objective of the compression tests is to compare different structural solutions consisting in 
different skin-stringer joints technologies, for panels under compression. The final objective 
was to compare the compression performance of a co-infused single blade stringer and 
secondary bonded one.  In order to perform the compression tests and to get a uniform 
introduction of the loads, both the panels ends were potted in stainless steel potting frames, 
specially designed (Figure 10).  
A casting epoxy resin, Sicomin 1500 with SD 2507 hardener, reinforced with glass 
microspheres was used for frames potting procedure. After resin polymerization in a curing 
chamber with a online monitoring, both the panels ends frames were mechanically rectified 
with a CNC machine (at Eurotech SAS plant) to ensure a uniform and barycentric load 
distribution under the compression tests. In Figure 12 the potting phase, the curing procedure 
and the frames rectification are presented. 
The two panels were loaded in uniaxial compression by mean a 600 KN mechanical press 
machine, Galdabini CTM 60 (Figure 12). The compression tests have been conducted under 
displacement control in order to assess any catastrophic compression failures.  
Each panel has been installed in the testing machine with the panel cross section centroid 
aligned with the loading axis. Shimming between the potted ends of the panels and the test 
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frame plate were conducted to obtain a uniform load distribution. The panels unloaded lateral 
edges were not supported and totally free to move out of plane and to rotate. 

Figure 10 - Compression test frames design and manufacturing 

   (a)      (b)   (c) 

Figure 11 - a) Frame resin casting potting procedure;  b) Curing chamber coupled with an online 
monitoring system; c) Frames rectification with a CNC (Eurotech SAS plant). 

The transverse framing system was simply supported and wide enough to allow longitudinal 
displacement and in-plane rotation but avoiding out of plane displacement from the initial plane 
of load. 
An overview of the test set-up may be seen in Figure 12. 
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          (a)                                                       (b) 

Figure 12- a) Galdabini CTM 60 compression test machine; b) panel set up. 

A total of five strain gauges were used to monitor the loading conditions and to perform the 
shimming of the potted frames; on each panel were glued two gauges (SG3 and SG4) positioned 
on the skin surface at the middle of each free bay, two gauges (SG1 and SG2) back to back on 
the stringer left foot and one gauge (SG5) at the center of the stringer's web. The Figure 13 
shows an overview of the strain gauges load monitoring system used. 

Figure 93 - Strain gauges load monitoring system 

3.2 Compression tests results 
In the following figures the results of the mechanical tests available until the completion of this 
paper are presented.  
In the following the results of the preliminary mechanical tests. The compression tests up to the 
first buckling critical load have been carried out for both co-infused and bonded stiffened plates 
and in Figure 14 is possible to have a look at the strain gauge signals for both tests. It is possible 
to notice the very similar behavior of the two plates until the first buckling critical load also 
witnessed by the deformation sensors output. The critical load values and the deformed shapes 
were almost identical (33 kN); therefore it was possible to assess that the two manufacturing 

Front side Rear side 
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approaches for the stringer joint can be considered exactly equivalent within the linear 
compression behavior of the plates and until the first critical load. 
The key interest data to be analyzed is that which refers to the failure of the panels during the 
implementation of the loads. Failure occurred for the coinfused panels at a load of 126kN, 
whereas the failure for the boned panel was  at 103kN.  The data from the two different types 
of panels were then combined in order to allow their comparison.  

3.2.1 Co-bonded stringer panel compression tests results  

In the following the strain gauge signals related to the first instability load (33 kN), at 70kN 
applied load, and at failure. 

Figure 14. Single blade stringer bonded panel strain gauges signals – 33 kN 

Figure15. Single blade stringer bonded panel strain gauges signals – 70 kN 

SKIN BUCKLING INSTABILITY 
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Figure16. Single blade stringer bonded panel strain gauges signals – stringer disbanding – 103 kN 

3.2.2 Co-infused stringer panel compression tests results 

Below the strain gauge signals for coinfused stringer panel related to the first instability load 
(33 kN), at 70kN applied load, and at failure. 

Figure 10. Single blade stringer coinfused panel strain gauges signals – 33 kN 

FAILURE
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Figure 11. Single blade stringer coinfused panel strain gauges signals – 70 kN 

Figure 12. Single blade stringer coinfused panel strain gauges signals Stringer disbonding – 126 kN 

3.2.3 Compression tests results comparison 

In the following the strain gauge signals comparison related to the behavior of both the types 
of stiffened panels at first buckling and at failure. First, the compression tests for both types of 
panels were performed until the first buckling critical load. In Figure 20, it is possible to have 
a look at the strain gauge signals for both tests. The behavior of the two panels until their 
buckling is very similar, indeed this can be noticed from Figure 20 via the output of the 
deformation sensors. Furthermore, the critical load values and deformation shapes were almost 
identical (33kN). Consequently, it is possible to say that the individual manufacturing 
approaches for these stringer jointers are equivalent, with regards to their linear compression 
behavior, until the first critical load is met. 

Failure
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Figure 13. First initial buckling load for both panels under test (strain gauges output signals) - 33 KN 

In Figure 21 it is possible to look at  the co-infused stringer plate strain gauge signals measured 
during the failure test and see in the right photo the collapse mechanism, consisting in a 
disconnection between the stinger feet and the cap all along the panel extent due to high flexural 
and torsional deformation at collapse load.  An interesting fact was that, at failure load, the total 
out-of-plane deflection in the most deformed point of the stringer feet was about 3 cm as 
forecasted by the numerical model [15] even if the collapse load estimated was about 20% 
lower than the real one. Obviously at failure time the installed strain gauges signal saturated as 
reported in Figure 21 (right). 

Figure 14. Co-infused stringer plate collapse load - 126 KN 

In Figure 22 it is possible to look at the co-bonded stringer plate strain gauge signals measured 
during the failure test and see in the right photo the collapse mechanism, consisting, again, in a 
disconnection between the stinger feet and the cap all along the panel extent due to high flexural 
and torsional deformation at collapse load.   
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Figure 15. Co-bonded stringer plate collapse load - 103.43 KN 

Figure 16. Stringer web instability and failure 
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The behavior of the co-infused panel during failure can be seen in the following images (Figure 
23). The stringer collapses is due to torsion bending mechanism. 
Comparing the strain gauge signals, for example the strain gauges n. 4 of both panels (Figure 
24), it is possible to notice that both structures show the same behavior under the compression 
load. They exhibit, indeed, the same structural stiffness and behavior analogy in both linear and 
post-buckling fields except for the failure load. About the latter, it is worth noting that the failure 
load is about 3 times and 4 times the first instability load for the co-bonded panel and for the 
co-infused panel respectively. 

Figure 17. Strain gauge SG4 signal comparison at failure load 

Figure 25. Strain gauge SG3 & 4 signals for the co-infused & co-bonded plate at failure test 

Figures 25 and 26 compare the corresponding values of SG 1 to 4 for the two panels (co-infused 
and co-bonded) measured within the corresponding failure tests. 
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Figure 26. Strain gauge SG1 & 2 signals for the co-infused & co-bonded plate at failure test 

It is possible to notice the very similar behaviour of the SG applied on the skin panels while the 
differences that present the SGs, applied back-to-back on the feet of the stringer and on the skin, after 
the linear part of the load history.  

3.3 SHM analysis and NDI controls after testing 
Once the compression tests brought to the failure of the first stiffened plate, the damage 
assessment has been conducted by NDI (same technique presented in paragraph 2.3) as well as 
by guided waves SHM approach. In this latter case, an array of bonded PZT actuators/sensors 
“interrogated” the skin-stiffener joint in a “pulse-echo” mode to analyze the typical waves 
reflection produced when the guided waves packet encounters the impedance mismatch created 
by the stringer feet.  

Figure 25 - Coinfused monostringer NDI control before (upper) and after (lower) compression tests 
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Figure 25 presents the NDI results of the inspection of the damaged co-infused plate: it results 
evident comparing the scans of the stringer feet section before and after the failure the reduced 
section thickness corresponding to the detachment of the stringer feet from the cap that stayed 
attached to the skin. Figure 26 presents the SHM results related to the inspection of the healthy 
and damaged plate along a line close to stringer feet boundary. The employed technique is based 
on the wave scattering analysis of the generated ultrasound wave before and after the failure in 
the same “control points” as presented in [4] and [7]. It is possible to notice that after the 
detachment of the stringer feet from the cap the scattered waves in red circle almost vanishes 
while it resulted clearly when the stringer was in its original configuration attached to the plate. 
Unfortunately a complete detachment of the stringer happened simultaneously at failure load 
for the full elongation of the plate making useless a tentative of localization of the failure extent 
since the damage extend covered all the plate.   

Figure 26 - SHM set up & results 

4 CONCLUSION 
Aerospace structures are typically designed as “stiffened structures” and the implementation of 
GUW based SHM system could bring to a drastic simplification of maintenance procedures and 
to a relevant weight reduction due to relaxed certification prescriptions (reliable NDT could 
avoid rivets in bonded stiffeners and could permit to reduce the design material elastic 
properties “cut-off” due to uncertainties in failure mechanism predictions).   
Accurate design and production of bonded and co-infused samples of stiffened panels, 
mechanical testing, state-of-the-art NDT and correlation with GUW based SHM methodologies 
have been included in a research activity not yet concluded and the first results presented. The 
concurrence of all these aspect is a possible path that could bring to a step forward in the 
reduction of joints design and inspection complexities and to a possible certification of new 
maintenance and design procedures based on a deeper knowledge of failure mechanisms as well 
as on the implementation of GUW based SHM systems for monitoring the health status of the 
joints.  
The preliminary results demonstrated the similar structural behavior within linear extent until 
first buckling condition under compression load of two different manufacturing choices for 
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stiffeners implementation. It was not yet possible to compare non linear (post-buckling) 
structural compression behavior up to failure. Furthermore, the effectiveness of GUW based 
SHM for disbonding detection of stringer in correlation with AU Scan was confirmed even if, 
at the moment, after only static tests, it was impossible to obtained only a partial detachment of 
the stiffener and consequently a spatial analysis of the damage. This type of analysis will be 
carried out in a second phase of the project where more panels with partially disbonded areas 
will be manufactured and fatigue loads applied to measure the propagation of the artificially 
reproduced failures by SHM system. The relevant “distance” between compression critical 
loads and ultimate failure loads of the investigated structures resulted clearly, demonstrating 
that within non linear post-buckling behavior the simple stiffened panel was able to bear more 
than twice the first critical load value and that load carrying potential would be all “lost” if “no-
buckling” load would have been fixed as “design load capability”. Further investigation about 
fatigue induced propagation of an initial defect and role of rivets as “crack stoppers” in that 
case, will be part of the following work where GUW SHM will be employed for damage 
propagation monitoring. 
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ABSTRACT 
The introduction of the ubesat Standard, together with the miniaturization and improved 
performance of on-board satellite electronic components, allows developing small low cost 
scientific and education space missions. The new development of space activity involves the 
study of nano-satellites, by the aid of novel technologies which allow to achieve remar able 
scientific soundness with low-cost payloads. Such technologies are at disposal of students 
since the reduced hardware and the possibility to use commercial components for the whole 
subsystems control. Aim of the wor  is to join secondary school students with university 
students and professional researchers for a preliminary development of a nano-satellite for 
Earth observation. A group of high-school students from the ITIS-Galileo Galilei of Rome and 
university students from the aculty of ivil and Industrial Engineering of Sapienza 

niversity of Rome have been involved in a hands-on education activity, to foster the 
awareness of space technology and implementation aspects of a space program. The activity 
is focused both on the satellite numerical design and mechanical manufacturing, and on the 
payload and control electronics analysis and development. Students developed a prototype of 
the complete satellite system, following standard space operational procedures and 
qualification for launch. The ey for the development of the program is the space environment 
testing infrastructure available at the ITIS-Galilei and operated by the DIAEE personnel. 

Keywords: CubeSat, High school students, Arduino 

1 INTRODUCTION 
A 1U cubesat was the base idea of this collaboration between ITIS Galilei and La Sapienza 
University of Rome, built around the goal of ta ing pictures from the space. The now-how 
1 2  of La Sapienza team learnt in previous pro ect and the straightforward educational 

activity offered from this ind of payload presented the best preliminary condition for a oint 
team wor . 
The main payload composed by the camera module permitted a very interesting wor  both on 
the software and on the hardware  its power requirements, heat production, and software 
complexity led the oint team to a long integrated wor  to finalize the system configuration 
including the development of the bus. 
The main payload requirements are: on-board storage capacity of 1 M  or more, 4  of 
power during activity, the availability of different communication protocols with the C 
li e SPI, I2C and a TT C data rate of 9600 bps or more. 

1 1
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2 PRELIMINARY PHASE 
The development of the CubeSat began with a preliminary discussion about the pro ect phases 
and the goal in order introduce the ITIS-Galilei students and teachers involved in the pro ect 
to the mission concept, mission development and to plan the activities. The didactic aspect 
conditioned the activities since the preliminary design  the selection of the hardware 
components was based on the economy and also on the possibility to share with the students 
the nowledge. Arduino microcontroller and Arduino compatible sensors was the best choice 
due to the availability for the students and the straightforward programming and electronic 
used. 
This premise lets the students with a high school bac ground in mechanics, electronics, and 
informatics to start the hardware selection and testing. 

3 HARDWARE 

3.1 OBC and electronic sensors 

Many Arduino microcontroller were considered but immediately became evident that the 
quantity of libraries needed, the length of the code that will be developed and the RAM 
needed during the images transfer will be too large for the boards based on ATmega 28P li e 
Arduino Uno. A more powerful board was selected, Arduino Due with Atmel SAM 8E 
ARM Cortex-M  CPU and il shows very good behaviour during the tests.  

Figure 1: Arduino Uno Microcontroller 

A set of sensors is intended to provide house eeping data: two different ind of temperature 
sensors LM60 and DS18 20, one Real Time Cloc  DS 2 , one Inertial Measurement Unit 
MPU9250, one Adafruit GPS receiver module, multiple current sensors INA219 and a mass 
storage board based on an SDCard provided by Adafruit. Those components communicate 
with the microcontroller via different buss and protocols: I2C, UART, SPI and some 
components with digital proprietary coding and analogic signals. In the following pictures the 
components of the systems are shown. 
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Figure 2: The hardware components and their communication system 

3.2 EPS 
The Electrical Power System is composed by a solar power charger based on the LT 652 IC a 
couple of standard 18650 Lithium-ion batteries and solar cells. The board with this regulator 
should provide buses at different voltages as some components requires  and other 5 . 
The tests conducted in the preliminary phase were performed to introduce the students to the 
hardware, confirming that the Arduino Due board is non capable of providing the amount of 
power requested by the sensors and the payload and also that the microcontroller is very 
sensitive to the voltage level. So a solar power manager provided by DFRobost with buses at 

 5  and a very adaptive solar cells input was selected due to its compliancy with the 
power budget and different solar cells configuration. 

Figure : Solar Panel (left) and Solar Charger (right) 

3.3 TT&C 
In this phase of the pro ect a single RF channel is simulated by the installation of a couple of 

EE P24 module, one connected to the nanosatellite and one connected to a indows 
PC that wor s as Ground Station. The low data rate provided by those modules was intended 
to raise high school students awareness of the typical data handling on a space RF channel for 
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CubeSats and together with the storage and pac etization of the data this turned out to be very 
instructive both during house eeping handling and payload data transmission. 

Figure 4: EE Communication Module 

3.4 Payload 
The camera module selected for the mission is an Arducam Mini 5642 an upgraded 
version of the one that La Sapienza Team used on previous Cubesat missions. It has a 5MP 
sensor and uses two differnt buses: one SPI lin  dedicated to data transfer and I2C for 
commands. A FIF  buffer is installed directly on the module and the large aviability of 
libraries on the web let the team to reach a very high personalization level of the code in a 
straightforward way. Many camera commands were used li e: single or multiple frame 
shooting, low power mode, resolution change, read from buffer, and so on. Each one is 
present in the code and triggerd from user interface interactions. 

Figure 5: The payload 
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4 STRUCTURE 
A 1U structure was chosen for a preliminary design and construction. The structure was built 
in A S as the students could have a first loo  to the integration of the components and the 
creation of the CubeSat. Starting from a commercial CAD, revised and adapted to the custom 
needs of the pro ect, a D-RAG D printer present inside the ITIS Galilei was used to create 
the structure. In the pictures below the printing of some components and the structure are 
shown. 

Figure 6: Upper part of the structure 

Figure : ne of the arms composing the structure 
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Figure 8: Closed structure 

5 TESTS 
The test campaign started after the selection of the component and the preliminary 
introduction of the students to the hardware. The wor  ran in parallel with the software 
developing to let the students to fully understand the requirements of the mission and the 
behaviour of the microcontroller in different conditions. 

ery close collaboration between the students from La Sapienza and IT IS-Galilei was 
performed in this phase, the nowledge of the main requirements of a space mission was 
shared during the conduction of the tests and it is the most productive educational activity 
until now. 

readboard model of the circuitry and PLA model of the structure was used in this phase.  

Figure 9: Students of ITIS Galilei and DIAEE personnel during the test set-up 
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6 CONCLUSIONS 
The pro ect reached a detailed definition level of the subsystems and a detailed schedule of 
the next phases wor , li e PC  production to easily integrate the components in the CubeSat 
standard and li e the aluminium production of the structure. Also a ground station 
development in ongoing from both the point of view of the user interface and the whole 
definitive RF channel hardware. Lot of things to do but also a very big lesson learnt. 
The next step is to perform the creation of an aluminium based structure, the integration of the 
satellite, and the space environmental test campaign, in order to create a ready-to-launch 
product during the next year. 
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ABSTRACT
The problem of prediction of heat flux at throat of liquid rocket engines still constitutes

a challenge, because of the little experimental information. Such a problem is of obvious
importance in general, and becomes even more important when considering reusable en-
gines. Unfortunately, only few indirect experimental data are available for the validation
of throat heat flux prediction. On the numerical side, a detailed solution would require
a huge resolution and codes able to solve at the same time combustion, boundary layer
with possible finite-rate reactions, expansion up to at least sonic speed, and in some cases
radiative heat flux. Therefore, it is important to validate, with the few experimental data
available in the literature, simplified CFD approaches whose aim is to predict heat flux in
the nozzle in affordable times. Results obtained by different numerical models based on a
RANS approach show the correctness and quality of the approximations made, indicating
the main phenomena to be included in modeling for the correct prediction of throat heat
flux.

Keywords liquid rocket engine; heat loads; CFD

1 INTRODUCTION

Heat flux prediction at throat of liquid rocket engines still constitutes a challenge, also
because of the limited experimental information. On the other hand, being capable of pre-
dicting numerically the heat flux at the throat of a rocket thrust chamber is of paramount
importance. In fact, throat region is the most critical one in terms of heat loading and
requires a suitable cooling system design, which is a tradeoff between overall engine ef-
ficiency and safe structural life. This is even more important if one considers reusable
engines. Many experimental studies have been focused on the measure of wall temper-
ature and heat flux in the combustion region, that is the thrust chamber part from the
injector faceplate up to the beginning of the converging section. Less experimental data
are available concerning throat heat flux. In fact, it can be easily imagined that inserting
thermocouples in an experimental apparatus in the vicinity of the converging-diverging
nozzle throat is much more challenging.
The numerical estimation of heat load in both combustion chamber and nozzle presents
its uncertainties. Since the boundary-layer based empirical relations, as the famous Bartz
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equation [1], significant progresses have been made thanks to CFD developments. How-
ever, a detailed solution requires a huge resolution and codes able to solve at the same
time combustion, boundary layer with possible finite-rate reactions, expansion up to at
least sonic speed, and in some cases radiative heat flux [2]. Therefore, it is important to
validate CFD solvers for the specific objective and especially to understand the uncertain-
ties introduced by each approximation made to get reasonable predictions in affordable
times.
In this framework, a wealth of experimental information has been recently obtained and
made available to scientific community by a campaign of tests conceived and carried out
at Technical University of Munich (TUM) [3–6]. Unfortunately, most of information is
relevant to the combustion chamber. However, results of a new test including the measure
of coolant temperature increase in throat region have been made recently available [5, 6].
These data have been considered a testbench for code validation by different research
groups making use of both commercial and in-house CFD software [7–15].
In this paper, some aspects of modeling are deepened to get more insight on the driv-
ing phenomena for the correct prediction of throat heat flux. Analysis is carried out by
a RANS solver including finite-rate chemistry and laminar turbulence-chemistry inter-
action model. A comparison of different approaches based on different levels of model
completeness is carried out aiming at evaluating limits and capabilities of each of them.

2 TEST CASE

The seven-injector thrust chamber developed and tested at TUM [6] is made of four water-
cooled segments of circular cross-section and a fifth segment, the nozzle, also of circular
cross–section and water-cooled. The cylindrical combustion chamber includes one long
and three short segments. Together with the nozzle segment the total length of thrust
chamber is 383 mm. The combustion chamber inner diameter is 30 mm and the throat
diameter is 19 mm, resulting in a contraction ratio of 2.5. The distance between the
injectors as well as the injector-wall-distance are equal to half of the injector diameter.
The operating point chosen for this test case features a mean combustion chamber pressure
of 18.3 bar and a mixture ratio of 2.65. With a total mass flow rate of 0.291 kg/s, this
chamber features a combustion efficiency of 94.5%.

Figure 1: Geometry of seven-injector thrust chamber. Flow is from left to right.

The thrust chamber is cooled by the aforementioned two water channels. A single water
channel, in fact, would not have been appropriate because of the high water temperature at
the outlet of the fourth segment. For the determination of the thermal loads a calorimetric
method is applied. Heating rate to each chamber segment is determined by the difference
of the coolant total enthalpy between inlet and outlet. In this case thanks to the joint
measure of wall temperature from thermocouples and of the heat flux for each segment
from the measure of water temperature increase, information about wall temperature and
heat flux are made available in the combustion chamber and a single measure of heat flux
is also provided for the throat segment, which is the most relevant information for the
present study.



Estimation of Throat Heat Flux in Liquid Rocket Engines Concio, Migliorino, Nasuti

3 THEORETICAL AND NUMERICAL MODEL

The study of wall heat transfer at the throat of LRE thrust chambers is carried out
including in principle both convection and thermal radiation models. The convective con-
tribution is evaluated by suitable CFD modeling. The radiative contribution is evaluated
by a thermal radiation model which takes information on the local flow conditions by CFD
modeling. The approach has been recently presented and discussed in Refs. 2, 14–16.

Table 1: Reaction mechanism for O2/CH4 [17] (units: cal, mol, cm, s).

j Reaction Aj nj Ea,j, cal/mol
1 1

2 CH4 +
5
4 O2 �! CO + 2 H2 + O2 7.82 · 1013 0.00 30000

2 CH4 + H2O �! CO + 3 H2 3.00 · 1011 0.00 30000
3 CO + H2O ��*)�� CO2 + H2 2.75 · 1012 0.00 20000
4 1

4 H2 +
3
2 O2 ��*)�� 2 H2O + 1

2 O2�7
4 H2 1.21 · 1018 -1.00 40000

5 O2 ��*)�� 2O 1.5 · 109 0.00 113000
6 H2O ��*)�� H + OH 2.3 · 1022 -3.00 120000
7 OH + H2 ��*)�� H + H2O 2.10 · 108 1.51 3430

The CFD solution is computed by solving the compressible Reynolds–averaged Navier–
Stokes (RANS) equations for reacting mixtures of thermally perfect gases with turbulence
closure according to the Spalart–Allmaras one-equation model [18]. The assumed turbu-
lent Schmidt and Prandtl numbers, are ScT = 0.7 and PrT = 0.9, respectively.
The RANS equations are numerically integrated up to the wall by an in–house CFD
solver that has been validated in different operating conditions [16,17,19–22]. The solver
adopts a finite volume Godunov-type formulation. To allow the second–order accuracy
in space, a linear cell reconstruction of flow variables is carried out by using the value
in the considered cell and those in the contiguous ones. A Roe approximate Riemann
solver [23] for multi–block structured meshes is used. This allows to evaluate variables at
cell interfaces and associated fluxes to compute the evolution in time. Radiative heat flux
from hot gases is also considered according to [2].

4 RESULTS

All simulations presented in the following have been obtained by the RANS code in-
troduced in Section 3 solving the boundary layer up to wall. Computational grids are
therefore designed to guarantee a value of y+ of order one at all wall boundaries. Isother-
mal wall boundary condition is considered by enforcing thermocouple data. The resulting
heat flux is then compared with experimental data to discuss the quality of prediction.
Outlet boundary condition does not require specific information as supersonic flow is as-
sumed at the nozzle exit. Two kinds of simulations are carried out with two different
inflow conditions:

1) Combustion Products Injection (CPI). Uniform injection of combustion products is
considered for the whole injection plate area. The chemical composition of com-
bustion products is the equilibrium composition obtained with the given mixture
ratio and pressure as computed by CEA. Total pressure, temperature and chemical
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composition are therefore prescribed at the injector faceplate. The computational
grid includes 160⇥60 cells.

2) Axisymmetric Propellant Injection (API). The seven injector pattern is modified as
follows. The central injector is the same as in the real thrust chamber. The six
peripheral injectors are substituted by an equivalent annular injector (see Figure 2)
which preserves the main quantities (mass flow rate and distances). The computa-
tional grid includes 311⇥142 cells. Propellant mass flow rate and temperature are
given at injector exit.

Figure 2: Equivalent annular injector schematic.

The computed flowfield obtained by the CPI simulation enforcing experimental chamber
pressure and wall temperature is shown in Fig. 3. The lack of a loss mechanism for

Figure 3: CPI simulation results. Contour lines from top to bottom are: CO2 mass fraction,
H2O mass fraction, temperature, Mach number, pressure.

pressure except friction, heat exchange and release within the boundary layer, yields
negligible pressure decrease in the combustion chamber. It can be clearly seen the effect
of recombination reactions which increase H2O and CO2 mass fractions even at the most
external part of the boundary layer. The importance of taking into account recombination
reactions in the wall heat flux evaluations is well-known and has been discussed in Ref. 17.
The differences on heat flux values obtained with and without considering recombination
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Figure 4: Comparison of wall heat flux obtained with finite-rate, frozen and equilibrium
chemistry.

reactions is shown in Fig. 4. An underestimation of about 11% all along the thrust
chamber would have been obtained considering frozen chemistry. Moreover, assuming
shifting equilibrium, which is reasonable for engines using hydrogen as the fuel, yields in
this case a discrepancy similar to that given by the frozen chemistry assumption. The
assumption of shifting equilibrium yields, in fact, a 10% overestimation of heat flux as
shown in Fig. 4.
The wall heat flux obtained along the chamber with finite-rate chemistry reactions is
compared to experimental wall heat flux data available for each segment in Fig. 5. Because

Figure 5: Comparison of present results (Sapienza) and experimental data [11] (EXP).

of the injection procedure, the values decrease from inlet to the converging section of the
nozzle where it starts increasing up to the throat peak, and finally decreases again in
the divergent section of the nozzle. A qualitative comparison of data in Fig. 5 shows a
reasonable agreement for throat heat flux.
For a quantitative comparison of the computed wall heat flux it is necessary to make
averages of numerical values for each segment. The results obtained by averaging wall
heat fluxes in each segment is reported in Fig. 6. The comparison with experimental
data shows that if one discards the region corresponding to the first two segments, the
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Figure 6: Computed (Sapienza) and experimental [11] heat flux at each segment.

numerical simulation provides reasonable results. In fact, it is expected that the lack of
any injection and combustion model does not allow any kind of agreement in the vicinity of
the faceplate. On the other hand, the experimental results show a decreasing trend in the
combustion chamber starting from the third segment. A possible interpretation for this
decreasing trend is that the chamber region where the injection and combustion processes
are dominant ends at the third segment. For this reason, the present results, which neglect
injection and combustion process, are compared to experimental and other numerical
simulation starting from the third segment. An interesting aspect of comparison of Fig. 6
is that a quite higher increase between fourth and fifth segment in experimental data
with respect to the numerical solution. This significantly different behavior would make
numerical results rather questionable. However, this aspect has been already noticed in
previous studies which have found an explanation in axial heat transfer between segments
[8, 12]. In particular, due to the two water paths, one for cooling the first four segments
in series and one in parallel for the cooling of nozzle segment, the nozzle segment appears
to be colder than the fourth one. As a consequence the coolant of the nozzle segment is
heated from the fourth chamber segment resulting in an increase of the water temperature
at the exit of the nozzle segment. If one considers the increase of temperature only due
to heat coming from underlying hot gases, he makes therefore an error of overestimation
of heat flux. The same is true, in the opposite direction for the fourth segment. This
means that the overall heat flux should be partly redistributed between fourth and fifth
segment so as it can be expected that the average heat flux would be a little more in the
fourth and a little less in the fifth segment. The correction to be considered results to be
about 600 W exchanged between the two segments resulting in the heat flux comparison
reported in Figure 7.

Figure 7: Computed (Sapienza) and corrected experimental [11] heat flux at each segment.
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Finally, the obtained results are also compared with those obtained with other numerical
approaches as presented and discussed in [14]. Moreover a detailed comparison with a 3D
URANS simulation with a flamelet combustion model has been presented and discussed
in [15]. Results show that despite the strong simplification made with the CPI approach
the estimation of throat heat flux is in line if not better than other more detailed ap-
proaches. On the other hand the agreement with other numerical solution and data along
the cylindrical part of the combustion chamber only occurs at its end (it could be however
better for larger scale engines). It is for this reason that the approach API is consid-
ered as an intermediate approach between the full 3D representation of the combustion
process and the CPI approach. Goal of the API approach is to have a reasonably good
representation of the combustion process which is able to provide the correct heat load on
the walls of the combustion chamber despite the lack of precision of the representation of
the actual combustion process. Unfortunately simulations with API approach are still in
progress. The flowfield however is evolving correctly and is developing a solution similar
to that obtained with a similar approach in [26].

Figure 8: In-progress API simulation results. Temperature contour lines.

5 CONCLUSION

Focusing on the capability of predicting the wall heat flux at throat the present analysis
has shown that considering a simplified injection and combustion model can provide re-
sults close to experimental data. A simplified approach considers injection of combustion
products at equilibrium conditions for the given chamber pressure and oxidizer to fuel
mixture ratio. Further improvement is expected by the approach with annular injection,
which should allow to get a more reasonable prediction in the combustion chamber and
positively affect the evaluation at throat.
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ABSTRACT 
The present wor  deals the modal experimental characterization of a metallic component of 
interstage 2  of EGA-C launcher. The obtained experimental results aim to validate the 
numerical procedure developed to obtain the best design (in terms of weight and requirement 
fulfillment) for a structural component sub ected to a launcher environment. 
The component analyzed represents the support used to mount the UCAT equipment into the 

EGA C launcher Interstage 2 . The Interstage 2  is a composite grid structure that connects 
the 40 second stage to the 9 third stage of the EGA-C. 
The optimization process is set up to satisfy the environmental requirements prescribed by the 

ega General Specifications. The designed component shall support the equipment and in order 
to reduce the vibration level it has to be, at the same time, strength and stiff enough. Concerning 
the stiffness, the requirement L2 establishes that the support (with equipment mass) shall have 
a natural frequency greater than or equal to 100 Hz in longitudinal direction and 50 Hz in lateral 
(tangential and radial) direction. 
Another parameter to ta e into account is the amplification factor that influences the response 
to dynamic loads. In order to obtain an acceptable response of the support to a dynamic 
excitation, the ratio of the modulus of acceleration, at the center of gravity of the equipment, to 
the modulus of acceleration, at the support attachment point on the main structure, shall be less 
than or equal to 15 (Requirement L0-a). Moreover, the amplification factor shall be such that 
the response level to the dynamic excitation, applied on the primary structure, shall not exceed 
15g in longitudinal direction and 10g in lateral direction (Requirement L0-b). 
In order to comply with the requirements and to optimize weight, a numerical optimization 
procedure was set up. The developed procedure uses the specific advantages of two different 
commercial codes ANS S and NASTRAN, associated through an in-house developed routine. 
Using the here-presented numerical optimization procedure, the total weight reduction obtained 
is about 50 , with respect to the initial model. 
After the numerical optimization the test article has been manufactured dynamic tests have been 
performed. Finally, in view to validate the numerical model a correlation was performed 
between experimental and numerical results. 

1
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1 INTRODUCTION 
The development pro ect of ega C launcher, approved with ESA Ministerial meeting in 
December 2014, is focused on improvement of the current ega launcher. The main ob ective 
is to increase the launch vehicle performance and increase the flexibility for multiple payload 
missions. In particular, the ega C launcher is characterized by an increase of load capacity 
from the current 1500 g of ega launcher to 2200 g of ega C in LE  orbit, this will enable 
an improvement of performance and costs. In this context, a process of weight optimization can 
be considered. The purpose of this paper is to provide an overview of the numerical 
optimization process and the experimental data used to validate this model. In particular, the 
ob ect of this paper is a support equipment installed in the interstage 2-  of the EGA-C 
launcher. 
The optimization process aims to obtain the minimum weight value that permits to satisfy each 
mission requirement. In this case, the optimized support will be sub ected to launcher 
environment that includes several events (ignition, lift-off and atmospheric flight), each of 
which generate static and or dynamic loads. This involves different ind of numerical analyses. 
For equipment mounted on specific fixtures of the launch vehicle, the dynamic response of 
those fixtures to vibration sources leads to high loads that are generally dimensioning. For this 
reason, the designed component shall support the equipment by reducing the vibration level. 
Therefore, the main step will be a dynamic characterization of the numerical model. In order to 
obtain a model as accurate as possible an experimental test has been performed. The obtained 
experimental results aim to validate the numerical procedure developed. 
In the present wor  the dynamic characteristics of a support equipment are investigated 
experimentally and numerically. The experimental results are used to validate the Finite 
Element models coming from an optimization process and to verify that some requirements are 
guaranteed. An overview of the pro ect and of the activity is given in introduction, while in 
section 2 a description of the development and design of the investigated equipment support is 
presented with some remar s on optimization process and requirements. In Section , a 
dynamic analysis is performed numerically and experimentally on the support equipment stand 
alone (to validate the FE model) and on the final assembly, simulating the real structure, to 
verify the respect of the requirements. Finally, in Section 4 some concluding remar s are 
highlighted. 

2 DEVELOPMENT AND DESIGN OF EQUIPMENT SUPPORT 
The Interstage 2  is the structure that interfaces the second and third stage on the ega C 
launcher, i.e. between the 40 and 9 motor. The development of the Interstage 2  of the 
new launcher ega C was realized by CIRA in the ECEP program with a composite grid 
structure based on a new process of dry fibres winding on a rubber insert, followed by resin 
infusion. 1   

Figure 1: Location of Interstage 2  on ega C 
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For the positioning of the equipment into Interstage 2  it was necessary to develop suitable 
supports. The development and design of the equipment supports has been performed by CIRA, 
using specific structural optimization procedure with the purpose of comply with the 
requirements and to optimize weights (Fig. 2). More details are available in Di Caprio et ali. 
2 The support was designed to withstand static and dynamic environment requirements. In

particular, the optimization process is developed in order to guarantee following requirements
L0, L2, and L6, as prescribed by the ega General Specifications :

Table 1: Requirements L0 and L2 ega General Specifications 
Requirement L0 

1) Amplification factor requirement
The ratio of the modulus acceleration at the centre of gravity of the equipment to the modulus 
of acceleration at the support point on the main structure shall be less than or equal to 15. 

2) Level requirement
The response level to the dynamic excitation applied on the primary structure shall not 
exceed, at the CG of the equipment: 
15 g in longitudinal direction  
10 g in lateral direction 
Requirement L2 
The equipped support, with equipment mass, shall have a natural frequency greater than or 
equal to: 
100 Hz in longitudinal direction  
50 Hz in lateral direction (i.e. tangential and radial). 

The optimization numerical procedure is conceived by means of three main steps: 
x 2D FE model generation in ANS S software. This step requires a low number of

parameters, such as position, dimensions and number of holes for the installation of the
support on the interstage, position, dimensions and number of holes for the installation
of the equipment on the support, material data and equipment characteristics (weight,
inertia, etc.). The routine finishes the first step providing an input file for NASTRAN
code.

x Topometry optimization analysis is run using the NASTRAN S L200 4, 5  and D FE
model generation. The new FE model is composed by D bric  elements. ottom face
of these elements corresponds with the shell elements of the previous model (the nodes
of the solid elements bottom face are exactly the same as the nodes of the shell
elements), while the upper face is generated by means of two possible modes:

o The nodes at the upper faces were set at the maximum thic ness among all shell
elements which converge in that point (option 1).

o The nodes at the upper faces were set at the mean value of relative thic ness
among all shell elements, which converge in that point (option 2).

The procedure includes the evaluation of both methodologies and the configuration that 
provides better results is identified as the better solution. The model is solved again to verify 
that the difference between shell and solid model are compliant. 
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Figure 2: Numerical optimization procedure 

Starting from the initial model of support equipment (with a related mass of about 2.5 g), the 
developed optimization procedure allowed to obtain a weight reduction greater than 50 . 
Following figure shows the final design of the optimized component: 

a) b) c) 
Figure : Top, side and bottom view of the support equipment final model after numerical 

optimization procedure C 

3 DYNAMIC TEST 
3.1 Test on the support equipment 
The dynamic behaviour of the support equipment, in terms of natural frequencies and mode 
shapes, was investigated numerically and experimentally.  
Experimentally modal parameters of the support equipment were identified through resonance 
tests adopting the so-called roving hammer technique 6 . In Fig. 4 the experimental setup is 
reported: the test article, under investigation, is fixed to a rigid support through soft springs  the 
stiffness of the spring was defined in order to reproduce – with good approximation – a typical 
free-free boundary condition. 
An instrumented hammer was used to hit the structure with an impulsive load changing its 
position along the 102 nodes of the experimental mesh (Fig. 4b) and 5 monoaxial 
accelerometers were used to measure the response over the surface of the test article. Frequency 
response data were recorded using the acquisition system LMS SCADAS III, in the bandwidth 
0 – 1000 Hz with a frequency resolution 1 Hz and then analysed by adopting PolyMA  function 
implemented in LMS Test.Lab commercial software. 
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Figure : a) Test article and b) experimental mesh grid 

First results were obtained for the test article under free-free boundary conditions in order to 
properly tune and validate the FE model.  
Correlation was performed by comparing the natural frequencies, mode shapes and Frequency 
Response Function of the numerical and experimental models. 
Table 2 presents the mode shape pairs and the correlation between experimental and numerical 
results while a comparison of the Frequency Response Functions is reported in Fig. 4. The 
numerical and experimental frequencies are quite similar and also the Modal Assurance 
Criterion (MAC) values are quite good with values always higher of 60 , which means a good 
correlation (100  is the optimum). 
The Modal Assurance Criterion (MAC) index is a scalar parameter measuring the degree of 
consistency (linearity) between modal vectors originated from two different sources 
(experimental tests and FE analyses in our case). 

Table 2: Correlation between numerical and experimental natural frequencies and MAC values 

ID FEA Hz EMA Hz Diff. (%) MAC 

1 1 4,18 1 ,9 0,81 91,8 

2 2 9,26 2 8,99 0,69 84,  

3  1 8,54  1 9,  -0,88 8 ,9 

4 4 ,21 4 41,12 -2, 2 62,4 

5 5 426,64 5 4 6, 4 -2, 1 5,1 
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Figure 4: Comparison of the experimental and numerical Frequency Response Function of the 
investigated test article 

3.2 Test on the assembly support equipment 

alidated the support equipment the second step, and main aim of the wor , in the dynamic 
process is to satisfy the requirements L0 and L2 of the ega General Specifications. The details 
of the two requirements are listed in the aforementioned Table 1. 
Therefore, it is necessary to execute the dynamic tests on the real configuration, i.e. the UCAT 
equipment is installed on the support equipment that is fixed on the Interstage structure. Hence, 
in view to replicate the real and final stiffness and position of the structure, as much as possible, 
an assembly of plates (support, positioning and mounting) have been built as reported in Fig. 
5.  

Figure 5: Assembly sequence of test article on system of support plates 

The dynamic test was performed on this assembly for three different load directions 
(longitudinal, radial and tangential) as reported in Fig. 6 and two tri-axial accelerometers were 
used to measure the response in the CG of the equipment and on the support plate. Also in this 
case the tests was executed on the test article under free-free boundary condition. 

Support plate Posit ioning plates M ounting plate Assembly result
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Figure 6: Frequency Response Functions for the three different load directions: a) longitudinal, b) 

radial and c) tangential 

 From the FRF it is possible to see that the requirement L2 is satisfied, in fact the first mode is 
at 266 Hz. Moreover, also the requirement L0 is satisfied, as reported in Table . In fact the 
average value of amplification factor between 0-200 Hz  is less than 15, excluded the case of 
radial input-radial output with a value equal to 20 but, it can be considered fine since the 
accelerations in the CG of equipment are of order 10-12 (i.e. equal to 0). 
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Table : Amplification factor for the different test cases. 

4 CONCLUSION 
In this paper experimental and numerical analysis of a support equipment of EGA-C 
interstage 2  are described.  
After the design phase and the numerical investigation of test rig, in order to validate the 
numerical procedures used to obtain the final design of the support equipment, an experimental 
test campaign was planned and performed. The main aim of this wor  is to validate both the 
numerical model of the support equipment and to guarantee the respect of the requirements L0 
and L2 of ega General Specifications. 
Experimental results, in terms of modal parameters, carried out on the support equipment are 
well correlated with the numerical ones leading to the validation of the FE model. Moreover, 
the experimental test on the final assembly, representing the real condition, reveal that the two 
requirements are satisfied.  
The future wor  is to complete the test campaign, in particular the Frequency Response at 
dynamic excitation and static tests, on the other secondary structures, in order to obtain a 
complete validation of the numerical procedures.  
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ABSTRACT  

This paper presents an experimental study on the flexural response of a thin cylindrical 
structure, which is excited by a broadband disturbance and is equipped with a Shunted Electro-
Magnetic Tuneable Vibration Absorber (SEM-TVA). The cylindrical structure is designed to 
resemble the fuselage section of a small aircraft. The effectiveness of the prototype SEM-TVA 
in controlling the flexural response of the cylindrical structure is experimentally assessed 
considering two operation modes: a fixed tuning and a sweeping tuning. In the classical fixed 
tuned mode, the stiffness and damping properties of the SEM-TVA are set to control the 
resonant response of a target flexural mode of the cylinder. Alternatively, in the sweeping mode, 
the stiffness and damping properties of the SEM-TVA are uniformly varied to blindly control 
the resonant response of the hosting structure modes resonating in a given frequency band. The 
study shows that the proposed SEM-TVA effectively controls the flexural response of the 
cylindrical structure, and thus the interior acoustic field, at a target narrow frequency band or 
over a broad frequency region. 

Keywords: shunt circuit, vibration control, vibration absorber, cylindrical structure 

1 INTRODUCTION 

The drive to flight heavier payloads at lower cost, together with more severe restrictions on 
CO2 emissions, has led the development of lighter structures for aircrafts. The use of new 
generations of composite material, which have replaced the traditional aluminium alloys, and 
the use of more powerful engines have remarkably intensified the interior noise levels in aircraft 
during flight conditions [1,2]. The acoustic energy transmitted to the fuselage, beside the 
annoying and potentially harmful effects on passengers [3], could lead to damage and failure 
of aircraft components. Therefore, the reduction of interior noise in aircrafts is still an important 
and challenging problem [4,5]. Due to cost constrains, passive treatments and system are 
traditionally used to control the interior noise levels in aircrafts [1,6]. The most common 
solution involves the use of double wall constructions with sound absorption linings [7,8]. The 
principal limitation of these treatments is their poor effectiveness at frequencies below 500 Hz 
(due to limited thickness of the treatment), the addition of mass (particularly from the moisture 
produced by the air conditioning) and their deterioration with time [8]. Other passive control 
solutions are the Tuned Vibration Absorbers (TVAs) [9] and the Helmholtz resonators [10]. 
Active and semi-active systems have also been studied and some solutions have been, or are 
under, development [11-13]. 

This paper presents initial experiments on the practical implementation of a Shunted 
Electro-Magnetic Tuneable Vibration Absorber (SEM-TVA) for the control of the flexural 
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vibrations of a cylindrical shell. The principle of connecting a transducer to a shunt, also 
referred as shunt damping or shunt control, was first devised by Forward [14] and at a later time 
by Hagood and von Flotow [15] considering piezoelectric transducers. The basic concept of 
this technique is the possibility to collect the flexural vibration energy of the primary structure, 
transform it into electrical energy and finally dissipate it by means of a transducer connected to 
a shunt circuit. Recently, the concept of shunt damping has been extended to Electro-Magnetic 
(EM) transducers [16-18]. Compared to piezoelectric shunt damping, the technique involving 
EM transducers is characterised by a smaller shunt voltage and a larger transducer stroke, which 
allows for controlling primary structures characterised by higher vibration levels [19]. 

In this study, a series resistive-inductive (RL) shunt circuit is considered. In particular, 
the equivalent mechanical effects of the shunt parameters, expressed in terms of the mechanical 
base impedance of the transducer, are thoroughly analysed. The relations between the electric 
parameters of the shunt circuit and the resonance frequency and the damping ratio of the SEM-
TVA are provided. In addition to the classical fixed tuned operation mode, in which the shunt 
parameters are set to control the response of a target resonant mode, a new tuning approach, 
namely the sweeping operation mode [20,21], is considered. When the SEM-TVA is operated 
with the sweeping mode, the electrical parameters of the shunt are continuously varied over 
time, such that the natural frequency and the damping ratio are cyclically swept within given 
ranges. This allows for a blind control of multi-resonant responses of the primary structure in 
the frequency band of the sweep. Finally, the vibration control performances of both fixed tuned 
and sweeping SEM-TVA are assessed considering the flexural response of a cylindrical shell 
hosting structure.  

2 MODEL PROBLEM CONSIDERED IN THIS STUDY  

A lot of efforts have been made in the past to develop analytical models to predict the complex 
fuselage structures of aircraft, which are generally composed by a framework structure formed 
by stingers, frames, rings and bulkheads on which is wrapped a thin cylindrical skin [22,23]. 
As shown in Figure 1, a convenient first order approximation of a fuselage section is given by 
a cylindrical shell with the uneven stiffness and mass properties uniformly smeared over the 
surface of the cylinder. The fuselage section is exposed to various types of excitations [13], 
such as for example the tonal excitation produced by propellers, the space and time stochastic 
excitation produced by the air Turbulent Boundary Layer that develops over the skin, the 
stochastic wave excitation produced by the outlets of turbojet engines.  

 (a) (b) 

Figure 1: (a) Picture of the Hawker Siddeley HS 748; (b) Cylindrical fuselage section subject to rain-
on-the-roof excitation. 
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Figure 2 shows a sketch (a) and picture (b) of the experimental test rig considered in 
this study. As discussed in References [1,24,25], in order to estimate the vibration control 
effects of the proposed system and operation modes, the fuselage section is modelled in this 
study as an isotropic and homogeneous aluminium cylinder, whose properties are reported in 
Table 1. The stiffening and inertial effects of the stingers and rings elements are “smeared” over 
the surface of the cylinder. The cylinder was held with four ropes to a frame in order to resemble 
free-free boundary conditions. Also, the cylinder was excited by a shaker, driven with a random 
signal, at the excitation position !". The force and the velocity of the cylindrical shell at the

excitation position were measured by an impedance head sensor mounted at the shaker head. 
Finally, the cylinder was equipped with a prototype SEM-TVA, as shown in the magnified 
picture in Figure 2(b). The flexural velocity of the cylindrical shell at the SEM-TVA footprint 
control position !# was measured by an impedance-head sensor. The signals from the two
impedance-head sensors were fed to a DataPhysics multi-channel analyser. The cylindrical 
coordinates of the excitation and control positions are also reported in Table 1. 

(a)            (b) 

Figure 2: Experimental test rig. (a) Sketch; (b) Picture. 

Parameter Symbol Value Units 
Length L 500 [mm] 

Diameter D 700 [mm] 
Thickness h 3 [mm] 
Density $ 2800 [kg/m3] 

Mass %# 9.3 [kg] 
Excitation position !" = '(", *"+ (135,0) [mm,deg] 

Control position !# = ,(#, *#- (185,170) [mm,deg] 

Table 1: Geometrical and physical properties of the cylindrical shell. 

Figure 3 shows the measured 10-150 Hz spectra of the flexural velocity per unit 
excitation force of the cylindrical shell equipped with the open-circuit SEM-TVA at the 
excitation (a) and control (b) position. Due to space limitation, the response of the plain 
structure is not presented here. The relatively high level of damping and low natural frequency 
of the open-circuit SEM-TVA generates overlapping responses of the cylinder without and with 
the open-circuit SEM-TVA. In the frequency range of interest, the response of the cylinder is 
characterised by eight resonance peaks. These peaks are roughly equally spaced in frequency, 
due to the low modal overlap factor which characterise the response of the cylinder in the low 
frequency range considered [26]. Furthermore, the amplitude of the resonance peaks appears 
fairly even. 
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(a) (b) 

Figure 3: Measured FRFs of the velocity per unit excitation force of the cylinder equipped with the 
open-circuit SEM-TVA at the excitation (a) and at the control (b) positions. 

3 SHUNTED ELECTRO-MAGNETIC TUNEABLE VIBRATION ABSORBER 

Electro-magnetic (EM) transducers [27] are commonly employed in vibration control systems 
since they could convert electrical energy into mechanical energy and vice versa and hence are 
particularly suitable for active and semi-active control solutions. The EM transducer considered 
in this study, shown in the picture of Figure 4(a), is composed by an inner cylindrical permanent 
magnet surrounded by an external ferromagnetic armature which houses a coil. The permanent 
magnet and the armature are connected via spiral springs, which allow large axial strokes with 
limited transverse deviations. Figure 4(b) shows the lumped electromechanical model of the 
EM transducer. The inertial effect of the permanent magnet and of the ferromagnetic armature 
are modelled with the base mass %. and the suspended mass %/, respectively. The two masses
are connected by spring and damper mechanical elements and a two port electro-mechanical 
ideal transducer, all connected in parallel. 

          (a)      (b)           (c) 

Figure 4: Picture (a), lumped parameter model (b) and equivalent mechanical model (c) of the shunted 
EM transducer. 

The spring 0 and a dashpot 1 in parallel, describe the mechanical behaviour of the spiral
springs and the energy dissipation due to the couette air flow in the small gap between the 
magnet and the armature [28]. The two port element consists of an idealised force generator 
coupled to an idealised voltage generator. This element is used to model the electromechanical 
energy conversion of the transducer. When a current 2 flows in the coil of the device, a reactive
force 345 between the magnet and the armature is generated, such as

 345 = −7 2 . (1) 

Similarly, when the coil moves relatively to the magnetic field of the permanent magnet, a 
voltage 945 is induced at the terminals of the coil, which is given by
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 945 = 7,:; / − :; .-, (2) 

where :; / and :; . are the velocities of the suspended and base masses, respectively. In Eq.s (1)
and (2), 7 = <= is the transduction coefficient, which is given by the product of the magnetic
field < of the permanent magnet and the length of the winding inside the armature. Finally, the
electrical effects of the coil are modelled with resistance >4 and inductance ?4 lumped elements
connected in series. The physical properties of the EM transducer considered in this study are 
reported in Table 2. 

Parameter Symbol Value Units 
Base mass %. 115 [g] 

Suspended mass %/ 185 [g] 
Natural frequency 3 ! 18 [Hz] 

Damping ratio " ! 22 [%] 
Coil inductance ?4 4.35 [mH] 
Coil resistance >4 22.5 [Ω]

Transduction coefficient 7 22.5 [N/A] 

Table 2: Physical properties of the electro-magnetic transducer. 

3.1 Base impedance of the shunted transducer 

As shown in Figure 4(b), a series resistive-inductive shunt circuit is considered in this study. 
According to electro-mechanical analogy study presented in Reference [21], the equivalent 
mechanical effect of the electrical circuit of the transducer could be devised as a spring 0/$ and
a dashpot 1/$ connected in series, as shown in Figure 4(c). In particular, the spring coefficient
results given by 

 0/$ =
%&

'()'*
 , (3) 

where ?/ is the shunt inductance, and the damping factor of the equivalent dashpot results given
by 

 1/$ =
%&

+()+*
 , (4) 

where >/ is the shunt resistance. In order to experimentally quantify the effect of the shunt on
the mechanical response of the transducer, the mechanical base impedance ,., of the SEM-
TVA was measured and studied. As shown in Refs. [21,29], the mechanical base impedance ,.
is given by the ratio of the frequency-dependent amplitudes of the force and velocity at the base 
of the device. For practical reasons, the electrical parameters of the shunt were digitally 
implemented using a dSPACE digital platform.  

Figure 5 shows the measured FRFs of the base impedance when the transducer is in 
open-circuit (solid black lines), in short-circuit (dashed black lines) and connected to a RL shunt 
circuit with increasingly larger values of the inductance (solid red lines) and resistance (solid 
blue lines). Overall, it can be seen that the natural frequency of the transducer could be 
effectively varied by setting a proper value of the shunt inductance. Similarly, the transducer 
inherent damping can be effectively altered by the shunt resistance.  
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Figure 5: Measured Base Impedance FRF of the open-circuit (solid black lines), short-circuit (dashed 
black lines) and shunted EM transducer for several combinations of the shunt parameters (coloured 

lines). 

(a) 

(b) 

(c) 

Figure 6: Measured FRFs of the velocity per unit excitation at the excitation point (left hand side 
plots) and at the control position (right hand side plots) with the open circuit SEM-TVA (thin black 
lines) and with the SEM-TVA fixed to control the response of the sixth, plot (a), and ninth resonant 

mode, plot (b) and operating in the sweeping mode, plot (c). 
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4 VIBRATION CONTROL PERFORMANCES 

The experimental survey performed to assess the flexural vibration control effects produced by 
the SEM-TVA on the cylinder is now discussed. Figure 6 contrasts the flexural vibration at the 
excitation and control positions of the cylindrical shell equipped with the SEM-TVA in open 
circuit (thin black lines) and connected to a shunt circuit. The SEM-TVA were operated in the 
fixed tuned mode, blue lines in plots (a) and (b), and in the sweeping mode, orange lines in plot 
(c). In the first two cases, the electrical parameters of the shunt were set to control the control 
the resonance peak of a target flexural mode of the cylinder. More specifically, as indicated by 
the blue arrows in plots (a) and (b) of Figure 6 the sixth and the ninth flexural mode respectively. 
Very good control performances are achieved, with reductions of about 25 and 13 dB at the 
excitation position and of about 25 and 18 dB at the control position. It is worth noting that 
these reductions are restricted to a narrow frequency band centred at the target resonance 
frequency. In the third case for the sweeping operation mode, the electrical parameters of the 
shunt were harmonically varied over time so that the natural frequency of the SEM-TVA was 
swept over the 40-150Hz frequency range and the damping ratio was set equal to the optimal 
value at each frequency [20,21]. Figure 6(c) shows that the flexural response of the cylinder 
equipped with the sweeping SEM-TVA is brought down at most of the resonance peaks in the 
frequency range of the sweep, with reductions comprised between 2 and 10 dB at both the 
excitation and control positions. 

5 CONCLUDING REMARKS 

This paper has presented initial experimental results concerning the implementation of a 
Shunted Electro-Magnetic Tuneable Vibration Absorber on a cylindrical structure to control 
the flexural vibration in the low-frequency range. The effects of a resistive-inductive series 
shunt on the mechanical response of prototype SEM-TVA were first revised. More specifically, 
the experimental work has shown that the natural frequency and the damping properties of the 
SEM-TVA could be varied by properly setting respectively the inductance and the resistance 
of the shunt.  

The control performances of the SEM-TVA were experimentally assessed operating the 
device in both the fixed and the sweeping modes. The former operation mode allows for greater 
reductions, but these are limited to a narrow frequency band and require a precise tuning. In 
contrast, with the latter operation mode, smaller reductions are achieved, but extended to the 
majority of the resonance peaks in the frequency range of the sweep and without the need of a 
precise tuning. Sweeping SEM-TVA represents therefore an interesting practical solution, 
especially in view of the possibility to control the response of structure subject to changes of 
the dynamic response due to operation conditions, such as temperature, pressurization or 
tensioning effects.  
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ABSTRACT 
The unar eteoroid Impact bserver ( I ) is a ubeSat mission to observe, quantify, 
and characterise the meteoroid impacts by detecting their flashes on the lunar far-side. This 
complements the nowledge gathered by Earth-based observations of the lunar nearside, thus 
synthesising a global information on the lunar meteoroid environment. I  envisages a 

 ubeSat form-factor placed in a halo orbit at Earth- oon  to characterise the lunar 
meteoroid flux by detecting the impact flashes produced on the far-side of the oon. The 
mission employs the I - am, an optical instrument capable of detecting light flashes in 
the visible spectrum. I  is one of the two winner of ESA s E ( unar ubeSat for 
Exploration) SysNova competition, and as such it is being considered by ESA for 
implementation in the near future. In this paper, an overview of the present-day I  

ubeSat mission is given, with a focus on the latest developments. 

Keywords: LUMI , Lunar CubeSat, Meteoroid Impacts, Lunar Situational Awareness 

1 INTRODUCTION 

1.1 Scientific relevance 
Impacts due to near Earth ob ects (NE ) could cause a devastating humanitarian crisis and 
potentially the extinction of humanity. hile the probability of such an event is very low, the 
outcome is so catastrophic that it is imperative to invest resources to mitigate them. Telescopic 
surveys detect NE  greater than 1 m down to 1 meter in size, but there are few direct methods 
for monitoring the sub-meter meteoroid population. Serendipitous monitoring of atmospheric 
explosions due to airbursts of meteoroids are being underta en. These ob ects are part of the ∼  metric tons of debris impacting the Earth each day.
Meteoroids are small Sun-orbiting fragments of asteroids and comets, whose sizes range from
micrometers to meters and masses from 10-15 to 104 g 1 . Formation of meteoroids is a
consequence of asteroids colliding with each other and or with other bodies, comets releasing
dust particles when close to the Sun, and minor bodies shattering into individual fragments.
Meteoroids are hardly detectable even with dedicated surveys. However, they may be observed
indirectly when an impact occurs with a planetary or moon solid surface. An impact represents
in fact a unique opportunity to understand and update the models describing the spatial
distribution of NE  in the solar system, which is critical for several reasons. The ability to
accurately and timely predict these impacts by relying on accurate meteoroid impact flux
models is fundamental in many fields.

1
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1.2 Lunar meteoroid impacts 
Current estimations of the larger-than-1- g meteoroid flux at the Moon varies across the 
literature. 1290 impacts per year are estimated 2 , while estimates approximately 4000 impacts 
per year  4 . More recent studies suggest that the meteoroid impact flux at the Moon is 
approximately 6x10-10 m2 year, for meteoroids larger than 0 grams 5 . Assuming a lunar 
collecting area equal to its surface area, i.e., .8x101  m2, this gives a larger-than- 0-grams 
meteoroid flux of approximately 2 000 impacts per year.  
There are also speculations on the possible asymmetries of the spatial distribution of impacts 
across the lunar surface. In 6 , it is theorized that the Moon nearside has approximately 0.1  
more impacts than the lunar farside, due to the Earth gravity field  the equatorial flux is 10–
20  larger than that at polar regions, due to the higher number of large meteoroids in low 
orbital inclinations  and the lunar leading side (apex) encounters between  and 80  more 
impactors than the trailing side (antapex), due the Moon synchronous rotation.  
In a lunar meteoroid impact, the inetic energy of the impactor is partitioned into 1) the 
generation of a seismic wave, 2) the excavation of a crater, ) the e ection of particles, and 4) 
the emission of radiation. Any of these phenomena can be observed to detect lunar meteoroid 
impacts. The detection of lunar impact flashes is the most advantageous method since it yields 
an independent detection of meteoroid impacts, provides the most complete information about 
the impactor, and allows for the monitoring of a large Moon surface area . Remote 
observation of light flashes is thus baselined for the detection of lunar meteoroid impacts. 

1.3 Sun-Earth-Moon geometry 
The Moon spin–orbit motion is loc ed into a 1:1 resonance, meaning that an observer on Earth 
always sees the same portion of the Moon, that is the lunar nearside. This characteristic, in 
addition to the fact that a fixed observer on Earth also moves with respect to the Moon, as the 
Earth rotates about its own axis, constrains the observation of the Moon from Earth. 

Figure 1: Geometry for meteoroid impact flash detection. 

Since the Moon–Sun synodic period is 29.5  days, the illumination of the lunar nearside varies 
and originates the Moon phases. ecause lunar impact flashes can only be observed from 
ground on the lunar night side and when the lunar nearside is less than 50  illuminated, flash 
detection from Earth is constrained by the Sun– Earth–Moon geometry. An observer of the 
lunar farside would also be constrained by the Sun–Moon geometry, but would see temporally 
opposite phases. As such, assuming that the lunar farside would also have to be less than 50  
illuminated, the observations would occur during the opposite time of the month. Fig. 1 shows 
the Moon phases and main directions of incoming meteoroids in the Earth–Moon system (North 
and South Toroidal sources are perpendicular to the plane). The dashed green line represents 
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the portion of the Moon orbit where Earth-based observations of the nearside can be made. The 
solid blue line indicates the portion of the Moon orbit where space-based observations of the 
farside can be made. bserving the lunar impacts with space-based assets yields several benefits 
over ground-based telescopes, namely:  

• No atmosphere. Ground-based observations are biased by the atmosphere that reduces
the light flash intensity depending upon present conditions, which change in time. This
requires frequent recalibration of the telescope. Inherent benefits of the absence of
atmosphere in space-based observations are twofold: 1) there is no need of recalibrating
the instrument, and 2) fainter flashes may be detected.

• No weather. Ground-based observations require good weather conditions, the lac  of
which may significantly reduce the observation time within the available window. There
is no such constraint in space-based observations.

• No day night. Ground-based observations may only be performed during Earth night,
significantly reducing the observation period within the available window. There is no
such limitation when space- based observations are performed.

• ull dis . Ground-based observations are performed in the first and third quarter, when
nearside illumination is 10–50 . Full-dis  observations during New Moon are not
possible because of low elevation of the Moon and daylight. Space-based observations
of the lunar farside can capture the whole lunar full-dis  at once, thus considerably
increasing the monitored area.

• All longitudes. Ground-based observations happening during the first and third quarter
prevent from resolving the meteoroid flux across the central meridian. There is no such
restriction in space- based full-dis  observations.

Moreover, observing the lunar farside with space-based assets yields further benefits, that is: 
• No Earthshine. y definition, there is no Earthshine when observing the lunar farside.

This may yield a lower bac ground noise, thus enabling the detection of fainter signals,
not resolvable from ground.

• omplementarity. Space-based observations of the lunar farside complement ground-
based ones

o in space. The two opposite faces of the Moon are monitored when the Moon is
in different locations along its orbit

o in time. Space-based observations are performed in periods when ground-based
ones are not possible, and vice-versa.

High-quality scientific products can be achieved with space-based observations of the lunar 
farside. These may complement those achievable with ground-based ones to perform a 
comprehensive survey of the meteoroid flux in the Earth–Moon system. 

1.4 Lunar meteoroid impact flash detection 
Light flashes at the Moon are typically observed by detecting a local spi e of the luminous 
energy in the visible spectrum when pointing a telescope at the lunar night side. The bac ground 
noise is mainly composed by the Earthshine (Earth reflected light on the Moon surface) in the 
visible spectrum, and by thermal emissions of the Moon surface in the infrared spectrum 8 . 
Measurements with high signal-to-noise ratios (SNR) may be obtained through observations of 
the lunar night side 9 . The detected luminous energy spi e is quantified using the apparent 
magnitude of the light flash.  
Lunar impact flashes detected from Earth-based observations have apparent magnitude between 

5 and 10.5 6 , corresponding to faint signals. Also, Earth- based observations of lunar
impact flashes are restricted to periods when the lunar nearside illumination is 10– 50  ,
10 . The upper limit restriction is due to the day side of the Moon glaring the telescope field

of view (F ). The lower limit restriction of 10  corresponds to the New Moon phase. During
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this phase, the observations should be made when the Moon presents itself at low elevations in 
the s y (morning or evening), but the observation periods are too short to be useful 6 , 10 .  
The first unambiguous lunar meteoroid impact flashes were detected during 1999 s Leonid 
meteoroid showers and were reported in 9 . The first redundant detection of sporadic impacts 
was only reported six years later . These events gave origin to several monitoring programs. 
In 2006, a lunar meteoroid impact flashes observation program was initiated at NASA Marshall 
Space Flight Center 10 . This facility can monitor 4.5x106 m2 of the lunar surface, 
approximately 10 nights per month, sub ect to weather conditions. Approximately half of the 
impact flashes observations occur between the Last uarter and New Moon (0.5 to 0.1 
illumination fraction) and the other half between New Moon and First uarter (0.1 to 0.5 
illumination fraction). The former monitoring period occurs in the morning (waning phase) and 
the latter occurs in the evening (waxing phase), covering the nearside part of the eastern and 
western lunar hemisphere, respectively. 126 high-quality flashes were reported in 5 , for 
266.88 hours of monitoring, over a 5 years period. The magnitude range detected is between 

10.42 and 5.0 , which is estimated to correspond to an impactor inetic energy range
between 1.6 x10-  and 2. 1x10-4 ton TNT. The most recent monitoring program, NELI TA,
was initiated on February 201  in Greece under ESA funding. As of November 201 , 16
validated impacts have been detected over 5 hours of observations. The program aims to detect
flashes as faint as 12 apparent visual magnitude 11  and is the first allowing the determination
of the impact flash blac body temperature, by observing both in the visible and infrared
spectrum. Monitoring the Moon for impact flashes inherently imposes several restrictions that
can be avoided if the same investigation is conducted with space-bases assets.

2 LUMIO MISSION 
LUMI  is a CubeSat mission to a quasi-halo orbit at Earth–Moon L2 that shall observe, 
quantify, and characterize meteoroid impacts on the lunar farside by detecting their impact 
flashes, complementing Earth- based observations on the lunar nearside, to provide global 
information on the lunar meteoroid environment and contribute to Lunar Situational Awareness 
(LSA). The LUMI  mission is conceived to address the following, 

• Science uestion: hat are the spatial and temporal characteristics of meteoroids
impacting the lunar surface

• Science Goal. Advance the understanding of how meteoroids evolve in the cislunar
space by observing the flashes produced by their impacts with the lunar surface.

• Science bjective. Characterize the flux of meteoroids impacting the lunar surface.

2.1 Payload 

The observation of the light flashes produced by meteoroid impacts on the Moon far-side is 
performed through the LUMI -Cam, the main payload of LUMI . The impact flashes on the 
Moon can be modelled as blac  body emissions 6 , with temperatures between 2 00 and 6000 

 8 , and durations greater than 0 ms 5 . The lowest impact energies correspond to apparent 
magnitudes higher than 6 as seen from Earth. These characteristics drive the payload 
requirements, both in terms of the camera detection and optics, and payload physical properties 
such as total mass, volume, power consumption, and storage. 
The baseline detector is the CCD201 of E2  L isionTM . This device is a 1024x1024 pixel 
frame- transfer sensor that uses a novel output arrangement, capable of operating at an 
equivalent output noise of less than one electron at pixel rates of roughly 15 MHz. This ma es 
the sensor well-suited for scientific imaging where the illumination is limited and the frame rate 
is high, as it is for LUMI . The sensitivity of this detector extends towards the near-infrared 
(NIR) region, which allows to better exploit the emission of radiation due to the impacts.  
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In view of LUMI s operative orbit, for which the spacecraft-Moon range spans between 5525 
and 86551 m, a minimum payload field of view of 5.6 deg is necessary to have always the 
Moon full dis  view. To compensate for pointing errors, a 6-deg F  is considered with a 12 -
mm focal length. 

The LUMI -Cam total margined mass is 1.56 g and its worst-case power consumption 
(margined) is 4.2 . The LUMI -Cam layout is reported in Fig. 2. 

       (a)            (b)   (c) 
Figure 2. LUMI -Cam Assembly  (a-b) pto-Mechanical Assembly  (c) External ox . 

2.2 Mission analysis 
Considering the conclusions of the preliminary and coverage trade-offs, the mission type flight 
heritage, and solar eclipse occurrences, the Earth– Moon L2 halo family is baselined for the 
LUMI  mission. The mission is divided in four phases (Fig. ), namely, 1) Par ing, 2) Transfer, 
) perative, 4) End of Life.

Figure : Layout of the LUMI  mission profile. 

The selection of the LUMI  operative orbit is based on a number of factors that consider the 
coverage performances, the transfer cost, the station eeping cost, and the capability of 
performing autonomous navigation. For what concerns the v budget, the 1 is 154.4 m s, 
which is also in line with a 12U CubeSat volume and mass budgets. The choice to consider a 
1 confidence interval on stochastic maneuvers for LUMI  is motivated by the inherently 
higher ris  of a low-cost mission. 
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2.3 System 
The LUMI  spacecraft has been designed to perform with a high level of autonomy, 
particularly the navigation, payload data processor, and command data handling system 
(CDHS). The choice is driven not only by the operational constraints with respect to the lunar 
orbiter, but also by the ambitious mission design. Additionally, a general zero-redundancy 
approach has been adopted for all subsystems. This is dictated by the tight mass and volume 
constraints and a CubeSat design driven ris  approach. 

. .  ropulsion 
Chemical propulsion is the only feasible option for the main maneuvers (orbital transfer and 
station eeping), since all other options pose serious ris s in terms of mass, volume and or 
thrust level requirements. For the de-tumbling and de-saturation maneuvers, a clear preference 
should be given to a chemical or a cold gas system. The initial proposed design is based on a 
partially customized version of the ACC  Hybrid ADN MiPS, including one main mono-
propellant thruster (ADN green propellant) providing a thrust of 0.1 N for the main maneuvers, 
plus four cold gas RCS thrusters in a pyramid  configuration, providing a thrust of 10 mN each 
for the de-tumbling and de-saturation maneuvers. The preliminary design showed that the 
mission requirements can be accomplished with a system having a total wet mass of 5.6 g and 
a total volume of .1U.  

. .  Attitude determination and control 
The sensor suite comprises a nano SS C-D60 Sun sensor manufactured by Solar MEMs 
technology (4  x 14 x 5.9 mm, 6.5 g, accuracy of 0.5   and precision of 0.1 ), two ST 400 
star trac ers manufactured by Hyperion Technologies and erlin Space Technologies (5 .8 x 
5 .8 x 90.5 mm, 280 g, accuracy of 10 arcsecs  in pitch and yaw, and 120 arcsecs  in roll 
axis), and a STIM 00 ultra-high performance inertial measurement unit manufactured by 
Sensonor10 (  cm , 55 g). The on-board computer is the G Mspace- 000, also used for the 
navigation algorithm. The actuators comprise  lue Canyon R P-100 reaction wheels and 
the set of cold gas RCS thrusters included in the ACC  propulsion system. The lue Canyon 
R P-100 reaction wheels are assumed to operate at a maximum of 90 mNms despite their 
capability of 100 mNms momentum storage. The complete ADCS system has a mass of 2 g 
and a volume of 1150 cm . 

. .  ower 
For the solar array assembly, G MSpace Nanopower MPS in its -type configuration has been 
chosen, holding 16 AzurSpace G 0C solar cell assemblies in its deployable configuration 
(currently under development). The size is 0 x 20 cm, with a thic ness of .5 mm and a mass 
of 620 g inclusive of the solar cells. The deployable solar array is attached to a Solar Array 
Drive Assembly (SADA). The deployment of the solar array is achieved using a yo e which in 
turn is connected to the SADA inside the spacecraft. The total battery capacity is 160 h, 
achieved with two G MSpace Nanopower P  80 h batteries. For power conditioning and 
distribution, the G MSpace Nanopower P60 unit has been selected. The interfaces between the 
EPS and the other subsystems are schematized in Figure 8. The total mass of the Electrical 
Power System is estimated at 2.9 g. 

. .  ommunication 
The communication subsystem is based on two UHF turnstile antennas developed by ISIS-
space (one for uplin  and one for downlin , considering that the typical turnstile antennas 
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bandwidth is less than 15 MHz in the UHF band) and a RF power amplifier allowing for an RF 
output power of 8 , necessary given the high transmission power required to close the lin  at 
large distances ( 5000 m). The UHF transponder is based on the Consultative Committee for 
Space Data Systems (CCSDS) Proximity-1 control, with RS442 data interface and a maximum 
data rate of 512 bps. Table 10 shows the lin  budgets estimated for the current configuration 
of the Communications subsystem. In the operation phase, the PL TM throughput is 25919  
for a 29-day period with 16 one-hour communication slots. This means that, when the minimum 
payload data requirement of 1292   is met, the data budget available for telemetry is 12992 

. 

. .  ommand and Data andling and nboard ayload Data rocessing 

The selected C for the LUMI  spacecraft is the AAC Microtec Sirius computer, equipped 
with RS-422 and RS-485 connections as well as two Space ire 10 Mbps lin s, a 2-bit fault 
tolerant CPU and an EDAC protected memory. A CAN bus is foreseen for the connection with 
the ADCS and payload dedicated computers, as well as the Electrical Power System  although 
the selected computer does not support it natively, an option is available for accommodate a 
CAN-compatible transceiver upon request. The connection with the Communication subsystem 
is done with RS-422, the only type of lin  supported by the UHF transponder. For the dedicated 

nboard Payload Data Processor, the G MSpace Nanomind 000 processor has been 
selected. The PDP is connected to the camera through a Space ire interface, and to the 
main spacecraft C and dedicated ADCS computer through a CAN bus. This configuration 
allows for handling the required frame rate of 15 fps with a size of approximately 2 M  per 
frame. 

. .  Spacecraft onfiguration 
Figure 4 shows the current foreseen configuration for the LUMI  spacecraft, while the 
complete mass budget, including margins at system and subsystem level, is shown in Table 11. 
A total margined mass of approximately 21 g is currently estimated for the spacecraft, well 
within the initial 24 g requirement. The additional mass can be used for deviating from the 
zero-redundancy strategy by adding components to avoid single points of failure, for including 
additional propellant to extend the mission lifetime, or for accommodating additional payloads 
to exploit secondary mission ob ectives. 

Figure 4. LUMI  spacecraft without and with panels (left), and view showing LUMI -cam (right) 
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3 CONCLUDING REMARKS 
The primary science goal of LUMI  mission is to observe meteoroid impacts on the lunar 
farside in order to study the characteristics of meteoroids and to improve the meteoroid models. 
This might lead to a further study of the sources of these meteoroids, such as asteroids in the 
near-Earth environment and comets. The LUMI  mission complements ground-based 
observations with remote space-based observations, so improving the lunar situational 
awareness. The mission utilizes a 12U form-factor CubeSat which carries the LUMI -Cam, an 
optical instrument capable of detecting light flashes in the visible spectrum to continuously 
monitor and process the data. The mission implements a novel orbit design and latest CubeSat 
technologies to serve as a pioneer in demonstrating how CubeSats can become a viable tool for 
deep space science and exploration. 

LUMI  has been awarded winner (ex aequo) of ESA s LUCE (Lunar CubeSat for Exploration) 
S SN A competition, and as such it is being considered by ESA for implementation in the 
near future. An independent assessment conducted at ESA s Concurrent Design Facility (CDF) 
has shown the mission feasible, and has identified possible delta-design options, which will be 
considered in the next phases of the mission design. 
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ABSTRACT 
The principal advantages in the use of electric propulsion are the propellant mass and, 
generally, the overall system mass savings. As a consequence, the related cost reduction has 
been one of the main drivers for the development and the application of these technologies in 
many missions, from the commercial to exploration ones.  onsidering the various types of 
electric thrusters, the ion thrusters are those that best represent the strengths of electric 
propulsion as mix of high specific impulse, overall efficiency, operative lifetime and flight 
heritage.  In order to preliminarily assess the impingement on the satellite surfaces due to the 
ion thrusters plume through the software ITE  ( lume Impingement Tool for Electric 

ropulsion), a new semi-analytical model has been developed and implemented in the tool 
evaluation module. Similarly to the model of the all-effect thrusters plume, the analytical 
part of the model has its validity domain in the far field region and evaluates the ion number 
density as a combination of axial and angular density distribution. The angular distribution 
function contains experimental parameters for a customized analysis and more accurate 
results. Solutions obtained are compared with in-vacuum measurements of a gridded ion 
thruster. 

Keywords:  Plume Impingement, Electric thrusters, PITEL, Ion thrusters

Nomenclature 
n  ion number density 
n0  ion number density reference value 
r  distance from thruster exit 
r0  far field initial reference distance 
  angle from thruster axis 

Acronyms/Abbreviations 
TRL= Technology Readiness Level
CAD  computer-aided drafting 
HET  Hall effect thruster 
SI  international system of units 
TSA  thruster symmetry axis 
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1 INTRODUCTION 
The electric propulsion systems are increasingly used in new-generation satellites  the 
principal advantage of this technology is the reduction of the required propellant mass w.r.t 
the traditional propulsion. This occurs because electric thrusters have a specific impulse much 
higher than chemical propulsion and, according to the roc et equation 1 , it implies a 
propellant mass saving. An effective example is reported in the table 1 where it is highlighted 
a comparison between different thrusters in term of propellant mass required.  

Thruster type Specific impulse, 𝐼𝑠𝑝 s  Propellant mass, 𝑚𝑝 g  

Monopropellant roc et 250 5 
Hall effect Thruster  2000 50 

Ion Thruster 000 4 

Table 1 : Required propellant mass obtained using different space propulsion technologies 

The mass values are obtained by assuming a spacecraft (dry mass   g) that performs an 
orbital manoeuvre (∆𝑉 = 1𝑘𝑚/𝑠) with different space propulsion systems. 
As expected, the electric thrusters (ion and hall effect thrusters) need a very low amount of 
propellant w.r.t the chemical monopropellant roc et, almost a tenth of what hydrazine 
monopropellant roc et requires. 
Lastly, the table 1 reminds that, in the frame of the electric propulsion, it exists several types 
of electric thrusters that differentiate each other by the propellant acceleration methods  the 
ion thruster and HETs are currently the most common and used solutions of the electric 
propulsion.  
This wor  focus on the ion thruster that represents the best trade off in terms of high 
performance (i.e. specific impulse, overall efficiency), operative lifetime and high TRL. 
Indeed, the ion thruster is a space qualified technology with a wide range of mission heritage, 
from the commercial to exploration ones: Artemis, G CE and epi Colombo are only few 
well- nown examples of a larger use in new generation satellites.  

n the other hand, the use of electric propulsion implies significant impacts for the spacecraft 
mission and design. Therefore, a set of analyses capable to assess physical, mechanical and 
electrical effects of electric propulsion on the spacecraft equipment is required  a new 
approach in the plume impingement analysis, used to drive the satellite design at system level, 
is definitely consistent with this vision.  

2 PLUME IMPINGEMENT AND PITEL SOFTWARE 
The plume  term indicates all the e ected mass from a thruster  for ion and hall effect 
thrusters, the plume is primarily composed by electric charged particles, neutrons and 
sputtered material from thrusters themselves. Therefore, the plume impingement is the 
interaction of all this matter with the satellite surfaces and it represents a very significant issue 
because of the impact can have on satellite components during the operational lifetime. 
Indeed, the plume impingement can be cause of satellite charging, force, torque, heat flux 
generation, surfaces contamination up to damages and failures. As a result, all these effects 
can reduce the spacecraft lifetime.  
Hence, Thales Alenia Space has developed a new tool for plume impingement evaluation in 
order to assess the impact of electric propulsion in new generation satellite design. This tool, 
called PITEL , is written in MATLA  programming language and is currently available in 
beta release for internal use only. 
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The PITEL software has been developed for different analysis scenarios: a preliminary 2D 
analysis and a detailed D analysis through a satellite CAD. The figure 1 shows the typical 
graphical output for both these analyses. 
The CAD loading and management routines are from PIT T, a tool for disturbance torques 
estimation due to chemical thruster plume impingement 2 . 

Figure 1: PITEL 2D and D analyses output 

It should be noted that PITEL main subroutines for the plume assessment uses a semi-analytic 
method for the preliminary estimation of the plasma produced by electric thrusters and that 
they have been firstly developed for HET plume, as reported in . 
Currently, PITEL has been updated with the new model proposed in this paper, in order to 
extend the complete set of original analyses even for ion thruster plume.  

3 BASICS OF ION THRUSTERS 
All the electric thrusters use electric power as primary source and are conventionally divided 
into three groups, according to the propellant acceleration method. 
In the electrostatic propulsion, the electric power is used to ionize, accelerate and expel 
propellant for thrust. 
As a result, part of the electric power is required for the ionization of the inert propellant in 
order to ma e it reactive to the electric field. There are several methods to ionize the 
propellant that differ the existing ion thrusters. Nevertheless, a propellant with low ionization 
energy and high molecular weight is preferred for the optimization of the thrust to input 
power ratio. Thus, the most common propellant is the enon that has a first ionization energy 
of about 12.08 e  and an atomic mass of 1 1.  u 4 . 

nce the propellant is ionized, the positive ions are accelerated by an electrostatic field 
generated by a high voltage ( ) inside the thruster. 
In addition, a cathode is used in combination with the ionizing chamber in order to prevent the 
spacecraft charging and neutralize the leaving ion beam, as for the HETs. 
Assuming  as the mass of a single ion and q its charge, it is possible to evaluate the inetic 
energy acquired by the ion from the potential energy E  q ∙ ∆V, according to the relation 

𝑞 ∙ ∆𝑉 = 1
2 ∙ 𝜇 ∙ 𝑣𝑖𝑜𝑛

2 (1) 
The 𝑣𝑖𝑜𝑛 of equation 1 indicates the ion velocity after the acceleration and is given by 

𝑣𝑖𝑜𝑛 = √2∙𝑞∙∆𝑉
𝜇 (2) 

Hence, the voltage generating the electric field is the main parameter to perform high outflow 
speeds and high specific impulse. The table 2 summarizes the ion thruster features w.r.t those 
of HET. 
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Thruster type Thrust, T 
mN  

Specific Impulse, 𝐼𝑠𝑝 
s  

verall efficiency,  
 

Propellant type 

Ion Thruster 0.01-200 1500-5000 60-80 e, r, Ar 
HET 0.01-2000 1500-2000 0-50 e, Ar 

Table 2: ion thruster and HET features comparison 5  

3.1 Ion thruster plume 
The ion thruster plume is composed by the outcoming mass both from cathode (electrons) and 
from anode as positive ions, neutrals particles and sputtered thruster materials.  
The singly-ionized ions are the main anode species as expected product of the ionization 
process and provide the most of the thrust 4  secondary results of the ionization are doubly 
(or more) charged ions that are always present in variable percentage, according to the 
efficiency of the ionization process. The fraction of double ion current w.r.t the singly charged 
ion current is an important parameter for the real trust assessment. In addition, a not-ionized 
fraction of inert propellant leaves the thruster. 
The plume expansion depends on several factors as ion inetic energy, internal plasma 
pressure, charge -exchange collision of ions with neutrals and presence of external electric 
field 4  thus, the plasma expansion results physically complex. As reported in , a 
common way to model the plume is through the definition of two main regions where these 
factors have different impact on the plume physics.  
The first region, closer to the thruster exit, is called near field  region and has a high number 
of collisions between particles from thrusters. In addition, the plasma of the plume is strongly 
affected by local phenomena as the low voltage of the last ion thruster grid 6 . The near 
region extends for about 1-2 thruster radii 4 . 
The far field region is mainly dominated by ion inertia, electron pressure and ambipolar 
electric field due to plasma charged particles. Thus, the plume behaviour is simpler to model 
considering some assumptions for the plasma in this region as symmetrical, collision-less, 
globally quasi-neutral and not affected by electric field form thruster exit. 
It should be noted that the far field region has not a physically well-defined range so the 
reference starting point is generally defined during test phase by measurements that are 
conventionally obtained at a distance around 1 m from the thruster exit. 

4 FF-ION MODEL 

4.1 General formulation 
The model for the plume assessment herein presented has its validity domain in the far field 
region. The model has been called FF-I N and has been developed considering the following 
features: 

� the reference distance for the beginning of the far field region is 1 m from the ion
thruster exit

� the model output is the evaluation of the ion number density (reported as particles
number in a cubic meter) of the region

� all the quantities of model are expressed according to SI
� the model shall be compatible with the PITEL plume impingement subroutines
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As for the FF-HET reported in , a set of assumption on the far field plasma plume occurs in 
order to reduce the problem complexity  therefore, the FF-I N uses only two variables {𝑟, 𝜃} 
of a polar coordinates system for the ion number density assessment. 
The {𝑟} variable represents the radial distance form ion thruster exit and {𝜃} is the angular 
range from the symmetry axis of the thruster. 
The figure 2 shows the FF-I N geometry problem described by polar coordinates {𝑟, 𝜃} . 

Figure 2: FF-I N problem geometry 

The FF-I N model formulation is similar to that of FF-HET  and of the Carney s 
approximation  where the ion number density assessment is performed through a 
combination of an axial and an angular density distribution  in addition, the model considers a 
set of coefficients from experimental results in order to increase the accuracy of the pure 
analytic formulation. Hence, the FF-I N can be considered a semi-analytical method with the 
general formulation given by  

 𝑛(𝑟, 𝜃) = 𝐵
𝑟2 ∙ 𝑓(𝜃)  ( ) 

In equation , the first term 𝐵
𝑟2 is the axial distribution function that represents the ion number 

density decrease w.r.t the distance from thruster exit  the inverse square of distance behaviour 
has experimental evidence in measurements and has been already reported in 8 .  
The angular distribution function 𝑓(𝜃) defines the angular profile and depends only by θ, the 
angular quantity from the thruster symmetry axis. 

4.2 Detailed formulation 
As for the FF-HET, the model presented can be considered an evolution of the Carney s 
approximation. The FF-I N model has the following formulation: 

𝑛(𝑟, 𝜃) = 𝑛0
(𝑟/𝑟0)2 ∙ 𝑓′(𝜃)       (4) 

The first factor of equation (4) is the axial distribution function while 𝑓′(𝜃) represents the 
angular distribution function.  
The new angular function depends by 𝜃 and by a set of three coefficients {𝛾, 𝛿, 𝜔} for the best 
fitting of the function to real measurement  these parameters are defined according to 
experimental results. The 𝑓′(𝜃) is symmetrical function with the maximum value for 𝜃 = 0°. 
Currently, the new method doesn t perform any evaluation of density over 𝜃 > 90° . 
The equation 4 is formally the same of the FF-HET model except for the angular function that 
differs in the numbers and type of experimental parameters. As a result, the shape of the two 
angular distribution functions differs, as depicted in figure where it is shown a pure function 
comparison. 
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Figure : Angular distribution function comparison 

5 RESULTS 
The accuracy of the method has been tested comparing equation 4 to real measurements from 
literature 9  The figure 4 shows the comparison between the angular distribution function of 
the FF-I N model w.r.t the reference data.  

Figure 4: FF-I N model vs measurements 

The results of figure 4 confirms the good accuracy of the model w.r.t the real measurements. 
As for the FF-HET model, a R-squared value has been calculated and a good value occurs 
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nevertheless the asymmetry of the pea  value of the measurements. A further comparison 
with other data is recommended before to confirm a higher level for the model accuracy. 

6 CONCLUDING REMARKS 
This wor  presents a new model for the assessment of the ion number density evaluation of a 
ion thruster plasma plume. 
The model, called FF-I N, belongs to family of methods as the Carney s approximation and 
FF-HET witch general form is given by equation . As a result, the semi-analytical model has 
its validity domain in the plume far field region and can perform a preliminary estimation of 
ion number density as a combination of an axial and an angular density distribution. The 
possibility to setting the angular distribution function by three experimental parameters ma es 
the FF-I N a very interesting model for customized analysis and more accurate results. In this 
context, the formulation of a new angular distribution is the best improvement. In addition, 
the model is compliant with the PITEL software architecture and allows the tool to perform 
2D and D analyses even for plume impingement form ion thrusters. 
The result reported in chapter 5 shows a good agreement between the relation presented and 
the measurements. Therefore, this model can be a good assessment for ion number density 
nevertheless the asymmetry of the reference data. A further comparison with new data is 
recommended. 

7 REFERENCES 
1 ladimir A. Chobotov. Basic oncepts in rbital Mechanics, rd edition . AIAA,

Reston (US- A), pp. -9 (2002)
2 A. Montani, M. L Abbate, A. Marchetti, F. Di Giorgio, A. Adriani, A. Ritorto, A

software tool for the estimation of chemical thruster plume impingement-related
disturbance torques on spacecraft axes, Proceeding of IAA-AAS-Dy oSS - , (201 )
A. inci, A. Marchetti, A. Adriani, A. Ritorto, F. Scortecci. A new semi-analytical
model for preliminary estimation of ion number density in electric thruster plume,
Proceeding of IA  , (2018).

4 D. Goebel, I. atz, Fundamentals of Electric Propulsion , 1st edition , iley,
Hobo en (US-N ), (2008).

5 G.P.Sutton, . iblarz, Electric propulsion in Roc et propulsion elements, 9th

edition , iley, Hobo en (US-N ), p. 622, (201 ).

6 M. Merino, F. Cichoc i, E. Ahedo, A Collision less Plasma Thruster Plume Expansion
model, Plasma Source Science and Technology, ol.24, No. , April 2015.

A.G. orsun, .S. orisov, E.M. Tverdo hlebova, F.F. Gabdullin, Comparison
etween Plasma Plume Theoretical Models and Experimental Data, IEPC-99-221.

8 R. Gnizdor, A. omarov, S.Pridanni ov, . Savchen o, Investigation of the thrust
vector angle stability of the stationary plasma thrusters, IEPC 201 -41.

9 .Pollard, Plume angular, energy, and mass spectral measurements with the T5 ion
engine, AIAA-95-2920



Italian Association of Aeronautics and Astronautics

XXV International Conference

—- September 2019 | Roma, Italy

DYNAMIC INFLOW MODELING IN GROUND EFFECT FROM
VORTEX-LATTICE AERDOYNAMIC SIMULATIONS

J. Serafini⇤, C. Pasquali⇤, G. Bernardini⇤, M. Gennaretti⇤

⇤ Università degli Studi Roma Tre
Department of Engineering, Via della Vasca Navale, 79, 00146, Roma, Italy

e-mail: jacopo.serafini@uniroma3.it
e-mail: claudio.pasquali@uniroma3.it

e-mail: g.bernardini@uniroma3.it
e-mail: m.gennaretti@uniroma3.it

Abstract

This paper presents a methodology for the development of dynamic inflow model for
flight dynamics analysis of rotors in ground effect. The state-space model, relating the inflow
components to the rotor loads as in the Pitt-Peters model, is identified from Vortex-Lattice
numerical simulations and it may be specialized also for inclined or moving ground. Here,
the model is identified for three flight hovering cases (far from the ground, near a parallel
ground and near an inclined ground) and compared with a set of validation data, highlighting
the capability of the proposed methodology to reproduce the main features of the inflow.

Key words: Dynamic Inflow, Ground Effect

1. Introduction

For modern helicopter design and control purposes, accurate dynamic inflow models are
required in order to have the support of computationally efficient and, at the same time, reliable
simulations of the complex aerodynamic environment in which rotors operate. From decades,
the most used inflow models are those based on momentum theory, like the well-known Pitt-
Peters[1] and Peters-He[2]. In order to deal with near-ground operations, these models have
been extended with some success, including a specular pressure perturbation by a mirrored
rotor with respect to the ground.[3;4].However, the variety of possible operation conditions (above
inclined ground, moving ground, finite ground, non-flat ground, etc.) limits their validity and
makes impossible to have a comprehensive model. Here, a simulation-based dynamic inflow
model for rotors in ground effects above both parallel and inclined surfaces is presented. Starting
from the aerodynamic simulation of the inflow with a three-dimensional free-wake aerodynamic
solver, a model identification process derived from that introduced by some of the authors in the
recent past [5], has been applied to a mid-weight helicopter main rotor in ground effect. Conceived
as a linear, time-invariant operator, the model is extracted through a multi-step procedure based
on time-marching vortex-lattice (VLM) simulation of the wake inflow. The inputs to the system
are the vorticity distribution released at the trailing edges (related to the section lift distribution,
and then to the thrust, rolling and pitching moments coefficients) and the trailing edge motion
due to rotor rolling and pitching, that is known to be a major cause of off-axis coupling[6]. The
numerical simulation is followed by the identification of the resulting transfer functions between
inflow coefficients and rotor loads/rotor motion. The numerical investigation presented in the
paper considers a plane ground both parallel and inclined with respect to the rotor disc.

1 0
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2. Dynamic Inflow Model Extraction

Following Pitt-Peters[1], the proposed dynamic model represents the perturbed wake inflow with
the following approximated distribution over the rotor disc, defined in a non-rotating polar coordi-
nate system, (r,y),

l(r,y, t) = l
0

(t)+ r [ls(t) siny+lc(t) cosy] (1)

where r denotes distance from the disc centre, y is the azimuth angular distance from the aft
position, whereas the coefficients l

0

, ls and lc represent, respectively, instantaneous mean
value, side-to-side and fore-to-aft gradients. The perturbation inflow coefficients are considered
to be related through a state-space model to the perturbation rotor loads and pitch and roll
angular velocities, i.e.

ẋ= Ax+Bu (2)

where u= {CT ,CL,CM, p,q}T and

�=

8
<

:

l
0

ls
lc

9
=

;=Cx (3)

These coefficients are extracted through the following multi-step methodology: 1. starting from
the trimmed steady-state solution, perturbations (as chirp signals) of both the vorticity released
at the trailing edge of the blades and the trailing edge motion are performed; 2. the corresponding
wake inflow on rotor blades is evaluated by free-wake, vortex-lattice simulations; 3. when vorticity
perturbations are applied, the corresponding aerodynamic loads are evaluated through a section
aerodynamics model; 4. the transfer functions between rotor loads/motion and inflow coefficients
are identified; 5. the rational approximation of transfer functions and the transformation back into
time-domain to derive the state-space dynamic model of the inflow coefficients are performed.

In the above process, the ground effects on the rotor aerodynamics is taken into account
through the mirror image method, which is a method widely used in fluid-dynamics applica-
tions[7]. This approach has been validated by the authors in the recent past against experimental
data concerning a two-bladed rotor in hovering conditions over parallel and inclined ground[8].
Here, to give an idea of the aerodynamic solver capabilities, we report as an example the com-
parison between numerical and experimental data in terms of both flow-field visualization (Fig. 1)
and streamlines (Fig. 2), for the aforementioned two-bladed rotor and a ground angle of inclina-
tion equal to qg = 30

�.
Once the perturbed inflow is evaluated as the difference between the total inflow and the previ-

ously evaluated steady-state one, the time evolution of the perturbation of the three coefficients,
l

0

,ls and lc in response to the perturbations of both vorticity and motion of the blades trailing
edge is evaluated. For this purposes, the authors propose to approximate the trailing edge vor-
ticity distribution, through the following first-order approximation of the perturbed blade bound
circulation distribution (Df) due to a blade pitch perturbation (collective or cyclic)

Df(r, t) = r[Df0(t)+Dfs(t) siny+Dfc(t) cosy]. (4)

This choice allows to perturb Df0, Dfs and Dfc coefficients in the dynamic inflow extraction
process, obtaining a one-to-one relation between Df coefficients and rotor load components,
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Figure 1: Flow field beneath the rotor for qg = 30

�.

(a) experimental (b) numerical
Figure 2: Streamlines beneath the rotor for qg = 30

�.



J. Serafini, C. Pasquali, G. Bernardini, M. Gennaretti

{CT ,CL,CM}, once the Glauert’s section load formula is integrated over the blades span

CT =
N

Â
j=1

Z
1

eh

1

pWR2

r̄ Df(r̄, t)dr̄ =
NDf0(t)

pWR2

r̄3

3

����
1

eh

CL =
N

Â
j=1

Z
1

eh

1

pWR2

r̄2

siny j Df(r̄, t)dr̄ =
NDfs(t)
2pWR

r̄4

4

����
1

eh

CM =
N

Â
j=1

Z
1

eh

1

pWR2

r̄2

cosy j Df(r̄, t)dr̄ =
NDfc(t)
2pWR

r̄4

4

����
1

eh

(5)

where eh is the nondimensional root-cut-off, N is the number of blades and r̄ denotes the nondi-
mensional radial coordinate. Note that, owing to the use of Glauert’s aerodynamics, when the
rotor kinematics is perturbed no perturbations on loads arise, as the vorticity is unperturbed.
The last two steps of the identification procedure are performed within the framework of the Mat-
lab system identification toolbox. Here, in order to limit the variables in the identification process,
for each element of the [3⇥5] transfer functions matrix, the number of poles and zeros has been
set in accordance with the extended Pitt-Peters theory[6]. Thus, considering only hovering con-
ditions, out of ground effect and in parallel-ground effect, the polynomial degree of numerators
and denominators of the transfer function matrix are

CT CL CM p q
l

0

0/1 null null null null
ls null 0/1 null 0/1 null
lc null null 0/1 null 0/1

(6)

whereas in inclined-ground effect they become

CT CL CM p q
l

0

1/2 null 0/2 null 0/2

ls null 0/1 null 0/1 null
lc 0/2 null 1/2 null 1/2

(7)

The latter hypothesis comes from the consideration that, differently from the parallel-ground
case, the inclined ground induces a fore-aft wake distortion similar to that caused by forward
flight, which causes the coupling between l

0

and lc coefficients (e.g. through the L
13

and
L

31

coefficient of the Pitt-Peters model [9]). Instead, the ls coefficient remains uncoupled from
the other two. As a proof of the effect of inclined ground on the inflow longitudinal distribution,
Fig. 3 shows the wake induced velocity distribution in the xz-plane (y = 0, y = 180

�) for the
aforementioned two-bladed rotor and for different inclination ground angles (ranging from qg = 0

�

to qg = 30

�). It can be easily noted that, as qg increases, the wake induced velocity decreases
on the uphill-side (left side of the plot) and increases in the downhill-side.
At the end of this section, it is worth noting that, although the hypotheses made on the transfer

functions matrix structure may hide the effects of some aerodynamic phenomena, they make the
identification process more effective and robust, maintaining at the same time a good accuracy
of the identified model, as they include the most relevant ones.

3. Results

The test case considered is a mid-weight helicopter main rotor inspired to that of the Bo-105,
whose main data are reported in Tab. 1, in hovering conditions.
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Figure 3: Induced velocity distribution over the blade. The rotor is hovering in ground effect, for different
ground angles qg

mass 2200 kg
MR type hingeless -
MR radius 4.91 m
MR chord 0.27 m
MR angular speed 44.4 rad/s
MR blade twist �8 �/m
MR number of blades 4 -

Table 1: Main helicopter data

Three different configuration are analyzed: 1. out-of-ground-effect, in order to verify the ca-
pability of the proposed methodology to capture the main features of the problem; 2. in-ground-
effect, with hground = 0.75R and qground = 0

� (ground parallel to rotor disc), 3. in-ground-effect,
with hground = 0.75R and qground = 30

� (inclined ground) The frequency range of the analysis is
limited to 1/Rev (44.4 rad/s), which is well beyond the upper limit for flight dynamics applications.
In the following, the main elements of the transfer functions matrix are presented and discussed.

First, for all the configurations analyzed, in Fig. 4 and Tab. 2 the numerical transfer function

Case poles [rad/s] zeros [rad/s]
PP -8.26 -

HOGE -16.29 -
HIGE 0

� -19.26 -
HIGE 30

� -8.11, -11.87 -6.19
Table 2: Poles and zeros location of the CT vs l

0

transfer function: comparison between numerical data
and Pitt-Peters analytic model.

(HOGE and HIGE) between CT and l
0

and the location of its poles and zeros are shown and
compared with those predicted by the Pitt-Peters model (PP) in out-of-ground-effect condition.
With respect to the latter, the numerical HOGE transfer function surprisingly presents a signif-
icantly more damped pole, and then a significantly shorter time constant. On the contrary, the



J. Serafini, C. Pasquali, G. Bernardini, M. Gennaretti

10

-1

10

0

10

1

0

5

10

m
a
g
n
i
t
u
d
e
 
[
d
B

]

10

-1

10

0

10

1

frequency [rad/s]

-80

-60

-40

-20

0

p
h
a
s
e
 
[
°
]

P-P HOGE

Num HOGE

Num HIGE

g

=0°

Num HIGE 

g

=30°

Figure 4: Magnitude and phase of CT vs l
0

transfer function: comparison between numerical data and
Pitt-Peters analytic model.

static gains are quite similar. Note that, for this particular transfer function, the Pitt-Peters model
is known to be strongly dependent on the loads distribution along the blade span.[10] Concern-
ing the effects of the ground, it is evident that the ground increases the damping of the pole and
slightly reduces the static gain. Furthermore, the transfer functions with inclined- and parallel-
ground are very similar, even if the approximation process gives a quite different polynomial
form, due to the different hypotheses on zeros and poles made in Eq. (6) with respect to Eq. (7).
This result suggests the possibility of using one pole and no zeros to approximate this transfer
function also in inclined-ground conditions.

Then, Fig. 5(a) and Tab. 3 present the results concerning the CL vs ls transfer function.
Also in this case, the following considerations may be drawn: 1. in out-of-ground effect con-
ditions, the numerically identified transfer function has almost the same pole than the analytic
Pitt-Peters’ model. However, the transfer functions predicted by the two models present a differ-
ence in static gains of about 5 dB; 2. the presence of the ground significantly reduces damping,
although the inclined-ground reduces it slightly less than the parallel-ground; 3. with respect to
the HOGE case, the static gain of the transfer function increases in parallel-ground conditions
(+2dB) whereas it reduces (-3dB) in inclined-ground ones.

Next, Fig. 5(b) and Tab. 4 present the results regarding the CM vs lc transfer function. As
expected, the only remarkable differences with respect to the results presented in Fig. 5(a)
and Tab. 3 occur in the inclined-ground case. Specifically, in this case, the identified transfer
function has a pole significantly less damped than that of the CL vs ls transfer function, and an
additional highly damped one.

Finally, the synthesized inclined-ground perturbed wake inflow model is verified against a
validation data set numerically evaluated by imposing to the vortex-lattice aerodynamic solver a
perturbation on Df different from that used in the identification process. Specifically, Figure 6(a)
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Figure 5: Magnitude and phase of transfer functions: comparison between numerical data and Pitt-Peters
analytic model.

Case poles zeros [rad/s]
PP -19.36 -

HOGE -19.78 -
HIGE 0

� -11.98 -
HIGE 30

� -13.14 -
Table 3: Poles and zeros location of the CL vs ls transfer function: comparison between numerical data
and Pitt-Peters analytic model.

Case poles zeros [rad/s]
PP -19.36 -

HOGE -19.82 -
HIGE 0� -12.69 -
HIGE 30� -8.56 , -104 -34.94

Table 4: Poles and zeros location of the CM vs lc transfer function: comparison between numerical data
and Pitt-Peters analytic model.
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Figure 6: Time response: comparison between VLM simulations and state-space model predictions (qg =
30

�).

shows the response of the vortex-lattice model and the state-space one in terms of l
0

to the
following variation of the Df0 coefficient of the blade bound circulation distribution

Df0(t) = cos(5t)sin(2t) (8)

Note that, this bound circulation perturbation produces a rotor thrust coefficient CT perturbation
(see Eq. (5)), which is used as the input of the wake inflow state-space model. Furthermore,
Fig. 6(b) depicts the results in terms of lc of a similar analysis performed perturbing with the
function given in Eq. (8) the coefficient Dfc instead of Df0. This produces a variation of CM (see
Eq. (5)), which in turn is used as the input of the state-space model. In both cases, the models
capture with sufficient accuracy the low-frequency content of the inflow, which is the signal con-
tent mostly influencing the helicopter flight dynamics behavior. However, the validation signals
present a relevant high-frequency contribution, as shown by Figure 7, which depicts the spec-
trum of l

0

. This figure highlights the tonal nature of the signal high-frequency content, which
is clearly dominated by peaks around the multiple of the Blade Passing Frequency (4/Omega,
8/Omega,...), although two low-frequency peaks, related through Werner’s formulas to the fre-
quencies of the trigonometric functions in Eq. (8), arise. This suggests that, for aeroelasticity
purposes, a Linear Time Periodic model is necessary, since a Linear Time Invariant model can-
not reproduce an output at a different frequency with respect to that of the input.
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4. Conclusions

Here, a methodology for the identification of a state-space dynamic wake inflow model for
rotors in ground effect from simulations provided by high-fidelity aerodynamic solvers has been
developed and tested. It is based on inflow responses to a chirp signals of blade bound circula-
tion distribution. The inflow is evaluated by a vortex-lattice solver which simulates the presence
of the ground through a mirror image of the rotor. This method is sufficiently efficient to allow long
simulations, which are required for a robust identification of the inflow transfer functions. The nu-
merical investigation pertains to the application of the proposed methodology for the wake inflow
state-state model synthesis of rotors in both out-of-ground-effect and in-ground-effect conditions,
above parallel and inclined grounds. The following conclusions may be drawn:

1. the mirror image is capable to model the main features of the flow around a rotor in ground
effect, also when the ground is inclined with respect to the disc; 2. the presence of the ground
noticeably affects the wake inflow dynamic response; 3. the identification process requires long
simulations, due to the presence of relevant numerical noise; 4. the validation tests show that
the state-space model is capable of accurately reproduce the linear time invariant part of the
low-frequency inflow content. However, the wake inflow is also characterized by time-periodic
phenomena, which cannot be reproduced by the proposed model. Nevertheless, the present
model is suited for flight dynamics applications, in that the wake inflow time-periodic content due
to control inputs arises at high frequency.
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ABSTRACT 

Shape memory alloys (SMAs) are one of the most popular smart materials and their very 
interesting and peculiar properties allow them to find many engineering applications. Thanks 
to their ability to be subjected to high strain levels over a wide range of operative temperatures, 
SMAs are particularly suited for actuating mechanisms providing an excellent technological 
opportunity to replace conventional actuators, also in the space segment, where they have 
effectively solved the problem of breakages caused by pyrotechnic release mechanisms. In the 
present work, we design and evaluate a smart-hinge based on the rotation of a SMA tube 
activated by the internal circulation of a fluid warmed at a suitable temperature. Its application 
at the deployment of a radiating panel of a small satellite highlighted several potentialities of 
this new concept, among these, the possibility of applying large displacements without 
significant stresses as well as an autonomous activation exploiting as source the heat to be 
dissipated. This paper summarizes a preliminary evaluation of the proposed concept including 
the characterization of the material, the identification of the designing parameters (maximum 
obtainable rotation depending on the active length), as well as the evaluation of the connection 
of SMA tube in the circuit system. 

Keywords: shape memory alloys, torque tube, morphing hinge 

1 INTRODUCTION 
Shape memory alloys (SMA) are one of the most popular smart materials and their very 
interesting and peculiar properties (thermoelastic martensitic transformation, shape memory, 
pseudoelasticity, high corrosion resistance and biocompatibility) allow them to find many 
engineering applications. Among them, actuating devices are one for which SMA are 
particularly suited, thanks to the high strain recoverable at constant stress, over a wide range of 
operative temperatures. SMA can lead to very convenient devices with a significant reduction 
in mechanical complexity and size and better reliability of the actuation system. Furthermore, 
focusing on small systems (mini/micro devices), high power-to-weight ratio and low supply 
voltages are added to their advantages, providing in that case an excellent technological 
opportunity to replace conventional electric, pneumatic or hydraulic actuators. 
Mostly, an actuator is required to work cyclically, providing its action several times (movement 
and/or force) rather than one time only. In the case of a SMA-based actuator, the basic working 
principle is the shape recovery after an applied deformation. This implies that a mechanism 
opposing to the SMA element is essential in order to reset it and thus guarantee the possibility 
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of cyclical work. Indeed, after the first recovering of the memorized form obtained with heating, 
neither the return to the low temperature (even below Mf) nor subsequent heating can induce 
further variations in the shape, until a deformation provided by an external element is set again. 
The act of returning the SMA actuator to deformed conditions as to be able to exercise its action 
again after heating is defined “rearm”. The rearming element can be an additional component 
(a weight, a spring, a second SMA element, etc.) or the system can be directly sized so that the 
structure itself (object of the actuation) provides the rearming force. 
An alternative for the cyclic action can be the use of the so-called two-way shape memory effect 
(TWSME), in which the alloy remembers both the shape in the austenite phase in heating, and 
a different shape in martensite phase in cooling, in contrast with the one-way effect in which 
only the first is remembered by the SMA when heated. This effect is very interesting due to the 
chance of overlooking the rearm mechanisms, but presents some critical aspects. The main, 
concerning the system design, is related to the lower force two-way shape memory effect 
develops compared to the one-way effect and it is lower stability under cycling. Such limitations 
impose a careful evaluation of the system requirements. Another issue, more focused on the 
material itself, is that it has to be imparted to the actuator, being the one-way effect the only 
one intrinsic in the SMA. To obtain the two-way effect, the element has to undergo a training 
treatment, consisting in thermo-mechanical cycles, in order to induce lattice defects and/or 
precipitates, which constrain the formation of specific variants of martensite during the 
transformation, thus giving a particular shape to the sample even in the cooling phase, as well 
as in heating [1]. 
As mentioned, the peculiar properties of SMA allowed their use as actuator elements, thermally 
activated, avoiding complex mechanical mechanisms, therefore virtually free from faults, wear 
and malfunctions. SMA are considered of great interest in the space segment, thanks to the 
attitude to mechanical simplicity and reduced system dimension and weight enabled by the high 
energy density provided. An application already qualified for space is that of the “low-shock” 
release mechanisms, designed to solve the problem of breakages caused by pyrotechnic ones, 
thanks to the abilities to be operated slowly, with gradual heating, and to absorb vibrations. An 
example of such devices is the Frangibolt ([2], debut on board the Clementine satellite, 1994), 
others are QWKNUT [3], Micro-Sep-Nut [4], Rotary Latch [5] and others designed as 
separators for the launch or re-entry [6,7]. Many other potential applications have been explored 
and used in prototypes or space demonstrators. Most of them refer to the actuation by shape 
memory effect of various components of spacecraft, for their deployment, 
positioning/orientation or morphing. To name a few, the easier systems go from the simple 
deployment of solar collectors/panels/flaps/vanes, radiant panels or antennas [8–14], to the 
morphing of antennas, radiators and gossamer structures [15–20]. More complicated solutions 
are the devices for the movement of complex mechanisms such as the legs of a planetary 
explorer [21] or systems to orientate the thrust [22], also taking advantage of the two-way effect 
[23]. The Mars Pathfinder mission in 1997 included a SMA actuator (rotating arm for MAE, 
material adherence experiment) which was used to rotate a dust-guard panel from a specific 
region of a solar cell in order to study the power loss linked to the deposition of dust on the 
panels [24]. 
The main part of these applications rely on SMA in the form of thin wires or bars (often wrapped 
as springs) strips or plates and the actuators usually work in tension, thus take advantage of the 
maximum force expressible by the material. In this work, we want to develop a tube-based 
SMA hinge. This kind of morphology still presents some aspects to be investigated (such as 
anisotropy), and it is subjected to stresses not commonly used, such as bending and torsion 
[10,13,25].  
SMA become even more interesting when taking advantage of their ability to react directly to 
environmental stimuli. SMA properties can be used also to realize sensors, to acquire 
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information (temperature, deformations or stresses) by measuring the changes to the properties 
of the material (typically the resistivity) that occur during the phase transformation. This also 
makes it possible to implement actuators that also include the sensor function [26]. 
The mechanism piloting the SMA activation assumed in the proposed solution is a fluid flowing 
inside the tube and undergoing a temperature change (e.g. considering radiative panels). So, the 
use of SMA tubes as hinges for deployment in low-gravity environment gives not only the 
possibility to obtain large displacements avoiding critical stresses, but also to use the working 
fluid itself as a thermal source for activation, without the need of using additional energy 
sources. This can be achieved if the panel opening can be synchronous with the temperature 
change and if this change overcomes Af, therefore triggering the activation/recovery. 
Otherwise, actuation by Joule effect can be evaluated (in this case, the conductivity of the 
circulating fluid and the possibility of electrically isolate the SMA tube section from the 
remaining part of the circuit need to be evaluated) or by Hall effect (in this case evaluate the 
magnetic induction effect and the space needed for the spirals). 
In this work, it is therefore proposed an initial evaluation of the feasibility of a smart hinge, in 
which SMA tubes constitute a portion of a circuit and are potentially capable of being displaced 
by the effect of the circulation of working fluid at a suitable temperature. Since this paper is 
intended to prove the working concept, no specific constraints are still given for not the material 
nor the mechanism and all the design parameters are self-given based on aptness evaluation. 

2 MATERIALS AND BASIC CHARACTERIZATION 
To date, the NiTi family of alloys exhibits the best functional properties and it is able to 
withstand high stresses and can recover deformations close to 8% for use with low number of 
cycles or up to about 3% for a high number of cycles. NiTi alloy also has other advantages in 
terms of corrosion resistance, fatigue resistance and biocompatibility, thus making it the 
preferred material system for most SMA applications considered today [27]. NiTi tubes are 
commercially available with different diameters (from 0.1 mm to 20 mm and above) and with 
both pseudoelastic features (Af < room temperature and martensite phase stable at low 
temperatures) and shape memory (Mf > ambient temperature and activation temperature over 
60 °C). Nonetheless, some of the main applications for SMA tubes are in biomedical field, in 
particular as initial semi-finished product for stent production. For this reason, most of the easily 
available products have diameters between 2 and 3 mm and pseudoelastic behaviour. Usually, 
SMA prepared for actuation possesses a thermal hysteresis below 50 °C, so that the change in 
temperature needed to activate can be easily managed through Joule heating. However, even an 
alloy with pseudoelastic behaviour can be used to obtain actuation, inducing rearm at low 
temperatures (T < Mf) and achieving activation at room temperature (T > Af).  
Since the operating temperature range for this work has not yet been defined, as well as the 
diameter of the elements of the possible circuit, the experimentation has been started on 
precursor tubes for stents, produced by Minitubes. 
To assess transformation temperatures and behaviour, DSC tests have been done on a portion 
of tube. After cutting a portion of tube using a trimmer with abrasive blade, it has been further 
reduced to small pieces to increase the heat exchange surface. Figure 1 shows the DSC curves 
of the as received SMA tube with complete cycle and a partial one highlighting the 
rhombohedral phase. The upper part of the curve is the cooling ramp and displays two distinct 
peaks associated to the two-step transformation: austenite (B2) - rhombohedral (R) - martensite 
(monoclinic B19’). The R-B19’ transition is fully developed, thus assessing Mf around -100 °C. 
In the lower part, the peaks are partially overlaying, so a partial cycle is performed in which 
only rhombohedral phase is formed from austenite and then only R-B2 transition is highlighted 



1 22 

in heating. According to DSC results, the Af temperature is around 20 °C. This result is 
consistent with the purpose for which the tubes are produced. Laser cutting and subsequent heat 
treatments will then provide the correct actuation temperatures for stent opening at body 
temperature.  

Figure 1 - DSC curve and transformation temperatures 

With SEM observation, wall thickness is measured on a section, cutting a piece of tube. Outer 
diameter is 1.8 to 1.9 mm and wall thickness results 0.24 mm ±10%. SEM images show also 
the presence of many precipitates and a texture of the material, highlighting the imperfections 
induced in the cold drawn tube.  

Figure 2 - SEM images of a section of the tube. 

Tensile mechanical tests are also performed at room temperature (range 20-25 °C inside a 
thermal chamber) to assess the austenite behaviour. With a MTS tensile testing machine 
equipped with a 10 KN load cell, a first tensile test is performed up to 8 % deformation. The 
test is carried out with strain control and a deformation rate of 4 %/min. Then, a second test is 
performed on the same sample in the same test conditions, until reaching fracture. The upper 
mechanical resistance (loading plateau) and lower (unloading plateau) are respectively 
465 MPa and 160 MPa at 4% strain and the residual deformation results 0.13 %. Failure occurs 
at 1287 MPa ultimate tensile stress and 12.6 % elongation. Austenite and stress-induced 
martensite elastic moduli are respectively 67.8 GPa and 26.2 GPa. 
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3 PRELIMINARY DESIGN OF THE HINGE 
Since here the concept only is analyzed, without yet being limited by the application, different 
configurations can be taken into account the characterized tubes are used and a space 
application on a reduced dimensional scale has been hypothesized. In particular, it has been 
considered to open the shorter side of a 12-Unit cubesat. Cubesats are a class of research 
nanosatellites built to standard dimensions (Units or “U”) of 10 cm x 10 cm x 10 cm, so a side 
200 mm long is available for the smart hinge. 

Figure 3 - Scheme of standard cubesat Unit and 12U configuration 

3.1 Bending hinge 
The active SMA component is part of the circuit and consists of a series of tubes positioned in 
the corner between the main structure and the movable panel to be opened. Each tube is 
annealed in a straight shape and then bent before installation at 90° with an appropriate radius 
of curvature so as not to induce permanent deformations. This solution is interesting because is 
applicable both to loop circuits (one inlet and one outlet) and to multiple-circuit system. Since 
the movement is achieved with minimum stress (in a low-gravity environment the only force 
to be overcome would be the friction of the mechanism), the only driving parameter is the strain, 
which is the same in each tube, independently from their number. The two ends of each tube 
need to be constrained with the aluminium tubes of the circuit and bound to the panels (one 
fixed supporting other satellite equipment, the other movable to be opened). When activated, 
each SMA tube accomplishes a free recovery at zero force, which brings it back to the 
memorized straight position aligning the panels. To avoid the risk of incomplete opening, the 
tube can be initially annealed with a slight bending opposite to that of installation. 

(a) (b) 
Figure 4 - Schematic drawing of the main components of the bending hinge 

a) armed and b) activated

The strain achieved with this bending configuration can be evaluated as the ratio between the 
outer radius of the tube and the bending radius (Figure 5). The maximum recoverable 
deformation limits the bending radius and therefore the minimum size of this configuration: 
𝑅𝑏 > 𝑟𝑒 𝜀𝑒𝑀𝑎𝑥⁄ .
Admitting a maximum deformation of 4 % (reasonable value for the strain to be easily 
recoverable by NiTi SMA without excessive reduction of performance over cycling) and 
assuming 0.9 mm as external radius, the minimum bending radius results 22.5 mm, which 
results in a small space needed for the hinge. Nonetheless, increasing the tube diameter, this 
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space grows and may become a crucial aspect to consider for the design when diameter of the 
tubes will be an input coming from the circuit. 

Figure 5 - Bending strain formulation 

3.2 Torsional hinge with passive segment 
Also in this case, the active smart hinge is an integral part of the hydraulic circuit, but is 
composed of one tube only, positioned with the longitudinal axis along the side between the 
structure and the movable panel (i.e. along the axis of the hinge, see Figure 6). In this case, 
since the SMA tube lodges the entire length of the side, it cannot be applied to a multiple-circuit 
system, but the circuit must necessarily be a loop circuit, with one inlet and one outlet. 

(a)   (b) 
Figure 6 - Schematic drawing of the main components of the torsional hinge with passive segment 

a) armed and b) activated

The “S” shape has been designed to prevent the torsion of the SMA tube from directly forcing 
to twist the mechanical connections to the circuit with the consequent risk that the connectors 
would slip during actuation and rearm. The two lateral shorter sections instead, are not subject 
to torsion and rigidly rotate, keeping the connection with the circuit fixed (Figure 7). 

a) b) 

Figure 7 - Schematic drawing of the SMA hinge in the configuration a) armed and b) actuated 

The active length of the tube is therefore only the central straight section. Two space constraints 
are assumed: first, that the maximum distance between inlet and outlet is 150 mm (on the 
200 mm width of the panel) and second that the minimum distance between two adjacent 
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sections of the circuit is 25 mm. With these two constraints, the total length available for the 
SMA element results 100 mm. Considering a bending radius of 10 mm for the two lateral 
shorter sections, the torsion length results 80 mm.  
The tube will be annealed in the S-shape in a flat position (actuated configuration) and then 
twisted before installation (armed configuration), levering on the ends of the central straight 
section, so that the total angle of rotation between the sections (Φ) is 90°. When activated, the 
imposed torsion is recovered brings it back to zero torsion angle, aligning the panels. The shear 
strain γ achieved with this configuration can be evaluated as a ratio between the external radius 
and the length of the tube, multiplied by the total torsion angle (Figure 8). With the supposed 
values for the geometry, γ results 1.77%, well below the limit of 4% assumed as strain 
maximum value, easily recoverable from the NiTi without excessive reduction of performance 
over time. 

Figure 8 - Torsional strain formulation 

This configuration for the SMA smart hinge requires the presence of a passive element to close 
the circuit. When activated, the tube must win only the resistance of the flexible passive 
segment. Therefore, is necessary for this configuration to evaluate thoroughly the possibility of 
using flexible material suitable for the space environment, so that the SMA can perform free 
recovery at near-zero force. 

3.3 Torsional antagonist hinge 
A second option considered that uses torsional movement is based on a couple of SMA tubes. 
Since the available length allows obtaining high rotation angles for small-diameter tubes, it is 
possible to design an antagonist system, based on two tubes. One will be annealed with a 
positive 90° rotation between the sections and the other with a rotation of the same amount but 
in the opposite angular direction. In this way, while the first is activated to open the panel, the 
other half is passive and is armed; then the functions are reversed and the second is activated to 
close the panel leaving the other passive. In this case, recovery force is not zero, but must 
express the force necessary to twist the passive tube, following the butterfly-shaped stress-strain 
behaviour [21]. 
As previously, the same spacing constraints are assumed: maximum distance between the inlet 
and the outlet = 150 mm and minimum distance between two adjacent sections of the 
circuit = 25 mm. In this way, a particular shape for the circuit is mandatory and the maximum 
length of the central straight sections of the tubes results 30 mm. The torsion strain γ achieved 
with this configuration, evaluated as expressed in Figure 8, results 4.71%, more than the 
accepted limit. 
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(a)   (b) 
Figure 9 - Schematic drawing of the main components of the torsional antagonist hinge 

a) armed and b) activated

Although the solution of the antagonism is an interesting method for rearm, the shorter available 
length is a limiting drawback. Moreover, the actuation does not take place at zero stress, but 
there is a finite force to win the second actuator, acting on half of the panel with consequent 
risk of misalignment of the opening. Finally, it becomes difficult to use the fluid to trigger the 
actuation, because it is necessary to have an alternate temperature change with two different 
temperatures. 

3.4 Other design aspects 
If the system has to be designed to close the panel too, the rearm method becomes a very 
important design point. The bending configuration also can be designed to have an antagonistic 
system, but with similar disadvantages. Otherwise, the simpler solution is an ancillary system 
dedicated to close the panel, which may also be a SMA element (a spring for example) or a 
more traditional system. The dimensioning of the rearm system has to guarantee to impose 
enough force to re-deform the SMA in the initial configuration, possibly at low temperature, 
when its resistance is lower. If, on the other hand, one wants to obtain only one deployment, a 
valid alternative to the use of the shape memory effect is the use of the pseudoelastic one. In 
that case, the SMA tubes are needed to have an Af temperature below the operating 
temperatures, so that it is forcedly maintained in a deformed situation by a fixing mechanism, 
which is then released to allow recovery of the SMA tube. 
The integration of SMA tubes in the system requires also adequate selection of the fitting 
system with the remaining portions of the circuit. The ends of the tube will be mechanically 
connected (NiTi welding is very difficult and less secure in terms of sealing) with the 
aluminium tubes of the circuit. Additionally, some parts will have to be constrained with a slight 
mechanical play on the panel (e.g. with hose clamps), to keep the axis of rotation fixed and 
avoid instability and therefore misaligned rotations. 

4 TORSION RESULTS 
To deepen the possibility of the torsion solution, some preliminary tests are carried out to 
evaluate the applicability of the stent tube. A first test carried out to analyse the torsion 
behaviour has been a set of loading-unloading cycles at constant temperature with an Instron 
machine for dynamo-mechanical tests.  
At −30 °C and −50 °C the classic stress-strain behaviour of the martensitic and rhombohedral 
phases is observed, i.e. an unrecovered detwinning after unloading (however reversible with 
temperature increase), still present partially at +10 °C. At +30 °C, +50 °C and +70 °C the flag-
like behaviour of austenite to stress-induced martensite can be identified, even if the 
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transformation does not occur at quasi-constant force - as in the case of tension - but there is a 
slight slope of the pseudo-elastic section. Above 90 °C, the material is more than 70 °C above 
Af, therefore an increased slope of the pseudo-elastic section in the transformation phase and a 
non-complete closure of the hysteresis cycle with unrecovered residual deformation are seen, 
indicating that the material starts to present dislocations and internal defects due to plastic 
deformation. 

Figure 10 - Torsional loading-unloading curves at different temperatures 

In order to analyse the behaviour even at lower temperatures and perform a strain recovery test 
it has been necessary to cool to lower temperatures. For this purpose, dedicated equipment has 
been designed to twist the tube inside a thermal chamber in which to flush liquid nitrogen. 
The torque force is applied through a steel cable wrapped around a pulley to which weights are 
hung. The force imposed by the weight multiplied by the pulley radius gives the value of the 
torque force transmitted to the tube. A MISUMI pulley has been purchased, with diameter of 
the primary circumference equal to 95 mm, so to impose about one kN∙mm hanging 1 kg 
weight. The shaft diameter of this pulley is 8 mm. The SMA tube is constrained by two 
Swagelok fittings with first connection size = 2 mm and second connection size = 1/4 in. Since 
Swagelok were not available with conversion from 2 to 8 mm, those that were closest have been 
selected, then two steel tube have been shaped on the lathe to link the 1/4 in Swagelok 
connection to the 8 mm pulley shaft. These two tubes have been supported by two T-shaped 
MISUMI shaft supports with slit. On the pulley side, one 20 mm long support with 10 mm hole 
diameter is used, to house a PTFE brushing. On the opposite side, a 14 mm long support with 
8 mm hole diameter tightly fix the steel tube. The total torsion angle is measured graphically.  
A graduated protractor has been applied to the pulley, so that, by taking frontal photos or videos, 
it is possible to measure the angle in pixels and then convert it into degrees. The temperature is 
also monitored locally by applying a thermocouple to the SMA tube. The equipment can be 
adapted to any length, but in this case, a 140 mm long pipe section has been tested. A minimum 
load is given by the weight of the hanging system that is about 11 g equal to 10.25 N∙mm torque. 
A limitation of this set-up is that the force is not measured directly on the tube, so it is not 
possible to evaluate any play and sliding of the gripping system. 
The shear strain value can be calculated from total rotation angle with the formula already seen 
(Figure 8), while the shear stress, τ, is given from the torque multiplying by the external radius 
and dividing by the polar moment of inertia of the tube. 
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Figure 11 - Dedicated equipment designed to twist the tube inside a thermal chamber 

To validate the assembled system, load tests have been carried out first in the two stable phases, 
whose behaviour is already known from Instron tests, giving a reference to identify inaccuracies 
due to the equipment. In both cases up to 465 g were applied, therefore for the martensitic phase 
(−50 °C) the loading stage has been analysed including the transformation phase, while for the 
austenitic phase (+25 °C), only the first elastic elongation has been applied. From the 
comparison, it appears that the loading system works correctly and that the rotation of the tube 
is very close to the graphical measurement of the pulley rotation (Figure 12). Therefore, from 
the shear stress/strain ratio the shear moduli have been obtained that result GA ≈ 39 GPa and 
GM ≈ 17 GPa.  

Figure 12 - Comparison between torque loading-unloading tests performed on Instron and the acquisition made 
with dedicated equipment. Martensite (−50 °C) on the left and austenite (+25 °C) on the right 

During these tests, to obtain the martensitic phase at zero load, the sample has been first cooled 
down to −120 °C to overcome Mf and then heated up to −50 °C, thus stopping before the 
backward transformation (see graph DSC, Figure 1). During this operation, it has been noticed 
that the tube spontaneously made a rotation. This suggests that the stent tube has a two-way 
effect, probably due to the precipitates and the dislocations induced by cold drawing. 

Figure 13 - Strain recovery cooling-heating cycle with the minimum applicable stress of 12.6 MPa 

Figure 13 shows a strain recovery graph obtained through a complete cooling-heating cycle 
with the minimum applicable weight, which causes a minimum stress of 12.6 MPa. The 
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maximum rotation recovered is about 290°, corresponding to 3 % strain. It can be noticed that 
the contribution of the transformation R ↔ M is very small compared to that of the A ↔ R one, 
therefore it is possible to work between these two phases, therefore having to impose a much 
lower temperature change with consequent advantages in terms of efficiency and control. 

5 CONCLUSIONS 
This work aims at design and evaluate a smart-hinge based on the rotation of a SMA tube 
activated by the internal circulation of a fluid warmed at a suitable temperature. Since no design 
constraints are still defined, the experimentation has been started on precursor tubes for stents, 
produced by Minitubes due to the purchasing easiness. The outer diameter of these tubes is 
1.8 mm and the wall thickness 0.24 mm. With such small tubes, all configurations are within 
acceptable deformation limits, nonetheless, the configuration considering a torsional hinge with 
passive segment seems to be the most promising solution, because allows reducing the strain in 
the tube, thus having a greater margin to increase the diameter of the piping of the circuit or to 
apply the solution to more reduced spaces. In addition, an S-shape provides a means to prevent 
the movements of the SMA tube from disturbing the rest of the circuit or causing the joints to 
slip. For these reasons, this solution is valued as the most interesting, and then some preliminary 
tests are carried out to evaluate the applicability of the stent tube to this solution. Torsion tests 
show that huge rotations are obtainable with low strain/stress levels and then highlighting their 
suitability to the 90° deployment of a radiating panel of a small satellite. Moreover, the presence 
of the R phase may allow using the tube with shape memory effect exploiting the transformation 
from austenite to rhombohedral, thus relaxing the constraint of reaching too low temperatures 
and obtaining a small thermal hysteresis necessary for the actuation-rearm cycle. The 
appearance of a two-way effect (TW-SME) in the tube also suggests exploiting this possibility. 
Despite the two-way solution, it is less stable for cycling. However, if the system works indeed 
at near-zero force (the TW expresses minor forces) and if the opening/closing cycles are few, 
then this possibility can be assessed. The work will include the following phases: the feasibility 
with higher dimensions of the piping section of the circuit, the mechanical design of the 
integration of SMA tube in the system (circuit connection system), the evaluation of the 
effectiveness of the internal fluid heat as an actuation mechanism, as well as further study of 
the two-way effect found in the tubes and an evaluation of the possibility of using it to actuate 
the smart hinge despite the limitations already mentioned. 
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ABSTRACT

An efficient regulatory framework for suborbital commercial operations is essential to foster 
the New Space Economy. Regulation should ensure safety of third parties and of people on-
board by minimizing risks at acceptable levels. In the US safety is primarily ensured for 
uninvolved public, participants  being requested to sign an informed consent about the risks 
to fly on-board a non-certified vehicle. In Europe there is enough consensus about the need to 
establish requirements to reduce the risks for occupants involved in commercial flights “as 
low as reasonably practicable”. Traditionally, aviation safety is ensured by certification and 
prescriptive requirements, though recently General Aviation and the UAS sector  have  moved 
toward performance-based approaches for better regulation. Suborbital vehicles are 
characterized by challenging technical issues and by a variety of architectures to cope with, 
and therefore prescriptive approaches would be impractical in the near/mid-term. The 
operation-centric/performance-based approach to safety, described in this paper, is 
considered a viable alternative option. It pivots towards the development of a set of high-level 
objective requirements covering all the aspects potentially affecting safety: design, 
production, maintenance, operations, crew skills and training, medical issues. These objective 
requirements will have to be complied with by means of industry consensus standards or 
specific risk assessments. 

Keywords: Occupants safety, performance-based, suborbital. 

1 INTRODUCTION
An efficient and flexible regulatory framework for commercial space, which includes both 
orbital and suborbital operations, is essential to allow and foster an equitable and sustainable 
development of the New Space Economy. Regulation should ensure safety of third parties on 
ground and in the air as well as safety of people on-board by minimizing the risks at levels 
deemed acceptable by the society. Occupants safety is differently treated by the US regulation 
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and the European emerging one1. In US, for the time being, occupants safety is not primarily 
granted by the current regulation that requires the participants to sign an informed consent 
about the risks to fly on-board a non-certified space vehicle or suborbital vehicle [14]. In 
Europe there is enough consensus among the involved National Authorities about the need to 
establish requirements for reducing the risks for humans on-board to an acceptable level, at 
least for commercial operations. Traditionally, aviation safety is ensured by implementing a 
certification system based on prescriptive requirements. In particular, aircraft design is 
certified against detailed requirements (called “airworthiness standards”) like the EASA 
Certification Specifications (CSs) or the FAA Federal Aviation Rules (FARs) derived from 
the high level provisions of ICAO Annex 8 [8]. Recently, aviation regulators have been 
moving toward the new performance-based approach for General Aviation (GA) and 
Unmanned Aircraft Systems (UAS) with the recent “New Generation” CS/FAR 23 [9,11] and 
the upcoming JARUS CS-UAS [16]. With respect to a complex GA aircraft, a suborbital 
vehicle is characterized by new specific hazards to be coped with, namely dealing with, 
among others: high altitude/space navigation; rocket propulsion reliability; high temperature 
structures and materials; fatigue and damage tolerance; aero-thermo-elasticity; extreme 
environmental conditions; rapid decompression at high altitude; cabin-safety and habitability; 
emergency egress and crashworthiness; command & communication link; trajectory 
monitoring & tracking; integration or accommodation of the flight within the airspace.  
Taking into account these additional issues and also the large variety of system architectures 
that will emerge, a prescriptive approach to safety regulation, directly derived  from the 
traditional aviation rules, would be impractical in the near and mid-term. On the other hand, 
an operation-centric, performance-based approach to safety may be a viable alternative. It  
pivots towards a set of high level objective-requirements encompassing every aspects related 
to safety, such as: design, production, maintenance, operations, crew skills and training, 
occupants and crew medical issues. These objective requirements will have to be complied 
with by means of industry consensus standards and/or by specific risk assessments 
encompassing the entire suborbital system.  

2 SUBORBITAL OPERATIONS 

2.1 Definition and nature of suborbital operations 
According to the current understanding2, suborbital operations may be considered  as Higher 
Airspace Operations (HAO) carried out in the portion of airspace above Flight Level 600 
(FL600)3, until an altitude of around4 100 km. Following a functionalist approach [1] orbital 
(or space) operations are those operations whose aim is to put (or inject) a space object [5] 
into an orbit able to circle the Earth5 or to escape from the Earth6, while suborbital operations 
would be those operations where a vehicle follows a ballistic trajectory7, at least in one phase 
of flight, with no aim to put a space object into an orbit able to circle the Earth or to escape 
from the Earth. As such, a suborbital operation would not be a special type of  space 
operation.   

1 In particular in Italy and UK 
2 According to the “Technical briefing paper on higher airspace operators” issued in preparation of the first 
European Higher Airspace Operations Symposium, Brussels, 2 April 2019, a suborbital spaceplane operation can 
be considered as an HAO. 
3 FL600 corresponds to an altitude of 18288 m (60000 ft) above the mean sea level (AMSL). 
4 Even though this limit is not legally defined and it is just considered as a practical reference. 
5 Namely a close orbit whose perigee is above the Earth’s surface. 
6 Namely an hyperbolic orbit. 
7 Namely an elliptical trajectory (often very well approximated by a parabola in the neighbourhood of the 
apogee) whose perigee lies inside the Earth’s surface; in other words, that intersects the Earth’s surface. 
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2.2 Suborbital Vehicles vs Space Vehicles 
From a regulatory point of view a suborbital vehicle, either manned or unmanned, can be 
defined as a single-stage or multi-stage vehicle whose Instantaneous Impact Point (IIP)8 does 
not leave the Earth’s surface and at least a stage of which can follow a ballistic trajectory, 
where the vehicle is not able to develop sufficient aerodynamic forces to significantly affect 
or control the flight (free ballistic flight). A suborbital vehicle can be used either within a 
suborbital operation or within an orbital one9. The above definition does not use any engine 
definition, therefore it allows for some vehicle’s stages to be powered by an air-breathing 
engine like a traditional aircraft. A winged10 vehicle, rocket-propelled in whole or in part, able 
to derive lift from the reaction of the air when it transits through sufficiently dense layers of 
the atmosphere, and such that the thrust of which is greater than its lift for the majority of the 
rocket-powered portion of its ascent, may be called a spaceplane11. A spaceplane can be an 
orbital vehicle, a suborbital vehicle or a stage thereof. An essential character of a spaceplane 
is to be a rocket-propelled vehicle able to derive lift from the atmosphere.. In case of a single-
stage vehicle, a suborbital vehicle must be  spaceplane.. According to these definitions an 
horizontal take-off and landing vehicle system like  Virgin Galactic’s White Knight Two / 
Space Ship Two can be considered as a whole a suborbital vehicle, while the Space Ship Two 
can be considered as a spaceplane. From a regulatory point of view the payload on-board a 
suborbital vehicle is any item, equipment or part embarked or installed, which is not essential 
for conducting the flight but which is needed to perform a service within the mission, and it is 
considered part of the vehicle configuration to be approved. 

2.3 Suborbital System 
We will also define the  suborbital system as all the ground and flight elements needed to 
safely and securely carry out a suborbital operation. It includes the suborbital vehicle, the 
launch/take-off and re-entry/landing site infrastructure (the spaceport) along with any 
essential service infrastructure. It may also include the payload integration infrastructure.  

3 REGULATORY APPROACHES 
The regulatory approach in different Countries reflect different needs, risk perceptions and 
societal risks acceptability. As said, while in the US only the safety of uninvolved general 
public on ground and in the air is regulated12, in Europe the tendency is also to protect people 
on-board, seeking for a minimum level of protection that the States should ensure by 
authorizing the operations.  

8 According to [13] IPP means an impact point, following thrust termination of a vehicle, calculated in the 
absence of atmospheric drag effects. 
9 E.g. a suborbital vehicle that, at a certain point of its trajectory, releases a rocket stage to put a space object into 
an orbit could be considered a as a suborbital vehicle which carries out an orbital operation. 
10 Or, in any case it must be capable do derive lift from the atmosphere, like e.g. a lifting body. This property 
makes a spaceplane an aircraft according to the ICAO definition of aircraft. See aircraft definitions given in [8]. 
11 This definition  of spaceplane basically follows the US definition of Suborbital Rocket [13]. Suborbital 
rocket means a vehicle, rocket-propelled in whole or in part, intended for flight on a suborbital trajectory, and the 
thrust of which is greater than its lift for the majority of the rocket-powered portion of its ascent.. 
12 According to the FAA-AST website [22], “The mission of the Office of Commercial Space Transportation is 
to ensure protection of the public, property, and the national security and foreign policy interests of the United 
States during commercial launch or reentry activities, and to encourage, facilitate, and promote U.S. commercial 
space transportation.”. Moreover, according to [12], Section 460.45(b) “An operator must inform each space 
flight participant that the United States Government has not certified the launch vehicle and any reentry vehicle 
as safe for carrying crew or space flight participants.”  
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3.1 Risks structure 
The risks associated to a suborbital operation can be classified as follows: (i) risks for people 
who are not on-board the suborbital vehicle (either involved or not involved in the operation), 
namely people on ground, in the air (other airspace/space users) and at sea; (ii) risks for the 
occupants on-board the suborbital vehicle (both flight crew and other participants); (iii) risks 
for critical infrastructures; and (iv) risks for the environment (noise and emissions). 

3.2 The issue with the traditional aviation approach 
The traditional certification approach used in civil aviation is based on prescriptive regulation 
that allows operations only when each part of the system obtains the relevant certification 
issued by a competent Authority. As far as the aircraft design is concerned, this requires the 
development of detailed certification standards along with a well-defined minimum level of 
safety, often expressed in a quantitative way. In this  paper we will refer to the level of safety 
associated to a certain standard, either in terms of safety objective or in terms of safety targets. 
A safety objective may be understood as the minimum level of safety accepted by the society 
for an operation and, when translated into numbers, it is usually expressed as the maximum 
accepted probability that a catastrophic event may occur, per flight or per flight hour (FH), 
due to any possible cause. The causes of a catastrophic event may be either technical related 
(like a failure of a system or a failure of a primary structural element) or they may be 
operation related (like human errors or exceptional unexpected weather conditions). On the 
other hand a safety target is the maximum probability of failure per flight hour of a vehicle 
system, due to technical causes. Because an aircraft is typically composed by many different 
systems the failure of which could lead to a catastrophic conditions, the probability of failure 
of each system contributes to the overall aircraft probability of catastrophic event. For this 
reason the safety target must be sufficiently lower enough than the safety objective. In the 
time period of the last two decades, the General Aviation (GA) in US has reached a safety 
level given by a figure of about 1.5 ∙ 10&' catastrophic event per flight hour [17]. This figure 
is also representative of a catastrophic event per mission (or per take-off) because the average 
duration of a GA flight is 1 hour. Therefore the figure of 1.5 ∙ 10&' per flight can be 
considered a good safety objective for GA. This achievement – as those of other sectors in 
civil aviation – has been the result of the application of detailed prescriptive technical 
regulations such has the EASA Certification Specification (CS) CS-23 in Europe or the FAA 
Federal Aviation Rules (FAR) FAR-23 [10,12] in US. The guidance material13 [15] for the 
requirement FAR/CS 23.1309, requires to meet specific catastrophic safety targets for the 
systems of an GA aircraft ranging from 10&( / FH for Single Reciprocating Engine (SRE) 
aircraft to 10&) / FH for Multi Turbine Engines (MTE) aircraft (Table 1). Assuming that a 
spaceplane may have a complexity (i.e. number of critical systems) similar to a MTE airplane 
and even downgrading (with respect to 1.5 ∙ 10&') the overall safety objective to 10&* 
catastrophic events per flight, as proposed in [18], the safety target associated to critical 
systems may be in the order of 10&+ / FH depending on the complexity of the spaceplane. To 
understand how this figure may be derived we will formalize below the typical reasoning 
carried out in civil aviation to this aim. 

13 The so called “Acceptable Means of Compliance” (AMC) for the CSs and  “Advisory Circulars” (AC) for the 
FAR s . 
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Aircraft class Aircraft class description Catastrophic system safety target 
(probability/FH)  

I SRE with MOTM ≤ 2722 kg 10&( 
II MRE, STE, MTE with MTOM ≤ 2722 kg 10&+ 
III SRE, STE, MRE, MTE with MTOM > 2722 kg 10&) 
IV Commuter 10&, 

Table 1: General Aviation aircraft system’s safety targets (maximum failure rate, or probability per 
FH) for a catastrophic failure of a system. SRE = Single Reciprocating Engine aircraft; MRE = 
Multiple Reciprocating Engine aircraft; STE = Single Turbine Engine aircraft; MTE = Multiple 
Turbine Engine aircraft  [15] 

Let us consider the following events in the probabilistic meaning, namely as propositions that 
may be either true or false: E = {a catastrophic event occurs within a mission}; T = {at least 
a catastrophic system failure occurs}; T|E = {a catastrophic event occurs in a mission due to 
a technical cause}={at least a catastrophic technical failure occurs, given a catastrophic 
event has occurred}. By definition if T occurs then a catastrophic event (e.g. an accident) 
occurs; this means that T implies E: 

T ⊂ E  (1) 

The above condition (1) also implies that 

-./0 = -.2 ∩ /0 (2) 

Let us also assume that a spaceplane may have a number  n=100 different catastrophic 
systems failures (being a complex vehicle) 	56={the i-th catastrophic system failure occurs} 
.7 = 1,… , :0. We will assume that each 56	 may have a probability to occur no greater than p 
and that this probability is very low (which is typical in aviation where systems are designed 
for reliability):  

-.560 ≤ < ≪ 1	, ∀	7 = 1, … , :  (3) 

It also clear that the event T may be expressed as the logic sum of the 56 events, as 

/ = ⋃ 56 
6!" = 5" ∪ …∪ 5   (4) 

Now let us assume a safety objective <$%&' = 10&* for the spaceplane, such that we will 
have the following requirement: 

-.20 = <$ ≤ <$%&' = 10&* (5) 

Then let us assume,  according to the historical civil aviation statistics, that only 10% of the 
catastrophic events is due to technical causes, therefore we may set: 

-./|20 = <)|$ = 0.1  (6) 

Now by applying the inclusion-exclusion principle [3] and taking into account that according 
to (3) the probabilities are small, we will have: 



A performance-based approach for occupants safety in commercial suborbital transportation 
Di Antonio, Sandrucci 

1 3  

-./0 = -.⋃ 56 
6!" 0 ≅ ∑ -.560 

6!" ≤ : ∙ < (7) 

According to the compound probability theorem [3] and taking into account (2) and (7) we 
can finally write:	

-./0 = -.2 ∩ /0 = -.20 ∙ -./|20 = <$ ∙ <)|$ ≤ : ∙ <	 .80	

Now, using the (8) and imposing the requirement (5) we obtain a limiting condition on the 
maximum probability of failure p:  

<$ ≤ : ∙ < <)|$⁄ ≤ <$%&'  (9) 

form which we finally obtain our condition on the system failure probability p, assuming a 
complexity of n = 100 and taking into account the assumptions (5) and (6): 

< ≤ <$%&' ∙ <)|$ :⁄ = 10&* ∙ 10&" 10.⁄ = 10&+ = <%&' (10) 

In conclusion the safety target for each system catastrophic failure is <%&' = 10&+ 
catastrophic failures per flight or per FH. Even though such type of figure could be achievable 
for certain systems or structures, it may be unrealistically low, and thus impractical, for others 
spaceplane critical systems like the rocket motor and its installation, which are characterized 
by an intrinsic low reliability. As a matter of fact, the Space Shuttle operations got a 
catastrophic rate per mission greater than 10&. and the required safety objective of the NASA 
human rated Commercial Crew Programme (CCP) is 10&/ catastrophic event per mission 
[19]. While the full certification approach is deemed necessary in the future, especially for 
routinely point-to-point (“A-to-B”) transport operations, the adoption of a catastrophic safety 
target of 10&+ per FH for all type of spaceplane configurations may be an impediment to the 
development of this emerging sector in the near and mid-term. Also it could be an 
impediment to gather enough service experience needed for the future improvement of the 
regulation. Clearly, the issue with this approach relies on the fact that, because the sector is in 
its nascent phase and there are very few reliability and occurrences data, it is difficult to set 
appropriate and effective detailed design-related requirements and numerical safety objectives 
proportionate for each different type of systems and operations that may emerge in the future. 
Nonetheless, there is the need to regulate this type of operations from now. 

3.3 The operation-centric and performance-based approach for better regulation 
The operation-centric and performance based approach for setting up a regulatory framework 
for commercial suborbital operations in the near and mid-term answers to the new EU 
principle of “better regulation” [21] that essentially asks to regulate the minimum extent 
necessary to reach the objectives of the regulation, in collaboration with the relevant 
stakeholders14. The pillars are: flexibility; ability to account for different system 

14  “Better regulation means designing EU policies and laws so that they achieve their objectives at minimum 
cost. Better regulation is not about regulating or deregulating. It is a way of working to ensure that political 
decisions are prepared in an open, transparent manner, informed by the best available evidence and backed by 
the comprehensive involvement of stakeholders. This is necessary to ensure that the Union's interventions 
respect the overarching principles of subsidiarity and proportionality i.e. acting only where necessary at EU level 
and in a way that does not go beyond what is needed to resolve the problem. Better regulation also provides the 
means to mainstream sustainable development into the Union's policies ” [21] 
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configurations; possibility to reduce the risk acting on both the sides of event’s likelihood 
(probability) and severity (consequences); possibility to take into account consensus 
standards;  possibility to take credit from vehicles, subsystems, parts or equipment already 
certified or otherwise qualified against some recognized standard. In this context with the 
expression “operation-centric” we mean that the regulator should look at the entire operation 
and take into account and control all the foreseeable hazards that can emerge during the 
operation, using an holistic approach. This will allow to authorize an operation as a whole15, 
without the need of certifying each single element of it, like the vehicle, the organizations, the 
pilot etc. With the expression “performance-based” we mean that the regulator does not 
define detailed requirements, rather he/she only sets a limited number of qualitative 
requirements, which clearly define the objectives to be achieved (and for that reasons they are 
referred to as “objective requirements”). Each performance based regulation (PBR) assumes a 
certain level of safety associated with it, that is to be implemented by detailed standards. This 
means that the PBR is not enough to design, produce, manufacture and operate the system, 
without an implementing detailed standards which ensure a level of safety no less than that 
associated to the relevant PBR. In the context of the suborbital operation the PBR approach is 
specifically suited to address occupants safety issues. 

4 PERFORMANCE BASED APPROACH FOR OCCUPANTS SAFETY 

4.1 Basic assumption on occupants safety 
A manned suborbital flight is a high risk operation for people on-board with respect to the 
traditional aviation. Nevertheless it is expected that people will accept the risk against some  
benefit. The States (at least in Europe16) normally will not authorize dangerous flight 
operations without verifying that the risks for people on-board are minimized as much as 
reasonably practicable, by thus ensuring a certain minimum level of safety. In the traditional 
aviation, the acceptable level of safety originates from the fact that people continue to fly with 
the presently available safety records that may therefore be considered (implicitly) accepted 
by the society. On the other hand the regulators will try to continuously increase the level of 
safety up to the extent this becomes impractical or highly costly17. Eventually, practicability 
and acceptability are the two main criteria used by regulators to set the required level of 
safety. A clear description of this process is given in [2]. It is quite clear that the spaceplane’s 
occupants cannot benefit of the same level of safety we presently have in aviation, at least at 
the beginning. Therefore, the States shall take over the responsibility of adopting a different 
approach to safety for people on-board. At PBR level figures and numeric probabilities of 
failures will be replaced by qualitative terms (like “likelihood” and “severity”) coming from 
the hazard and risk assessment vocabulary. Occupants on-board a suborbital vehicle may be 
classified as crew (i.e. flight crew and cabin crew) and participants. The term “participant” is 
adopted to make distinction from “passenger”. A passenger is supposed to have only a basic 
understanding and knowledge of what he/she will experience in a commercial flight: albeit a 
passenger shall have a minimum level of medical fitness, he/she is not medically screened 

15 This is, mutatis mutandis, the same approach that has been successfully followed for the authorization of the 
UAS operations in the Specific Category [6]. 
16 This is the position of the Italian Government that in the Address Act for the sustainable development of 
commercial suborbital transportation [7], asked ENAC, the Italian Civil Aviation Authority, to build up the 
regulatory framework for the suborbital transportation and to define the level of safety for the occupants, aligned 
with the state-of-the art. 
17 “The normal passenger is almost certain to opt for an high level [of safety], but equally is unlikely to be 
prepared to pay excessive fares  for the benefit of making a high level [of safety] even higher” [Lloyd p. 27] 
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before acceptance and, in addition, no operational training is provided to a passenger, apart 
the usual emergency briefing before take-off. On the other hand, a suborbital flight 
participant, beside a dedicated medical readiness check, is supposed to attend a minimum 
training on this particular kind of operations. A participant not only will share a residual 
operation risk with the flight crew (and he/she will be informed on it) but, depending on the 
type of suborbital vehicle and phase of operations, the overall mission safety might rely on 
his/her behaviour and operativeness. 

4.2 Performance-based approach implementation 
The approach proposed in this paper to ensure a minimum level of safety for the occupants 
on-board a suborbital vehicle is based on the allocation of high level objectives requirements 
(at PBR level) to the entire suborbital system, not only to the vehicle. This means that the 
level of safety associated with a certain objective requirement can be achieved either acting at 
the vehicle level (for example by carefully design the vehicle in accordance with recognised 
design standards) or acting at the ground segment level (for example by assigning some 
essential functions to the ground control station, such as monitoring of systems and 
trajectory). The PBR objective requirements are to be developed and mandated by the 
competent Authority by regulation. The PBR may include Guidance Material (GM) that 
explains how to develop acceptable detailed standards starting from the objective 
requirements. The detailed standards may be developed by the industry or by the 
standardization bodies in compliance with the PBR and must then be recognized and accepted 
by the competent Authority. When the Authority reviews the proposed standards, new 
requirements (referred to as Special Conditions – SC) may be imposed as deemed necessary 
to address specific issues, characteristics or unusual uses of the system, if these issues were 
not adequately covered by the standard. Once defined a SC become an integral part of the 
standard.  The Applicant, typically the suborbital operator, may choose to follow a certain 
consensus standard to develop and conduct its operation, or may decide to develop a new one.  
An applicant can also propose alternative approaches, which provides an equivalent level of 
safety to the requirements of the standard. These alternative approaches can be applied as 
equivalent of certain requirements and they are referred to as Equivalent Level Of Safety 
(ELOS). A consensus standard (possibly complemented with ELOSs and SCs) may be 
applied in total or in part. As a matter of fact, it is possible to implement the PBR approach by 
three methods: (i) by fully implementing a detailed recognized consensus standards (along 
with the related ELOSs and SCs); or (ii) by carrying out a specific operation risk assessment, 
implementing the related mitigation measures; or (iii) by using a mixed approach (figure 1). 
This would allow enough flexibility to issue operation authorizations in the near and mid-
term, waiting for the development of adequate consensus standards.  
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Figure 1: Different possible approaches for the implementation of the PBR for occupants safety. (a): 
The suborbital system fully complies with Authority-recognized standards possibly supplemented by 
ELOS (and SCs), which are developed from the PBR; (b) The suborbital system operates under the 
conditions and limitations established as a result of an holistic operation-centric risk assessment, 
which ensure the level of safety associated to the PBR; (c) mixed approach. 

An holistic (or “total”) hazard and risk assessment takes into account all hazards coming from 
design, manufacturing, maintenance, operations, training, crew licensing, medical aspects and 
it will define appropriate limitations and conditions to mitigate the related risks at an 
acceptable low level. As described in [4],  the FAA document [20] on human spaceflight 
occupants safety, also applicable to suborbital operations, is proposed as one of the possible 
baseline for the development of an operation-centric PBR. In addition, taking into account 
most of the configurations of the spaceplanes already operative or under development, 
carrying up to 6 to 10 people, it seems reasonable to also consider the “New Generation” 
performance-based regulation currently in place for the General Aviation in US and Europe 
[9,11], along with the upcoming performance-based regulation for the UAS18 [16]. As a 
matter of fact, a spaceplane for many aspects can be considered as an aircraft with a rocket 
motor flying up to very high altitude (see foot-note 10), therefore a number of design, 
production and maintenance issues may be effectively covered by the existing manned and 
unmanned aviation regulation, guidance material and best practices.  On the top of that, other 
specific issues shall have to be considered, namely: rocket motor reliability; supersonic and 
hypersonic phases of flight (thermo-servo-aero-elasticity); system-structures interaction; very 
high altitude environmental effect (space weather); high accelerations to be withstood by  
structures, systems and human body;  human life support and survivability (oxygen, 
pressurization, etc.); emergency conditions and re-entry (emergency landing and minor crash 
survivability); material and structures durability (cycling loads, temperature and humidity, 
high differential pressurization, radiation, etc.). Eventually, all these issues must  be carefully 
addressed either by the PBR and by the detailed consensus standards, or they must be taken 
appropriately into account within the holistic risk assessment. 

5 CONCLUSIONS 
The development of a PBR for the occupants safety ant its implementation through consensus 
standards and/or holistic risk assessments will allow the regulator to authorize suborbital 
operations in the near and mid-term by applying an operation-centric approach, waiting for 
the sector to mature.  In the future, a full certification approach will allow commercial point-

18 The JARUS CS-UAS [16] is applicable to Vertical Take-Off and Landing (VTOL) unmanned aircraft with a 
Maximum Take-Off Mass (MTOM) up to 3175 kg and to unmanned non-VTOL aircraft with a MTOM up to 
8618 kg. 
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to-point intercontinental operations able to connect the antipodes of the Globe in a couple of 
flight hours. Though, science and technology usually go ahead step-by-step. 

6 DISCALIMER 
The content of this article reflects the sole personal opinions and views of the Authors, and by 
no means it can be automatically or formally attributed to the Italian Civil Aviation Authority 
(ENAC) nor to other National, European, international organizations or informal groups. 
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ABSTRACT 
During the Amadee-  mission in the man desert we have established a ground-based 
experimental prototype constituted by an inflatable self-erecting tent integrating a fully 
automated hydroponic vertical system with ED as a sole source of light for the production of 
microgreens . By this prototype, we performed a high-efficiency plant cultivation experiment in  
semi-closed environment with the crew busy analyzing overall energy, water, fertilizer 
consumption and biomass production. Results achieved were compared with those available in 
the current scientific literature on this topic. Analog missions li e Amadee-  are field tests of 
fundamental importance in evaluating advantages and disadvantages of life support systems 
designed to produce food in harsh environments before they could be effectively used in space 
missions. The system here developed has made possible the integration of  the crew diet , mainly 
composed of pre-pac aged foods, with fresh microgreen vegetables providing the correct 
dietary inta e of vitamins and other bioactive molecules such as carotenoids, phenolic 
compounds and in particular anthocyanins, efficient antioxidant and free radical scavengers, 
able to counteract stress adverse effects. During the experiment the effect of photoperiod on 

ustard Ruby Strea s (Brassica juncea .), Red abbage (Brassica oleracea var. capitata), 
Radish Red Rambo (Raphanus sativus) Amaranth Red Army (Amaranthus cruentus) was 
investigated. The data obtained showed that increasing photoperiod duration led to an increase 
of fresh weight in all the species, a reduction of the hypocotyl length with the exception of 
mustard, the reduction of cotyledon area in mustard and amaranth while an increase in 
cabbage and radish.  

Keywords: Microgreens, Hydroponic, Extreme Environment, Amadee-18 Mission 

1 INTRODUCTION 
In February 2018, the Austrian Space Forum, in cooperation with the man Astronomical 
Society have conducted in the epler station an integrated Mars analog field simulation in the 
Dhofar region named AMADEE-18. Than s to the environmental conditions of the epler 

1
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Station, the experimental site have been useful for studying human behaviour in a restricted and 
extreme environment, mimic ing life conditions typical of spaceflight or orbiting stations. It is 
clear that atmospheric and environmental conditions of the test site are far from being similar 
to those of Mars habitat but analog missions are field tests that have physical similarities to the 
extremes of space environments for testing in harsh environments before they are used in space 
providing data about strengths, limitations and the validity of planned human exploration 
operations 1 .  
The main aim of the so called Hortextreme  pro ect ob ective was the realization of a portable 
lightweight fully automated hydroponic system equipped with LED as a sole source of light in 
an inflatable self-erecting plant growth facility, climatically controlled and designed by means 
of the TRNS S computer code, for the production of high-quality microgreens. In addition, 
the effects of two LED light photoperiod regimes on the growth, morphology and nutritional 
characteristics were studied with the aim to optimize support to the diet of the mission crew 
members.  In the facility assembly, robust commercial components have been privileged in 
order to minimize the total cost of the pro ect and to guarantee, at the same time, ease in 
handling, high reliability and availability of spare parts. All the facilities, the scientific 
instruments and the experimental procedures were selected to reduce the number of man hours 
necessary for handling, installation and testing.  For biometric measurements portable 
lightweight multiparameter scientific instruments were selected able to perform real-time non-
destructive analysis.   

e have focused our pro ect on the production of microgreens that are leafy vegetables 
harvested as seedlings, -15 days after germination, highly acceptable by consumers as Ready 
To Eat (RTE) food because tender, tasty, visually attractive 2 - 5 . They are promoted by 
scientific reports as a highly nutritious and healthy food, being an excellent source of vitamins 
and antioxidants in concentrations from 4 to 40 times higher than in mature plants but also 
minerals 2 , 6 – 11 . Microgreens are the best candidates for leafy vegetables production in 
analog mission, li e Amadee-18, in that they are: i) fast growing ( -21 days)  ii) short in height 
( -12 cm), adaptable to multitier cultivation rac s  iii) performing well under low light intensity 
and at a high plant density 10 , 12 , 1  iv) high added-value product because fresh, clean, 
nutritious and pesticide free , , 11  v) amenable to quality improvement by 
environmental control and LED lights 14 – 19 . To counteract stressful conditions, a fresh 
supplementation of minerals, antioxidants and vitamins in a diet composed mainly by pre-
pac aged foods will help in maintaining healthy the crew members throughout the mission 20 . 
It is well nown that microgreens and in particular rassica and Amaranth species are not only 
a good source of minerals such as potassium, calcium, iron and zinc 9 , 21  but also contain 
great variety of polyphenols 22 , 2  such as anthocyanins and flavonol glycosides important 
bioactive substances for human health 24  able to counteract oxidative stress, with good anti-
inflammatory properties and antimicrobial activity 25 , 26 . 
The microgreen species cultivated for this pro ect were selected to realize a variegate diet and 
among those with higher content of vitamins, carotenoids, anthocyanins and organoleptic 
characteristics as stated in the literature 6 , 11 , 2 : Mustard Ruby Strea s (Brassica uncea 
L.), Red Cabbage (Brassica leracea var. capitata), Radish Red Rambo (Raphanus sativus) 
Amaranth Red Army (Amaranthus cruentus). 
It is clear that atmospheric and environmental conditions of the test site are far from being 
similar to those of Mars habitat, but analog missions are field tests that have physical similarities 
to the extremes of space environments for testing in harsh environments, before being deployed 
in real space exploration operations providing data about tools, procedures, mental and physical 
challenges, strengths, limitations of a real manned mission may face 1 . Nevertheless, it is clear 
that the technology tested is helpful to save resources, to reduce need for consumable resupply, 
to enhance dietary inta es (highly nutritious fresh food, with best organoleptic characteristic) 
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while providing psychological physiological benefits due to the presence of plants in the 
habitat. 

ur main ob ective was to quantify the number of species of microgreens that could be bred in 
a high density shelving system with LED light as a sole source lighting, minimizing photoperiod 
duration and energy consumption without detrimental effects on both quality and quantity of 
food. 

2 MATERIALS AND METHODS 

2.1 E perimental site and setup 
The setup phase of Hortextreme pro ect started on February , 2018 and finished two days later 
while the experimental phase started on February 8 and finished on February 2 . nly one 
experiment of the two originally scheduled was realized, due to some delay in the main 
container delivery at the experimental site of the epler  Station in the man s Dhofar desert 
near the southern Marmul outpost. The experiment was conducted in a grow room installed 
inside an inflatable self-erecting tent (TAG 42 Plasteco FT S.r.l., Senago, Italy). Inside the tent 
two compartments were realized. The first was a wor ing area for all the experimental 
procedures and a warehouse area to store all the equipment, while the second was the real 
cultivation area inside a light-proof grow room (Fig. 1b.). 

(a) (b) 

Figure 1: TAG 42 Inflatable self-erecting tent. (a): Tent with the solar screen on the roof  (b) 
Hortextreme  prototype in the grow room inside the tent. 

2.2 Horte treme system description 
The prototype is a vertical stac ed growing system with a structure realized with a modular 
frame in aluminium profiles divided in two components (Fig. 2): in the first one (at the base) 
there is the main watertight S1 tan , made of high-density linear polyethylene (LLDPE) 
(Rototec, Lunano, Italy).  
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Figure 2: The Hortextreme prototype, inside the grow room for the production of microgreens. In the 
lower part, the main tan , while in the upper part is present a germination area without lights (AREA 

2) and the cultivation area (AREA 1) illuminated by Heliospectra LED lights.

The prototype is realized into two detachable components to facilitate maintenance operations. 
In the upper part of the prototype there is the second component. An aluminium supporting 
frame with four shelves stac ed vertically to support ebb and flow trays (St l  Plast, Ringe, 
Denmar ) made of high impact polystyrene (HIPS). Two of these trays are illuminated by 
Heliospectra lightbar (Fig. 2, AREA 1: tray 1 and tray 2  Cultivation area) the other two trays 
are not illuminated (Fig. 2, AREA 2: tray  and tray 4  Germination area).  
Cycles of watering flooding are controlled by the brain of the Grolab system, the Gronode 
( pengrow LDA, iseu, Portugal), through the Powerbot unit (electronic device controller, 

pengrow LDA, iseu, Portugal), that activates the submersible pumps inside the S1 tan . 
Inside each tray a temperature and moisture sensor are positioned and connected to the Soilbot 
unit ( pengrow LDA, iseu, Portugal) to acquire data during the cultivation process. Ebb and 
flow regimes were optimized during the preliminary test phase.  
All the setup of the prototype devices and every parameter of the cultivation process was 
previously configured in the Grolab software and then transferred to the Gronode unit ( pen 
Grow LDA, Portugal) that autonomously control all the modules and gather all the data 
obtained by all the sensors and the connected devices. The Tan bot unit is connected to the 

S1 tan  with a pH and an electric conductivity probe, a water temperature sensor, two tan  
water level sensors (min-max), two solenoid valves (refill and drain), a smo e (Fire Alarm) and 
a motion detector sensors. The Soilbot unit is connected to all the four trays with moisture and 
temperature sensors and a flood detection sensor, positioned on the ground near the S1 tan , 
to alert in case of flooding. The Powerbot unit (Powerbot 1, 2 Fig. ) senses the microclimate 
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with its own humidity and air temperature sensor and is able to manage electrical devices via 
four universal soc ets controlled by the Gronode. Powerbot 1 managed the pumps and the lights 
of grow 1 and grow 2 trays of Area 1. Powerbot 2 manages the water pump of Area 2, the pump 
and the U  lamp of the water sterilizer system and the air pump for air cooling of the LED 
lights and water aeration (Flexitan  and S1 Tan ) and the grow room heater ( LT 1,5 ). 

Figure . The Hortextreme system scheme with the computer, cameras, U  water sterilizer, air and 
drain pump, energy meter and the Grolab controller  with all its components (Gronode, Powerbot, 

Soilbot and Tan bot units) 

To address mission requirements and to increase the efficiency of the process, the prototype 
was realized with four shelves organized in two areas of growth (Fig. 2 Area 1 and Area 2) to 
complete the complete microgreen production process in 25 days instead of 0 (Fig. 4). To 
conclude the complete cycle of cultivation, trays  and 4 (Area 2 Fig. 2) from the germination 
area are transferred in the cultivation area, while trays 1 and 2 already harvested are transferred 
in area 2, ready to start a new cycle of growth (Fig. 4.). 
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Figure 4. The Hortextreme microgreens production cycles 

2.  Hydroponic system 

An ebb-and-flow hydroponic system was realized using Greenfelt mat (Manifattura Maiano, 
Capalle, Italy) as a substrate, which is a fully biodegradable felt containing a mix of recycled 
ute (85 ) and enaf (15 ).  Greenfelt pads of 50 x 50 cm were pre-hydrated with potable 

water. To reduce the microorganism contamination in this closed-loop hydroponic system, the 
nutrient solution was forced to recirculate through an U -C water sterilizer (Fig. 2). 

2.4 Plant material and Growin  conditions 
Seeds of four species (Sow seeds Limited, Cuddington, England), Mustard Ruby Strea s 
(Brassica juncea L.), Red Cabbage (Brassica oleracea var. capitata), Radish Red Rambo 
(Raphanus sativus) Amaranth Red Army (Amaranthus cruentus), were previously surface 
sterilized with a 0.5  sodium hypochlorite solution for 15 min, rinsed three times with potable 
water and then soa ed in potable water for 4 hours. Seeds were evenly distributed at density of 
one plant cm2 onto the hydrated pad (50 x 50 cm for every species) inside two trays (Area1: 
trays 1 and 2, Fig. 2). 
During the experiment, daily air temperature in the grow room where maintained at 25 C while 
during the night at 16 C. Germination of the seeds was realized in the dar  for the first five 
days. Relative air humidity was between a minimum of 4  and a maximum of 55 . Daily 
light integral ranged from 6,48-8, 9 mol m-2 d-1 for the 12-16 h photoperiod respectively. 
The nutrient solution was prepared using one gram of Idrofill ase fertilizer NP  10-5-2  
(8Ca-2Mg)  ME, -Adriatica, Rovigo, Italy  per litre of potable water and pH was ad usted at 
5,9 with Dry pH Down (GHE Santa Rosa, CA, USA). The solution was delivered in the tray by 
a submersible pump enough to hydrate the greenfelt mat and drainage recovered in the main 
tan  (closed loop system). 
The LED lights used in the present study were the Lightbar Heliospectra A , G teborg, 
Sweden with 28 red (660-6 0 nm), 8 blue (460-4 0 nm) 12 white (5 00 ) . Two LED lightbar 
were installed underside the aluminium shelves to obtain 150 mol m-2 s-1 above the plant 
canopy. The correct spacing and distance of the LED lights from the tray was found measuring 
the average photosynthetic photon flux density with a az-A-Irrad ( cean ptics Inc., Dunedin, 
FL, USA) spectroradiometer. Two light treatments were imposed with 16 8 and 12 12 
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light dar  photoperiods providing plants with a daily light integral (DLI) of 8, 9-6,48 mol m-2 
d-1 respectively.

2.  Plant rowth analysis 

Growth and morphology data were collected and recorded by the crew, 15 days after sowing. 
Ten randomly selected seedlings of each species were used to determine mean fresh weight 
with a digital scale (Strumenta, Italy), cotyledon area with the AM 50 Portable Leaf Area Meter 
(ADC ioscientific Ltd., Herts, U ) and hypocotyl length with a digital calliper (Scienceware 
Digi-Max Sigma-Aldrich).  
Statistical analysis was carried out using Prism Graphpad program and statistical differences 
were evaluated by ordinary analysis of variance one-way AN A using Sida s multiple 
comparison test.  

2.6 Air conditionin  system desi n 

At the beginning of the study, we hypothesized to install the hydroponic system described 
above, inside a small grow room in order to facilitate the temperature control during the 
microgreen growth process. Nevertheless, to get the best environmental protection we decided 
to lodge the Grow Room inside a larger inflatable tent, with an additional reflective cover on 
the roof, with the scope of minimizing the solar radiation affecting the system. 
The inflatable tent has been equipped with suitable air extraction fans, with the aim of creating 
a small indoor environment at around the outdoor temperature of the desert without any 
disturbance of the solar thermal contribution. To achieve a suitable temperature control inside 
the Grow Room, a small compact portable air conditioner with two air pipes was devised in 
order to avoid undesired air inta es from the inflatable tent during the operation. The first pipe 
aspires fresh air inside the inflatable tent while the second discharges the heated-up air outside 
the inflatable tent. 

 Results 

.1 Air conditionin  system dynamic simulation 

In order to determine the size of the air conditioning equipment to be included in the Grow 
Room, a dynamic simulation of a structure made by polyester fabric and placed in shadow under 
the boundary conditions reported in table  was performed by means of the TRNS S code 
(Thermal Energy System Specialists, LLC, Madison, USA). 
The simulations were carried on with the internal temperature of the grow room free to variate 
within the limits 16-25 C by means of the above descripted air conditioner and of a small 
additional electric heater. 
Assuming a tolerance of 50 , to consider all the uncertainties related to the calculations, the 
minimum required maximum overall cooling power was rounded to 2.25 , which resulted 
in a required electrical power of about 0. 5 , assuming an EER equal to  for the air 
conditioner. 
In order to minimize either the additional heater needed at lower temperatures or the thermal 
load in daylight, the day-night timing period was reversed for the LED light illumination. 
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The portable air conditioner TR TEC model PAC 550 PR , with a cooling power rated at 
about .5 , was at last selected. 

.2 E perimental trial 

During the Amadee 18 mission, ust a single of the two experimental trial was performed, due 
to a delay in the container delivery. At the end of the fifteen days of cultivation was registered 
in the refilling flexi tan  the total water consumption of 2 litres and calculated an average total 
consumption of 6 L m2. The total power consumption of 05,4 h was registered by the 
Efergy energy meter with a daily mean power demand of 19.08 4.  h, a mean daily pea  
power of 1.66 0.4  and a calculated average power demand of 152,  h m2. The light 
treatment effects (photoperiod 12h vs 16h) on all the biometric measurements of the 
microgreens (fresh weight, cotyledon area, hypocotyl length) are reported in table 2. 

.  Species selection 

For the experiment we selected four microgreen species among those with the highest content 
of ascorbic acid, phylloquinone, tocopherols, carotenoids, glucosinolates and anthocyanins as 
reported in previous studies 6 , 28 – 0 . Than s to their high nutraceutical properties 
microgreens produced during the experimental trial were effectively consumed by the Amadee-
18 crew as supplementary Ready-to-Eat fresh food integrator. As stated by Di Gioia and 
Santamaria 10  a 50 g portion is capable to satisfy the recommended daily inta e of several 
vitamins 1  and partially fulfil micronutrients requirements of the analog astronauts 10 , 21 , 

0 . 
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Name Species Seed 

density 

m2 

Yield 

FW 

m2 

Growth 

Ratio 

FW  

seed 

Days to 

Har est 

Dry 

wei ht 

 

Menu 

alue 

CM-

d 

Amaranth Amaranthus 

spp 

45-50 480-

20 

11-29 8-15 9. 0.1 69 

Cabba e Brassica 

oleracea 

var capitata 

58-81 960-

1440 

15-28 -1 5.9- .  62 

Mustard Brassica 

juncea 

52-68 61 -

2210 

26- 5 -14 4.9-6.1 144 

Radish Raphanus 

sativus 

10 -

202 

1145-

2400 

8-1 8-12 6. -10.  1  

Table 1. Minimum and maximum values for seed density, fresh weight yield, growth ratio (fresh 
weight yield divided by seed quantity) and days to harvest of four microgreens species. Mean dry 

weight are reported as percentage. Data elaborated from several reports and scientific wor s , 6 , 
1 , 21 , 2 . Predicted menu values are reported in grams crew member day to satisfy 

recommended daily dietary inta e of vitamins (A,C,E, ) for long-term missions 20 , 1  

.4 Fresh wei ht  hypocotyl len th and cotyledon area 

The low temperatures at night during February 9 and 10, have negatively affected the fresh 
weight yields for Amaranth. Instead, mustard and cabbage yields were in agreement with the 
results obtained in other reports , 1 , 29 , 2 , presumably as rassica varieties grow 
better at cooler temperature and at low-light intensities 29 , .  
In our study we report the influence of the photoperiod duration (increased from 12 h to 16 h) 
on the fresh weight (table 2) in all the species assayed. The highest percent increment between 
was realized by cabbage and radish, while the lowest was by mustard and amaranth. In red 
cabbage, mustard and red amaranth the effect of photoperiod on fresh weight results were not 
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statistically significant (Table 2). This suggests that only Radish increases in fresh weight as a 
result of photoperiod elongation. 
The photoperiod effect on hypocotyl length (table 2) was statistically significant only in 
mustard with a strong positive increment. In the other species the decrement of the hypocotyl 
length (table 2) in radish and amaranth was observed while in cabbage no variation was 
observed. 
The effect of the photoperiod duration on cotyledon area was not significant in all the species 
with the exception of radish. The highest percent increment of cotyledon area was observed in 
radish and in cabbage while the lowest ones in mustard and amaranth.  

RRR CR AR SR 

Fresh Wei ht 

 

2  2 1   

Hypocotyl 

len th  

-6 0 -1 6  

Cotyledon 

Area  

49 49 -5 -19

Table 2. Percent difference between 12h and 16h photoperiod at 15 days after sowing of Fresh weight, 
Hypocotyl length, Cotyledon area in Radish Red Rambo (RRR), Red Cabbage (CR), Amaranth 

Red Army (AR) and Mustard Ruby Strea s (SR). Statistically significant results (p 0.05) are 
reported in bold. 

4 Conclusions 

To the best of our nowledge, this was the first time that a microgreen production in an 
inflatable facility was realized in an analog manned space mission. Hortextreme prototype in 
the field of man desert, has proved to be  a simple modular, highly reliable system, easily 
transportable and deployable for the production of microgreens and small vegetables to support 
the diet of crew members of missions in extreme environments. Than s to the control and 
management system, it has been possible to follow and remotely control in real-time the growth 
process and to evaluate the global budgets of water, energy and fertilizer consumptions. The 
preliminary experimental results show a variation of the main parameters evaluated vs the 
photoperiod increase (12-16h LED 6,48-8, 9 mol m-2 d-1 1,8-2,4 d) strongly species-
dependent, as reported in table 2.  All these relationships must be thoroughly investigated to 
increase nowledge on the effect of various biotic and abiotic factors upon the nutritional 
characteristics of microgreens.  
The prototype was able to support the crew members with ready-to-eat products rich in vitamin 
content thus integrating the diet consisting of canned foods. The prototype system will be 
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implemented to support other analog missions to test and evaluate microgreens production in 
extremely cold and high-altitude environments under hypobaric conditions. 
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ABSTRACT 
HEMERA integrates a large starting community in the field of tropospheric and stratospheric 
balloon-borne research, in order to make existing balloon facilities available to all scientific 
teams in the EU. The project, which will be presented in this paper together with its major 
outcomes, involves major space agencies dealing with balloon infrastructures, companies 
operating the balloons, companies providing the necessary technologies and scientific 
experts. 
On the basis of the outcomes of the user’s need, HEMERA develops new technologies for the 
launch system, individuates new launch sites in order to provide wider opportunities and fly 
conditions to the payloads and offers to users a possibility to fly small to medium payloads at 
no cost on Pressure Balloons and Sounding Balloons. 

Keywords: Hemera, stratospheric balloon, telemetry 

1 INTRODUCTION 
The future trends of stratospheric activities indicate positive interest of the scientific and 
industrial community. This is mainly due to its capacity to provide access to space 
characterized by cost-effectiveness, simplification of operations and chance to recover the 
payload for its reuse[1] .These features are a concrete advantage compared to space missions, 
which require long preparation activities, higher costs and do not allow updates or corrections 
to scientific instruments once in orbit. Current trends, which will be presented in this paper, 
shows interest in short and long-term missions, from many regions of the Earth. 
Applications of the stratospheric balloons affect both technology validation [2] and different 
scientific disciplines such as astrophysics, planetary science, atmospheric studies, 
geoengineering etc. [3] 
Stratospheric balloons can in fact allow, for example, the possibility to intervene in the Earth 
climate changes [4], to study part of the effect of re-entry systems such as the test executed 
for the USV on behalf of ASI and CIRA[8] etc. This draws the interest of both scientific and 
industrial communities. 
All these activities promotes new research results and stimulates the students to approach to 
the space sector. The exploitation of stratospheric missions as a training bench for students at 
different educational levels are carried out by the main actors in the world such as in USA 
with the NASA balloon program [5], in Japan [6], India [7] and Europe. 
In particular, in Europe, fruitful activities have been historically carried out by national 
agencies and operators, such as for example Italian Space Agency, CNES, Swedish Space 
Corporation. 

1 55
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In this framework of favourable opportunities, considering the trend of a system of 
collaborations between national and international bodies and with the aim of establish a 
strong European group for stratospheric activities, Hemera has been kicked off. 
This project gives the chance to improve the connectivity between the main actors in the 
European scenarios and to develop new technologies, which are fundamental for guaranteeing 
a competitive and cost effective space transportation mean such as stratospheric balloons. 

2 HEMERA OVERVIEW AND OBJECTIVES 
HEMERA integrates a large Starting Community in the field of tropospheric and stratospheric 
balloon-borne research, in order to make existing balloon facilities available to all scientific 
teams in the EU. The project involves major space agencies dealing with balloon 
infrastructures, companies operating the balloons, companies providing the necessary 
technology and scientific experts. 

The objectives of HEMERA are the following: 

O1: Provide better and coordinated balloon access to the troposphere and stratosphere for 
scientific and technological research, in response to the scientific user needs. In order to 
reach this objective free of charge flights are provided to the community thorough Call for 
proposals.  
O2: Attract new users to enlarge the community accessing the balloon infrastructure and 
foster scientific and technical collaboration. New users are now involved in balloon 
business, who were not in a position to fly their payloads before HEMERA. Only France 
and Sweden have a national flight program in recent years but now 11 countries will 
participate to the 2019 and 2020 flights. Scientific and technical collaboration has been 
fostered in this frame, for example, demands from scientists to fly their payloads at the 
same time on the same gondola, in order to share and compare results or to provide 
complementary results. 
O3: Enlarge the fields of science and technology research conducted with balloons. New 
fields are being tackled through HEMERA flights; for example, two gliders will be flown 
from Kiruna, one of them being designed for atmospheric measurements when flying 
down, which will be both a technical and scientific innovation. New X ray detectors will 
be tested on board balloons, from Swedish and Italian teams. 

HEMERA PARTICIPANTS 
Organization Name Country 
Centre National d’Etudes Spatiales (CNES, coordinator) France 
Agenzia Spaziale Italiana (ASI) Italy 
Swedish National Space Agency (SNSA)     Sweden 
Deutsches Zentrum für Luft- und Raumfahrt e.V. (DLR) Germany 
Canadian Space Agency (CSA) Canada 
Swedish Space Corporation (SSC) Sweden 
Andoya Space Center Norway 
Airstar Aerospace France 
Centre National de la Recherche Scientifique (CNRS) France 
Karlsruher Institut für Technologie (KIT) Germany 
Cranfield University United Kingdom 
Istituto Nazionale di Astrofisica (INAF) Italy 
Heidelberg University Germany 
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O4: Improve the balloon service offered to scientific and technical users through 
innovative developments. New balloons systems (Large Sounding Balloons), type of 
envelope, flight chain, launch sites are promoted in the frame of the project. 
O5: Foster standardization, synergy, complementarities and industrialization through joint 
developments with greater cost-effectiveness. A joint ZPB user manual has been 
elaborated which allows harmonizing the interfaces between CNES and SSC gondola; the 
aim is that an instrument able to fly on a CNES gondola can fly on a SSC one, and 
opposite.   

Currently, the HEMERA program uses Sounding Balloons (SB) and Zero Pressure Balloons 
(ZPB) for stratospheric flights. HEMERA gives access to launch facilities and it is capable of 
conducting scientific balloon campaigns, in Europe and Canada. 

HEMERA includes three major components: 
- Operational activities to organize and conduct the flights
- Development of innovative technologies and infrastructures to optimize the balloon
offer
- Networking

3 TRANS NATIONAL ACCESS 
HEMERA offers different possibilities to fly small to medium payloads free of charge. The 
payloads are installed on CNES or SSC gondolas on board of Zero Pressure Balloons (ZPB) 
and sounding balloons (SB). In addition to the flight HEMERA provides the science teams of 
the payloads travels and in loco subsistence for experimenters.  
The cost for the development and construction of the payload is not included, and payloads 
have to be provided by the scientific organization or the company willing to use the free of 
charge launch opportunity. 
Hemera will provide also a virtual access: the data acquired during those flights will be 
collected and made publicly accessible on a dedicated web portal. This service will be 
provided by CNRS and INAF. 
Access to the balloon flights has been organized issuing a proposal process with an 
independent review panel.  Two call for proposals are foreseen in the frame of the HEMERA 
project. The aim of these two call for proposal is to select two batches of payload which will 
fly on nr. 6 ZPB and several SB. The first call selected the payloads for the flights scheduled 
in 2019 and 2020. The second call for proposal will select payloads for the 2021.  

 The flights of the larger zero pressure balloons, each carrying around 150 kg of payload, are 
planned from Esrange (northern Sweden) and Timmins (Ontario, Canada). The French facility in 
Aire sur l'Adour will be used for launches of the smaller sounding balloons with 3 kg payload. 
Launches will be operated by the Swedish Space Corporation (SSC) and the French space 
agency CNES in collaboration with the Canadian Space Agency CSA. 
The main features for the flight campaigns are reported in the following table. 
Parameter Zero Pressure Balloons (ZPB) Sounding Balloons (SB) 
Launch site Timmins, Canada and Esrange, Sweden Aire sur l’Adour, France 

Launch seasons August-September from Timmins 
All seasons from Esrange  

All seasons 

HEMERA flights 6 flights during 2019-2021 Several flights, depending on user 
needs (max 20 flights)  

Balloon volume 150 000 m3 up to 5 m3 
Total experiment mass in one 
gondola  

Up to 150 kg Up to 3 kg 
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Typical altitude 15-35 km 30-35 km
Flight duration (excluding 
ascent and decent) 

3 to 40 hours depending on launch site and season 3 hours 

Ascent speed 5 m/s 5 m/s 
Balloon slow descent speed 1-5 m/s N/A 

Speed at landing 5-7 m/s Around 5-6 m/s 

Indicative mass of a single 
experiment  

Up to 30 kg, including power source  Up to 3 kg, including power source  

Experiment data storage On board storage and/or transmission by means of 
communication link  

On board only 

Speed of the communication 
link  

Up- and downlink up to 2Mbit/s N/A 

Power source for the 
experiment  

Can be provided by the operator or user; the mass of the power 
source is usually 10-20 % of the experiment  

Provided by users 

Other services GPS location, azimuth control, real time flight trajectory, on 
board cameras.  

GPS, pressure, temperature and 
humidity.  

The timeline of the flight possibilities is reported herafter. 

Timeline Event 

1st Call 
July 2018 1st Call for Proposals 
October 2018 Submission of Proposals 
January 2019 Selection of Payloads 

Summer 2019 Flight possibility with SSC from Esrange 
August/Sept. 2019 Flight possibility with CNES from Timmins 

2nd Call 
September 2019 Call for Proposals 
December  2019 Submission of Proposals 
February - April 2020 Selection of Payloads 
August 2020 Flight possibility with CNES 
From Jan. 2021 Flight possibility with SSC 
Summer 2021 Flight possibility with CNES 

Results of the first call for ideas 
The first call for ideas was a success and arose great interest mainly in the scientific 
community. 
In total, 39 proposals was submitted by institutions of 17 countries. The interest was shown 
also by countries not involved directly in HEMERA such as for example Belgium, Poland, 
Switzerland etc. 
Many of the proposal came from Italian community as it is possible to see in the table below. 
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Figure 1 Proposals submitted for the 1st Call – courtesy of SNSA 

A Peer Review Group (PRG) was nominated in order to give a preliminary scientific 
assessment of the payload. The Peer Review Group evaluated the proposal on the basis of: 

• Scientific quality (technical quality/relevance for the technology proposals)
• Feasibility and compliance with the balloon platform and schedule
• Maturity of the experiment and probability to succeed with the resources available

(facilities, funding etc.)
• Expertise and adequacy of the team

Figure 2 Selected experiments of the 1st Call – courtesy of SNSA!

Based on the first evaluation of the PRG, a final selection of the payloads were carried out by 
the Steering Committee of Hemera in order to select the final winners of the call of proposals. 

4 NEW LAUNCH SITE INVESTIGATION 
In the frame of Hemera, new launch site investigation has been carried out in order to identify 
and analyse new potential launch site able to enlarge the capability of answer to a larger 
number of user, providing them multiple possibilities to access, study and exploit the 
stratosphere environment at different latitudes. 
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The identification of user requirements has been performed investigating the European 
community needs. The main results of this study are: 

• The main interests are in the atmospheric (51%) and astrophysics (29%) studies.

Figure 3 User fields of interest for the new sites 

• The geographical areas of interests cover all the world with particular interest in
tropical area including the equatorial region (25.6%), poles (up to 24.4%) and
medium latitudes (up to 15.4%).

Desired geographical area 

Latitude ranges Nr. of answers Percentage of interest 

Equatorial ( from 10N  to 10 S) 10 12.8% 

Tropical and subtropical area  

( from 23.5 N to 23.5  S except for the equatorial region) 

10 12.8% 

Westerlies (from 23.5 N to 60 N) 11 14.1% 

Westerlies (from 23.5 S to 60 S) 12 15.4% 

North Pole (> 60 N) 19 24.4% 

South pole  (< 60 S) 16 20.5% 

Figure 4 User needs in terms of latitude 

• The flight campaigns are required in each season of the year, with higher interest
in summer (29%).

• The flight altitude desired is mostly in the range of 30-40 km (73%).
• The flight duration is <1d for atmospheric payloads, scientific experiments require

long flight duration ≈ 10 days.
• The recovery is required for the majority of the payloads (72%).

From this analysis new launch sites to be investigated have been identified and confirmed. In 
particular, there is a real interest for the European community for these sites: 

Geographical area New launch sites 

Equatorial Malindi (Kenya) , Teresina, Palmas Do Tocantins (Brasil) 

Temperate Guelmim (Morocco) , Torre del Lauro (Sicily) 

North pole Svalbard 

South pole Antartica ( Troll & Zucchelli) 

Figure 5 Potential new launch sites 
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The sites were investigated considering the missions enabled, safety, security, logistic aspects 
and the limits (if any) to obtain the flight, overflight and landing permissions. Northern 
recoveries and all related aspects were deeply investigated.  

The analysis of the new sites is ongoing and in this phase, it is aimed to analyse the 
meteorological and ground conditions and the related trajectories. The feasible mission 
profiles from the individuated new launch sites are reported in the following table: 

ZPB size Mass at 
hook 

To Float Duration Slow 
descent 

Recovery 

Brazil, 
Teresina & 

Palmas 

5k m3 to 
800k m3 

150 kg to 
2000 kg 

East and West 30 to 
40 km 

38h max Until 15 
km 

Brazil 

Morocco, 
Guelmin 

10k m3 to 
800k m3 

10 kg to 
2000 kg 

East 30 to 
40 km 

40 h max NA Morocco 

Italy, Sicily 10k m3 to 
800k m3 

10 kg to 
2000 kg 

West to South of 
Spain 

30 to 
40 km 

24 h max Until 15 
km 

South of Spain 

Kenya, 
Malindi 

10k m3 to 
100k m3 

10 kg to 
200kg 

West and/or 
East  (depending on 

year) 

30 to 
40 km 

72h max Until 15 
km 

Sea / islands / 
Kenya / Africa or 

Brazil 
Antarctica, 

Troll & 
Zuchelli 

10k m3 to 
1200k m3 

10 kg to 
2000kg 

Circumpolar 30 to 
40 km 

60gg max Until 15 
km 

Antartica 

Figure 6 Typical mission profiles from the various candidate sites 

The meteorological and trajectories analysis, together with the completion of the analysis of 
the operative aspects aforementioned will confirm the feasibility of the identified mission 
profiles for each site. 
The last aspect, which is on analysis, are the launch costs. An evaluation of potential costs 
related to the new sites is ongoing and it takes into account all costs factors, including 
accessibility, travel costs, local resource availability, logistics, and duration of the launch 
campaign linked to weather conditions and recovery. 

5 NEW TECHNOLOGIES 
In order to guarantee a competitive system, the Hemera project focus also on the development 
of new technologies with a strong focus on standardization, interoperability and cost 
efficiency. 
The tecnologies which will be developed in this project are: 

- System study and specifications
- A new ZPB prototype for heavy payload gondola
- New telemetry system
- Long-duration, low-cost and lightweight ZPB flight train
- New launch methodologies, tools for safety

The system study and specification is aimed to analyze a possible solution of standardization 
of the on-board avionics to facilitate the re-use of subsystems developed between partners. 

The development of a new ZPB prototype is aimed to improve current performances of ZPB 
balloons for the heaviest payload gondola, a study has been made at the beginning of the 
HEMERA project, to define the performances of the new envelop while keeping in mind all 
the operational specificities and constraints of agencies. The most stringent mission 
specifications were a payload gondola mass of 3,000 kg and a float level higher 35 km. The 
envelope for heavy payload gondola is reported in the following diagram.  
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Figure 7 Envelope of ZPB – courtesy of CNES and Airstar 

Long-duration balloon systems include a telemetry subsystem with medium-high data rate 
performances. Balloon-borne telemetry development will make it possible to increase the data 
rates transmitted by the scientific gondolas and ensure a reliable satellite link over long-
duration flights. 
The task, starting with the establishment of detailed user requirements, is aimed to develop a 
standardized balloon telemetry (TM) in order to ensure cost reductions and a high level of 
efficiency. This task is lead by ASI which manage the contract with the industry for the 
development of the system. 
The main improvements required for the development of the new TM system are: 
- Assembly and integration procedures simplification.
- Update of the GPS system.
- Upgrade of Power supply system.
- Increase the throughput data of the telemetry system.
- Increase the storage unit capacity.
- Update the ground procedures maximizing the speed of the data transfer.

The development of a new low cost and lightweight flight train will let to reuse and adapt the 
Super Pressure Balloon (SPS) system, flight train and associated control center 

6 CONCLUSIONS 
HEMERA is an effort to set up a European infrastructure for stratospheric balloons. It will 
provide a long term perspective for science and technology development relying on this 
platform. Stratospheric balloon missions gives unique advantages with respect to the satellite 
missions thanks to the short term mission life cycle, cost savings, payload recovery 
opportunity, students involvement, wide range applications. In the frame of the project it was 
possible to verify the high interest of the science community, many countries are interested, 
also the ones not yet involved in Hemera, and among them, Italy showed the highest interests 
with 12 proposals out of 39 submitted for free of charge flights. In short term perspective, 
HEMERA is providing trans-national access to European users from science and industry and 
will thus extend the existing national user communities. In long-term perspective, HEMERA 
will develop new technologies and new launch sites to extend the opportunities stratospheric 
ballooning can offer and to achieve better cost effectiveness. 
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ABSTRACT 
The paper investigates an often-overloo ed issue in the use of coupled computational 
techniques  the assessment of overall static equilibrium. The analysis is focused on a 
peridynamic and E  coupling computational method recently proposed by the authors. The 
magnitude of the out-of-balance forces obtained in all the examples is a fraction of a per cent 
of the applied forces, but it cannot be considered as a numerical error. The paper shows that 
the main reason for the occurrence of the out-of-balance forces is the presence of a highly non-
linear rate of change of displacements in the coupling zone of the models. 

Keywords: Peridynamic, FEM-PD coupling, out-of-balance forces. 

1 INTRODUCTION 
Crac s and defects are an unavoidable presence in many structures in particular in aeronautical 
and aerospace applications. Consequently, safety and economic needs require the capability to 
predict damage and crac  evolution by adequate numerical techniques. Computational methods 
based on Classical Continuum Mechanics (CCM) have not been naturally developed to simulate 
problems involving discontinuities in the displacement field. Therefore, CCM-based 
computational tools have to be equipped with ad hoc extensions to cope with crac  propagation 
problems. At the beginning of this century a new non-local theory formulated with integral 
equations, named Peridynamics (PD) 1-2 , was presented with the aim of including crac s as 
part of the solution. However, PD is not computationally efficient, due to the non-local nature 
of the approach and that is a limitation to its practical use. To solve this issue, we introduced a 
FEM-PD coupling technique  in order to use the PD approach only in the regions of the 
model where crac s can arise or interact. The current coupling method  satisfies the usual 
numerical tests, that is rigid body motion, uniform and linear strain cases, but an often-
overloo ed issue in the use of coupled computational methods, adopting different models of 
solid mechanics 4 , is the verification of overall structural equilibrium.  

e will illustrate the problem through simple structural examples, partially discretized with a 
PD method and partially with a classical mechanics FEM approach. In our examples, using the 
coupling method presented in , the magnitude of the out-of-balance forces is small, compared 
to that of the acting forces, but it cannot be assumed to be a numerical error. ur wor  will 
study how the variation of the main features of the coupled model can affect the magnitude of 
the out-of-balance forces.  

1
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The paper is organized as follows: section 2 gives an overview of PD and FEM-PD coupling 
method  section  presents the out-of-balance forces issue in overall equilibrium  section 4 
shows the results of several examples and, finally, the discussion of section 5 concludes the 
paper. 

2 OVERVIEW OF PERIDYNAMICS AND FEM-PD COUPLING METHOD 

2.1 Peridynamics and its discreti ation 
In a body (B) modelled by PD a material point with position vector  (in the following referred 
to as point ) is associated to an infinitesimal volume d x, and it interacts with all surrounding 
points within a neighbourhood ( ). The equation of motion of point  is defined by the 
following integro-differential equation: 

𝜌(𝒙)�̈�(𝒙, 𝑡) =  ∫ (𝑻[𝒙, 𝑡]𝐻(𝒙) 〈𝒙′ − 𝒙〉 − 𝑻[𝒙′, 𝑡]〈𝒙 − 𝒙′〉)𝑑𝑉𝒙′ + 𝒃(𝒙, 𝑡), 𝒙′ ∈ 𝐻(𝒙)  (1) 

where 𝜌 is the mass density, u is the displacement field, b is the body density force, 
𝑻[𝒙, 𝑡]〈𝒙′ − 𝒙〉 stands for the force vector state which indicates the force density vector that 
point  exerts on point , and the neighbourhood 𝐻(𝐱)∶ 𝐱 ∈ ∶ 𝐱 𝐱 𝛿  is the integration 
region usually ta en to be a sphere, in D, or a circle, in 2D, centred at  . The radius 𝛿 of ( ) 
is called the horizon of . The vector of relative position between two points 𝛏  𝐱  𝐱 is called 
bond.  In S -PD 2 , the material is ta en to be homogenous and the force state 𝑻 depends 
only on the deformation state so that a force density vector is aligned with the corresponding 
deformed bond. In this way, the force density can be written as: 

𝑻[𝒙, 𝑡]〈𝒙′ − 𝒙〉 = 𝑡[𝒙, 𝑡]〈𝒙′ − 𝒙〉�̅� (2) 

where 𝑡 is the modulus state the value of which depends on the constitutive law of the material. 
According to 2 , 𝑡 can be determined in terms of classical constants in the case of linear elastic 
solids 5,6  and 𝒆 is a unit vector aligned with the deformed bond. ond ased -PD ( -PD) 
1 can be considered as a particular case of the S -PD. In fact, in -PD the interaction

between two points is completely independent of other bonds, and the force density that point
 exerts on point  (𝑻[𝒙, 𝑡]〈𝒙′ − 𝒙〉) and that point  exerts on point  (𝑻[𝒙′, 𝑡]〈𝒙 − 𝒙′〉) are

equal in magnitude but opposite in sign. Therefore, in -PD the force density of a bond 𝝃 is
called the pairwise force function f. These assumptions simplify the formulation  however, -
PD is restricted to a fixed value of Poisson s ratio which is 𝜈  1∕4 for D and plane strain cases
and 𝜈  1∕  for plane stress cases. Ref.  introduces the Prototype Microelastic rittle (PM )
model for a linear elastic material so that the pairwise force function, for the case of small
deformation, is determined by:

𝒇(𝒖′ − 𝒖, 𝒙′ − 𝒙, 𝑡) =  𝜇(𝜉, 𝑡) 𝑐𝜔(𝜉)
|𝜉| (𝒖(𝑥′) − 𝒖(𝑥))𝒆 =  𝜇(𝜉, 𝑡)𝑐(|𝜉|)(𝒖(𝑥′) − 𝒖(𝑥))𝒆   ( ) 

where 𝜇 is a history dependent damage function that, based on the bond status, ta es either the 
value of 0 (bro en bond) or 1 (active bond). c( [ ) is the micromodulus function, c is the 
micromodulus, 𝜔 is the influence function that specifies the degree of nonlocal interactions 
between points, e is the unit vector along the directions of the relative position vector in the 
current configuration  c can be expressed in terms of material classical constants E and 𝜈 1,8 . 
In the PM  material the failure of a bond happens when the relative elongation of a bond 
exceeds a predefined value s  the value of which can be obtained in terms of the critical energy 
release rate of the material G0 ,9 . In the present paper, we ma e use of a meshfree 
discretization scheme introduced in  which is easy to implement. Each node i interacts with 
all nodes within its neighbourhood (xi), i is the source node and all  are its family nodes. 
The horizon 𝛿 is expressed as 𝛿 𝑚 𝑥. m is the ratio between the horizon 𝛿 and the grid spacing 
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x and its value determines how many family nodes are in ( i). To proceed with the spatial 
integration, we adopt the one-point Gauss quadrature rule and thus the discretized form of 
Eq.(1) can be written as: 

𝜌�̈�𝑖
𝑛 = {

∑ {𝑻[𝒙𝑖
𝑛]〈𝒙𝑗

𝑛 − 𝒙𝑖
𝑛〉 − 𝑻[𝒙𝑗

𝑛]〈𝒙𝑖
𝑛 − 𝒙𝑗

𝑛〉}𝛽(𝝃)𝑽𝑗 + 𝒃𝑖
𝑛,   𝑓𝑜𝑟 𝑂𝑆𝐵 − 𝑃𝐷𝑗

∑ 𝒇(𝒖𝑗
𝑛 − 𝒖𝑖

𝑛, 𝒙𝑗 − 𝒙𝑖)𝑗 𝛽(𝝃)𝑽𝑗 + 𝒃𝑖
𝑛,   𝑓𝑜𝑟 𝐵𝐵 − 𝑃𝐷

, ∀𝒙𝑗 ∈ 𝐻(𝒙𝑖)   (4) 

where n represents the time step, and subscripts denote the node number (e.g., 𝐮𝑛𝑗  𝐮(𝐱𝑗,𝑡𝑛) ). 
𝛽([) plays the role of a correction factor through which we can evaluate the portion of  that 
falls within the neighbourhood of the source node i. In this study, we apply 𝛽([) as 
recommended in 10 . 

2.2 FEM-PD couplin  method 
The coupling of PD grids to FEM meshes could be a way to obtain an efficient numerical 
approach able to combine the capabilities of both FEM and PD methods. The coupling approach 
is based on the idea presented in , where the coupled stiffness matrix is defined. 

Figure 1: Coupled 1D model of a bar. Diamonds are FEM nodes, circles PD nodes  thic  straight lines 
represent finite elements and thin curved lines peridynamic bonds. The dashed line is the transition 

between the FEM and the PD portion of the model. The rectangle contains the nodes of the coupling 
zone. 

The coupling method is presented with the help of the simple 1D example of Fig. 1, where a 
model of a bar is shown. In Fig.1 diamonds represent finite element nodes and circles 
peridynamic nodes. In the present wor , the PD part of the body is discretised in space, 
according to the bond-based version of the theory. In the example of Fig. 1, the horizon G is 
double the grid spacing, i.e. G 'x, where 'x is the uniform distance between two ad acent 
nodes. FEM nodes are connected by finite elements whereas peridynamic nodes are connected 
by bonds. At the transition between the two zones we assume that the last FEM node (node  
in Fig.1) is connected to the peridynamic part of the model by a single finite element (element 
d in the figure) whereas the first peridynamic node (node  in the figure) is non-locally 
connected to all nodes, FEM or PD, within its horizon. The coupling zone can be defined where 
forces are exchanged between the FEM and PD parts of the domain. In the example presented 
in Fig. 1, the coupling zone is composed of the nodes , , , and . onds are considered to 
act only on PD nodes, whereas finite elements apply forces only on FEM nodes. The assembly 
of the global stiffness matrix is performed by ma ing sure that equilibrium equations of FEM 
nodes contain only terms coming from the FEM formulation and equilibrium equations of PD 
nodes include only terms derived from the Peridynamic theory. The case of Fig.1 produces Eq. 
(5), where a EA 'x, and b  c i j 'x 11 , ui are the nodal displacements, fi are the nodal forces, 
E is the elastic modulus, A is the cross-sectional area, c EA G  is the micromodulus constant 
11 , and i is the volume associated with node i. The solution of a single equation satisfies 

node equilibrium. The overall equilibrium of the whole structure requires the sum of the nodal 
forces to be equal to zero. 
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[

𝑎 −𝑎 0 0 0 0 0 0 0 0
−𝑎 2𝑎 −𝑎 0 0 0 0 0 0 0
0 −𝑎 2𝑎 −𝑎 0 0 0 0 0 0
0 0 −𝑎 2𝑎 −𝑎 0 0 0 0 0
0 0 − 𝑏

4 −𝑏 2.5𝑏 −𝑏 − 𝑏
4 0 0 0

0 0 0 − 𝑏
4 −𝑏 2.5𝑏 −𝑏 − 𝑏

4 0 ⋮

0 0 0 0 − 𝑏
4 −𝑏 2.5𝑏 −𝑏 − 𝑏

4 ⋮
0 0 0 0 ⋯ ⋯ ⋯ ⋱ ⋮ ⋮
0 0 0 0 ⋯ ⋯ ⋯ ⋯ ⋱ ⋮ ] [

𝑢1
𝑢2
𝑢3
𝑢4
𝑢5
⋮
⋮
⋮
⋮

𝑢𝑁]

=

[

𝑓1
𝑓2
𝑓3
𝑓4
𝑓5
⋮
⋮
⋮
⋮

𝑓𝑁]

(5) 

 OUT OF BALANCE FORCES IN OVERALL E UILIBRIUM 

.1 Problem description 
In Fig. 2, the 2D model of a homogeneous, isotropic and linear elastic rectangular plate is 
shown. This structure with dimensions 80x40 ( x and y, respectively) is studied imposing as a 
load condition two vertical forces ( ext  - . ) acting at the top edge. The plate is constrained 
so that the points of the bottom edge of coordinates (x ) and (x ) cannot move along the 
vertical direction, i.e. v 0. The central point of the bottom edge cannot move along the 
horizontal direction, i.e. u 0. The values of the main model parameters are E  ( oung s 
modulus), Q  1  (Poisson s ratio) and h 1 (plate thic ness). Model parameters such as E, A, 

x, y, 'x 'y are given conventional values which are not associated to the usual units. This 
study considers a plane stress condition. To investigate the static equilibrium of this structure, 
three models have been implemented using three different computational approaches, i.e. Finite 
Element method, bond-based Peridynamic theory ( PD) and the FEM-PD coupling strategy 
described in Sec 2.2. 

Figure 2: n the left the studied 2D model is shown, the boundary conditions are applied on the 
bottom edge, in the upper edge 2 vertical external forces are applied. n the right the coupled FEM-

PD model is shown, the PD region, located at the centre of the plate, is shown using dot mar ers. 

Model description 6 ext vertical 6Rvertical er 
nly FEM  -1.0 1.00000 2.52�10-14 
nly PD  -1.0 1.00000 4.2 �10-14 

FEM-PD coupled -1.0 1.00699 6.99�10-0  

Table 1: Reaction forces and out of balance relative error resulting for each numerical simulation. 

Table 1 reports the reaction values for the three models and the resulting out-of-balance relative 
error, defined by the following relation: 

𝑒𝑟 =  𝐹𝑒𝑥𝑡+∑ 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠
|𝐹𝑒𝑥𝑡| (6)
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where 6Reactions is the sum of the vertical reaction forces. Table 1 shows that the static 
equilibrium equations are not exactly fulfilled by the coupled FEM-PD models characterized 
by non-uniform strain distributions. The out of balance forces are rather small, compared to the 
overall forces, but they are not as small as round-off errors. To examine this issue a simpler 1D 
case is studied in the following section. 

4 NUMERICAL E AMPLES 
The proposed coupling method assumes the continuity of the displacements between the two 
portions of the model, in  authors showed that for a linear or quadratic displacement field 
distribution the force equilibrium is satisfied. In this section the equilibrium chec  will be 
extended to more complex displacement fields distributions. The 1D model of a bar is 
composed by 51 nodes as shown in Fig. 4. The PD portion of the model is composed by nodes 
with coordinates higher than 0.5 while the remaining part is modelled with FEM. The main 
parameters are  (bar length), E  (elastic modulus) and A  (bar cross-sectional area). For 
the PD region of the model the horizon is G 0.06, the m ratio is m  and the micromodulus c 
is c EA G 555.555. In the FEM-PD coupled model the displacement is imposed to all nodes 
and the required nodal forces are computed using Eq.(5). The imposed displacement field is 
defined by a polynomial curve, with the following equation: 

𝑢(𝑥) = 𝑎0 ∙ 𝑥𝛾        ( ) 

in which the coefficient a  is a .  and the exponent J can vary, in this study, between 1 and 
4. The resulting out of balance relative error is evaluated in the  direction through the
following relation

𝑒𝑟 = ∑ 𝑓
(∑ 𝑓) 2⁄ (8) 

here 6f is the sum of the nodal forces generated by the applied displacement field. 

Figure : displacement fields imposed on the coupled FEM-PD model  left, linear displacement distribution 
(J )  right, quadratic displacement distribution (J ). Green dots are PD nodes, short dashed red vertical lines 

define the coupling zone. 

Figure 4: displacement fields imposed on the coupled FEM-PD model  left, displacement distribution described 
by a third order polynomial function (J )  right, displacement distribution described by a fourth order 

polynomial function (J ).  



omputational methods coupling peridynamics with classical mechanics  . accariotto et alt.
out of balance forces in overall structural equilibrium   

 

Exponent used in Eq. ( ) 6f er FEM force at 
the transition 

PD force flux at 
the transition 

J   (linear displ. distr.) -2. 9�10-16 -2. 9�10-14 0.010000 0.010000 
J   (quadratic displ. distr.) -2.98�10-16 -1.5 �10-14 -0.009800 -0.009800
J   (third order displ. distr.) 8.00�10-6 2.95�10-04 0.00 204 0.00 212
J   (fourth order displ. distr.) 1.5 �10-5 4.5 �10-04 0.004 0 9 0.004 2 6

Table 2: Reaction forces and relative out-of-balance error resulting from each numerical simulation. 

The results collected in Table 2 show that the relative out-of-balance error appears when the 
applied displacement field distribution is described with a polynomial function of the third-
order or higher. The table reports also the forces at the transition between the FEM and PD 
region evaluated respectively with the FEM method and the PD approach (see appendix in ). 
In an equilibrated system these forces should be equal. 

In the second example we verify that the lac  of the equilibrium in the coupled FEM-PD model 
occurs only if the highly non-linear rate of change of the applied displacement appears in the 
coupling zone. In this example the applied displacements field is composed by 2 linear 
displacement distributions and between them a third-order polynomial curve selected to ensure 
the continuity of the displacement field and its first derivative. For all cases the magnitude of 
the relative out-of-balance error, er , is computed by eeping fixed the position of the PD portion 
and all the main model parameters and by changing only the position of the third-order 
polynomial displacement distribution field. 

(a) (b) (c) 
Figure 5: Imposed displacement fields with a cubic displacement distribution located in different 

positions along the one-dimensional FEM-PD coupled model. The cubic displacement distribution, 
represented by crossed lines, is placed in (a) the FEM-only region, (b) the PD-only part, and (c) the 

FEM-PD coupling zone. 

Table  shows the results obtained in terms of external reaction forces sum and out-of-balance 
error for the three different configurations which have been investigated. In the first two cases 
(see configurations (a), (b) in Fig. 5) the third-order polynomial displacement distribution is 
located away from the two coupling zones of the bar model, respectively in the FEM-only and 
in the PD-only portion of the model. In the case (c) the polynomial curve is placed in 
correspondence of the coupling zone. As shown in Table , only case (c) exhibits a significant 
static out of balance, since the magnitude of the resulting relative error cannot be considered as 
numerical error. The numerical simulations show that the resulting relative out-of-balance error 
changes significantly when varying the position of the polynomial displacement distribution 
with respect to that of the coupling zone.  
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G . , m  6f er 
Case (a) -2.26 10-1 -2.51 10-14

Case (b) - . 1 10-18 -2.00 10-14

Case (c) 2.06 10-0 6.94 10-04

Table : Reaction forces and relative out-of-balance error resulting for the cases presented in Fig.5. 

The last example investigates the influence of the horizon size G on the relative out-of-balance 
error. The horizon G is reduced by eeping fixed the m ratio, Fig. 6 shows the applied 
displacement fields for the first three cases studied and Tab.4 reports the relevant relative out-
of-balance errors.  

Figure 6: Imposed displacement fields with the cubic displacement distribution, represented by 
crossed lines, located across the FEM-PD coupling zone (Case (c) in Fig.5). The plots have been 
obtained by eeping fixed the position of the cubic curve and performing a -convergence study. 

D model parameters 6f er 
. , m    2.06�10-0  6.94 10-04 
. , m    5.14�10-08 1. �10-04 
. , m    1.29�10-08 4. 4�10-05 
. , m    .22�10-09 1.08�10-05 

Table 4: Reaction forces and relative out-of-balance error obtained locating the cubic curve across the 
FEM-PD coupling zone (see Case (c) in Fig.5) and performing a -convergence study. 

Tab.4 shows that the relative out-of-balance error can be reduced by decreasing the horizon 
size. Finally, Fig.  verifies that the relation between the relative out-of-balance error and the 
quantity G� is linear: if the horizon G is reduced by  the relative out-of-balance error is 
decreased by a factor . 

Figure : ariation of the relative out-of-balance error versus G . The dashed line is the linear fitting 
curve. 

 CONCLUSIONS 
Coupling different models of solid mechanics to describe the mechanical behaviour of a body 
can produce some ind of error. The paper focuses on a peridynamic and FEM coupling 
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computational method proposed by the authors , but probably similar problems can affect 
other coupling techniques. e show, for the first time, that an often-overloo ed issue in the use 
of coupled models is the lac  of overall equilibrium. e study the problem through a set of 
numerical analyses on one-dimensional and two-dimensional FEM-PD coupled models. e 
show that the out-of-balance forces are related to the rate of change of displacements in the 
coupling zone: the issue appears for cubic, or higher order, displacement field distributions. 
The relative out-of-balance error is a fraction of a per cent and it can be controlled by reducing 
the horizon size. This suggests that a generic rapidly varying strain distribution could require a 
fine mesh grid in the coupling zone, where the real strain distribution could be represented, with 
acceptable accuracy, as a linearly varying strain. 
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ABSTRACT  

The paper presents a picture of the research activities in which the Space Propulsion 
Laboratory of Politecnico di Milano (SPLab ) is involved, with reference to both space and 
high speed atmospheric propulsion systems. Activities related to solid and hybrid propulsion, 
and recent activities in the field of scramjets systems are presented. Solid propellants and the 
related combustion processes have been at the center of the Laboratory's research activities for 
over forty years. Recent research activities concern the study of green propellants, the use of 
nano-metric powders, the investigation of the propellant micro-structure. Current activities in 
the field of hybrid propulsion concern the study of paraffin-based formulations, the 
experimental investigation of the related phenomena of entrainment and the development of 
non-traditional configurations. Scramjet propulsion systems are investigated within the 
framework of a cooperation agreement between Politecnico di Milano (Aerospace Science and 
Technology Department - SPLab) and National Research Council (CNR-ICMATE - Institute of 
Chemistry of Condensed Matter and Energy Technologies). A high enthalpy pulsed hypersonic 
tunnel is used, able to simulate flight conditions suitable for "airbreathing" propulsion for 
Mach numbers from 3 to 8 and useful test times of the order of 200 milliseconds. 

Keywords: solid propellant, hybrid propulsion, scramjet 

1 INTRODUCTION 

This paper gives a short summary of the activities performed at SPLab in the areas of solid 
propellants, hybrid propulsion and hypersonic propulsion systems. The solid propellants 
research activity is the most consolidated area in the history of SPLab. For this reason a very 
short summary is given here, where, for a reason of space, more space is dedicated to new areas, 
involving hybrid propulsion and hypersonic propulsion systems. 

1 2
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2 SOLID PROPELLANTS AREA 

       The activity in the field of solid propellants concerns different topics. An overview of the 
SPLab core activities is reported in Figure 1.  

Pre-burning Burning Post-burning 

Ingredient characterization 
Morphology, particle size distribution, 
composition, reactivity and compatibility 

Design of new energetic additives 
Activation 

 (chemical, mechanical), compatibility 

Development of new energetic 
formulations 

Powder dispersion,  mechanical 
properties, thermal behavior, ageing 

Ignition delay Residue Analysis 
Unburnt metal fraction, chemical 
composition, surface morphology 

Figure 1: SPLab activities concerning solid propellants combustion. 

      In this area attention is focused on green propellants, aimed at eliminating hydrochloric acid 
in combustion products. It is well known the strong environmental impact produced by heavy 
launchers using composite propellants with ammonium perchlorate used as oxidizer. Other 
research activities concern the study of metal powders, used to increase the performance of 
propellants, the related problems of oxidation and aging, the complex phenomena of aluminium 
agglomeration, with a penalty in terms of specific impulse, and the development of diagnostic 
techniques for specific propellant characterization activities. Among these, visualization 
techniques with high-speed video-cameras, useful for the study of the flame structure. Specific 
attention is paid to nano-sized powders, in particular nano-sized aluminum powders, due to the 
significant increase in performance that these powders can guarantee. Figure 2 shows the 
comparison between agglomerates of nanometric and micrometric powders, which highlights 
the significant difference in the structure of the agglomerates at the combustion surface. For 
specific topics, the reader is referred to many papers available in the literature that SPLab has 
produced over the years. A short list, concerning different areas, is reported in [1-5]. 

3 HYBRID PROPULSION AREA 
The activity in this area concerns the development of new formulations, mainly in the field of 
liquefying solid fuels (paraffin-based), the characterization (ballistic and mechanical) of these 
fuels, the measurement of the regression rate, the development of new diagnostic techniques, 
the study of unconventional geometries (i.e., pancake geometries). In the following, attention 
is pointed out on the investigation of entrainment phenomena. 

3.1 Entrainment and regression rate characterization in liquefying fuel compositions  

The entrainment of droplets from melted paraffin-based fuels is studied in a pre-burning phase 
thanks to a purposely implemented facility. The entrainment visualization is performed under 
cold-flow (i.e., non-reacting) conditions. The high-speed video recording enables qualitative 
investigations on the droplets formation and entrainment process, as well as a quantitative 
determination of their size and of the mass entrained by the flow. The same fuel formulations 
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are then tested in a lab-scale hybrid rocket motor to achieve a relative ballistic grading 
emphasizing the effects of the melt layer on the regression rate of the investigated formulations. 
Three different formulations are investigated; properties (density and viscosity) are reported in 
Table 1 and Table 2. 

Figure 2: combustion of various aluminized solid propellants. Left: AP-based 
propellants loaded with micron-sized (Al30) and nano-sized (ALEX100). 

Center: AN-based formulation. Right: Details of nano-sized Al CCP. 

       The experimental setup for the cold flow investigation of the liquid layer entrainment is 
schematically shown in Figure 3. The core of the facility is the sample-holder, an aluminum 
block with a longitudinal slit aligned with the oxidizer flow mean velocity (Figure 4). The 
melted paraffin-based fuel is loaded in the slit, and its temperature is controlled by an electric 
heater. The heater enables the control of the liquefied fuel in the temperature range 333 to 423 
K. The cover shown in Figure 3 is moved by a solenoid valve (not shown in the scheme). The
cover is initially lowered, shielding the liquid paraffin during the oxidizer flow setup, so as to
prevent gaseous stream/liquefied fuel interactions under non-controlled conditions. When the
desired oxidizer steady flow is established, the cover is raised to expose the melt layer to the
gaseous stream. In the currently investigated conditions, the oxidizer mass flux is 32 kg/(m2s)
≤ Gox ≤ 45 kg/(m2s), thus yielding vox in the range 25 to 35 m/s. The melted fuel temperature is
set at 423 K to enable the relative grading of the investigated formulations. This value is selected
because the selected paraffin (W1) features a plateau in its viscosity for this temperature. The
liquid layer instability and the droplet entrainment are investigated by a high-speed camera
(Photron Ultima APX) faced to the optical access of the setup (Figure 3). Whatever particle is
detached from the liquid layer surface, and moves in the oxidizer flow, is considered as an
entrained droplet in this work. A sequence of the liquid layer instability occurrence in a pure-
paraffin wax formulation is shown in Figure 5. Recorded high-speed videos are treated before
data collection to remove background noise and out-of-focus particles. Preliminary operations
and droplet size measurement are performed by ImageJ software (ImageJ Software Homepage,
2018).  In each video, different frames are analyzed, to grant that each droplet is counted only
once. Typical acquisition frame rate is 8000 fps, while the capture window measures 13 mm in
length and 3.2 mm in height. Considering the limited spatial discretization, particles with area
smaller than 1000 μm2 were not considered in the analysis (due to identification limitations,
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considering the background noise and the video resolution). The original image sequence is 
turned into grayscale and then is thresholded (Paravan et al., 2018). Final image analysis 
focuses on the entrained particles, after background removal and elimination of the surface 
waves. Entrained droplets are characterized in terms of their particle size (D10, D32, D0.5) and 
morphology, evaluated as circularity, Ci, defined according to ImageJ Software Homepage, 
(2018). Typically, more than 1500 droplets are analyzed in each recorded video. An overview 
of the tested operating conditions for the evaluation of the entrainment under cold-flow 
conditions is reported in Table 3. 

Table 1: theoretical and actual density of the investigated formulations. Interval of confidence is 
presented in terms of the standard deviation of four measurements on different production batches. 

Fuel Id. Formulation 
TMD
kg/m3 

ρact,     
kg/m3 

Δρ% 
%(wrt 
TMD) 

W1 SasolWax 0907 (99 wt%) + CB (1 wt.%) 929  938 ± 5 -1.0
S05W1 SasolWax 0907 (94 wt%) + SEBSMA (5 wt.%) + CB (1 wt.%) 929 933 ± 1 -0.5
S10W1 SasolWax 0907 (89 wt%) + SEBSMA (10 wt.%) + CB (1 t.%) 928 929 ± 1 -0.1

Table 2: dynamic viscosity of the tested fuel formulations (shear rate 1000 s-1). For W1, over three 
measurements, the confidence interval is < 0.001. 

Fuel 
Id. 

Tml, 
K 

ηf,
Pa s 

W1 

383 0.009 
393 0.008 
403 0.006 
413 0.005 
423 0.005 

S05W1 423 0.014 ± 0.001 
S10W1 423 0.040 ± NAv. 

Table 3: investigated conditions and representative data entrainment cold flow visualization 
(average results of three runs, confidence interval defined by standard deviation), with Tml = 

423 K and p = 0.1 MPa. 

Fuel Id. 
Gox, 

kg/(m2s) 
vox, 
m/s 

D10, μm D32, μm D0.5, μm 

W1 
32 25 115 ± 3 255 ± 25 91 ± 1 
45 35 108 ± 9 275 ± 44 82 ± 5 

S05W1 45 35 91 ± 14 252 ± 79 67 ± 6 
S10W1 45 35 NAv. NAv. NAv. 

       Representative results from the high-speed video recording of the cold flow visualizations 
are reported in Figure 5 for W1, and in Figure 6 and Figure 7 for S05W1 and S10W1 
respectively.  
       Under the investigated conditions (Tml = 423 K), entrainment of droplets was observed for 
W1 with Gox > 32 kg/(m2s) and for S05W1 for Gox ≥ 45 kg/(m2s). The fuel formulation loaded 
with 10 wt.% SEBSMA did not produced droplet entrainment under the tested conditions. As 
testified by the image sequence of Figure 7, S10W1 interacts with the oxidizer stream creating 
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waves eventually yielding the formation of melted fuel filaments that do not detach from the 
liquid layer surface. Thus, under the conditions of this study, no entrainment was recognized 
for the fuel formulation loaded with 10 wt.% of SEBSMA. 

Figure 3:  test chamber for entrainment cold-
flow visualization: (1) oxidizer flow injector, 
(2) converging section (flow acceleration), (3)
honeycomb for flow stabilization, (4) melted
paraffin cover, (5) sample-holder, (6) external
case, (7) heater housing, (8) windowed case.

Figure 4:  side and top views of the liquefying fuel 
sample holder (oxidizer flows from left to right, 
sizes in [mm]): (2) converging section, (3) 
honeycomb for flow stabilization, (5), sample 
holder,  (7) heater housing, (9) supporting element. 

a) t = t0 b) t = t0 + 6.25 ms

c) t = t0 + 8.75 ms d) t = t0 + 11.25 ms

Figure 5:  surface wave formation and droplet entrainment as captured by high-speed visualization. 
(W1, Tml = 423 K, vox = 35 m/s, p = 0.1 MPa). 

a) t = t0 b) t = t0 + 0.75 ms

c) t = t0 + 1.125 ms d) t = t0 + 1.5 ms

Figure 6: surface wave formation and droplet entrainment as captured by high-speed visualization (S05W1, 
Tml = 423 K, vox = 35 m/s, p = 0.1 MPa).  
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a) t = t0 b) t = t0 + 5.0 ms

c) t = t0 + 5.625 ms d) t = t0 + 6.25 ms

Figure 7: surface wave formation with the formation of filaments due to melt layer high viscosity, as captured 
by high-speed visualization 

(S10W1, Tml = 423 K, vox = 35 m/s, p = 0.1 MPa). 

4 SCRAMJET PROPULSION AREA 

Each test provides a database that comprises the time evolution of pressure, temperature and 
axial force detected by the sensors schematically shown in Figure 8 or Figure 9. 

Figure 8: top view schematic of the dual mode scramjet setup (SCRAM), showing side walls 
configuration, components of the staged injection system, and location of  pressure, temperature, and 
force sensors. 

Figure 9:  top view schematic of the ramjet setup (RAM), showing side walls configuration, components 
of the staged injection system, and location of  pressure, temperature, and force sensors. 

Further measurements provide the hydrogen and oxygen injection pressure for staged fuel 
injection system.  The large number of tests carried out under different fuelling conditions  
requires a synthetic representation of each measured and computed parameter. A time window 
is thus defined for each test in such a way as to characterize the quasi steady working regime 
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of the engine for freestream pressure, temperature, and Mach number that better simulate the 
real flight conditions. 

  Figure 10: wall pressure traces detected at engine 
inlet, centre of combustion chamber , and engine 
exhaust for a fuelled case, and SCRAM geometry 
setup. The averaging time interval is also 
indicated. 

Figure 11:  iridium probe temperature,  freestream 
total temperature obtained from probe data, and 
engine exhaust total temperature, obtained from 
pressure measurements and conservation 
equations. 

The wall pressures at several monitoring locations on the engine bottom wall are given in 
Figure 10. The engine inlet  pressure (x= -180 mm in Figure 8) is monitored by 6 probes that 
cover the entire intake width. All probes measure nearly identical pressure levels, thus 
indicating a uniform pressure field in the spanwise direction. The pressure measured by the 
probe at x = 165 mm, inside the constant area channel, shows clearly the effect of the 
combustion process lasting approximately 200 ms. The engine exhaust pressure is monitored at 
11 equally spaced locations along the spanwise direction. The nearly coincident traces indicate 
uniform pressure during the entire combustion transient. 

The freestream and engine exhaust total temperatures are given in Figure 11. The plot 
comprises the temperature of the iridium wire that provides the database for the evaluation of 
the freestream total temperature, obtained taking into account wire thermal inertia, and energy 
lost from the wire ends and by radiation. The engine exhaust temperature is obtained from mass 
conservation equation and detailed measurements of exhaust static and pitot pressures, being 
the gas thermo-physical properties provided by the energy conservation equation. 

Engine fuelling is implemented in such a way as to keep ER nearly constant during the test 
time, as shown in Figure 12. This condition is obtained with appropriate sizes of fuel reservoirs 
and injection portholes that provide a discharge law consistent with the one of the facility 
stagnation vessel producing the freestream flow. The combustion efficiency, evaluated from 
energy conservation equation, features a slow decrement during the combustion time, as both 
freestream pressure and temperature  decrease, but also indicates that the engine may withstand 
changes of the flight conditions without excessive performance penalties. 

Pressure measurements on the engine bottom wall combined with conservation equations 
allow the estimation of the bulk flow Mach number at pressure monitoring locations inside the 
engine. The Mach numbers reported in Figure 13 refer to six axial locations including 
freestream flow, end compressor, constant area channel, engine exhaust. When multiple wall 
pressure taps are present on a section, the average value was considered. As combustion starts 
(140 ms), Mach numbers inside the engine significantly decrease and, in particular, in the 
constant area combustion chamber becomes subsonic. The three monitoring locations along the 
constant area channel indicate an increasing velocity flow that reaches sonic conditions before 
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the start of the diverging channel, thus producing a “thermal throat”. The flow accelerates into 
the downstream diverging channel, whose exhaust is supersonic. The Mach numbers remain 
constant during the whole combustion time. A similar analysis on non fuelled tests shows the 
flow is fully supersonic along the entire engine and for both SCRAM and RAM geometry 
configurations. 

Figure 12: Equivalence ratio and combustion 
efficiency as function of time. Equivalence ratio 
is nearly constant, whereas combustion efficiency 
slowly decrease, but indicates a stable and self 
sustained combustion lasting approximately 200 
milliseconds. 

Figure 13:  Freestream and internal engine Mach 
numbers at different locations including end 
compressor, constant area combustion chamber, 
and exhaust section. 

5 CONCLUSIONS 

A short summary of SPLab activities in the areas of solid, hybrid and hypersonic propulsion is 
given in this paper. For details the reader is invited to consider the papers published by SPLab. 
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ABSTRACT 
The Green Regional Aircraft (GRA) panel, active from 2006, aims to mature, validate and 
demonstrate green aeronautical technologies best fitting the regional aircraft that will fly 
from 2020 onwards with reference to specific and challenging domains:  from advanced low-
weight and high performance structures up to all-electric systems and bleed-less engine 
architectures, from low noise/high efficiency aerodynamic up to environmentally optimised 
missions and trajectories management. The development of such technologies addresses two 
different aircraft concepts, identified by two seat classes, 90-pax with Turboprop (TP) engine 
and 130-pax, in combination with advanced propulsion solutions, namely, the Geared 
Turbofan (GTF), the Advanced Turbofan (ATF) and the Open Rotor (OR) configuration. 
Within the framework of the Clean Sky program, and along nearly 10 years of  research, the 
design and technological demonstration of a novel wing flap architecture was addressed.  
Research activities aimed at demonstrating the industrial feasibility of a morphing 
architecture enabling flap camber variation in compliance with the demanding safety 
requirements applicable to the next generation GRA in both open rotor and turboprop 
configurations. The driving motivation was found in the opportunity to replace a conventional 
double slotted flap with a single slotted morphing flap assuring improved high lift 
performances -in terms of maximum attainable lift coefficient and stall angle- while lowering 
emitted noise, fuel-burnt and deployment system complexity. Additional functionalities for 
load control and alleviation were then considered and enabled by a smart architecture 
allowing for an independent shape-control of the flap tip region during cruise. 
The entire process moving from concept definition up to the experimental qualification of true 
scale prototypes, characterized by global and multi-zone differential morphing capabilities, is 
outlined with specific emphasis on the adopted design philosophy and implemented 
technological solutions.  
Keywords: morphing wings, large aircraft, smart mechanical system, all electric aircraft 

NOMENCLATURE 
A/C   Aircraft ITD Integrated Technological Demonstrator 
ATF Advanced Turbo fan LC Load Control 
CS Clean Sky (GRA ITD) OR Open Rotor 
EMA Electro-Mechanical Actuator TE Trailing edge 
FE Finite elements TP Turboprop 
FEM Finite Elements Model TRL Technology Readiness Level 
GRA Green Regional Aircraft WT Wind Tunnel 
GTF Geared Turbo Fan WTT Wind Tunnel Test 
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1 INTRODUCTION 
The attention of the aeronautical sector to the research on morphing structures is rapidly 
growing in force of the remarkable fallouts that such a technology might bring on the next 
generation air transport.  
It is well-recognized that a morphing-structure is surely more complex and heavier than a 
conventional one basically conceived only to withstand operative loads with adequate margins 
of safety; on the other hand, the larger the benefits brought by the technology are, the less 
unaffordable appears the price to be paid for its implementation at aircraft level.  
If the civil transportation segment is assumed as a target, the smallest improvement at aircraft 
level becomes relevant when multiplied by the considerable number of aircraft in service. 
Let’s give an example; it has been demonstrated ([1],[2],[17]) that the adaptive camber 
morphing of a wing trailing edge increases the wing efficiency by 2% and consequently 
reduces the fuel burnt in the measure of the 3% per flight. Apart of the positive impact on the 
environment, such a decrease in fuel burnt means “operative cost savings”, in turn  
quantifiable with an amount of around 10 million dollars/year for a mid-size fleet of large 
airplanes operating short commercial routes. The larger the fleet is, the bigger are the profits, 
the shorter is the time to reach the breakeven point for the investments in the camber 
morphing technology development.  
Although the current literature and -more in general- the scientific research scenario is 
densely populated by a plenty of innovative morphing architectures ([3]-[9]), these are mainly 
conceived for small aircraft or UAVs applications; a very limited effort is spent to address 
realistic solutions, ready for certification according to EASA(/FAA) airworthiness 
requirements part 25 ([34]) and -in perspective- prone to series production and large scale 
implementation on modern civil aircraft. 
It’s unquestionable that the technology development for such aircraft segment is more 
challenging but it is surely in this market segment that the highest payoff is expected for any 
product innovation.  
In this paper the 10-years long research path followed at the University of Naples “Federico 
II” for the design and (ground) validation of a multi-modal camber morphing flap for next 
generation GRA is briefly outlined.  
The entire process, well-framed in the EU-funded CleanSky program ([33]), duly took in 
account experiences gained in parallel research projects where similar technologies have been 
developed under the technical direction of the authors and their research group. These 
experiences and the related lesson learned played a significant role in providing justification 
for the design choices, as well as for the validation strategies, adopted to relevantly rise the 
TRL and the industrial relevance of a truly revolutionary smart architecture. 

2 CLEAN SKY - PHASE 1:  PRELIMINARY STUDIES ON MORPHING FLAP 
FEASIBILITY 

Within the framework of the JTI-Clean Sky project ([33]), and during the first phase of GRA 
low noise domain, the  design and the technological demonstration of a novel architecture 
enabling the camber variation of a flap segment was addressed with the specific target to 
enhance the high lift performance of the 90-seats next generation green regional aircraft (CS-
25 category, [34]). The basic idea driving the implementation of such technology was to 
replace a conventional double slotted flap with a single slotted morphing flap capable of 
increasing flapped wing Clmax and stall angle, while targeting to a reduced complexity of the 
flap architecture and of the associated deployment system. 
Due to the specific demand for the development of a product of industrial relevance, the 
reliability, the maintainability and above all the absence of out-of-the-standards solutions 
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were considered as paramount requirements for the design of the morphing structure. To 
preliminary show the feasibility of the morphing solutions, the studies were limited to a 
portion of the flap element obtained by slicing the actual flap geometry (0.62 meters chord) 
with two cutting planes distant 0.8 meters along the wing span. Thanks to the limited 
spanwise size of the investigation domain, the flap tapering was neglected thus reducing the 
complexity of a 3D aero-structural problem to a 2D analysis. Target morphed shapes (Figure 
1) were evaluated on the base of 2D CFD optimization analyses ([10]) and were provided  as
input data for the design activities.
Referring to the unmorphed and morphed airfoils of the flap element, the conceptual layout of
an articulated (finger-like) rib structure was assessed in order to physically realize the
transition from the baseline airfoil configuration to the target one. The rib structure (Figure 2)
was conceived as a mechanism characterized by four plates connected by hinged: B0, B1, B2
and B3. B0 and B2 have the same middle plane; B1 and B3 are staggered respect to them
sharing always a common middle plane ([11],[12]). Each plate is connected to the adjacent
one by a hinge located on rib camber line (points A, B and C, respectively at 20%, 50% and
70% of rib chord).
Plate B0 is linked to plate B2 by means of a rod element hinged at points D and E, hinges D
and E being respectively located on B0 and B2. Plate B1 is linked to plate B3 through a
second rod hinged at points F and G.

Figure 1 - Flap airfoil: nominal geometry (unmorphed shape) 
and target geometry (morphed shape) ([10],[12]) 

Figure 2 – Morphing rib layout, un-morphed 
(upper side of the figure) and morphed 
configuration (lower side of the figure) [12] 

Crossed links (DE and FG) positions were defined in order to assure specific gear ratios 
between adjacent plates and an overall plates movement useful to match the target morphed 
shape. The arrangement was inspired to a multi-tab system  
 More in detail, considering plate B0 fixed on flap strut, a downward rotation of B1 around A 
by an angle of 3° makes all the other plate to move so that the final positions of hinges B and 
C (marked with a * in Figure 2) are on the camber line of the morphed airfoil. Same applies if 
11° downward rotation is imposed to plate B2 around B or 3° downward rotation is imposed 
to plate B3 around C ([12]). Generally speaking, the rib architecture represents a single 
degree-of-freedom system; if a single plate is moved by a unique actuator, all the other plates 
are driven to move in compliance with the final shape to be achieved. At the same time, if the 
actuator is locked in a given position, thus preventing the motion of the rib plate to which it is 
connected, then also the motion of all the other plates is prevented, and the external shape of 
the rib is frozen in a specific configuration.  
In order to increase the structural stiffness of the rib with respect to the torque moment 
induced by the aerodynamic loads, the actuator was linked to the plate B2. More in detail, a 
stepper motor was installed on a support linked to plate B0; the rotation of the actuator shaft 
was converted into a rotation of plate B2 with respect to B0 thanks to a gearbox  and a robust 
transmission chain mainly characterized by a sliding cursor and a stiff lever (Figure 3).  
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The gearbox and the transmission chain were suitably designed in order to increase the 
authority of the stepper motor by amplifying the actuation torque by a factor nearly equal to 
three. 

Figure 3 – Morphing rib, actuator and transmission line  (Clean Sky GRA –phase 1, [12]) 

The actuated rib arrangement was replicated three times along the span of the flap prototype 
and stiffening elements (spars and stringers) were used to connect the homologue plates of the 
adjacent ribs (see Figure 4). 
The resulting structural architecture clearly replicated a pretty conventional multi-cell box 
arrangement, with the unique element of novelty represented by actuated, finger-like, 
morphing ribs.  
At the end of the design and manufacturing activities, a very successful experimental 
campaign ([12]) was carried out to prove the robustness of the conceived layout in terms of:  

o functionality (capability of reproducing target morphed shapes in a repeatable manner
without degradation)

o structural strength under the action of simulated aero-loads up to the limit value
expected in service.

Figure 4 – CleanSky GRA Phase 1 – Preliminary morphing flap prototype ([12]) 

The first phase of the GRA ended with a very promising set of experimental data, proving the 
feasibility of a structural arrangement assuring robust camber morphing through a smart 
combination of conventional elements and materials. 
On the other hand, at this preliminary stage of the studies, the advanced design of the flap skin 
- and consequently its validation- were totally neglected; just a basic idea for a segmented
(armadillo-like) skin was conceptually sketched.

3 CLEAN SKY - PHASE 2:  MORPHING FLAP MANU-FACTURING AND 
GROUND DEMONSTRATION 

After the very promising results obtained during the first phase of the CleanSky GRA project, 
further activities were addressed to increase the TRL of the validated morphing flap 
technology. Relying upon the already assessed concept, as well as on the experiences gained 
in other research project running in parallel to Clean Sky (SARISTU and CRIAQ-MDO505, 
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[16]-[28]), an innovative flap architecture was designed in order to enable two different 
morphing modes on the basis of the A/C flight condition / flap setting: 

Morphing mode 1 Overall camber morphing to enhance high-lift performances during 
take-off and landing (flap deployed); 

Morphing mode 2 Tab-like morphing mode. Upwards and downwards deflection of the 
flap tip during cruise (flap stowed) for load control at high speed 

During the second phase of the Clean SKY GRA, a larger true-scale segment of the outer 
wing flap was selected as investigation domain for the new architecture in order to duly face 
the challenges posed by real wing installation issues especially with reference to the tapered 
geometrical layout and 3D aerodynamic loads distributions ([30]). 
The investigation domain covered the flap region spanning 3.6 m from the wing kink (Errore. 
L'origine riferimento non è stata trovata.) and was characterized by a taper ratio equal to 
0.75 with a root chord equal to 1.2 m. 

Figure 9 - morphing flap, investigation domain (CleanSky GRA , phase 2), [30] 

The chordwise extension of the flap tip - to be deflected according to morphing mode 2 - was 
set equal to the 10% of the local wing chord (red-colored portion in Figure 9). Maximum and 
minimum deflections required for a typical A/C mission resulted respectively equal to ± 8°. 
The dimensions of the flap tips and the deflection angles were defined on the basis of 
preliminary CFD analyses carried out at A/C level and at cruise speed. The bimodal morphing 
capability was assumed to be implemented by active ribs playing the role of inner movable 
articulation of the flap structure.  
The actuation strategy developed in the first phase of the CS-GRA project was preserved in 
order to enable the overall camber morphing during take-off and landing phases (flap 
deployed, morphing mode 1). 
The rib was composed by four consecutive blocks (B1,B2,B3,B4, Figure 10) connected by 
three frictionless hinges (A,B,C) located along the airfoil camber line. Blocks are allowed to 
rotate with respect to each other thus making the airfoil camber line to morph. Blocks B1 and 
B3 are interconnected by means of a suitably shaped beam (L) having two hinges at the 
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edges; an internal leverage (M1) interconnects blocks B2 and B4 and is activated by the 
external rotary actuator (A1).  
The rotation induced by A1 makes the leverage M1 to move and therefore changes the 
relative position of block B2 with respect to block B4; at the same time blocks B1 and B3 are 
forced to follow the movement being mutually interconnected to the remaining blocks. The 
position of the link L and of the pivots of the leverage M1 were selected in a way that, upon 
the rotation of A1 shaft, all the rib blocks rotate around hinges A.B,C according to specific 
angles compliant with the external morphed shapes to be achieved. 
A secondary leverage (M2) links B4 to B3 and is driven by the rotation of the actuator A2. 
The secondary leverage amplifies the torque of the actuator and makes B4 to rotate around the 
hinge C thus implementing the tab-like morphing. During morphing mode 2 the primary 
leverage is fixed and actuator A1 is powered off; during morphing mode 2 both actuators are 
powered on. In morphing mode 1, the actuator A1 assures that the first three blocks of the rib 
reach their target position while the actuator A2 drives the last block thus completing the 
transition of the rib from the un-morphed configuration to the morphed configuration. 

Figure 10 - Morphing rib, actuator and 
transmission line  (Clean Sky GRA –phase 2), 

[30] 

Figure 11 – Bi-modal morphing flap (actuators and 
controllers), [29],[30] 

The ribs were connected along the flap span by means of spar elements; a segmented solution 
was selected for the skin and a smart transmission chain based on Harmonic Drive® gear 
reducers was implemented in order to increase the authority of the actuators ([29]). The 
transmission line assured an amplification factor for the torque of each actuator nearly equal 
to 120.  
Thanks to this excellent result, it was possible to drastically reduce the number and the size of 
the actuators required to morph the entire flap. Four actuation groups each one including two 
actuators (A1+A2) were considered adequate to move the entire device in operative 
conditions; eight controllers (LTi® Servo One Junior) were installed in the first four bays of 
the leading edge in order to drive the actuation groups (Figure 11). 
Encoders for relative rotation measurement were placed around the hinges A,B,C (Figure 10) 
of the ribs at station S1,S4,S8 (Figure 11); their output was used in feedback to drive the 
actuators during morphing and to preserve the commanded flap shape in case of deviations 
induced by external perturbations. 
The functionality of the entire device was experimentally proven and after nearly ten thousand 
activation cycles no degradation of the morphing performances was found. 
In order to give experimental evidence of the structural strength of the device, a static test was 
performed up to the limit load of 1.2 tons ([31]); the skin was removed during the tests in 
order to allow for real-time visual inspection of morphing ribs and box components (Figure 
12).  
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Referring to the measurements coming from load cells, digital rotation encoders and strain 
gauges, it was demonstrated that: 

o no permanent deformation arose up to limit design load;
o the actuator authority and power demand were more than adequate to preserve a given

flap shape under the action of limit loads.

Ground vibration tests were finally carried out to support aeroelastic stability analysis of the 
flap tip. No flutter, divergence and control reversal associated to morphing mode 2 were 
found up to 1.25 times the dive speed of the aircraft. 

Figure 12 – Static test of the bi-modal morphing flap, [31] 

4 4. CLEAN SKY2: FROM BI-MODAL TO MULTI-MODAL CAMBER
MORPHING FLAP

The flap prototype investigated during the second phase of the CleanSky GRA represented a 
very relevant milestone along the path directed to the implementation of morphing 
technologies on large civil aircraft. This in force of its high reliability from the structural, 
actuation and control standpoints. 
On the other hand, further investigations were considered necessary to reduce the weight and 
the complexity of the system, targeting to an even more mature product. 
The Airgreen2 project, currently running in the framework of the CleanSky2 program ([33]), 
has represented the first opportunity to optimize the morphing flap system layout while 
adding also new and more demanding functionalities. 
Three different functions are now being considered: 
x Morphing mode 1: overall airfoil camber morphing;
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x Morphing mode 2: +10°/-10° (upwards/downwards) deflection of the flap tip segment
(from the 90% to 100% of the wing local chord);

x Morphing mode 3: Tip segment twist (±5° along the outer flap span).
Morphing mode 1 is supposed to be activated during take-off and landing only, to enhance
A/C high-lift performances also allowing for steeper initial climb and descent, noise-
abatement trajectories. Thanks to this function, more airfoil shapes are available at each flap
setting and therefore a dramatic simplification of the flap’s deployment systems may be
expected: actuation tracks could be hosted into wing section without the need for external
fairing.
Morphing modes 2 and 3 are related to the last chordwise segment of the flap and are
activated in cruise condition only, when the flap is stowed in the wing. Thanks to these
modes, LC functionalities may be implemented to improve wing aerodynamic efficiency.
Changes were applied to the CleanSky ribs layout (see  paragraph 3) without altering the
general approach by which the bimodal camber morphing capability was supposed to be
implemented.
The smart function of the ribs, namely their capability to drive morphing as an inner movable
articulation of the flap structure, was preserved; ribs’ architecture and the associated
mechanics was instead modified in order to improve the reliability and the efficiency of
morphing through a more compact and robust design aiming at:

x the minimization of spare parts;
x the rationalization of ribs-spar / ribs-actuators interface;
x the simplification of the overall flap assembly;
x the reduction of installed power thanks to a lower number of actuators.

The generic rib is composed by four consecutive and entirely redesigned blocks 
(B1,B2,B3,B4, Figure 4) connected by three frictionless hinges (A,B,C) located along the 
airfoil camber line.  

Figure 4 – CleanSky2, smart rib layout 

Blocks are allowed to rotate with respect to each other thus making the airfoil camber line to 
morph. Blocks B1 and B3 are  interconnected by means of a suitably shaped beam (L) having 
two hinges at the edges; an internal leverage (M1) is hosted by block B2 and interconnects 
blocks B2 and B4. This leverage is activated by an external rotary actuator acting along the 
shaft (A1) and amplifies actuator’s torque.  
The rotation induced around A1 makes the leverage M1 to move and therefore changes the 
relative position of block B2 with respect to block B4; at the same time blocks B1 and B3 are 
forced to follow the movement being mutually interconnected to the remaining blocks. The 
position of the link L and of the pivots of the leverage M1 are selected in a way that, upon the 
rotation of the shaft A1, all the rib blocks rotate around hinges A.B,C according to specific 
angles compliant with the external morphed shapes to be achieved.  
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A secondary leverage (M2) links B4 (flap tip) to B3 and is driven by the rotation of the 
actuator acting around the shaft A2. The secondary leverage, hosted by block B3, amplifies 
the torque around A2 and makes B4 to rotate around the hinge C thus implementing the tab-
like morphing. During morphing mode the secondary leverage is fixed since only the shaft A1 
is activated. On the other hand, the shaft A1 is locked during morphing mode 2  
The ribs pitch was set equal to 580 mm (Figure 14) thus leading to two ribs less than those 
that would have been required in case the pitch of CleanSky 1 flap would have been applied. 

Figure 5 – Multi-modal morphing flap planform (CleanSky2) 

Hinges lines defining the multi-box arrangement of the device were set perpendicular to rib 
planes. In order to implement morphing mode 3 (tip twist), the last box -along chordwise 
direction- was segmented in three different parts along the span (P1,P2,P3, Figure 6).   
The differential deflection of these three parts was judged more than adequate to effectively 
assure smooth tip twist in compliance with the given aerodynamic requirements (±5° along 
the outer flap span, Figure 7). 

Figure 6 - Tip segmentation for the implementation of morphing mode 3 

Figure 7 - Tip twist through differential deflection of tip segment 

With respect to CleanSky (bi.modal) device, the spars have been considered continuous (see 
next figure) with no interruption at ribs stations, thus assuring a greater bending stiffness and 
a reduced number of spare parts.  
Moreover, a through-shafts solution was adopted to enable the transfer of the motor torque to 
groups made of three ribs instead of two as in CleanSky. Therefore, the number of required 
actuators was dramatically reduced: from the eight actuators used for the bi-modal morphing 
flap (3.6m span) of CleanSky , to six actuators for the three-modal morphing flap (5m span) 
shown in Figures 14 and 15. The reduction of actuators number resulted also from a smart 
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optimization of the morphing rib mechanics and of the transmission line which were designed 
in order to amplify the actuator torque by 200 times its nominal value. 
With specific reference to the structural design, multi-loop FEM analyses were carried out to 
find out the lighter arrangement withstanding the ultimate operative loads without local 
failures. 
In terms of overall weight of the load-carrying structure (namely ribs, spars and skin) a 50% 
reduction with respect to CleanSky bi-modal flap was obtained while, referring to the 
transmission lines and related actuators only, a 37% weight savings was achieved. 

Figure 8 – Joints between the continuous spar and the segmented ribs 

5 CONCLUSIONS 
Several technologies have been investigated and are currently being investigated in the 
framework of the CleanSky program ([13]-[15],[32]) to realistically enable controlled and 
stable morphing of large civil aircraft wings.  
Among these, the morphing flap has been object of specific attention due to the potential 
benefits it could bring to a typical regional aircraft in terms of aerodynamic performance 
improvement. 
At the beginning of the program, the technology targeted the enhancement of the climb and 
descent phases only; successively its potentials for load control during cruise were delineated 
on the basis of advanced CFD analyses. This led to the transition from a single-mode camber 
morphing to a multi-modal and multi-functional morphing device.  
Due to the intrinsic nature of the required morphing, mechanized solutions were preferred to 
compliant architectures in force of their higher effectiveness for the implementation of a 
multi-zone shape change.  
The assessment of specific issues regarding the transmission line played a significant role for 
the maturation of a reliable device characterized by relatively low complexity, weight  and 
electric power demand. The choice of a semi-conventional segmented skin following the 
shape change of the inner structure without internal deformations, gave a relevant contribute 
to the optimization of the actuators size due to the reduction of the energy levels required to 
morph the structure. 
On the other side, being the structure a mechanism, a careful sizing of irreversible 
transmissions was faced in order to rationally distribute the solicitations induced by operative 
loads between actuators and morphing box components.      
Further activities, currently ongoing in the framework of the CleanSky2 program (follow-up 
of CleanSky program), will experimentally validate the architectures proposed for the multi-
functional flap from the functionality, structural and aerodynamic standpoints.  
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Two main technological demonstrators will be manufactured; a first demonstrator -scale (1:3)- 
will be used for wind tunnel testing, while a true scale demonstrator will be adopted for 
ground tests (static, dynamic and functionality).  
At the end of this experimental campaign the consolidation of a ready-to-flight technology is 
expected; this technology will represent the starting point for additional work specifically 
oriented to flight-testing, and successively, to certification and series-production; all these 
topics will hopefully find their deserved space within the awaited CleanSky3 program.  
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ABSTRACT 
This wor  investigates rotorcraft-pilot coupling phenomena in tiltrotor aircraft. A detailed 
tiltrotor model, representative of the Bell - , has been built. Biomechanical models of the 
pilot, acting on the power lever and on the center stic , are included in feedbac  loop to 
define the ilot- ehicle System. ilot-Assisted scillation phenomena are investigated on the 
overall conversion corridor using Nyquist s criterion. ilot-in-the-loop analyses demonstrate 
that a critical parameter is detected in the vertical tail geometry. or an asymmetric 
deflection of the flaperons, the wing s wa e impacts on the vertical tail, producing a side 
force. The pulsating tail-side-force ma es the fuselage yaw, and excites the asymmetric wing 
chord mode coupled with the lateral pilot s biomechanics, leading to a reduction, and in some 
cases to a loss, of stability. 
No possibility of unstable events is detected in the longitudinal direction. onversely, a 
resonance between the pilot s biomechanics and the aircraft poorly damped symmetric wing 
bending mode is predicted along the vertical axis. The vertical bounce instability is found 
along the whole conversion corridor, although the source of excitation changes according to 
the nacelle angle. 

Keywords: tiltrotor, rotorcraft-pilot couplings, robust analysis, aeroelasticity. 

1 INTRODUCTION 
Adverse interactions between rotorcraft dynamics and human pilot belong to the challenging 
area of Rotorcraft-Pilot Couplings (RPCs). These phenomena occur when the pilot introduces 
an inadvertent or unintentional command in the control system as a consequence of the 
vehicle dynamics, resulting in oscillatory or divergent motion, difficulty in performing the 
desired tas , and, ultimately, loss of control 1 . 
The interaction between the pilot and the vehicle can be of two inds. The first one, called 
Pilot-Induced scillations (PI s), is a sustained or uncontrollable unintentional oscillation 
resulting from the efforts of the pilot to control the aircraft 2 . Since the human operator s 
bandwidth is inherently limited, interactions of this nature ta e place at low frequency, 
specifically affecting the flight mechanics modes below 1 Hz, see . 
The second ind of pilot-vehicle interaction is called Pilot-Assisted scillations (PA s), as a 
result of the unintentional application of controls caused by vibrations of the coc pit. These 
phenomena involve involuntary pilot participation to the low frequency rotorcraft structural 
dynamics, usually in the frequency range between 2--8 Hz . Clearly, there is room for 
overlapping between the two phenomena. 

1 2
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This wor  presents an effective approach to develop multidisciplinary aeroservoelastic 
models that can tac le PA  problems. A detailed tiltrotor model, representative of the ell 

-15, has been assembled. iomechanical models of the pilot, acting on the power lever and
on the center stic , are included in feedbac  loop to define the Pilot- ehicle System (P S).
PA  phenomena are investigated along the entire conversion corridor using Nyquist s
criterion to analyze the stability and the robustness of the P S. nce a possible PA
mechanism is identified, a model reduction is performed to detect the main dynamics and the
most influential parameters that can trigger the instability.

2 DYNAMIC MODEL SET-UP 
A detailed tiltrotor model, representative of the ell -15 research aircraft with advanced 
technology blades (AT s) 4 , has been built using the simulation tool MASST (from 
Modern Aeroservoelastic State Space Tools ), developed at Politecnico di Milano for the 

aeroservoelastic and aeromechanical analysis of aircraft and rotorcraft 5, 6 . The dynamic 
model set-up includes: 1) the airframe structural model, including sub-structured nacelles, 2) 
airframe unsteady aerodynamics, ) aeroelastic rotors, 4) a lumped parameter engine drive-
train system, 5) servo-actuators, 6) a rotor speed governor controller and ) pilot control 
device biomechanical models. In the following, the many components that are part of the 
tiltrotor model are described. 

2.1 Tiltrotor Aeroser oelastic Model 
The layout of the ell -15 is similar to a turboprop aircraft. Large proprotors, coupled with 
turboshaft engines, are mounted on the wingtip nacelles. The rotor axis rotates from the 
vertical direction, for hover and helicopter mode flight (HEM DE), to the horizontal 
direction for airplane mode flight (APM DE). According to available literature , the 
airframe structure can be modeled as a finite element (FE) stic  model consisting of an elastic 
wing, which is discretized using 10 beam elements, a rigid fuselage and rigid wing-mounted 
nacelles. The rotors are represented by two lumped masses. The resulting model is depicted in 
figure 1(a). It aims at capturing the fundamental six lowest normal modes of the wing, i.e. 
symmetric antisymmetric wing bending (S A ), symmetric antisymmetric wing chord 
(S C A C), and symmetric antisymmetric wing torsion (S T A T). 

(a)                                                                   (b) 
Figure 1: ell -15 airframe model. (a) FE stic  model  (b) aerodynamic boxes. 

The -15 FE stic  model describes the tiltrotor structural dynamics in a comparable 
bandwidth with PA  phenomena (the lowest elastic wing mode is located at .  Hz and the 
highest at 8.  Hz) and for this reason it is adopted to represent the elastic airframe, which is 
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developed and validated in NASTRAN. The natural frequencies and mode shapes are 
validated with the baseline results obtained by Acree et al.  in APM DE (see table 1). 

Table 1: -15 airframe natural frequencies (APM DE). 

The NASTRAN airframe model is then exported to MASST and divided to three components: 
the main structure, which includes the wing, the fuselage and the tail, and two substructures 
that describe the rigid nacelles. In MASST, each nacelle has the specific property to rotate 
about a spindle axis. As a consequence, a single airframe model can be dealt with for all 
configurations. The substructuring approach is based on the oundary Mass Method proposed 
by arpel and Raveh 8 . Finally, control surfaces are modeled as well. The -15 is 
supplied with seven aerodynamic control surfaces, namely two flaps, two flaperons, an 
elevator and two rudders. 

Unsteady generalized aerodynamic forces due to small motion of the airframe and gusts can 
be obtained as solutions of integro-differential equations related to harmonic boundary 
domain oscillation, namely the generalized aerodynamic forces frequency responses fa, 

𝒇𝒂 = 𝑞∞𝐇𝑎𝑚(𝑘, 𝑀∞)𝒒 + 𝑞∞𝐇𝑎𝑔(𝑘, 𝑀∞)𝒗𝑔 (1) 

where q  is the dynamic pressure,    l  is the reduced frequency,  is the Mach 
number, Ham and Hag are the aerodynamic transfer matrices associated with the structural 
mode shapes  and the gust input g. Matrices Ham and Hag have been obtained using the 
classical Doublet Lattice Method (DLM) of NASTRAN 9 . Figure 1(b) shows the 
aerodynamic boxes defined for the -15. MASST casts the resulting frequency domain 
matrices in state-space form by means of a rational approximation reduced to minimum states 
through a balanced truncation 10, 5 . 

Rotor aeroelastic models are obtained from CAMRAD A using data published by Acree in 
11 . Three bending and two torsion modes, in multi-blade coordinates, plus the rigid lateral 

and longitudinal gimbal modes have been considered for the three-bladed, stiff-in-plane, -
15 rotors. Additionally, each rotor includes: the three-state Pitt-Peters dynamic inflow model 
12 , the rotor speed degree of freedom and the six hub pylon rigid modes required to connect 

the rotor to the airframe, for a total of 2  degrees of freedom. The -15 AT s rotors, which 
are characterized by composite blades, operate at 601.0 rpm (100 ) in helicopter and 
conversion modes. nce fully converted to airplane mode, the rotor speed is decreased to 
480.8 rpm (80 ). 

The dynamics of the engine-drive train system can be modeled in MASST using simplified 
one-dimensional models consisting in a set of torsional springs and equivalent lumped 
inertias. A eta  governor is also included. The pilot sets the engine power and the governor 
ad usts the propeller pitch to maintain the rpm constant. 
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The control surfaces deflection (flaps, flaperons, elevator, rudders) and the rotors pitch inputs 
(collective and longitudinal cyclic pitch) are actuated by hydromechanical servomechanisms, 
used for position control. Servo-actuators are represented in MASST by transfer functions 
that model the servo-valve and compliance dynamics (see Ref. 1 ). 

2.2 Pilot s Biodynamic Feedthrou h 
A general P S scheme is s etched in figure 2. The closed loop system is characterized by a 
Primary Flight Control System (PFCS), including the gear ratios between the deflection of the 
control inceptors and the corresponding motion of the control surfaces. The possibility to 
introduce an Automatic Flight Control System (AFCS), designed to improve the tiltrotor 
stability and handling qualities, will be investigated in a future wor . Pilot-in-the-loop 
stability analyses are performed by introducing pilot control device elements in feedbac  loop 
with the tiltrotor dynamics. Pilot s biomechanics are generally described by transfer functions 
that characterize the biodynamic feedthrough ( DFT), i.e. the involuntary control inceptors 
motion caused by external accelerations transmitted to the pilot s body 14 . Due to the 
coc pit vibrations the acceleration measured at the pilot s seat, represented aseat in figure 2, 
excite the pilot s biodynamics. The output of the pilot s DFT is an involuntary passive pilot 
(PP) input on the control inceptors PP. The influence of a voluntary active pilot (AP) input, 

AP e.g. due to a pilot model capable of eeping the aircraft in a trimmed condition or to 
perform a maneuver, is not investigated in this wor . 

Figure 2: Tiltrotor Pilot- ehicle System. 

In MASST the pilot s DFT is introduced as a controller, since it is actually a control system 
that ta es as input the acceleration measured at the pilot s seat acting on the control inceptors. 
Pilot-in-the-loop stability analyses are performed along the longitudinal, lateral and vertical 
axes. n each axis, the pilot model is defined by a DFT transfer function (TF): 

 the longitudinal axis pilot DFT is derived from Ref. 15 . This wor  presents pilot-
in-the-loop aeroelastic analyses of the -22. The longitudinal pilot s biodynamics is
characterized by sha ing the pilot in the coc pit with hands on the controls. The pilot s

DFT is identified by measuring the fore aft stic  displacement in response to a
longitudinal acceleration

 data available in Ref. 16  are used to represent the pilot s DFT along the lateral axis.
In that wor , the ibby  flight simulator at the University of Liverpool is used as a
vibration platform to excite the biodynamics of the pilot along the lateral axis, without
any specific visual cueing. Three trained test pilots are considered in the biodynamic
feedthrough characterization

 Mayo ( Ref. 1 ) identified a simple model of the DFT that describes the
involuntary action of helicopter pilots on the collective control inceptor when
sub ected to vertical vibrations. In that case, results were obtained from two sets of
pilots, identified as ectomorphic (small and lean build) and mesomorphic (large bone
structure and muscle build).
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 PILOT-IN-THE-LOOP STABILITY ANALYSIS 
Including the pilot s DFT, the P S is studied by using generalized stability analysis 
techniques. According to Nyquist s criterion, the degree of stability robustness of a dynamical 
system can be evaluated by means of two indexes: the gain (GM) and phase (PM) margins of 
the loop transfer function (LTF). In order for a system to be stable, both margins must be 
positive. The degree of robustness can be quantified by loo ing at the magnitude of the 
stability margins. To obtain a robust system it is necessary to reach a gain margin above 6 
decibels and a minimum phase margin of 60 degrees, as suggested by Parham et al. 15 . 
Time delays, eventually ustified by the digital acquisition and filtering of control device 
motion or by signal processing before feeding inputs to the actuators, can be also introduced. 

.1 Instability Mechanism Alon  the Lateral A is 
The analysis is performed at 280 nots, APM DE, Sea Level Standard (SLS)  a flight 
condition in which large lateral accelerations have already been related to PA  occurrences in 
the -22 15 . In APM DE, a lateral stic  motion generates an asymmetric deflection of the 
flaperons. The pilot s control input is managed by the PFCS which contains the gear ratio 
between the lateral displacement of the stic  and the resulting flaperon rotation. An 
exponential function representing a time delay, , over the stic  control command may need to 
be accounted for. 
PA  phenomena in tiltrotor are commonly triggered by a resonance between the pilot s 
biomechanics and the airframe structural dynamics. As a matter of fact, the lateral PA  
reported for the -22 15  showed that the pilot s biomechanics, characterized by a 
biomechanical pole between 2--  Hz, inadvertently destabilized the A C mode located at 
.25 Hz. In the -15 case, the A C frequency is located close to 8 Hz (table 1). wing to 

the resulting frequency separation, the possibility for a RPC to occur is unli ely. However, it 
is recalled that the present -15 structural airframe, represented by the FE stic  model of 
figure 1(a), undergoes the strong hypothesis of rigid fuselage. As a consequence, the 
frequency location of the A C mode, which involves a consistent participation of the 
fuselage and tail motion, may be significantly overestimated. ith a flexible fuselage, the 
A C frequency is expected to reduce. As a result, it is here decided to artificially modify the 

-15 A C frequency to a more realistic value of .28 Hz.
To explain the lateral PA  phenomenon, the effects of the wing s wa e vorticity over the -
15 vertical stabilizers are investigated. Figure  depicts the wing s wa e vorticity generated by
an asymmetric deflection of the flaperons, inducing a lateral airstream velocity on the two
fins. The lateral airstream produces a side force. The pulsating tail-side-force ma es the
fuselage yaw and excites the asymmetric in plane bending mode, leading to a reduction, or
even a loss, of stability. This aerodynamic interaction is nown as proverse yaw. The impact
of the proverse yaw can be quantified by the airframe unsteady aerodynamics included in
MASST. The generalized aerodynamic force that energetically wor s for a rigid yaw rotation,
due to an asymmetric deflection of the flaperons, is able to capture this phenomenon.

Figure : Flaperon induced velocity field around vertical stabilizers. 
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The related aerodynamic TF is indexed as Ham(6,14) (the 6th mode represents the rigid yaw 
mode and the 14th mode is a rigid, asymmetric rotation of the flaperons). Figure 4 compares 
the LTFs obtained with and without the aerodynamic TF Ham(6,14). It can be observed that, 
when this particular aerodynamic contribution is neglected, the lobe in the Nyquist plot 
contracts considerably, thus increasing the gain margin. 

Figure 4: Nyquist diagram of the lateral LTF with out the aerodynamic force due to Ham(6,14). 

The lateral PA  mechanism can be summarized as follows. The A C mode induces a lateral 
acceleration at the pilot s seat  this vibration is amplified and delayed by the pilot s 
biodynamics, producing a lateral displacement of the center stic . The lateral movements of 
the stic  cause the flaperons to rotate asymmetrically, generating a sidewash velocity (and a 
side force) on the vertical stabilizers and causing the fuselage to yaw. The resulting 
generalized aerodynamic force excites the A C mode, closing the feedbac  loop and 
producing a destabilizing effect. 
Pilot-in-the-loop analyses are performed with test pilot 2 in figure 5, considering only the 
vertical tail above the plane of the wing. The time delays in the pilot control device may 
consistently further reduce the stability margins of the system, reaching the critical condition 
when   50 ms. 

Figure 5: Nyquist diagram of the lateral LTF, test pilot 2. ertical tail above the plane of the wing. 

.2 Instability Mechanism Alon  the Lon itudinal A is 
No possibility of unstable events has been detected in the longitudinal direction. It is worth 
recalling that in Ref. 15  is described a longitudinal PA  event occurred to the -22, that 
destabilized the airframe S C mode. The unstable oscillations were excited in high speed 
APM DE flight due to a pulsating thrust induced by the pilot s biodynamics through the 
Thrust Command Lever (TCL), similar to the throttle lever of conventional airplanes. 



Robust analysis of biodynamic interactions in tiltrotors uscarello and uaranta 

 

In the -15, due to the frequency separation between the pilot s biodynamic pole and the 
S C mode frequency of the airframe, close to 6 Hz, the possibility for an unstable RPC to 
occur is unli ely. Moreover, the -22 TCL is replaced by a power lever on the -15, whose 
vertical motion is not expected to interact with longitudinal accelerations. 

.  Instability Mechanism Alon  the Vertical A is 
In the -15 tiltrotor, a vertical power-lever (PL) input acts on the symmetric collective pitch 
and on the throttle control. The gear ratio between the vertical PL displacement and the 
symmetric collective pitch (G0) is scheduled with the nacelle angle 11  specifically, the 
collective input is maximum in HEM DE and null in APM DE. As a consequence, in 
APM DE the pilot loop closure only ta es place by way of the throttle control. The throttle 
gear ratio is almost constant, with a value of about GT  6.  deg in 11 . 
Since the -15 exhibits a S  frequency close to  Hz (see table 1), it is here speculated 
that the pilot s DFT, showing a resonance in the range between --4 Hz, may interact with 
the first airframe symmetric wing mode. The analysis of the vertical bounce is performed all 
over the tiltrotor conversion corridor. Results are shown in figure 6 at SLS conditions. A 
reduced and representative subset of configurations is selected, parameterized with respect to 
nacelle angle and airspeed. Since the symmetric collective pitch gear ratio G0 decreases with 
the nacelle angle, vertical bounce is expected to disappear when conversion is complete. 
Moreover, aerodynamic loads in forward flight can potentially magnify the vertical 
accelerations, thus amplifying the vehicle response to a PL input. As a combined result of 
these two aspects, the most critical conditions are expected in the region of the conversion 
corridor that is concurrently characterized by high nacelle angle and large airspeed. 

Figure 6: S  frequency and damping ratio on the conversion corridor, with ectomorphic pilot. 

It can be observed that a mild instability still persists in APM DE. Since the thrust vector 
lays in the plane of the wing, it cannot be held responsible for the excitation of the out-of-
plane S . In this case, the source of the excitation can be traced bac  to the torque 
generated by the rotors after a throttle input through the power lever. 

4 CONCLUDING REMARKS 
A detailed aeroservoelastic model, representative of the ell -15, has been developed to 
analyze PA  phenomena in tiltrotor aircraft. A critical parameter for lateral RPC is identified 
in the vertical tail geometry. In fact, a PA  mechanism can be triggered by the impact of the 
wing s wa e vorticity on the vertical tail produced by asymmetric flaperon deflection. No 
unstable RPC is detected in the longitudinal direction. Finally, a resonance between the pilot s 
biomechanical pole and the aircraft poorly damped symmetric wing bending mode is detected 
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along the vertical axis. The most critical configurations are encountered at 5--90 degrees of 
nacelle angle and maximum airspeed. An APM DE instability mechanism is also detected, 
described as a coupling between the S  mode and the pilot s biomechanics due to pulsating 
symmetric torque, induced by the rotors, through the power lever. 

REFERENCES 
1 Pavel, M. D., ump, M., Dang- u, ., Masarati, P., Gennaretti, M., Ionita, A., aichi , L., Smaili, H.,

uaranta, G., ilmaz, D., ones, M., Serafini, ., and Malec i, ., Adverse Rotorcraft Pilot Couplings 
Past, Present and Future Challenges,  Progress in Aerospace Sciences , ol. 62, 201 , pp. 1–51. doi:
10.1016 .paerosci.201 .

2 Mitchell, D. G., and lyde, D. H., Identifying a Pilot-Induced scillation Signature: New Techniques
Applied to ld Problems,  ournal of Guidance, Control, and Dynamics, ol. 1, No. 1, 2008, pp. 215–224.
doi: 10.2514 1. 14 0.

Dieterich, ., G tz, ., Dang- u, ., Haverdings, H., Masarati, P., Pavel, M. D., ump, M., and Gennaretti,
M., Adverse Rotorcraft-Pilot Coupling: Recent Research Activities in Europe,  Proceedings of the 4th
European Rotorcraft Forum, Royal Aeronautical Society, London, U. ., 2008, pp. 644–692.

4 Maisel, M. D., Giulianetti, D. ., and Dugan, D. C., The History of the -15 Tilt Rotor Research Aircraft:
From Concept to Flight, The NASA History Series, ashington, D.C., 2000.

5 Masarati, P., Muscarello, ., and uaranta, G., Linearized Aeroservoelastic Analysis of Rotary- ing
Aircraft,  Proceedings of the 6th European Rotorcraft Forum, Association A ronautique et Astronautique
de France, Paris, France, 2010.

6 Masarati, P., Muscarello, ., uaranta, G., Locatelli, A., Mangone, D., Riviello, L., and igan , L., An
Integrated Environment for Helicopter Aeroservoelastic Analysis: the Ground Resonance Case,
Proceedings of the th European Rotorcraft Forum, 2011.

Acree, C. ., r, Peyran, R. ., and ohnson, ., Rotor Design for hirl Flutter: An Examination of
ptions for Improving Tiltrotor Aeroelastic Stability Margins,  Proceedings of the American Helicopter

Society 55th Annual Forum, American Helicopter Society International, Fairfax, A, 1999, pp. 99 –1012.

8 arpel, M., and Raveh, D., Fictitious Mass Element in Structural Dynamics,  AIAA ournal, ol. 4, No.
, 1996, pp. 60 –61 . doi: 10.2514 .1 111.

9 Albano, E., and Rodden, . P., A Doublet-Lattice Method for Calculating Lift Distributions on scillating
Surfaces in Subsonic Flows,  AIAA ournal, ol. , No. 2, 1969, pp. 2 9–285. doi: 10.2514 .5086.

10  Roger, . L., Airplane Math Modeling Methods for Active Control Design,  AGARD Structural Aspects
of Active Controls, Technical Editing and Production Ltd, London, U. ., 19 .

11  Acree, C. ., An Improved CAMRAD Model for Aeroelastic Stability Analysis of the -15 with
Advanced Technology lades,  Technical Memorandum 4448, NASA Ames Research Center, Mountain

iew, CA, March 199 .

12  Pitt, D. M., and Peters, D. A., Theoretical Prediction of Dynamic-Inflow Derivatives,  ertica, ol. 5, No.
1, 1981, pp. 21– 4.

1  Merritt, H. E., Hydraulic Control Systems, ohn iley  Sons, New or , N , 196 .

14  uaranta, G., Masarati, P., and enrooi , ., Impact of Pilots  iodynamic Feedthrough on Rotorcraft by
Robust Stability,  ournal of Sound and ibration, ol. 2, No. 20, 201 , pp. 4948–4962. doi:
10.1016 . sv.201 .04.020.

15  Parham, T., r., Popel a, D., Miller, D. G., and Froebel, A. T., -22 Pilot-in-the-Loop Aeroelastic Stability
Analysis,  Proceedings of the American Helicopter Society 4 th Annual Forum, American Helicopter
Society International, Fairfax, A, 1991, pp. 1 0 –1 19.

16  Muscarello, ., uaranta, G., Masarati, P., Lu, L., ones, M., and ump, M., Prediction and Simulator
erification of Roll Lateral Adverse Aeroservoelastic Rotorcraft-Pilot Couplings,  ournal of Guidance,

Control, and Dynamics, ol. 9, No. 1, 2016, pp. 42–60. doi: 10.2514 1.G001121.

1  Mayo, . R., The Involuntary Participation of a Human Pilot in a Helicopter Collective Control Loop,
Proceedings of the 15th European Rotorcraft Forum, 1989, pp. 1–12.



Italian Association of Aeronautics and Astronautics 

XXV International Congress 

9-12 September 2019| Rome, Italy

OLIMPO & LSPE/SWIPE MISSIONS: INNOVATIVE 
INSTRUMENTATIONS FOR ASTROPHYSICAL OBSERVATIONS 

A. olpe1 , M. Albano1, LIMP  collaboration2, LSPE collaboration , E. Tommasi1, G.
Polenta1, D. Spoto1 

1Agenzia Spaziale Italiana, ia del Politecnico snc, 001  Roma 
2 http: olimpo.roma1.infn.it collaboration.html,  http: lspe.roma1.infn.it collaboration.html

angela.volpe@asi.it

ABSTRACT 
This paper will give an overview about the two balloon-borne experiments I  and 

S E S I E, used for astrophysical measurements. The I  experiment is devoted to 
measurements of the spectra of the Sunyaev- el dovich effect of osmic icrowave 
Bac ground ( B) in clusters of galaxies. The payload includes a large-aperture telescope, a 
differential ourier-transform spectrometer, and four arrays of inetic inductance detectors, 
wor ing in the , , ,  G z band, cooled at . . I  has been launched from 

ongyearbyen ( N, Svalbard islands), on uly th , and has flown at .  m of altitude 
for about  days. The S E ( arge-Scale olarization Explorer) experiment is a coordinated 
ground-based (STRI )  balloon-borne (S I E) effort to measure B polarization at the 
largest angular scales. S I E includes an array of  multi-mode TES bolometers, operating 
at .  in three different bands, , , e  G z. The detectors are fed by a  cm 
refractive telescope and the polarization modulation is achieved through a magnetically 
levitating spinning . The flight has to be performed during the polar night. The demanding 
launch and flight operation issues will be presented too, including considerations about the 
trajectories, launch feasibility, logistics and safety.  

Keywords: Cosmology, CM , Stratospheric alloons, Long Duration Flight 

1 INTRODUCTION 
Stratospheric balloon experiments play a unique role in current Cosmic Microwave ac ground 
(CM ) studies. The Cosmic Microwave ac ground (CM ) is a faint  bac ground of thermal 
microwave photons, filling the entire Universe, produced a few milliseconds after the ig ang. 
During the first 80000 years after the big bang, these photons were thermalized by frequent 
interactions with the free electrons of the primordial plasma. hen the plasma cooled to the 
point where electrons were able to combine with protons to form hydrogen atoms, CM  
photons were free to travel across space, carrying important information about evolution of the 
Universe. Today CM  photons form a 2. 25  blac body, whose specific brightness pea s at 
a frequency of 159 GHz. Due to the Earth atmosphere opacity, only the long-wavelength side 
of the CM  spectrum can be accessed from the ground. Moreover, atmospheric emission and 
its fluctuations degrade the measurements of the polarized emission of interstellar dust, ma ing 
it difficult a correct subtraction of this contaminating foreground. These facts led to the use of 
stratospheric balloons to carry high-frequency CM  experiments above the bul  of atmospheric 
emission, at an altitude of ∼ 40 m. Another advantage to avoid the atmosphere is that at those 
frequencies the integration time is reduced by more than two orders of magnitude wrt 
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experiments on the ground, due to the improvement of the achievable photon-noise-limited 
sensitivity.  

alloon-borne experiments have also many benefits wrt satellite missions. They can produce 
CM  science at a relatively fast pace, and the total cost of the mission is roughly 100 times 
less. After the operations and the termination, the payload can be recovered, allowing the 
scientists to refurbish and even improve the experiment for subsequent flights. Moreover, 
balloon borne experiments allow qualifying innovative space instrumentation, to be used on 
future satellite missions. The scientific needs of the payload shall, of course, be compatible with 
launch operations. ne aspect is the long duration of flight required by the astrophysics 
experiments. A flight duration longer than 8 days or more in nominal conditions is often 
required, which brings to a total flight duration of 10 days or more. In addition, for several 
experiments, including LSPE, sunlight exposure must be avoided. This is one of the most 
critical requirements for both the payload and the flight tra ectory, which strongly depends on 
the winds circulation. The launch operations also depend on payload mass. Typically for CM  
experiments the masses range from 500 g to more than two tons (i.e. MERanG 1 , 
Archeops 2 , MA MA IMA , TopHAT 4 , SPIDER 5 , E E 6 ). These heavy masses 
are mainly due to the large telescope size (more than 1 m) and to the use of a cryogenic system 
to cool down the detectors (  00 m ), to increase their sensitivity. Due to the high masses and 
the long duration requirements, it is mandatory the use of a ero-Pressure balloon. 

2 OLIMPO 

2.1 Scientific Goal 
The main targets of the LIMP  payload is the measurement of the spectral distortion of the 
CM  in the direction of rich clusters of galaxies. The intracluster space is filled by very hot 
ionized gas (T∼10 -108 K). CM  photons, when crossing rich clusters of galaxies, have a 
li elihood of about 1  of undergoing inverse Compton scattering against the hot electrons of 
the intracluster plasma. This phenomenon, called thermal Sunyaev- eldovich Effect (S E)  
results in a shift of the CM  spectrum to higher energies, inducing a decrease of the CM  
brightness at frequencies below 21  GHz and an increase of the CM  brightness at frequencies 
above 21  GHz. The S E spectrum does not depend on the distance (redshift) of the cluster of 
galaxies, providing a unique tool to investigate the early evolution of structures. The strength 
of the S E depends linearly on both the temperature and density of the intracluster plasma. For 
this reason it is possible to study the low density peripheral parts of the clusters, and the 
filaments of ionized matter connecting clusters, which is difficult to investigate measuring the 

-ray emission of the gas, since that is proportional to the density squared.

       (a)                   (b) 
igure    (a)  The B spectrum, undistorted (dashed line) and distorted by the S E (solid line)  (b) Difference between 

a blac body spectrum and the post-S E B spectrum (thic  solid line) . 
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The most recent surveys of the S  have been carried out by large ground-based mm-wave 
telescopes (in the few bands allowed by atmospheric opacity), and by the satellite Planc  
mission, which covered  bands from 44 to 540 GHz 9 . All these are photometric 
measurements. The number of independent bands is limited to seven while the parameters that 
describe the cluster and the foregrounds can be more. Spectroscopic measurements allow to 
estimate the parameters of the cluster by removing the degeneracy of photometric 
measurements. The payload LIMP  is designed to exploit the advantage of spectroscopic 
measurements of the S E.  

2.2 The OLIMPO Instrument 
LIMP  is a 2.6 m Ritchey-Chretien telescope, with 4 photometric arrays, centered at 150, 

250, 50, and 460 GHz, matching the negative, zero, and positive regions of the S  spectrum. 
It has an innovative plug-in room-temperature Differential Fourier Transform Spectrometer 
(DFTS) that can be inserted in the optical path between the telescope and the cryostat for 
spectroscopic measurements. The custom attitude control system relies on three sun sensors, 
three gyroscopes and one star sensor, to point the telescope in the direction of the selected 
galaxy cluster with arcmin accuracy. The gondola hosting all the subsystems is connected to 
the flight train through an azimuth pivot and is equipped with a linear elevation motor. The 
detectors are cooled by a cryogenic system, designed to last for 15 days, consisting of a wet 
LN2 plus L4He cryostat. The operating temperature (0.  ) is reached by means of a L He 
refrigerator 10 . The cryostat hosts the cold optics, the detectors arrays, the horn arrays and the 
cold electronics (fig. 2(a)). The detectors consist of 4 arrays of horn-coupled lumped-element 

inetic Inductance Detectors ( ID), one for each spectral band (fig. 2(c)), designed to match 
both the LIMP  requirements (noise equivalent temperatures, dynamics and spectral 
coverage) and the wor ing conditions (operating temperature, radiative bac ground power and 
the coupling to the optical system). The detectors absorbers consist in a 0 nm thic  aluminum 
I  order Hilbert pattern,  deposited on a silicon wafer, whose thic ness depends on the optical 
frequency of the array 11, 12 . Radiation coupling is made by a single–mode circular 
waveguide for the 150 GHz and 250 GHz arrays and by a single–mode flared circular 
waveguide for the 50 GHz and 460 GHz arrays. As mentioned before, LIMP  is also able 
to perform spectroscopic measurements, by means of the DFTS 1  (fig. 2(b)). In the DFTS 
two input ports collect radiation from two independent s y fields, so that each detector measures 
the brightness between the two points, re ecting the common-mode signals from the instrument 
14 . 

      (a)                                                                           (b) 
igure     (a)  The rear side of the I  payload    (b) The four I  detector arrays mounted in their holders  (c)  

The D TS mounted on the gondola before the assembly of the cryostat. 
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2.3 Launch & Recovery 
The launch activities of stratospheric balloons require a combination of excellent nowledge of 
all the aspects of a flight campaign, manual s ills and a good combination of weather condition 
on ground, winds circulation, safety of the neighborhood. In order to fulfill the scientific 
ob ectives, the LIMP  payload needs a long-duration circumpolar balloon flight. In order to 
achieve the scientific goals, the launch site, identified by scientific team of the payload, is 
located in the airport of Longyearbyen, in Spitzbergen, at the Svalbard Islands. The selection 
was mainly driven by the geographic location and past activities conducted by the Italian Space 
Agency (ASI) and Sapienza with pathfinder flights 15 16 1 18 19 . ASI selected the 
Swedish Space Corporation to operate the launch and the recovery of the payload in the summer 
period. The choice of the launch campaign period was mainly due to the very stable winds of 
the artic vortex at 5-40 m altitude (fig. (a)).  

(a)                                                                                           (b) 
igure  (a)Stable artic vortex during summer time . (b) I  payload on the crane during launch operations 

LIMP  was launched (fig. (b)) from Longyearbyen airport on uly 14th 2018, after six 
launch attempts due to weather conditions on the ground. The alloon Flight Control System 
performed nominally. The balloon had a nominal ascent phase with a velocity of 5 m s. During 
the flight the float altitude was exceptionally stable, than s to the stable thermodynamic 
conditions (fig. 4 (a)). The required minimum flight altitude of 5,000 meters was superseded 
by an actual float level of ,800 m. 

(a)                                                                                           (b) 
igure  (a) loat altitude of the balloon during the flight. (b) limpo flight trajectory. 

The flight followed the forecast of the tra ectory, which is reported in fig. 4(b). The flight was 
terminated after 5 days instead of the minimum 12 days in order to increase the possibility of 
successful recovery of the payload avoiding termination on the Arctic cean. The termination 
decision too  into account also the safety of the recovery team, and the potential for recovering 
all components of the flight equipment. It was decided that the area to the southeast of La e 
Hazen was the safest landing location. The limpo landed in uttinirpaaq National Par  on 
Ellesmere Island, Nunavut, Canada on uly 19th, 2018. The balloon landed at latitude 81. 
466 8889 N, longitude - 0. 216666  , while the gondola and parachute landed 
approximately ,4 m away. All the material was recovered or duly disposed. The launch 
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activities allowed gaining experience for the next flight campaigns with particular focus on the 
recovery operations.  

igure  anding and Recovery of the limpo ayload 

2.4 In-flight performance of OLIMPO 
For the first time such a large telescope, a DFTS and IDs have flown on a stratospheric 
balloon. During the first hours of flight, it has been possible to tune the detectors and to 
demonstrate their dynamics under changes of the radiative bac ground due to the variation of 
the telescope elevation and the insertion of the DFTS into the optical chain. The noise 
equivalent power of the detectors in flight is smaller by a factor of 2, 8, .5, 4.5 at 150, 250, 
50 and 460 GHz relative to the one measured in the laboratory 11 . Moreover, it is photon-

noise-limited for the channels at 250, 50 and 460 GHz and very close to photon–noise–limited 
performance for the 150 GHz channel. Furthermore, the data contamination due to primary 
cosmic rays hitting the arrays is less than  for all the pixels of all the arrays, and less than 
1  for most of the pixels 11 . These results represent an important step in the TRL 
advancement of ID technology in a LE  environment, in view of future satellite missions. 

3 LSPE 

3.1 Scientific Goal 
Linear polarization of the CM  (curl–free E-mode) is nown to emerge from the physics of 
Thomson scattering of a locally anisotropic field of radiation off free electrons at the last 
scattering surface, and is correlated with density (scalar) perturbations. The other component 
of CM  polarization (curl-li e -mode) is, at small angular scale, the result of E–to–  lea age 
due to gravitational lensing of the CM  photons from large scale structures along the path to 
us. At large angular scales, -modes are generated by the presence of a gravitational waves 
bac ground (tensor perturbations) produced at the epoch of inflation. A detection of -modes 
would represent the final confirmation that inflation really occurred. The measurement of r, the 
ratio between the amplitude of tensor perturbations and that of scalar ones, would indicate the 
energy scale of the inflation 21 , providing the ey to complement our current understanding 
of the early universe. The current upper limits on r is r  0,0  at 95  c.l. 22 . -modes are a 
very tiny signal (fractions of a  in CM  units), so a –mode measurement demands careful 
strategies, both in instrument design to mitigate the instrument systematics and in accurate 
treatment of the large signals from the foregrounds (synchrotron emission and thermal dust 
emission). The LSPE pro ect is been developing with this intent. It features a low frequency 
ground-based telescope, LSPE STRIP, and a high frequency balloon-borne instrument, 
LSPE S IPE, to perform a large scale map of the polarized s y from 40 to 260 GHz, with the 
target to constrain r at the level 10-2. Here we focus on LSPE S IPE.  
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3.2 The Instrument 
S IPE (Short avelength Instrument of the Polarization Explorer) is a multiband cryogenic 
Sto es polarimeter coupled to a 50 cm aperture refractive telescope. Radiation from the s y is 
focused on two independent focal planes (one per polarization), populated by  sets of multi–
moded Transistor Edge Sensor (TES) bolometers centered at 150, 220, 240 GHz. These are 
coupled with the radiation through smooth–walled conical horns (fig. 6 (d), (e), (f)). The 150 
GHz array is the CM  channel, while the 220 and 240 GHz arrays are dedicated to 
measurements of polarized dust emission (synchrotron emission is monitored by STRIP). The 
polarization of the s y brightness is modulated by a 50 cm rotating Half ave Plate (H P), 
followed by a linear polarizer. The detectors and the optical elements are cooled by a cryogenic 
system consisting of a wet L4He cryostat plus a L He refrigerator for the last stage. Large (8 
mm diameter) spiderweb TES bolometers have been custom developed for S IPE. The readout 
electronics is based on a Frequency Domain Multiplexing (FDM) scheme with a mux factor 
16:1: the cold part is based on LC filter boards (including the bias resistor) at 00 m , while 
the S UIDs are at 1.6 . Fig. 6 (a) and (b) shows a s etch of the S IPE gondola and of the 
cryostat hosting the focal plane. 

(a)  (b)  (c) 

(d)                                             (e)                                          (f) 
igure  (a), (b), (c) S etch of the S I E gondola,  the cryostat and  rotation mechanism  (d) ultimode TES 

bolometer absorber  (e) Detector horn  (f) sample of a pixel assembled on one of the two S I E focal planes. 

The innovative subsystems of S IPE are the H P rotation mechanism design (fig. 6(c)) based 
on a superconducting magnetic suspension system, allowing continuous rotation at 60 rpm, 
corresponding to a 4 Hz modulation of the linearly polarized signal, and the multimode 
detectors. This ind of detectors trades angular resolution for an increased optical efficiency 
(8800 of radiation modes are detected in S IPE), while eeping the number of bolometers very 
low ( 0). This means that each detector, instead of detecting a single mode is able to be 
sensitive to many modes (N) of the incoming radiation, thus boosting the effective photon noise 
limited sensitivity of each bolometer by a factor √𝑁. The multimode sensitivity implies obvious 
challenges in detector design 2 . The limited number of detectors and readout wires allows to 
comply with the strong constraints on power supply of a stratospheric night flight.

3.3 The Status 
The main subsystems of the S IPE instrument are under fabrication and testing. The 
clamp release system for the magnetically levitating rotor, allowing to eep it in place before 
the superconducting transition of the support magnets, has been prototyped and successfully 
tested at cryogenic temperatures 24 . The rest of the components (i.e. superconducting 
magnets, rotor permanent magnet, control coils and control electronics) has been built and 
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individually tested. The full system, including the long duration cryostat and the telescope, will 
be assembled and tested in the coming months. Recent tests on a prototype of the detector plus 
its horn with a coherent source at 128 GHz demonstrate a response consistent with the model 
25 . More extensive, broadband tests at system level are planned. The first functional tests of 

the electronics (tone generation) on the prototype flight model have been performed 26 . 
Gondola construction is underway. The pre–integration campaign is scheduled at the end of 
2019. The first launch opportunity for S IPE is late Arctic inter 2020.  

3.4 The launch challenges 
The LSPE mission will be more challenging wrt to a mission executed in the summer period. 
Since the CM  -modes is very small and at large scales, it is necessary to avoid solar 
irradiation and the presence of the sun in the sidelobes, and to reduce instrument and 
environment temperature. This means that the payload needs to acquire measures for at least 8 
days (goal 15 days) with 95  of the time in dar  conditions. This means that the mission should 
be executed in polar regions during the polar night. The analysis of the launch campaign 
challenges shall mainly consider the following points: payload tra ectories, ground meteo, 
dar ness conditions, overflight and landing permissions, recovery opportunities, safety 
(operators and population), logistics. The northern hemisphere offers the Svalbard and Esrange 
launch sites as the best options. The latter is the launch facility of the Swedish Space 
Corporation. It offers good logistic support than s to the facilities offered by the base but it is 
located in a southernmost position wrt the former, so the probability to fulfill the dar  exposure 
requirement is lower. The launch opportunities, being in the winter time, will be less wrt the 
summer time launch opportunities due to the bad weather conditions on the ground. Another 
aspect to be considered is the circulation of the winds in the northern hemisphere, which is more 
unstable wrt to the summer one. This influences also the predictions of the tra ectories. The 
southern hemisphere offers launch sites in Antarctica. Here the night circulation is more stable 
and could allow a more accurate prediction of flight tra ectories. However, ground weather 
conditions ma es the logistic operations hard, and the safety of the personnel who operates the 
launch can be critical. Another aspect to be considered for the choice of Antarctica sites is the 
compatibility with the measurements performed by STRIP, which will be located in Tenerife 
and will observe the northern s y. The analysis of the challenges is still on going and the final 
solution will ta e into account all these challenges. 

4 CONCLUSIONS 
limpo and LSPE are spearheads of the astrophysics experiments in Italy, both from a 

technological and scientific point of view. Than s to the experience gained by ASI in this field, 
the stratospheric activities allows to fulfill the ob ectives of these experiments at lower costs 
and in a short term allowing to eep competitive the scientific results at international level. 
Stratospheric activities have been increasing, also at international and European level, gaining 
a wide range of experiments.  
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ABSTRACT 

Propeller blades and turbulent boundary layer represent the main noise sources from a turbo-
prop aircraft, causing both passenger discomfort and community annoyance.  
In this paper the interior noise reduction of a T/P aircraft, focusing on the passenger perceived 
noise, is carried out through the optimization of several passive technologies. 
To this aim, the numerical model of a full T/P aircraft including both composite primary and 
secondary structures subjected to the acoustic loads generated by the propellers and the 
turbulent boundary layer (TBL) is described and both Finite Element method (FEM) and 
Statistical Energy Analysis (SEA) approaches have been applied to model the global fluid-
structure interaction phenomena of the whole cabin at low and high frequency.  
Results, in terms of Sound Pressure Level (SPL) and different acoustic indices have been 
carried out for each single investigated technology. Moreover, in view to find a final 
configuration that take into account the best technology for each subcomponent, all the 
investigated technologies have been finally developed and parametrized at cabin level to drive 
the optimization process and finally the acoustic response within the interior cavity has been 
evaluated in terms of subjective (sound quality) and objective (SIL3, OASPL) metrics at the 
passengers sitting position. 

Keywords: aircraft cabin, modelling, comfort, noise, optimization 

1 INTRODUCTION 
The soundproofing of a T/P aircraft is not a trivial task; noise reduction requirements come into 
conflict with weight, installation and cost limitations that prevent technologies and 
methodologies that would beneficially affect the passengers’ comfort from being adopted. The 
contributions of both TBL and propeller blades implies that both low (less than 300 Hz) and 
high (up to 10000 Hz) frequency loads have to be downcast. Currently no technology is able to 
work effectively in such a wide spectrum, therefore a combination of active and passive 
technologies has to be adopted. Through numerical simulations, the impact of such technologies 
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on the cabin pressure filed can be evaluated, but not without efforts; the 2 used approaches 
cannot exploit the same model, have practical limitations in terms of frequency range and 
limited reliability for some applications. To effectively evaluate the impact of the 
soundproofing, an automated procedure is required; starting from a validated initial model, it 
removes the manual effort to modify the model to couple with the configuration if interest and 
can be used for both to perform design studies and optimizations. The automation procedure is 
composed of 3 key steps: identification of the design variable(s) and their mapping onto the 
parametrized numerical model(s); analysis; postprocessing of the results. A Process Integration 
and Design Optimization (PIDO) software has been used to wrap the VA One and NASTRAN 
and their analyses, with pre- and post- processing tools created to tailor the model to match the 
desired soundproofing configuration. The objective is to effectively investigate how new 
materials and approaches affect the passengers, identifying critical aspects and highlighting 
solutions of potential interest for more in-deep investigations.    

2 CABIN SEA MODEL DESCRIPTION 
A fuselage trunk has been modelled using the software VA One, through the SEA module. In 
view to distinguish the SPL along the fuselage at the different stations, necessary to evaluate 
the noise level at various distances from the noise source, the fuselage trunk has been divided 
in several subsections. An isometric view of the SEA fuselage model is shown in Fig. 1, where 
it can be noted the internal subdivision through the cavities, the different colours of the skins 
(according to material and properties), the application of the external loads and the Semi Infinite 
Fluids (SIF). Detailed model description is available at Petrone at ali. [1]. 

Figure 1: SEA model with applied TBL loads at different sections. 

The nominal passive soundproofing configuration of the cabin exploits fiberglass reinforced, 
laminated, lining panels with Nomex core, and aeronautical glass wool thermoacoustic 
blankets. This setup has been analysed and used as a reference to evaluate the changes in terms 
of weight and noise environment properties. Lining and blanket weight have been determined 
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using their known (blanket) or estimated (lining) densities, thicknesses, and model-measured 
total surface. 

3 OPTIMIZATION WORKFLOW SETUP 
The overall structure of the integrated Multi Disciplinary Optimization (MDO) problem, 
implemented in the Optimus PIDO, is illustrated in Figure 2. 

Figure 2: Top Level MDO Workflow. 

The MDO is composed of 10 sequentially connected and operated blocks, that wrap analysis 
and pre/post-processing scripts and routines; these are required to evaluate loads, convert results 
and prepare the models according to the values of the design variables of the undergoing 
investigation. From an operative point of view, the workflow can be broadly divided into 3 main 
phases: a pre-processing sequence (left side, azure and, light green), an analysis group (central) 
and post-processing tasks (right).  
Data acquisition modules: 

x Reduce Airframe gets the current versions of the simplified airframe FEM and SEA
models (also includes the simplified interior model generation).

x Propeller Loads returns the loads introduced by the propellers in terms of pressure on a
given grid of control points.

x Turbulent Loads evaluates the contributions of the Turbulent Boundary Layer function
of altitude and Mach number.

Processing and analysis: 

x Materials and Models maps the design variables to the list of materials and technologies
x Preprocess FEM model adapts the FEM input files to correctly represent the design

variables. As for the subsequent SEA model customization, this includes, but is not
limited to, materials’ property adjustments, changes in ply thicknesses or sequencing.

x Preprocess SEA mode tailors the parametrized VA One model to be compliant with the
undergoing analysis in terms of materials and technologies.

x FEM Analysis performs low frequency (LF) analysis using NASTRAN.
x SEA Analysis performs high frequency (HF) analysis using VA One.

Postprocessing: 

x Results Assembly combines the FEM and SEA results to generate the full spectrum of
the responses.

x Sound Quality Evaluation, post-processes the cabin pressure information at specific
coordinates to evaluate the subjective metrics [2].
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According to the SPL frequency response obtained for the baseline configuration, the most 
significant contribution to the overall internal noise is found in the 200-1500 Hz frequency 
range, mostly associated with the TBL. The BPF tonal contribution to the OSPL is less relevant 
and appears as second-order compared to TBL one. In force of these considerations, the 
optimization strategy has been adapted to exploit the computationally faster SEA approach 
(about 10 minutes for a single analysis ranging from 100 to 10000 Hz for the SEA, several 
hours for the lower Octave bands using the FEM), to identify the best configurations for the 
lining and thermo-acoustic blankets. Subsequent analysis will be performed using the FEM, 
thus including the unexplored 31.5 to 100 Hz frequency range, to refine the choice of the best 
configuration. The workflow has been implemented to include or avoid the FEM evaluation 
according to the user’s requirements. This switch also addresses the post-processing routines.   

3.1 Design Variables 
The cabin models have been parametrized to allow for a limited set of elements to represent a 
soundproofing configuration. From an optimization point of view, what is required is a vector 
of inputs able to couple with the scripts in the sub-workflows that handle the model complexity 
and add or remove elements in order to match the foreseen analysis configurations. The vector 
must be able to define in a univocal way the features of the model under analysis. This is 
required as optimization methods will evaluate the relationship between the design variable 
values and the objectives, and the presence of multiple configuration associated with the same 
results could slow down the convergence process. A single set of design variable has been 
defined; this vector specifies the technologies and materials that are applied airframe-wide. 
Possible fractioning of the cabin into different sections with tailored solution has not been 
investigated yet. 
The design variables used in the reported analysis only affect the passive soundproofing of the 
cabin, specifically the composition and thickness of the trim panel and thickness of the 
thermoacoustic blankets. The set of 5 design variables, 3 continuous (thicknesses) and 2 integers 
(IDs of the materials), is resumed hereafter: 

x Lining panel, stacking sequence. Three lamination sequences have been foreseen, all
based on Glass Fiber (GF) for mechanical purposes, with different ordering of core
material(s) and Viscoelastic Layer (VL). The configurations can be summarized as: 3-
[GF/Core/GF], 5- [GF/Core/GF/VL/GF] and 7- [GF/Core/GF/VL/GF/ Core/GF].

x Lining panel, core material. It can be either a commercially available, industrial foam
or a user-defined one. Four materials have been modelled: Nomex, Airex, Tegracore
and the Metamaterial developed at PoliTO [4].

x Lining panel, core material thickness. It influences the panel density per square meter
and the sound transmission. In the multicore lining panel (7) the core has been split into
2 equal, half-thickness layers.

x Viscoelastic layer thickness. This layer is used only for the 5- and 7-layers
configurations.

x Thermoacoustic insulation blanket, thickness. The blankets have both acoustic and
thermal insulation properties. The selection of the material, up to now, has been not
included in the process and, to ensure the fulfilment of the heat padding, the minimum
thickness has been constrained not to be lesser than the nominal.

Additional design variables that have been defined but not used in the contest of the reported 
analyses include the materials used for the thermal blanket and the viscoelastic layer, wire rope 
absorbers, active noise controls in the lining panels and in the seats’ headrest. The latter two 
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technologies have a limited impact on the SEA-explored range of frequencies, consequently 
their evaluation and been postponed. 

3.2  Constraints and Objectives 
The optimization process is subjected to performances (e.g. maximum allowable noise level), 
weight, and geometrical (installation) constraints. Intermediate evaluations are required to 
ensure that specific properties are within assigned margins; as an example, the selection of 
lining panels’ core material and thickness affects the overall panel stiffness, a property 
restrained by aeronautical regulation. To compensate, the number of plies in the upper and lower 
GF layers are adjusted; this affects the panel density. Other constraints arise from geometric 
limitations, imposed by the airframe. Quantitative details of the used constraints and model key 
figures have been provided in Table 1. 

FEM SEA 
Constraints: lining geometry, 

lining stiffness 
total weight 

Lining geometry 
lining stiffness 

total weight 
Analysis type: Static for stiffness estimate 

Narrow Band Modal 
Frequency Response 

Third Octave Frequency 
response 

Design variables: Lining geometry 
Lining properties 
Blanket geometry 

Lining geometry 
Lining properties 
Blanket geometry 

Analysis Output Pressure PSD 
(Pa2/Hz): 

Frequency response at 
passenger head positions 

Frequency response on “Head 
Cavity” acoustic 

Postprocessing: OSPLA dBA  
SIL dB 

Sound Quality Metric 

OSPLA dBA  
SIL dB 

Sound Quality Metric 

Table 1: Passive soundproofing optimization:  Design variables – Output parameters management. 

Preliminary investigations highlighted that, with respect to the nominal configuration, it was 
not possible to achieve a measurable reduction in terms of cabin noise without a weight 
increment,  Figure 3. 
Therefore, instead of a single optimization aimed at noise minimization, three different sets of 
optimizations have been performed, each featuring an increased new value for the total weight 
constraint. The objective is to investigate the possible noise environment improvements with 
respect to a different added-weight scenario. The considered constrained weight is the total 
soundproofing weight (sum of lining and blanket), thus allowing for the evaluation of solutions 
that affect either concept. The thresholds for the added weight 3 scenarios (compared with the 
nominal configuration) are +2.84%, +7.56%, +14.65%. 
The weight is calculated as a function of the soundproofing surfaces, thicknesses, and densities; 
possible effects of specific installation requirements have not been taken into consideration at 
this stage of the process.  
The objective function is the final evaluation of the performance of the proposed solution of the 
MDO problem.  
Three different objective noise metrics have been evaluated for the two target areas, the average 
passenger head and the service area: max measured value [dB], OSPL [dBA] and SIL3 [dB]. 
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Figure 3: Pareto front evaluated from multi-objective minimization of both total soundproofing weight 
variation % (GOAL1) and Passengers OSPL variation % (GOAL2). 

4 OPTIMIZATION STRATEGY 
The design variables vector is a combination of integers and floating-point; this limits the 
number of possible algorithms that can be used as optimization with non-relaxing integers has 
some mathematical limitations (and numerically represent an NP-hard problem). 
Several algorithms deployed as part of the Optimus kernel can tackle problems with this kind 
on input variables, most noticeably Mixed Integers, Simulated Annealing and the Hooke-Jeeves 
methods [2]. The non-negligible drawbacks of these problems in general and numerical 
methods to address them are represented by the number of iterations required to achieve 
convergence (if any), and by the complexity that any attempt to demonstrate the optimality of 
the solution would face.  
A single analysis of the SEA-workflow, from model customization to results extraction and 
conversion, takes about 12 minutes and 20 seconds, with most of the time required for VA One 
execution. Marginal variations (in the order of few seconds) are possible due to VA One 
convergence requirements, typically associated with laminates with thin layers at 8000 Hz and 
beyond. Due to the intention to perform the optimization at least 3 times (for the different added-
weight targets), an approach based on surrogate models has been preferred. In order to pursue 
this methodology, the optimizations are performed using the mathematical representation of the 
problem at hand instead of the problem itself, thus allowing for inexpensive evaluations. This 
requires a reliable proxy for the analyses; due to the lack of pre-existing datasets, Design Of 
Experiments (DOE)s have been used to explore the design space and finally collect the data 
needed to characterize the design variable/outputs relationship. 
Two distinct DOEs have been performed. The first has been a Full Factorial (FF). The FF 
method ensures that the boundaries of the design variables range are explored, and requires 2n 
experiments, where n is the number of design variables (therefore 32 analysis plus an additional 
one to assess the nominal configuration). This evaluation required 5 hours, 23 minutes. 
Although able to provide indications on the output values related to boundary values, the FF 
offers a poor investigation of the inner part of the design range. To address this limitation, a 
second DOE has been performed, using the Latin Hypercube Design approach [2]. A set of 200 
experiments has been prepared, which took 37 hours, 55 minutes to compute. 
The combined investigations highlighted a reasonable degree of linearity and monotonicity 
between used design variables and evaluated KPIs, Figure 4. This is particularly evident for the 
effects of core thickness (thinner cores require more GF layers, thus leading to heavier panels 
with improved vibration dampening) and blanket thickness (thicker insulation intuitively 
reduces the transmitted energy).  
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The correlation plot marks the negligible impact of the viscoelastic layer. The DOEs and the 
Response Surrogate Models exams showed no signs of local minima spread over the design 
space. 

Figure 4: Pearson and Spearman correlation indexes from DOEs results. 

Surrogate models have been validated before their exploitation for optimization; and the cubic 
Radial Basis Function model has been identified as the most accurate (R2press for all the outputs 
close to +1).    

5 OPTIMIZATION RESULTS 
Candidate configurations have been reported for the performed optimizations targeted at the 
multiple weight limits. Analyses have been set-up including and removing the metamaterial 
from the list of possible core materials; preliminary assessment determined that this material 
has a significant edge over conventional cores. However, due to possible uncertainties in the 
extrapolation of its properties for the SEA model characterization, strategies based on 
traditional materials have been investigated too. Table 2 resumes the main features of the 
identified optimal solutions. 

Soundproofing mass + 2.84% + 7.56% + 14.65%
Metamaterial - Included - Included - Included
Lining core mat. Tegracore Meta. Tegracore Meta Tegracore Meta 
Lining core thick. 4.81% 12.86% 4.76% 5.17% 3.95% -4.03%
Lining sequence 3 3 3 3 3 3
Blanket thickness 17.85% 32.55% 27.69% 32.55% 26.77% 32.55%
Lining weight -4.42% -12.15% -2.73% -4.72% 8.06% 5.13% 
Blanket weight 17.88% 33.15% 27.72% 32.54% 26.85% 33.32% 
Pax max dB -3.35% -6.69% -3.69% -6.88% -4.14% -7.11%
Service max dB -1.94% -2.54% -2.14% -2.65% -2.33% -2.78%
Pax OSPL dBA  -3.13% -6.21% -3.41% -7.36% -3.83% -6.56%
Service OSPL dBA -1.56% -2.00% -1.76% -2.10% -1.93% -2.23%

Table 2: Optimized configurations. 

In the analyses without metamaterial, the Tegracore is always identified as the best core. 
Generally speaking, the overall trend over the weight increment is to: 
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x increase the core thickness, therefore decrease the density due to the higher amount of
skin material required to satisfy the stiffness constraint.

x Increase the thermal blanket thickness.
The viscoelastic based concepts (stacking sequences 5 and 7) fail to show among the best 
performing of each added weight categories. This is due to the limited efficacy of the SEA 
analysis in propagating the information related the viscoelastic transmission loss. 

6 CONCLUDING REMARKS 
The limited noise reduction from +7.56% to +14.65% added weight suggests that the 
intermediate solution is more flexible and provides a weight margin that can be dedicated to 
other technologies. Some uncertainties on the used models have not been addressed yet and be 
will subjected to closer investigations; these include Metamaterial characteristics (used 
properties and validity of the equivalent characterization), and Viscoelastic dampening 
properties (with specific attention to their integration in the SEA model/its capacity to consider 
them). 
To solve this issue, the only feasible approach is to perform additional numerical and 
experimental investigations to better characterize and validate them. Once that more accurate 
material models are available, they will be exploited both to refine the SEA analysis and to 
tailor the FEM models to achieve a combined, comprehensive optimization of the cabin 
soundproofing.  
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ABSTRACT 
Adhesive junctions or co-infusion of skin and stiffeners represent efficient manufacturing 
processes for aircrafts composites stiffened panels leading to weight saving, although they 
have not been widely adopted yet due to certification issues and the lack of well-established 
design tools and procedures.  
Airworthiness requirements for composite structures pose major challenges to the 
certification of adhesively bonded or co-infused stiffened structures. FAA Advisory Circular 
20-107B prescribes the methods for substantiating the limit load capacity of any bonded
stiffener, the failure of which would result in catastrophic loss of the airplane. Most of today
design approaches lead to stiffer and heavier structures if compared to letting the compressed
skins to work in post-buckling until failure. In order to exploit the full structural potentiality
of this type of structures under compressive loads new design approaches, mostly based on
Finite Element Modelling, have to be developed and validated with experimental results. In
this context, the joining technique of the stringers to the skin has a particular importance,
barely influencing the linear behavior of a stiffened plate until its first instability load, but
being responsible for relevant differences in the ultimate failure load. Within this paper
compressed stiffened plates obtained by different manufacturing processes have been
modelled with approaches of increasing complexity, from “classical” FE models to predict
the first buckling load, to post-buckling analyses up to more refined techniques including the
behavior of the skin-stiffener interface. These latter, based on the use of cohesive elements,
allow to account for interface properties due to different manufacturing processes. A critical
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analysis of the numerical and corresponding experimental results as well as a comparison 
with the expected nominal structural performances will be presented. 

Keywords: composites stiffened panels, post-buckling analysis, non-linear finite element 
analysis, compression tests of stiffened panels.  

1 INTRODUCTION 
Considerable weight reductions might be possible in composite stiffened structures by 
allowing them to buckle well within their operational load envelope and to reach failure in the 
post-buckling regime.  
However, the design of primary components that operate safely well beyond their buckling 
load is still a challenging task since out-of-plane deformations, due to buckling, may 
detrimentally interfere with pre-existing defects or in-service damage and lead to premature 
failures. 
In order to exploit the weight saving promised by a stiffened structure working in the post 
buckling regime, a reliable analysis method is required in order to predict damage initiation 
and evolution, and to determine the final failure load [1].  
One of the most relevant damage modes exhibited by stiffened composite panels, such as 
those typically employed in airframes, is the skin-stringer debond caused by the relatively low 
interface strength [2].  
Delaminations and debonds can be modelled numerically using different approaches among 
which the Virtual Crack Closure Technique (VCCT) [3] and cohesive interface elements [4] 
are the most widely used.  
In this work, cohesive elements are used to model the debonding occurring at the main 
interfaces of the mono-stringer panel, i.e.: the skin to stringer cap interface and the cap to 
stringer foot one. Analyses are developed to study the debonding onset, due to the increasing 
mono-axial compression load in the post-buckling regime, and the propagation of the debonds 
up to collapse1. 

2 FINITE ELEMENT MODELLING OF STIFFENED PLATES UNDER 
COMPRESSION – BUCKLING AND POST-BUCKLING “CLASSIC” 
APPROACHES  

A preliminary buckling and post buckling analysis has been carried out on the two stiffened 
panels, whose properties are reported in Table 1, and the results in terms of local strains (at 
five locations showed in Figure 6) have been compared to the experimental measurements. 
The FE numerical simulations have been performed using both non-linear transient and 
postbuckling analyses with the Siemens NX Nastran code. The first one simulates the loading 
process adopted during the experimental tests, the latter has been conducted to estimate the 
failure indices starting from the material allowables. However, in this analyses no failures 
mechanisms are taken into account, they will be considered later on as described in the next 
sections of the paper. For this reason there is no difference between the FE models of the co-
infused and secondary bonded panels. Therefore the results reported in the present section are 

1 Collapse is identified on the load–displacement curve by a sharp decrease of the load in correspondence to a 
negligible variation of the displacement 
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to be considered as representative of both the manufactured panels. This preliminary 
numerical analysis has been conducted to have a reliable prediction of the panel behavior 
before that would be experienced during the experimental campaign. Table 1 reports the main 
characteristic of the tested CFRP panels. 

PANEL ID CS2_AG2_2111601_Bonded CS2_AG2_2111601_Coinfused 
Materials CFRP CFRP 
 L x W [mm] 445 x 200 445 x 200 
 Ply Count Skin: 14 Stringer: 10 Skin: 14 Stringer: 10 

Layup Skin: [+45,-45,0,0,90,-45,+45]s 
Stringer: [+45, -45, 0, 0, 90]s 

Skin: [+45,-45,0,0,90,-45,+45]s 
Stringer: [+45, -45, 0, 0, 90]s 

Process Description Preforms realized by AFP of UD dry 
fibers then infused by LRI 

Preforms realized by AFP of UD dry 
fibers then infused by LRI 

Table 1- CFRP panel dimensions and characteristics 

Figures 1 show the numerical and experimental comparison: both the first buckling load, 
occurring just below 30kN, and the next post-buckling behavior, are well predicted.  

Figure 1: Preliminary FE and experimental comparison of the strains in linear and post-buckling 
regimes 
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3 POST-BUCKLING AND FAILURE: “ADVANCED” FINITE ELEMENT 
MODELLING APPROACHES  

A finite element model has been developed to capture the structural response of the mono-
stringer panels, in terms of buckling occurrence, post-buckling behaviour including the 
progressive degradation of the major interfaces and ultimately the final collapse under 
compression loads.  
Modeling and FE simulations are carried out using SIMULIA ABAQUS (Version 6.14) 
complemented with python scripting, in order to automatize and parametrize the creation of 
the models, and with a user Fortran routine (UMAT) that defines the constitutive behavior of 
the interfaces.   
The geometry of the panels in created by means of an assembly of three-dimensional parts, 
i.e. the skin, the stringer (including the two-part web, the feet, the cap, the filler embedding
the carbon-fiber noodle) and the interfaces (see figure 2). The latter have been modeled by
mean of 3D cohesive elements. An interface layer of negligible thickness has been considered
in the case of co-infused, co-cured stiffener while finite thickness interfaces have modeled to
simulate the bonded panel configuration.

(a) 

(b) (c) 
Figure 2: Advanced FE model. (a): whole panel; (b) stringer mesh detail; (c) filler mesh detail 

The FE model of the stiffened panel is obtained by assembling the different parts, which have 
been modelled and meshed separately, and by defining appropriate interaction (TIE 
constraints [5]) between the meshes. Stratified composite parts have been modeled using 8-
nodes Continuum Shell elements (SC8R [5]). The interfaces, i.e. stringer feet–cap and cap–
skin (see fig. 2), have been modeled using COH3D8 elements [5], endowed with a user-
defined constitutive law through a dedicated UMAT subroutine [5].  

skin 

cap 

stringer-web 

stringer-foot 

filler 

noodle 
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Ideal tie constraints have been used to link the cohesive layers and the composite parts 
meshed by means of continuum shell elements. 
The presence of potting at the ends of the panels has been simulated by introducing a rigid 
body constraint at the extremities. The reference points of the rigid body constraints have 
been used to introduce loads and to define boundary conditions. 

3.1 Cohesives 
Figure 3 summarizes the main features of the constitutive model of the cohesive elements and 
sets the basic notation. The constitutive model links tractions (𝜏𝜏) to separations (𝛿𝛿) by means 
of a bi-linear law defined by an internal damage parameter (𝑑𝑑); the mode-mix is identified by 
the displacement jump ratio (𝜑𝜑), defined in Figure 2. 
In the proposed approach, the shearing (𝛿𝛿1) and tearing (𝛿𝛿2)  modes share the same properties 
(onset traction and energy release rate), consequently a combined “s” mode is defined and 
used with the opening mode (𝛿𝛿3) alternatively termed normal mode, (𝛿𝛿𝑛𝑛).   
In order to manage loading and unloading at any mode-mix, a displacement jump norm (𝜆𝜆) is 
defined as 𝜆𝜆 = �𝛿𝛿𝑛𝑛2 + 𝛿𝛿𝑠𝑠2. 

Figure 3: cohesive nomenclature and mixed-mode traction-separation model 

The mode-mix is can be also quantified by the ratio 𝐵𝐵 = 𝐺𝐺𝐼𝐼 (𝐺𝐺𝐼𝐼 + 𝐺𝐺𝐼𝐼𝐼𝐼)⁄  of applied pure mode 
Energy Release rates (ERR). For bilinear traction separation laws an algebraic relationship 
exists between 𝐵𝐵 and displacement jump ratio 𝜑𝜑 (see [6], [ 7] and references therein for 
further details). 
Ratio 𝐵𝐵 is normally used to define the value of the critical Energy Release rate (𝐺𝐺𝑐𝑐) at 
different mode-mix in terms of pure modes critical ERR, 𝐺𝐺𝐼𝐼𝑐𝑐 and 𝐺𝐺𝐼𝐼𝐼𝐼𝑐𝑐  , that must be provided as 
inputs to the model. A Benzeggagh-Kenane law, whose parameter are derived from 
experimental data, is used in this work to define the critical Energy Release rate at varying 
mode-mix. 
When 𝐵𝐵 = 0 the constitutive law reproduces the bi-linear behavior for pure mode I while pure 
mode II is relevant to 𝐵𝐵 = 1; pure modes traction-separation laws are then completely 
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identified by the onset tractions, 𝜏𝜏𝐼𝐼𝑜𝑜 and 𝜏𝜏𝐼𝐼𝐼𝐼𝑜𝑜  that must be provided as input, and by the value of 
the stiffness (𝐾𝐾) in the linear, undamaged part. In the model 𝐾𝐾 does not vary with mode-mix.  
With such hypotheses, Turon et alii [8] showed that the onset tractions in pure modes cannot 
be chosen independently in order to have a correct energy dissipation during the delamination 
propagation at any mode-mix; they must respect the relationship 𝜏𝜏𝐼𝐼𝑜𝑜 = 𝜏𝜏𝐼𝐼𝐼𝐼𝑜𝑜�𝐺𝐺𝐼𝐼𝑐𝑐 𝐺𝐺𝐼𝐼𝐼𝐼𝑐𝑐⁄ . 
From data relevant to pure modes, the displacement jump ratio is used to calculate the onset 
displacement jump (𝜆𝜆𝑜𝑜) and the failure displacement jump (𝜆𝜆𝑓𝑓). 
At a fixed mode-mix, the energy dissipated at failure (𝐺𝐺𝑐𝑐) is the sum of the energies (𝐺𝐺𝐼𝐼𝑚𝑚 and 
𝐺𝐺𝐼𝐼𝐼𝐼𝑚𝑚) dissipated by the components, 𝛿𝛿𝑛𝑛 and 𝛿𝛿𝑠𝑠, of the equivalent displacement jump when 
reaching their respective failure values.  
After onset, the behavior of the interface at any integration point is determined by the 
displacement jump calculated from the displacements of the associated, facing, nodes: for 𝜆𝜆 ≤
𝜆𝜆∗ the behavour is elastic (Figure 3), with degraded stiffness (𝐾𝐾∗ = 𝐾𝐾(1 − 𝑑𝑑)), and damage 
remain constant, while for 𝜆𝜆 > 𝜆𝜆∗ damage starts growing (see [6], [7] and references therein 
for further details). 

3.2 Post-buckling analysis set up 
The analysis strategy follows a classical two-step approach: a linear eigenvalue analysis 
(linear buckle) is performed in order to identify the first buckling modes, then, a 
geometrically non-linear analysis is performed starting from a perturbed geometry of the 
panel, obtained by a weighted linear combination of some of the extracted buckling modes. 
This approach remarkably improves convergence and let complex buckling phenomena and 
post-buckling behaviors be captured more effectively. 
The preliminary linear buckling analysis has been used to identify the first twenty buckling 
modes, in order to perturb the geometry of the model for the non-linear analysis.  
An initial imperfection was defined as linear combination of the most significant eigenmodes, 
balancing the coefficients according to the deformation energy of the modes, to reach a 
magnitude of about 50% of the thickness of the typical ply.  
The geometrically non-linear analysis was performed in ABAQUS/STANDARD by using a 
dynamic implicit iterative method. Due to its intrinsic numerical damping this solution 
algorithm can attain convergence even when cohesive elements start to progressively fail 
simulating the actual failure of an interface.  
The non-linear analysis has been able to capture the occurrence of buckling and to investigate 
the post-buckling behavior accounting for geometrical non-linearity and considering the 
progressive failure of the interfaces.  
The value of the buckling load could be estimated by means of the first bifurcation of the 
local strains in the skin, similarly to what is done experimentally by means of back-to-back 
mounted strain gauges. 
Ultimately, collapse of the panel has been predicted by a sharp decrease of the reaction load 
the load–end shortening curve derived from the non-linear simulation. 

4 EXPERIMENTAL COMPRESSION TESTS 
The objective of the compression tests is to compare different structural solutions consisting 
in different skin-stringer joints technologies, for panels under compression. The final 
objective was to compare the compression performance of a co-infused single blade stringer 
and secondary bonded one.  In order to perform the compression tests and to get a uniform 
introduction of the loads, both the panels ends were potted in stainless steel potting frames, 
specially designed (Figure 4).  
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The two panels were loaded in compression in a 600 KN Galdabini CTM 60 machine (Figure 
5). The compression tests have been conducted under displacement control in order to prevent 
eventual catastrophic failure due to global buckling of the test article. 
Each panel has been installed in the testing machine with the panel cross section centroid 
aligned with the loading axis. Shimming between the potted ends of the panels and the test 
frame plate were conducted to obtain a uniform load distribution. The panels unloaded lateral 
edges were free. 

Figure 4: Compression test frames design and manufacturing 

An overview of the test set-up may be seen in Figure 5. 

          (a)                                                       (b) 

Figure 5: Galdabini CTM 60 compression test machine (left) and panel set up (right) 

Five strain gauges were used to monitor the loading conditions and to perform the shimming 
of the potted frames; on each panel were glued two gauges (SG3 and SG4) positioned on the 
skin surface at the middle of each free bay, two gauges (SG1 and SG2) back to back on the 
stringer left foot and one gauge (SG5) at the center of the stringer's web. The Figure 6 shows 
an overview of the strain gauges load monitoring system used. 
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Figure 6 - Strain gauges load monitoring system 

5 NUMERICAL-EXPERIMENTAL COMPARISON 

5.1 Main results of the advanced finite element analyses 
The numerical results are presented in terms of local strains in the post-buckling regime vs. 
load, displacement field and interfacial damage (SDV1 internal variable) at increasing values 
of the compression load. Some of the numerical results can be compared with the 
experimental data measured by the load cell and by the strain-gauges. 
Figure 7 shows a comparison of simulated and measured strains for the co-infused panel 
(similar results are obtained for the bonded panel). Numerically predicted strains closely 
match measured ones either in the linear or in the post-buckling regimens; albeit preliminary, 
this constitutes a substantial validation of the advanced FE model. 

Figure 7: Co-infused panel: simulated vs. experimental strains in post-buckling regime 

The load – end shortening curve obtained with the same model is shown in figure 8. Also in 
this case, pre and post-buckling response is as expected with the usual change in global 

Front side Rear side 
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stiffness in correspondence to the buckling load. Failure results are less satisfactory from a 
quantitative point of view with a predicted failure load at about 170 kN, well in excess (+ 
35%) of the experimental value. 

Figure 8: Co-infused panel: simulated load – end shortening curve up to failure 

A deeper analysis of the failure mode predicted by the Advanced FE is accomplished looking 
at the interfacial damage in the post buckling regime and at failure. Up to 113 kN of axial load 
(point 4) no damage is present in the interface (not shown here for sake of brevity); damage 
starts on the sides of the skin-cap and stringer foot-cap interfaces at more than 140 kN as 
shown in figure 9. The figure shows both interfaces (laminated and solid parts have been 
hidden) since damage in the lower one (skin-cap) develops only on the sides that are not 
hidden by the upper interface (stringer foot-cap), which develops damage also in the central 
part at higher loads (points 7 and 8 in figure 8). 

Figure 9: Co-infused panel: interfacial damage (SDV1) in post-buckling regime 
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At an axial displacement of about 2.72 mm the axial load predicted by the advanced FEM 
drops sharply identifying the global failure of the panel (points 9-12 in figure 8). Thanks to 
the implicit solver converged dynamic equilibrium solutions have been obtained and 
interfacial damage results can be analysed; they are shown in figure 10.   

Figure 10: Co-infused panel: interfacial damage (SDV1) evolution at failure 

In the stringer foot-cap interface, damage under the filler on the left hand side (already visible 
in figure 9, subfigure 7 and 8) starts growing and rapidly expands, both longitudinally and in 
the transverse direction, to interest the whole interface width (figure 10 – subfigure 12).  
The predicted failure location and type are compatible with the failure mode observed during 
the tests and with the post-failure damage inspections on the co-infused panel. 

Figure 11: Co-infused panel: displacement evolution at failure 
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Such results are also confirmed by predicted evolution of the deformed configuration of the 
panel shown in figure 11. It shows the transition of the stringer web from a symmetrical to a 
non-symmetrical out of plane displacement field caused by the failure of the stringer-cap 
interface that is located on the left of the symmetry plane normal to the loading axis. The final 
configuration (figure 11 – subfigure 12) is qualitatively in good agreement with experimental 
observations. 

6 CONCLUDING REMARKS 
The paper presents the numerical and experimental activities carried out on stiffened CFRP 
plates obtained by different manufacturing processes loaded in compression up to failure. The 
plates have been modelled with approaches of increasing complexity, from “classical” FE 
models to predict the first buckling load, to post-buckling analyses up to more refined 
techniques including the behavior of the skin-stiffener interface. These latter, based on the use 
of cohesive elements, allow to account for interface properties due to different manufacturing 
processes. A critical analysis of the numerical and corresponding experimental results as well 
as a comparison with the expected nominal structural performances has been presented. 
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ABSTRACT 
Secondary bonded or embedded sensors are usually adopted in Structural Health Monitoring 
of composite structures. Each type of sensor has advantages and drawbacks when used 
separately although their proper integrated combination may improve the overall performance 
of an SHM system. 
The aim of the present work is to evaluate the feasibility of an efficient hybrid SHM system able 
to sense and locate low velocity impacts and to localize eventual impact damages at their early 
stage with few sensors. A CFRP panel demonstrator with embedded FBGs has been fabricated 
through an advanced out-of-autoclave manufacturing process based on the following main 
phases: production of dry preforms laid down with a laser assisted automated fiber placement 
robot(AFP); insertion of the FBGs network within the stack of the preform according to the 
design requirements; high temperature liquid resin infusion process. Disk shaped piezo patches 
(PZT) have also been secondary bonded to the panel. Impact detection has been implemented 
based on both PZTs and FBGs as receivers, gathering strain waves from the impact location. 
A material independent technique, that needs neither a priori knowledge of the material 
properties even for anisotropic plates nor a dense array of sensors, is used to locate the impact. 
To assess the integrity of the panel after impact localization, damage detection and localization 
has  then been performed using the most effective sensors, where the selection of these sensors 
is possible thanks to the knowledge of the impact location carried out in the previous mentioned 
impact sensing mode. The damage localization active tomographic technique is based on 
guided waves generated by PZTs and sensed by both PZTs and FBGs. This paper mainly 
focuses on the set-up of the array of FBGs sensors in terms of hardware and software matching 
the needed signal acquisition accuracy and parameters for both passive (impact detection) and 
active (damage detection and localization).   

Keywords: Guided waves, Structural Health Monitoring, Damage Index, Delamination, 
Debonings. 
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1 INTRODUCTION 
Engineering structures undergo aging so inspection and maintenance actions are needed to 
predict and extend their lifetime and avoid catastrophic failures. Aircraft structures, in 
particular, require the highest levels of inspections, since damage-tolerant principle is typically 
used [1] to get lighter structures able to withstand fatigue and accidental damages. From this 
point of view, an automated inspection process, which is expected to replace all the traditional 
schedule-based controls, is a point of fundamental importance to reduce inspection efforts. In 
the last years, a significant amount of research has been conducted to investigate the defects 
and damages influence on the strength and life of aircraft structures, and to identify the damage 
critical typology and size. Moreover, much work has been done in terms of non-destructive 
inspection techniques [2] useful for the structural health monitoring (SHM) systems [3]. In this 
area, intelligent monitoring systems would enable real time in-service structural and 
environmental monitoring and damage detection. An SHM (structural health monitoring) 
system, in fact, can be defined as an automated, on-board and real-time monitoring systems that 
provide information about structural events in terms of  detection and localization, evaluate and 
predict structure loading and damage conditions, improve safety and reliability [4] and decrease 
life cycle cost by reducing economic losses caused by unproductive downtimes. A wide variety 
of embedded or secondary bonded sensors have been investigated and developed for SHM 
applications, including active and passive ultrasonic sensors, strain gauges, fiber optic sensors 
(FOS), multiaxial accelerometers, wireless sensors, comparative vacuum monitoring [5], 
microelectromechanical system (MEMS), etc. Currently, piezoelectric ultrasonic/acoustic 
sensors (PZT) are the standard choice for SHM system implementation [6,7,8,9] but, similarly 
to accelerometer or strain gauges, these kind of sensors are characterized by a limited 
multiplexing capability and their wiring in complex systems is a big challenge. However, 
among the above mentioned sensor families, fiber optic sensor has been emerging as an 
increasingly important tool for the development of structural health monitoring systems due to 
their intrinsic advantages. In particular, their capabilities, such as high multiplexing, great 
sensitivity and resolution, small size, light weight, insensitivity to electromagnetic (EMI) and 
radiofrequency (RFI) interferences and their extraordinary suitability to be embedded into 
structures [10], make optical fiber sensors very attractive for integrated SHM systems [11]. 
Fiber Bragg gratings (FBG) sensor based structural health monitoring have aroused a lot of 
interest in the scientific, industrial and end-user communities [12]. Highly multiplexed FBG 
sensors have been used to perform hybrid FBG-PZT SHM systems based on the concurrent use 
of FBG and PZT sensors [13, 14, 15] and designed for structural in situ strain detection and 
damage acoustic inspections. Fiber optic sensors, in fact, can perform strain measurement in 
static low speed conditions (thousands of µstrains in the range of  200 Hz) for operational load 
monitoring and dynamic strain measurement in a small ultra-fast speed scale (tens of µstrains 
in the range of 500 kHz) for damage or impact detection. Despite the intrinsic advantages of 
FOSs in general and of FBG sensors in particular, their wider employment  in sensing systems 
is still delayed by uncertainty about sensor performances, detection capability and 
maintainability, especially when embedded. Again, other issues regard size, weight and 
integrability of the  interrogation equipment, and the lack of certification.   
In this study, the feasibility and the performances of an hybrid structural health monitoring 
system for damage detection on composite plates including secondary bonded  FBG array or 
embedded Fiber Bragg Gratings together with piezoelectric patches are investigated. First the 
event identification capabilities have been evaluated and characterized on a composite plate 
manufactured with automatic fibres placement including embedded Fiber Bragg Gratings. The 
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effectiveness of the embedded sensors has been evaluated for an efficient passive impact 
detection system implementation. Then, the damage detection performances based on guided 
waves generated by piezo patches have been experimentally assessed on a second composite 
panel sensorized with surface secondary bonded FBGs array. A multi-channel fiber optic 
acoustic emission (FAESense™) system developed by Redondo Optics[16], has been employed 
for FBG interrogation.  

2 TEST ARTICLES DESCRIPTION 
Two different flat panels have been investigated. In particular, one was used to carry out impact 
detection measurements using embedded FBG sensors while the other has been exploited to 
perform guided wave propagation and impact detection measurements using secondary bonded 
FBG arrays.  

2.1 Flat panel with secondary bonded FBG sensors 
The first structure investigated is a composite flat panel, made by LAER Costruzioni 
Aeronautiche Srl of Acerra, and produced in a handy lay-up process by superposition of woven 
carbon fiber sheets, 2/2 twill style, 204 g / m2 dry, impregnated with 55% by weight epoxy 
resin.  
The fabrics, pre-impregnated with a thermoset matrix, have been produced by Tecnologycom 
Srl of Brindisi. The stacking sequence configuration used is [(0.90)], [(0.90), (+/- 45)] 2s, 
[(0.90)] while the panel's geometrical dimensions are 550x550x2.6mm.The nominal properties 
of fabric laminates and pre-impregnated fibers are summarized in tables below (Table 1 and 
Table 2).  

E11= E22 [GPa] 51 
E33 [GPa] 10 
G23 [GPa] 4.1 

G12=G13 [GPa] 3.45 
ν12= ν31 0.068 

ν23 0.42 
ρ [Kg/m3] 1432 

Thickness [mm] 0.26 

Table 1: Fabric properties 

E11 [GPa] Min 132.6col 
E22 [GPa] 6.87 
G12 [GPa] 3.09 
ν12 Adm. 0.32 
Ρ [Kg/m3] 1187 

Thickness [mm] 0.13 

Table 2:  pre-impregnated properties 

On the upper surface of the panel (Figure 1) lead zirconate titanate piezoceramics 
sensors(PZTs), 10 mm in diameter and 0.25mm thick, have been glued with the dual function 
to act as both actuators and receivers. Multiple optical fibers with a single FBG sensor and an 
FBG array have been then glued onto the panel surface in order to perform impact detection 
and guided waves propagation measurements.   
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Figure 1: Flat panel with secondary bonded FBG sensors 

In particular, to synchronize the acquired measurements with the signal source, the first FBG 
sensor of the array has been was glued onto the PZT source surface. FemtoFiberTec fiber with 
a single or an array of laser-written gratings, polyimide coated, have been used. The wavelength 
of the used sensors is between 1520 and 1550 nm for the array sensor while was of 1540 nm 
for the single FBG fiber optic. The reflectivity values are greater than 50% for the array sensors 
and greater than 90% for the single FBGs. 

2.2 Flat panel with embedded FBG manufacturing 
The second structure investigated is a composite flat panel, produced with AFP-LRI process 
(Automatic Fiber Placement with Liquid Resin Infusion) by Novotech srl, instrumented with 
six FBG sensors embedded through the thickness. In particular, a flat dry preform was produced 
by AFP process and FBGs network inserted within the stacking sequence. 
Specifically, a preform composed by 16 plies [902,02,-45,45, 45,-45]s with dimensions 
500x500 [mm], divided in four stacks to allow FBG inter-ply placement, two of them having 3 
plies plus one with 2 plies and a last stack of 8 plies, has been used as test case (Figure 2). 
FBGs have been inserted between the plies, at the interfaces of the 3 stacks taking care to direct 
the FBG sensitivity axes aligned with both the top and bottom fibres direction, as showed in 
Figure 3. Then the 45 degree FBG is located between top and bottom 45 degree plies, 0 degree 
FBG is located between two 0 degree plies and so on.  
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(a)          (b)                    (c) 

Figure 2: a) FBG sensors configuration; b) FBG arrangement through the stacking sequence; c) top 
view of sensorized panel 

In this way we have avoided delamination between two plies comprising an FBG (delamination 
is not supposed to occur between plies with the same orientation) and a distortion due to the 
Poisson ratio mismatch occurring between two plies faced with different orientation. 
Unfortunately two out of six FBG embedded sensors got damaged during the unpacking process 
of the vacuum bag designed for the material curing. 

Figure 3: FBGs integration between the four stacks 

The AFP (automated fiber placement) technology with LRI (liquid resin infusion) process was 
used to produce the panel. The preforming with AFP is a manufacturing technology based on 
the automated fiber deposition. It combines the advantages of Filament Winding and the 
compaction and cut-restarting capability of the Automated Tape Laying. Single tows of fibers 
are first unrolled from a reel and subsequently a compactor roller combined with the action of 
a h eat source, a 3 kW laser, lays the tows down on the layup surface (Figure 4a). The core of 
the fiber deposition process lies in the head (Figure 4b), which must be able to cut the tow 
during deposition and then pick it up again from another point.  The AFP cell, developed by 
CORIOLIS COMPOSITES (France), is made up of an ABB IRB-6640/2.75m/205kg standard 
robot, with an 8-fibre placement head, mounted on a linear axis having 3 meters of working 
length. The system is able to process prepreg composites with thermoplastic matrix, 
thermosetting and dry binderized fiber.  
The dry fibers preform is then impregnated following the Liquid Resin Infusion (LRI) method 
in which liquid resin is injected into dry fibers under the application of vacuum.    
The resin is heated and injected into a vacuum bag using special means. The part is allowed to 
cure under vacuum and temperature following a curing schedule according to the 
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recommendation/instructions from the resin system manufacturer. A composite curing oven 
coupled with an advanced online monitoring system for the of the manufacturing parameters 
control (temperatures, vacuum level) have been used. 

(a)                                                                                        (b) 

Figure 4: a) AFP process scheme; b) AFP cell 8-fibre placement head 

2.3 FBG embedded panel materials 
Resin system selected for FBG embedded panel production is the Solvay PRISM EP2400, a 
single part liquid epoxy resin system with a superior toughness, low viscosity and extended 
pot-life [17], specifically developed for ease of processing primary aircraft structures. For the 
AFP process the dry carbon fiber tape Cytec Solvay Prism TX1100 system has been used to 
produce preforms to be infused. Material system for AFP process is reported below in Table 
3. 

Dry Fiber Material TX1100 IMS65-24K-UD 
Epoxy Liquid Resin System PRISM EP2400 

Table 3: Monostringer demonstrators raw materials 

IMS 24K is a family of intermediate modulus, aerospace-grade carbon fibers, for use as 
reinforcements in high performance composites. These fibers are produced from 
polyacrylonitrile (PAN) precursor and are surface treated to promote adhesion to organic matrix 
polymers (Figure 5).  

Figure 5: PRISM TX110 dry tape cross section [2] 

2.4 Embedded FBG panel NDI controls 
The NDI controls have been carried out by a Phased Array Ultrasonic Testing (PAUT) with an 
Olympus OmniScan SX flaw detector (Figure 6a) with a 16:64PRphased array unit able to 
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perform pulse-echo, pitch-catch or TOFD inspection [19]. An encoded 5 MHz, 64 elements 
linear array probe with a straight wedge has been used, coupling the probe and the inspected 
panel surface with a specific gel(Figure 6 b). No calibration blocks are used and the specimen 
thickness has been taken as reference. Tests have been carried out with the phased array 
positioned over the smooth surface of the specimen, the probe is moved physically along the 
longitudinal axis while the ultrasonic beam electronically scans along the transverse one (Figure 
7a).A mini wheel encoder is used to maintain a precise geometric correspondence of the C-
Scan image with the scanned part. 

(a)   (b) 

Figure 6: a) Olympus OmniScan SX flaw detector; b) encoded 5 MHz, 64 elements linear array probe 
with a straight wed 

NDI controls did not detect the presence of defects or macroscopic damage in the material 
stratification. The layering appears uniform in terms of thickness and resin distribution. 
Sectional S_scan image (Figure 7b) confirms the presence of the glass optical fibers embedded 
through the panel thickness.   

(a)                                                                                (b) 

Figure 7: a) S_scan pattern scheme; b) Embedded FBG sensor S_scan analysis. 

3 EXPERIMENTAL 

3.1 FBG interrogator 
A Redondo Optics FAESense-M400 four-channel fiber Bragg-grating acoustic emission sensor 
interrogation device based on Two-Wave-Mixing (TWM) integrated optic microchip 
technology has been adopted  for FBG sensors interrogation.  
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In particular, FAESense system is a distributed fiber optic acoustic emission sensor  system for 
the in-situ unattended detection and localization of structural damage caused by shock events, 
impacts, fractures, cracks, voids, corrosion, and delaminations in  industrial infrastructures or 
transport facilities.  

Figure 8: Redondo Optics FAESense-M400 fiber Bragg-grating sensor interrogator 

It is based on the integration of proven state-of-the-art technologies: 1) distributed multi-point 
array of in-line fiber Bragg gratings (FBGs) sensors sensitive to strain, vibration, and acoustic 
emissions, 2) dynamic and adaptive spectral demodulation of FBG sensor dynamic signals 
using two-wave mixing interferometry on photorefractive semiconductors, and 3) integration 
of all the sensor system passive and active opto-electronic components within a 0.5-cm x 1-cm 
photonic integrated circuit microchip. The FAESense-M400 series features a high-power 
broadband light source in the C-band 1550-nm window and four individual high sensitivity 
detection channels for each FBG sensor in a fiber array (Figure 8). Its miniaturized package, 
low power operation, low weight, state-of-the-art data communications, and affordable price 
makes it a very attractive for critical applications like structural health monitoring and 
prognostics of aerospace and naval complex structures. 

3.2 Impact detection with embedded FBG sensors 
The performances of  the embedded FBG sensors have been experimentally assessed to define 
the system feasibility and the amplitude of the obtained signal as a function of  depth and 
orientation of the embedded sensors. The acoustic source was simulated in drop test with a 12 
mm diameter steel ball falling from an height of 35cm on the center of the panel, as showed in 
Figure 9. 
In the Figure 9, the time history of the impact signal acquired by the 135° oriented with 1540 
nm wavelength sensor and embedded at the greater depth through the panel thickness, namely 
on the panel middle plane.  
Figure 9b refers to the350 kHz sampled signal raw data while Figure 9c refers to the averaged 
data using a twenty point running average function. The signals processing was performed with 
the Redondo Optics software, supplied with FBG interrogator, properly improved by the 
authors.   
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Figure 9: a) embedded FBG location; FBG 135°: raw signal b) and filtered (running average) signal c) 

The signal amplitudes clearly demonstrate the high sensitivity of FBG system to the elastic 
waves propagating from the impact location, even when embedded in the panel thickness. 
Moreover, the experimental results confirmed the directional sensitivity of the FBG sensors, 
showing an higher sensitivity for a wave incidence angle of +/- 30 degrees. ,as already 
demonstrated by the author in [13].This result confirms the possibility to use FBG sensors in 
the implementation of embedded passive monitoring systems for impacts detection. 

3.3 Impact detection and guided waves propagation with secondary bonded FBGs 
array 
The impact detection performances have been tested by a steel ball random impact and 
performed with a 90% reflectivity array with two sensors of 1530 and 1550 nm wavelength and 
positioned at a 200 mm distance each other.  
A self-built impact tower was used to ensure repeatability of impacts (Figure 10a). 
The time histories acquired by the FBG's array show the presence of a significant time delay 
between the different FBGs signals; for instance, the signals acquired by the FBG S1 (1530 nm 
wavelength) and FBG S2 (1550 nm wavelength) are characterized by a time delay of about 
33 s, as showed in Figure 10b. 

(b) 

(c)
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(a)                                                                                     (b) 

Figure 10: a) Panel secondary bonded array sensor; b)FBG1 - FBG3 impact signals. 

The obtained results are in good agreement with the same measurements performed with a pair 
of PZT sensors placed at the same distance and acquired with an oscilloscope (Figure 11a) .   
The time histories FFT (Figure 11b) [13] showed that the higher frequencies excited by the 
impact are in the range of 20 kHz and that the time delay measured matches the speed of an 
antisymmetric wave with the same frequency content. Despite some thermal and/or electronic 
noises, FBGs array are effective in the acoustic source localization. 

(a)              (b) 

Figure 11: a) experimental time histories by oscilloscope; b)  FFT of the time histories acquired in the 
impact test [13] 

In order to test the FBG capability to properly sense guided wave propagation, a PZT acoustic 
source (PICERAMIC PIC255 with a diameter of 10mm and 0.25mm thick) has been used to 
excite the zero order antisymmetric A0 guided wave mode. An hybrid sensors configuration 
was realized to synchronize the FBGs measurements with the signal source, in which the first 
FBG sensor of the array was glued onto the PZT source surface (Figure 1) and acting as signal 
trigger. The excitation pulse was set as a 10 Volt peak to peak single cycle tone burst with 20 
kHz central frequency. The acoustic source was excited by an HP/Agilent 33120A signal 
generator with an amplification gain level equal to 15. The signal time history reported in Figure 
12 refers to the first FBG of the array. The signal processing implemented in the data acquisition 
software allowed to eliminate much of the noise from the acquired signal matching very close 
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the numerical simulation carried out using a FSDT (first order shear deformation theory) model 
of the plate, as showed in Figure 12. 

Figure 12: Experimental and numerical responses sensed by the FBG and calculated (FSDT) for a 20 
kHz single sine surface load (source) 

An additional test has been carried out using 4.5 sine cycles in a Hanning window as source 
signal. This source is generally used for SHM purposes as returns a narrower frequency content 
and allows to excite a reduced number of Lamb wave modes. Specifically the A0 mode has 
been excited, as showed in Figure 13, and a very good agreement between analytical and 
experimental waveform and wave speed (814 m/s) has been found. 

Figure 13: Experimental and numerical responses sensed by the FBG and calculated (FSDT) for a 
surface load (source) 10 kHz Hanning windowed 5 sine cycles   
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4 CONCLUDING REMARKS 
The impact detection was successfully applied using both embedded and secondary bonded 
FBG sensors on anisotropic composite plates. The preliminary tests confirm a good FBG impact 
detection capabilities and the possibility to integrate FBGs within the material thickness for an 
efficient passive impact detection system. Moreover, guided wave propagation tests 
demonstrated the feasibility of hybrid FBG-PZT structural monitoring systems for tomographic 
methodologies implementation. The innovative manufacturing process performed with the 
automatic fiber placement (AFP) and liquid resin infusion (LRI) has showed itself to be a valid 
and reliable procedure to integrate FBGs in the staking sequence of composite material without 
compromising the functionality of the sensors and material itself. Some improvements are 
needed in the vacuum bag implementation procedure and in the post cure sensorized panel 
handling in order to better preserve the integrity of the optical fiber free ends. Software and 
system improvements are currently in progress in collaboration with Redondo Optics to 
increase the reliability of the FBG interrogator when used to sense GW, to reduce the electronic 
and thermal noise and improve the data transfer. 
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ABSTRACT 
Fiber Bragg Grating (FBG) are strain sensors inscribed in Optical Fiber, attractive in 
aerospace applications due to their small non-invasive size, multiplexing capabilities, real-time 
monitoring and electromagnetic immunity. The first part of this paper focuses on the 
instrumentation of a wind tunnel model. Difficulties in non-straight path fiber positioning in 
small areas are discussed. It is manufactured a glass fiber Quick-Pack with embedded FO that 
follows a customized path, which could be simply bonded to a plane surface. The second part 
of this work aims to analyze the use of Fused Deposition Modeling techniques to create wind 
tunnel models designed with special features for optical fiber sensor positioning. The additive 
manufacturing technique permits to create channels in which the fiber could be embedded. The 
compatibility of glues with ULTEM 9085, an amorphous thermoplastic polyetherimide, is 
investigated. The material mechanical properties are discussed, then the structural behavior of 
some simple models is studied, considering the fiber's influence. A simple test on a beam is 
performed, in order to verify the linear behavior of the overall measurement. Finally, a wind 
tunnel model is designed, printed and tested. 

Keywords: ptical Fiber, Fiber ragg Grating, Fused Deposition Modeling, ULTEM 9085

1 INTRODUCTION 
The purpose of load measurements on a wind tunnel model is to ma e available forces and 
moments for the correction of tunnel boundary and scale effects, in order to predict the 
performance of the full-scale vehicle 1 . Local balances normally consist in heatstone s 
bridges installed on a special internal device or directly applied to the model, useful in all the 
cases in which is necessary to design the actuation of a flight control surface and when the flight 
loads for structural analysis are required. Resistive strain gauges are often problematic in wind 
tunnel environments: they need voluminous wiring, their signal is sensible to electro-
magnetical disturbances, they must be inserted in heatstone bridges for compensation and the 
error due to the normal strain direction must be considered. Furthermore, the total time of strain 
gauge application, connection and calibration is high. 

1 1
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 Clearly there is the need to improve different aspects of wind tunnel test. urns et al. 2  
compared optical sensor technologies with traditional foil-based gauges to highlight the 
opportunity for implementation in wind tunnel environments  additive manufacturing is also 
highlighted as a promising alternative technology to conventional fabrication and has the 
potential to reduce both the cost and manufacturing time Edwards  and Pieterse 4  have 
reported designing and fabricating wind tunnel balances using optical fiber technology, but they 
did not treat the topic of local measurements on model s components. This is due to difficulties 
in handling the optical fiber: in general, it could be the solution for the highlighted problems, 
but the introduction of these sensors ma es more complicated other aspects. ptical fibers are 
small but their fragility and shape imply handling and bonding complications (with respects to 
strain gauges). Moreover, in order to exploit their multiplexing capabilities a single F  bringing 
several sensors can be used, in order to locate them in different directions. This operation can 
result more complicated when the suitable space in the model is very small (usually the root of 
aerodynamics model). The first part of the carried-out wor  deals with the resolution of this 
problem, through the uic -Pac  technique: a customized sensor is designed, manufactured 
and tested. The second part of the article aims to exploit at the best the fiber s peculiarities: the 
idea come from merging optical sensing systems with additive manufacturing technology, in 
order to create light wind tunnel models with embedded sensors to measure local and distributed 
loads or the deformed shape of aerodynamic surfaces. The flexibility of additive manufacturing 
permits to design the model in order to predefine the presence of sensors. The present wor  
analyses a possible embedding method and verify it by experimental testing.  

2 INSTRUMENTATION OF A WIND TUNNEL MODEL BY QP TECHNIQUE 
This first part of the article focuses on the instrumentation of a wind tunnel model s horizontal 
tail. This case study is proposed by Leonardo Aircraft Division. The stainless-steel component 
is fixed to the aircraft fuselage s tail and it is clamped at the central cylinder surface. At the 
stabilizer roots, the model has been modified removing material in order to obtain four flat 
surfaces on which strain gauges and wiring are bonded.  

Figure 1 : Horizontal tail Draft 

The morphology of the case study implies different issues: 
 The model s ma es not easy any machine wor ing.
 The radius of curvature represents a critical issue for optical fibers. ased on the fiber

thic ness the minimum radius of curvature is fixed.
 The fiber is very fragile.

These issues could be solved through the uic -Pac  technique. It consists in an F G inserted 
between two layers of fiberglass ply, which could facilitate the embedment of optical fiber in 
order to create smart structures  the concept was proposed by Loutas et al. 5 . The uic -Pac  
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concept evolves in something that could help to ma e the fiber to follow non straight path, in 
order to obtain a strain sensor useful for different applications. Grego 6  proposed a solution 
for the non-straight path uic -Pac  that implies a mold with screws at appropriate location, 
whose around the fiber passes. This manufacturing isn t suitable for create a device with such 
small size, therefore the optimization of the procedure is mandatory. 

2.1 Quick-Pack development 

2.1.1 Critical Issues 

The creation of a non-straight path uic -Pac  implies some critical issues: 
 ending limitation: the fiber gives constrains about the minimum dimension.
 Fiber embedding and positioning: the previously used method couldn t be feasible to

produce very small sensors and doesn t guarantee the correct fiber positioning.
 Minimum distance between two sensors: the minimum distance between ragg gratings

depends on the manufacturing method in some cases, and it must be considered that the
nominal reflected wavelength of each sensors must be different, considering the strain s
order of magnitude of the studied ob ect. If strain value is high, the ris  to have
overlapping pea s increases.

 Sensor correct position: the high accuracy in F G s positioning is mandatory, and
usually the supplier doesn t guarantee it. If the position isn t nown, the sensor could be
accidentally placed in a curvature zone and the obtained measure wouldn t be reliable.

Grego 6  demonstrates that the bending losses depends on the coating type, on the fiber s 
diameter and on the curvature radius and angle.  He finds that the F GS s rmocer fibers are 
bending insensitive, as declared by the producer. It means that the rmocer fiber can withstand 
low curvature radius without great signal loss.  The best choice is to maintain the radius of 
curvature above 2.5 mm, otherwise the stress condition on the fiber could become critical. The 
125 m diameter fiber stays more easily in place but is more expensive and requires specific 
instrumentation in order to be connected to the interrogator. 
Since the P should remain confined to a small area, the minimum distance between two 
sensors is critical. In designing the measuring system, some limitations due to the adopted 
sensors writing technique (Drawing Tower Grating) must be considered. In particular, the 
length of the grating changes the intensity of the reflected signal, therefore the choice must be 
a trade-off between small-sized devices and easily readable measures. The accurate and precise 
position of the grating inside the F  can be detected than s to a special device based on a 
thermal scanning of the F  originally developed at DAER. 

2.1.2 Manufacturing Process 

(a)            (b)               (c)               (d) 

Figure 2: Manufacturing process scheme 
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The proposed technique is based on the manufacturing of a mold with engraved the path that 
the F  must follow. The shape of the groove depends by the fiber s diameter, and it must be 
enough deep to cointain it completely. For this pro ect the mold is created by a conical mill and 
it has a dept of 0.4 mm. The manufacturing steps can be described as follows: 

1. The mold is heated around 55 C.
2. A layer of resin is applied. The resin starts the cure and became stic ier.
. The fiber is positioned in the groove. In the critical points the fiber can be fixed with

little stripes of unsupported adhesive (Figure 2(b)).
4. A bundle of unidirectional fiberglass is forced in the groove to ma e the same path of

the fiber  the fiber ends are protected by some Teflon tubes (Figure 2(c)).
5. Above the fiber and resin a fiberglass pre-preg fabric is applied.
6. The result is covered by a Teflon tissue film (Figure 2(d)).

After the listed steps the mould is placed in a vacuum bag, ma ing sure that the bleeder 
necessary for the vacuum pumping remains only under the mould  if is put above the P, it 
would affect the surface finish. The vacuum bag is heated in oven at 1 0 C for one hour and 
maintained attached to the pump. After the curing it is left to cooling under vacuum.  

2.2 Test set up 
The section aims to demonstrate that the manufactured uic -Pac  can transmit consistently 
the strain and consequently the loads applied to the structure, validating the measuring 
technique. For this purpose, a uic -Pac  with four embedded F G sensors is created by using 
a 195 m rmocer fiber, following the procedure described in section 2.1.2. The proposed 
scheme is showed in Figure (a). The two sensors positioned on the vertical tract should detect 
the vertical force and the bending moment. The sensor oriented by 45 degree should measure 
the torque and the horizontal sensor should be the less stressed one and it could be useful to 
compensate the thermal effect. The sensors are confined in a 22x16 mm zone designed to the 
strain gauges  bridges application. uic -Pac  is applied to the surface with a cyano-acrylate 
glue that cures in few seconds. 

(a)                                                                                   (b) 

Figure : uic -Pac  Scheme (a) and bonding on the case study (b) 

The loads are applied on the wind tunnel model s component through a saddle on which some 
points are mar ed. If the load is applied on these spots, all three load s components are nown. 
The points are chosen in order to impose pure force (point 0), force and bending moment (points 
1 and 2) and force and torque (points ,6 and 9) with respect to the P s centre. The loads are 
applied gradually from 0 to 10 g and returning in point 0, and from 0 to 5 in the other points. 
The load envelope represents a plausible low speed wind tunnel one, and it is chosen since 
usually the F G response is very clear at high strain, but the signal is often more critical to be 
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red at small deformation-imposed levels. The loads are imposed both in positive and negative 
direction in order to verify to have a symmetric behaviour. The signal is acquired for 20 seconds 
each time that the weight is changed. 

Points 0 1 2  6 9 
 (mm) 0 0 0 -20 20 40
 (mm) 0 50 100 0 0 0

Table 1: Loading points 

2.3 Results 
The results are given by showing the wavelength variation as a function of the applied load. 
The resolution of the used interrogator (Micron ptics sm-1 0) is in the order of 1 pm. Note 
that  can be converted in  with a simple conversion formula, neglecting the temperature 
dependency. 

𝜀 = 1
(1−𝑝𝑒)

λ−λ𝐵
λ𝐵

(1) 

where  λ𝐵 is the undeformed wavelength reflected by the F G, λ is the measured one and 𝑝𝑒 is 
the photo-elastic constant, whose value usually is 0. 8. Figure 4 shows the sensors response 
when the load is applied respectively on point 0 and 2. The order of magnitude of the strain is 
low, and consequently the λ variation is of some pm, and the measure dispersion is high: the 

P is affected by the local strain imposed by the load s application point. Heading for higher 
strain value, as you can see in Figure 4(b),  arrives to around 100 pm (sensor 1 and 2) and 
the measure is consistent with the expected one: sensor 1 and 2 are the most stressed one, sensor 
 reads a lower strain (that correspond to the one imposed in the 45  inclined direction) and 

sensor 4 stays non-deformed. In conclusion, the developed device is able to transmit 
consistently the strain, but in order to have a good accuracy of the measurement system, a 
second P must be applied on the bottom surface and the single sensor s signals should be 
properly managed to obtain the pure load components. 

(a)                                                                        (b) 
Figure 4: Results with positive load applied, point 0 (a) and point 2 (b) 
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3 FBG EMBEDDING IN FDM MODELS FOR LOAD MEASUREMENT 
This chapter aims to demonstrate that is possible to exploit the advantages of the optical fiber 
sensors to be embedded in a wind tunnel printed model in order to acquire information local 
and distributed loads.  

3.1 Additive manufacturing in wind tunnel 
D printing has rapidly gained acceptance as an alternative process for constructing durable, 

accurate wind tunnel test models. Compared with machining and model ma ing, D printing is 
faster for small scale productions, less expensive and more efficient. It can preserve small, 
inaccessible features that are difficult to ma e at scale with traditional methods. For example, 
internal passages are easy to produce.  For this pro ect it is used the Fused Deposition Modelling 
technique. FDM® implies the selectively distribution of a thermoplastic polymer through a 
nozzle. The wind tunnel department of Leonardo company uses a Stratasys  Fortus machine to 
create some components for low speed wind tunnel testing. Among the available materials, 
ULTEM 9085 it is chosen for its high elastic modulus and high temperature resistance. Note 
that the manufacturing process induces orthotropic behaviour on the material, which must be 
considered in the design phase. The properties depend on the built direction, raster angle, 
thic ness of the filaments, tool path generation and air gap between raster -8 . El-Gizawy 9  
proposed and validated experimentally a numerical model where the material is described as 
orthotropic and defined by engineering constants. 

Direction E (MPa) G (MPa)  
 25 9.4 0.46 6 5.5 
 2 2 .9 0. 9 6 5.5 
 2159.6 0.40 582.82 

Table 2: Engineering constants proposed by El-Gizawy 9  

3.2 Embedding technique 
The idea is to exploit the high design freedom in given by the D printing to create a fiber 
accommodation. This production technique permits ideally to print some passing channels, 
useful to insert the fiber in zones in which some information are required. 
The constrains about the shape and maximum size of the channel depends on the direction  if 
passes through all the model and it is printed in the growth direction, there are no limits about 
the shape of the channel, but the minimum dimension is fixed. If it is placed in the printing 
plane the section cannot be rectangular or circular, because of the material collapse during 
deposition. This can be avoided by choosing triangular or drop section, with the base s angles 
of 45 . The minimum size is by the height of a layer (0.25 mm) and by tolerance. Nominal 
height between 0.  and 0.9 mm are the most suitable in this case. The fiber must be bonded in 
the channel: ULTEM is compatible with epoxy glue and resin. The most common epoxy glues 
have a higher viscosity and low pot time. M- ond 600 is a low viscous bi-component glue with 
a high pot time that can be easily in ected through a small needle, and than s to the capillarity 
property, it should fill the entire channel. It cures at 1 0 C for 1 hour, which is compatible with 
ULTEM 9085 thermal resistance.  
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(a)                                                                   (b) 

Figure 4: Printed channels, (a) in the growth direction, (b) in the printing plane 

3.3 Beam Testing  

3.3.1 Test set up 

A three-point bending test on a rectangular-section beam (250x50x10mm) is performed, which 
is designed with a triangular-section channel with a nominal height of 0.  mm. n the top 
surface of the beam there are some equidistant holes, with drop  section, in order to get easier 
the glue distribution. These passages would help if the needed application requires a non-
straight or very long path. The printing direction is chosen considering the best compromise in 
terms of structural rigidity and accuracy and the beam is then printed on the upward laterally. 
The test is controlled in strain at 0.2 mm min. A strain gauge is applied on the surface, in the 
same position of the F G. Note that, since the fiber is bonded inside the model, at a certain 
distance from the beam centre line, the strain measured should be lower than the one measured 
by the strain gauge. 

3.3.2 Results 

As expected, the strain registered by the F G is the 0  of the one measured by strain gauge. 
It is worth noting that the loading cycles have the same slope. This residual is measured by both 
strain gauge and F G, hence it is due to a material behaviour. The ptical fiber sensor measures 
consistently the strain until around 000  without brea age or bonding failure.  hen high 
strain is imposed, there is a hysteresis between the loading and unloading cycle, which results 
in a residual strain at the end. This behaviour must be considered in a wind tunnel environment: 
if after a certain test the aerodynamic shape is deformed, the results are inconsistent. The 
hysteresis between loading and unloading cycle is showed in figure 6. The type of constrain 
could change the strain induced, but this is a critical aspect that must be considered in the design 
of a wind tunnel model with FDM parts. 

Figure 5: Load cycles, strain gauge and F G measures 
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Figure 6: Higher load cycle, hysteresis between loading and unloading 

3.4 Model design and testing 
In this section the case study of the second chapter is designed, printed and tested with the F G 
embedding technique described in section . . 

3.4.1 Design and printing 

For this application it is chosen a straight path in which will be posed four sensors at 5 cm 
distance each other. The channel direction is chosen by maintaining it at 40  of the 
aerodynamic chord of the horizontal tail and the nominal height is 0.  mm. An extra channel 
is inserted as bac -up plan. The load will be applied on the tail than s to some support 
suspended by a wire through some passing channel, normal to the wing mid plane. The printing 
orientation is chosen so that the channels remain in the printing plane, in order to have the 
maximum accuracy  note that this printing direction represents a good compromise, since the 
growth direction in the width of the ob ect gives a higher structural resistance. In order to reduce 
the collapse ris  during printing, it is added a stabilize wall , showed in figure (a). 

           (a)                                                                      (b) 

Figure : D Printed model details, (a) printing support, (b) interloc ing. 

3.4.2 Bench test 

The model is mounted and tested as the steel one. The pass-through holes are necessary to 
impose the loads, that are hanged through a little support attached to a nylon wire. n the upper 
surface the load is distributed through an aluminium disc under which there is a piece of rubber. 
For every load applied the sensors  signal is registered for around 20 seconds, and the 
wavelength considered is the mean of the one measured during this time. Graphs 9 show the 
wavelength variation of each sensors when the point is loaded and unloaded gradually. Sensor 
1 is the one at the tip, sensor 4 is the nearest to the end. As expected, considering the previous 
test, a slight hysteresis shows up during the test. The wavelength variation registered by the 
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four sensors is consistent with their position. This test demonstrates that the response of the 
F G sensors is better when the strain of the structure causes a wavelength variation in the order 
of 10 pm. As expected, the bonding between the fiber and the tail remains intact during the 
different load cycle: the local strain imposed on the sensors zone doesn t exceed 1000 , which 
is much lower than the maximum tolerable by the bonding, as verified with the beam s test. In 
conclusion, than s to this technology demonstrator, it is proved that a wind tunnel model s 
component could be successfully design, simulated and manufactured with ULTEM 9085 and 
instrumented with F G sensors embedded in order to measure applied load. Clearly there are 
some limitations due to the stiffness of the material, which isn t comparable to the classical 
steel s ones commonly used. The technique could be implemented on component constrained 
in in different way, hence with lower deformation. 

Figure 8: Test set up 

Figure 9: avelength variation as a function of the applied load 

4 CONCLUSION 
In this wor  some possible applications for optical fiber sensors in a wind tunnel environment 
are presented. The article describes two parallel studies. The first part of the wor  deals with 
the problem of positioning F G sensors inscribed in a single fiber in specific configurations in 
order to create a strain sensor useful to detect different load s components. The proposed 
solution started from the P idea and evolved until it is possible to develop a manufacturing 
technique for a small-sized device. The P respects the constrains imposed by the case study 
and can be easily bonded to a flat surface  it is able to fix the fiber in a plane non-straight path 
and it can transmit the strain consistently without slipping. This device could have multiple 
applications  P was initially intended to be embedded in composite material and the creation 
of such a small device could address other issues common in smart structures, for instance if 
the designer wants to monitor the stress in an ob ect along different directions. 
 The second main proposal of this wor  is the embedment of optical fiber sensors in printed 
models. The design of parts with channels, in which optical fiber could be inserted and bonded, 
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is proposed. This wor  provides a good basis and guidelines for the design of an aerodynamic 
model produced through FDM® technique, with embedded F G sensors. The wor  
demonstrates that the embedding method developed can withstand a strain of 000  applied 
statically. The tests performed underline hysteresis of the material present also at small 
deformation, and the implications in a wind tunnel test must be further investigated. A possible 
application could be the design of movable surface, since the way in which it is constrained is 
less critical and the possibility of printing multiple components with different angle with respect 
to the fixed surface could eliminate the human error in positioning the control surface. The next 
step is to analyse the design of a D non-straight channel, considering the accuracy and printing 
direction. 
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ABSTRACT  
The paper presents a structural concept for a flexible structure based on composite corrugated 
laminates, which integrates an elastomeric cover to guarantee a smooth aerodynamic surface 
and a diffused actuation system designed by using Shape Memory Alloy wires. The components 
of the system perform different structural and functional roles, which are described pointing 
out the advantages of the specific solutions chosen. The structural concept is adopted to design 
a morphing aerodynamic surface by using finite element analyses performed with load 
conditions obtained by simplified aerodynamic analyses. Then, the manufacturing process is 
set-up and applied to develop a prototype of the system. The numerical model used in the design 
phase is assessed with actuation experiments performed on the prototype.  

Keywords: Morphing, Corrugated Laminates, Shape Memory Alloys 

1 INTRODUCTION 
A morphing surface is a structure capable of a progressive and smooth variations of shape that 
may represent, in aeronautical applications, a more efficient solution with respect to the rigid 
rotations and translations of stiff structural parts, which are currently used in flight vehicles to 
control the generation of aerodynamic forces and to adapt the vehicle shape to different flight 
segments.  
Morphing solutions are expected to bring several advantages, such as enhanced flight 
performances in extended flight envelopes, reduced fuel consumption and increased flight 
range, decreased drag and noise [1,2]. They may also present advantages from the structural 
point of view, due to potential elimination of mechanisms and actuators, which becomes 
possible when both the external skin and the internal structures of the morphing surface rely 
completely on structural flexibility to accomplish the desired shape variation, like in the cases 
presented in [3-5].   
All the aforementioned aspects have motivated a large number of studies in the aerospace field 
to develop innovative and also disruptive solutions. However, the examination of the morphing 
concepts proposed in literature points out that several challenging issues must be addressed to 
design a successful morphing system. Indeed, a basic trade-off must be found between a 
tuneable flexibility to accomplish shape variations, keeping materials in elastic range, and the 
need of sustaining and transmitting the loads applied to the morphed surfaces. Actually, 
morphing often requires large displacement only in selected directions, where flexibility must 
be accurately tuned and controlled to produce smooth aerodynamically efficient shape 
variations (morphing directions [6,7]). On the contrary, along non-morphing directions, shape 
change is not required, so that the stiffness and the strength of the morphing structure should 
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be maximized, in order to reduce or avoid the need of additional load carrying elements, which 
would unavoidably lead to weight penalties. Such conflicting requirements in different 
directions suggest the need of structures with an anisotropic behaviour, which may be 
introduced at the level of materials or of structural elements. Moreover, equilibrium in morphed 
configuration is often characterized by a requirement of load bearing capability for the actuator 
system.  
In this paper, a morphing variable camber profile is proposed, which addresses the 
aforementioned issues by using different elements. Camber variation requires morphing 
capabilities in the chord direction, while bending and torsional stiffness should be maximized 
in the span direction. The desired anisotropy is provided by an internal structure made by 
combining corrugated composite laminates, which are inherently anisotropic and represent a 
well-recognized appealing ingredient for morphing structures [6-10]. The avoidance of 
detrimental aerodynamic effects of skin deformation, like bubbling or buckling, is achieved by 
refining a solution presented in [6], based on an elastomeric cover supported by means of 
honeycomb stripes, which sustains pressures but interfere minimally with overall structural 
deformation. Finally, the actuator system is designed to provide adequate force and load 
carrying capability in the morphed configuration, by exploiting the properties of Shape Memory 
Alloys (SMA) wires [11,12]. Such actuation wires constitute a diffused actuation system, which 
is embedded in the structure. Structural and actuation system are designed to produce a camber 
variation at wire actuation, by exploiting the properties of the corrugated laminates.   
In the following section of the paper, the fundamental properties of the elements involved in 
the morphing concept are presented. Thereafter, the design of the system is discussed in a third 
section. The manufacturing process developed to produce a first prototype is described in the 
fourth section, which also provide the main results of actuation tests and the correlation with 
the numerical model. The main findings of the activity are summarized in the final concluding 
remarks.  

2 COMPONENTS OF A MORPHING CONCEPT BASED ON CORRUGATED 
LAMINATES 

2.1 Corrugated composite laminates  
Corrugated sheets are inherently characterized by strong anisotropic characteristics [13]. 
Composite corrugated laminates have attracted the interest of researchers working in the field 
of morphing structures [8], considering the tuneable compliance and high strain at failures in 
the direction along the corrugated profile, which can be several order of magnitude higher than 
those in the transversal direction [7]. For such reasons they were proposed for variable camber 
morphing profiles [6, 8, 9], in configuration that might exploit their inherent anisotropy, as the 
one shown in Figure 1.   
The use of composite pre-pregs to manufacture corrugated sheets presents some issues, which 
can be solved by adopting the techniques reported in [6-8]. However, composite material 
increases the design flexibility with respect to metallic sheets, thanks to the possibility to define 
appropriate lay-ups, and generally enhances the maximum elongation that can be reached in the 
elastic range, in the morphing direction.  
The examples reported in Figure 2 are referred to tests performed on a square-rounded profile 
(a) and on a profile obtained by combining two square-rounded profiles (b), characterized by
the presence of closed cells, named twin corrugated profile after [6]. Such profile provides a
higher bending stiffness in morphing direction [14] and the closed cells allow to house a
diffused actuation system in a protected environment.
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(a) (b)
Figure 1: Application of corrugated laminate to 

variable camber morphing profiles  
Figure 2:Geometry and testing of a glass-

reinforced square-rounded corrugate (a) and a 
carbon-reinforced twin corrugate (b)  

2.2 Integration of an elastomeric cover  
Aerodynamic studies [15] have proved that the detrimental effect on aerodynamic performance 
produced by the airstream flowing on the corrugated surface cannot be ignored and could lead 
to reduce, or even reverse, the increment of performances expected by the adoption of a 
morphing solution.  
Actually, such problem was taken into account in the original proposal of composite corrugated 
laminates for morphing [8], and the solution envisaged was based on the introduction of an 
elastomeric filler in the “valleys” of the corrugated profile. Other authors suggested the 
application of a segmented skins bonded to the corrugated laminate [14].  

Figure 3: Scheme for the integration of 
elastomeric cover into a corrugated laminate  

Figure 4: Experimental characterization and 
numerical model of Neoprene sheets 

An efficient and lightweight solution was proposed in [6], which is based on the integration of 
an elastomeric cover in the corrugated laminate. The flexible cover is sustained along the 
“valleys” by means of honeycomb inserts. It has been shown that such system does not interfere 
with the compliance of the corrugate in the morphing direction and minimizes the waviness of 

Neoprene sheets 

Honeycomb stripes 
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the surface during morphing. The solution proposed in [6] was implemented by using a siliconic 
rubber, to prove the concept. However, such material is not adequate for aeronautical 
applications, due to the limited range of operational temperature and the poor resistance to 
atmospheric agents. A better choice is represented by Neoprene sheets, which have been 
traditionally used in aerospace construction for de-icing deformable leading edges. Specifically 
formulated types of Neoprene can work in the range -50°C y 130°C and exhibit an excellent 
resistance to atmospheric agents. Sheets of Neoprene are commercially available, so that the 
integration of the elastomeric cover in the corrugated laminate can be realized as sketched in 
Figure 3. For the research activity here presented, 1 mm thick sheets of Neoprene were 
characterized by following the BS EN ISO 527-3 standard, with the specimens presented in 
Figure 4. A finite element non-linear model, also shown in Figure 4, was developed by using 
Simulia/Abaqus Standard. A hyperelastic material model based on a 2-term Odgen potential 
was used [16]. The numerical-experimental correlation, shown in Figure 4, indicates that the 
numerical model is adequate to represent the elastomer behaviour. 

2.3 Shape memory alloy and integration into flexible structures  

(a) 

( b) 
Figure 5: working mechanism of a one-way 

effect SMA actuator 
Figure 6: Integration of SMA wires in a corrugated 

laminate: functional scheme (a) and sketch (b) 

Shape Memory Alloys are metallic materials that recover their initial configuration after being 
deformed, by applying temperature variations [11, 12]. The most diffused alloy for engineering 
application is NiTiNOL, which can exert high forces with very limited size and weight, and 
present stiffness and strength properties ideal for load bearing actuators. Typically, SMA 
actuators rely on the so-called one-way memory effect, which is exemplified in Figure 5, where 
an actuator is initially heated and subjected to a tensile stress at point (1). Then, if temperature 
is reduced (2), a phase transformation occurs and the wire elongates. However, when 
temperature is increased again (3), the shape memory effect activates and the wire recovers its 
initial length. Hence, the effect provides a contraction force under heating and requires to apply 
a stress to “rearm” the actuator in the elongated configuration. However, if the actuator works 
against a flexible system, like in the sketch of Figure 6-a, the elasticity of the system may be 
enough to recover all the deformation when temperature has been reduced. Following these 
considerations, a possible integration of a diffused actuation system in a corrugated laminate is 
presented in Figure 6-b, where a twin corrugated profile is equipped with a system of wires set 
between the two corrugated laminates. In a numerical model, SMA alloys can be represented 
by using beam elements with a negative Coefficient of Thermal Expansion (CTE) that can 
model the mechanical effects of the contraction due to the phase transformation induced by the 
temperature increment [17]. Such simplified approach is adequate to estimate the effect of the 
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actuation on a flexible structure and the stress acting in wires, which must remain below 
predefined design values to guarantee the capability of performing an adequate number of 
cycles [12]. In this work a limit of 150 MPa for an actuator capable of 4% has been considered 
for the definition of a realistic engineering application.  

3 DESIGN OF A MORPHING SYSTEM BY NUMERICAL EVALUATIONS  
The elements presented in the previous section may be combined to design systems capable to 
address the multiple issues involved in the development of morphing structures. The concept 
presented in this work is aimed to the design of a thin morphing profile, with an internal 
structure consisting of a twin corrugated profile made by combining a carbon-fibre reinforced 
and a glass fibre reinforced square-shaped corrugated laminates, as shown in Figure 7. A 
diffused actuation system made of SMA wires is embedded between the profiles. A top plate is 
bonded to the carbon-reinforced laminate. The neutral axis of the equivalent plate formed by 
the two corrugated profiles and the top plate is shifted upward with respect to action line of the 
SMA actuators (see Figure 7). Hence, when SMA elements are activated, the contraction of the 
wires will bend the structure, as shown in Figure 8. If the concept is applied to design a variable 
camber profile, the aerodynamic forces raising after the deformation can be efficiently opposed 
by the reaction couple provided by axial forces acting in the SMA wires and in the top plate. 

Figure 7: Configuration of the actuated flexible structure 

Figure 8: Expected working mechanism of a variable camber profile 

The working mechanism presented in Figure 8 has been verified by developing a finite element 
model of the systems, which has been used to define a design configuration. The model 
represents a simplified aerodynamic surface with constant thickness distribution along the 
chord and is aerodynamically shaped leading and trailing edge. The shell-model of a Neoprene 
elastomeric cover has also been included in the lower surface, according to the solution 
described in Figure 3. The model is presented in Figure 9. SMA wires with 0.2 mm diameters 
have been represented by beam elements with an equivalent CTE set to obtain a stroke recovery 
of 4% when activated. The corrugated laminates and the top plate were characterized by 
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laminated shells considering a lay-up made of carbon/epoxy fabric plies (0.21 mm thick) and 
E-Glass/epoxy plies (0.14 mm thick) with Young Moduli of 63250 MPa and 16300 MPa,
respectively. The honeycomb inserts supporting the Neoprene sheet were meshed through solid
elements, by applying the properties of a HexcelTM HRH-10 aramid honeycomb reported in [6],
while Neoprene layer was characterized with the material mentioned in section 2.2.
The model configurations at different stage of bending deflections were introduced in an X-
Foil aerodynamic model, to evaluate the aerodynamic pressure fields on the profile. A wind
velocity of 42 m/s was chosen, considering the performance of the wind tunnel of Aerospace
Science and Technology Dept. The deflected configurations are presented in Figure 9. Then, a
second set of analyses was performed by applying the aerodynamic load, to provide a more
realistic estimation of deflections and of the strain-stress states in the structural parts. Although
the final aeroelastic configuration is not been identified by such two-step procedure, the results
are conservative as far as the maximum achievable camber variation and the stress states are
concerned. After a sensitivity study on the lay-ups and on the density of SMA wires, the final
lay-up reported in Figure 9 was chosen. The adoption of a SMA wire density of 0.833 wires/mm
led to the results reported in Table 1. Thanks to the limited diameter of SMA wires, the weight
of actuation system remains limited, although a quite high wire density is actually required to
maintain the shape against the aerodynamic load without exceeding the design value of stress.
SMA ribbons may also be used in practical implementation to reduce the complication of wire
installation.

(a)                                                                        (b) 
Figure 9: numerical model of the profile (a) and deflected configurations used for load evaluation (b) 

Tail deflection without aerodynamic load Mm 87.55 
Tail deflection with aerodynamic load Mm 61.28 
Max stress in SMA wires MPa 137.1 
Max strain in carbon/epoxy top plate PH 919.7 
Max strain in carbon/epoxy corrugated laminate PH 4129 
Max strain in glass/epoxy corrugated laminate PH 2259 

Table 1: main performances of the numerical model in design configuration 

4 MANUFACTURING AND TESTING  
A demonstrator of the design configuration was manufactured by producing corrugated 
laminates according to the geometry presented in Figure 3, by using E-glass reinforced fabric 
plies (Figure 10-a) and carbon-reinforced plies. Neoprene sheets were bonded to the 
honeycomb and to the glass corrugated laminate by means of a neoprene-based glue (adeprene® 
320), capable to comply with large deformation. The actuation system, with a reduced wire 
density, was installed between the glass-reinforced and the carbon-reinforced corrugated 
laminates (Figure 10-b). A paste adhesive, Araldite® 2014-1, was used to bond the two 

top plate [0]3 Carbon/epoxy fabric

Upper corrugated laminate 
[0]3 Carbon/epoxy fabric

Lower corrugated laminate
[0]2 Glass/epoxy fabric

Honeycomb insert

Neoprene Sheet
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corrugated profile and to embed the SMA wires in the middle. Curing process was performed 
at room temperature to avoid activation of the SMA actuators. A detail of the final structure is 
shown in Figure 10-c. 

Figure 10: integration of elastomeric cover (a) and of actuation system (b) in the corrugated structural 
parts, and detail of the manufactured demonstrator (c) 

An actuation test was performed on the demonstrator, as shown in Figure 11-a. The expected 
bending behaviour was obtained, with a maximum deflection of 48 mm in correspondence of 
the end of the corrugated structure (before the trailing edge). The numerical analyses, performed 
in the same conditions of the test, without external forces, is shown in Figure 11-b and gave a 
deflection of 47 mm, thus providing an appreciable numerical-experimental correlation.  
The elasticity of the structure was able to recover almost completely the deflection, with a 
residual displacement of 7 mm. It has to be considered that, in a real application, the effect of 
the aerodynamic forces would also help the elastic stress to recover the original shape.  

(a) (b) 
Figure 11: actuation tests (a) and corresponding numerical analysis (b) 

5 CONCLUDING REMARKS  
The combination of corrugated composite laminates, elastomeric cover sustained by 
honeycomb insert and Shape Memory Alloy actuators made possible the design and the 
manufacturing of a morphing concept that appears particularly promising for future 
developments.  
The design flexibility offered by composite materials was exploited to design an asymmetric 
structure that bends under the simple contraction action of Shape Memory Alloy wires. In the 
morphing direction, the reaction couple offered by the SMA actuator layer and the top plate can 
be tuned to provide an adequate stiffness to meet realistic aeroelastic requirements. The 
elastomeric cover integrated in the corrugated laminate proved to be effective to guarantee an 
acceptable surface smoothness, even in case of large deflections. Finally, in the non-morphing 
direction, the properties of the corrugated laminates guarantee excellent stiffness properties and 
load carrying capabilities. 
Accordingly, the concept presented in the paper can be considered a first step towards the 
development of efficient morphing surfaces in real-world aerospace structures.    

(a) 

(b) (c)
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ABSTRACT 
This study was aimed at applying remote sensing techniques and Geographic Information 
System (GIS) to map radioactive minerals in Mrima hill region in Kwale County earmarked 
by high radioactivity. The data used in the study area was from Landsat 8 obtained from 
(https://earthexplorer.usgs.gov/) website which was processed by using ENVI5.3 and Arc 
Map 10.3 software by means of the band rationing and supervised classification. Different 
types of minerals /rocks were mapped by studying spectral anomalies in processed Landsat 8 
data using band ratios 6/7, 6/5, 4/2, and supervised classification. The Crosta method was 
found to be very useful for enhancing the altered areas with clay and iron oxide mineral. 
Areas which were covered by vegetation were not classified and therefore, botanical 
indicators were used whereby the spectral signatures of vegetation associated with radioactive 
minerals were used. These vegetation species are from the Astragalus, Stanleya, Aster 
venustus, and Oryzopsisj species and they included big berry Manzanita, big sagebrush, 
Mormon tea, pynon pine. The results were validated by the use of existing radiometric data of 
the study area. The radiometric survey data results used for validation revealed that the 
vegetation associated with radioactive minerals could be determined in areas with a dose rate 
of over 1389 nGy/hr. 

Keywords: mineral resources, remote sensing, geographic information system (GIS) 

1 INTRODUCTION 
Majority of developing nations depend on the activities of mineral exploration to sustain their 
economic activities. Adequate information about the minerals maps and the geology of an 
area is therefore very useful for the exploration of these minerals. This will require a lot of 
investments in terms of time, money and even labor during exploration, especially in remote 
areas. This has prompted the use of remote sensing for not only geological purposes but also 
for potential investors for the purpose of mineral exploration [1]. Thus, remote sensing has the 
advantage of reducing the risks for investors in the mining sectors [2]. Remote sensing was 
used earlier for the mapping of vegetation as the sensors were designed for vegetation 
analysis only [3]. During the exploration of minerals, mapping on the ground depends on the 
data derived from the field and also on the laboratory tests carried out. The data from these 
fields is then analyzed by experts in the field of geology for information. The use of remote 
sensing technology may not replace the level of this expertise but however, provide 
information which is more cost effective. The use of this technology provides information in 
large areas which may not be accessible and this will help in isolating potential areas from 
non-potential one [4]. The use of remote sensing in geological applications requires more 
spectral bands and smaller bandwidth. The information about minerals and rocks are found in 
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the middle or shortwave and to some extent the thermal region of the spectrum than on the 
visible band. Multispectral sensors are useful when carrying out mineral mapping, for 
example, the shortwave Infrared bands on Landsat Thematic Mapper 5 and 7 are useful when 
carrying out discrimination between different types of minerals and rocks. This has led to the 
use of Landsat TM and Landsat Enhanced Thematic Mapper Plus (ETM+) in discriminating 
various lithologies [5]. Minerals are constituents of the rocks and the interaction with the 
electromagnetic radiation results in unique response for each mineral. These results to unique 
spectral response for each mineral thus different minerals have a different spectral response. 
Since minerals are the main constituents of rocks, then rocks associated with radioactive 
minerals exhibit unique spectral responses with the electromagnetic radiation. This can be 
discriminated from other rocks by the use of various image processing techniques and image 
classification techniques [6]. Granite rocks are the sole possible source of uranium and 
thorium deposits and therefore the study of granites are important in identifying the favorable 
sites of these radioactive minerals. The following are the rocks which are associated with 
radioactive minerals. They include granite, basalt, biotite, limestone, sandstone, shale, bedded 
phosphate and coal rocks.  

2 MATERIALS AND METHODS. 

2.1 Remote Sensing Data 
In this research, we used data acquired from Landsat 8 freely available from U.S. Geological 
Survey (USGS). The data was acquired over the period ranging from January 2016 to January 
2017. 

2.2 Methodologies 
The entire methodology included four major parts. The first part was the preparation of NDVI 
for the study area. The second part was processing of images for alteration minerals zones 
using various remote sensing techniques including false-color composite, band ratio, and 
principal component analysis. It was followed by the supervised classification of the image 
using maximum likelihood and spectral angle mapper techniques for rocks associated with 
radioactive minerals. The final part of the methodology involved the validation of the results 
using existing radiometric data of the study area. 

2.2.1 Vegetation analysis: calculation of NDVI 
In order to mask vegetation it is often useful to calculate a green vegetation index. The most 
commonly used vegetation index is the Normalized Difference Vegetation Index (NDVI) and 
was used to obtain the threshold value to mask vegetation in the OLI bands. Normalized 
different vegetation index (NDVI) derived by satellite remotely sensed data is a good data 
source to study the spatial distribution density of vegetation throughout the image in the study 
area.  NDVI image was used to identify vegetated area from rocks or soils. The NDVI is 
defined as;  

dNIR
dNIRNDVI

Re
Re

+
−= (1) 

HereNIR is the DN Value of Near-Infrared Radiation, and Red is the DN value of the red band 
radiation. The threshold used to mask vegetation in the study area was 0.25. 

2.2.2 Band ratio  
This image processing technique involved one band divided by another one based on the 
spectral characteristics of the materials under study. The result is a ratio of spectral reflectance 
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of one band to a spectral reflectance of another band. The remote sensing data for the study 
area was processed for discriminating different types of rocks and also minerals using Landsat 
8 band ratios (6/7,6/5,4/2), (6/4,4/2,7/3)  in RGB for different types of minerals and 
vegetation in the study. 

2.2.3 Maximum likelihood classifier 
This is a method of image classification which involves the calculation of the probability that 
a given pixel belongs to a certain class.  It is calculated based on the spectral distance of 
pixels which are close together. The remote sensing image of the study area was classified 
using the Region of Interest (ROI) of the spectral signatures of the rocks derived from the 
image using ENVI 5.3 software. The probability threshold for each class was set. The regions 
which didn't have the rocks were not classified. MLC assume a normal Gaussian data 
distribution of multivariate data. 

2.3 Validation of the results 
The results were validated by using existing radiometric data of the study area by overlaying 
the dose rate classified map of the study with Landsat 8 classified image of the study area 
using QGIS software. The geological map of the study area was also overlaid with the 
classified map of rocks of the study area. The maps were first georeferenced. Since the 
existing data were from the southern part of the hill, we used the interpolated radiometric data 
of the study area for validation with the botanical indicators. 

3  RESULTS AND DISCUSSION 

3.1 Band ratio results 
This is image processing technique which involves one band divided by another one based on 
the spectral characteristics of the materials under study. The band ratio method was used to 
enhance the spectral differences between bands and reduce the effect of shadowing caused by 
differences in ground slope. Band ratio of 4/2 enhances the contribution of iron minerals since 
reflectance and absorption of iron occur at band 4 and 2 respectively. Absorption caused by 
kaolinite, montmorillonite and clay minerals result in low reflectance in band 7 and high 
reflectance in band 6. So, the ratio image 6/7 would have bright signatures for clay minerals. 
Therefore, the ratio 6/7 for clay minerals, 4/2 for iron oxide minerals and 6/5 for ferrous 
minerals in color composite show clay minerals represented by the cyan pixels while iron 
oxide is represented by the red pixels and ferrous minerals by the yellow pixels as shown in 
figure 1. 
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Figure 1: Landsat OLI ratio image (6/7, 4/2, 6/5 in RGB);for the study area. 

3.2 Supervised classification results 
Image classification is the process where pixels which are unknown are signed to a specific 
class depending on their spectral properties. We used supervised classification method where 
training data of the spectral signatures of rocks associated with radioactive minerals were 
used. The methodusedincluded maximum likelihood classifications. The endmember 
collection was obtained from the spectral library inbuilt in ENVI software 

3.2.1 Maximum likelihood classification results 
This is a method of image classification which involves the calculation of the probability that 
a given pixel belongs to a certain class.  It is calculated based on the spectral distance of 
pixels which are close together. The spectral signatures of rocks associated with radioactive 
minerals were used as the training data and the probability threshold for a given rock to be 
classified into a particular class was set. The rocks which are associated with radioactive 
minerals were then classified into different classes and the results revealed that these rocks 
which include alkali granite, serpentine, carbonates, sandstone, and shale were at the edges of 
the hill as shown in figure 2 below 

b



Running title Authors’ surname 

1  

Figure 2: Maximum Likelihood classification for rocks associated with radioactive minerals in the 
study area. 

Areas which were covered by vegetation and therefore the spectral signatures of rocks could 
not be recorded were not classified. The botanical method was used whereby the spectral 
signatures of vegetation associated with radioactive minerals were mapped. These vegetation 
are good absorbers of selenium and since selenium is found in places where there are 
Uranium ores then this naturally growing vegetation will be found there. The vegetation is 
from Astragalus species, Stanleya, Aster venustus, Oryzopsisj species and they included 
Mormon tea, big berry Manzanita, big sagebrush, and pynon pine. Maximum likelihood 
classification technique was used to map them using their spectral signature with a probability 
threshold of 0.8 and the results are as shown in figure 4. The areas which were not covered by 
vegetation were masked out by applying a threshold of 0.25 in the NDVI product of the study 
area. 
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Figure 2: Maximum likelihood classification of vegetation associated with radioactive minerals 

3.4 Validation 
The validity of the applied remote sensing techniques was determined by comparison between 
the applied methods and effectiveness of their results with the existing ground truth data in 
the exploration area. 

3.4.1Vegetated areas validation results 
Since the above results were based on areas which were not covered with vegetation, the areas 
covered by vegetation were studied by the use of botanical indicators whereby vegetation 
associated with radioactive minerals was classified by the use of their spectral signatures. This 
was done by first masking out areas not covered by vegetation. These vegetation which are 
associated with radioactive minerals are good absorbers of selenium and since selenium is 
found in places where there are Uranium ores then this naturally growing vegetation will be 
found there. The vegetation are from Astragalus, Stanleya, Aster venustus, Oryzopsisj species 
and they include Mormon tea, big berry Manzanita, big sagebrush, and pynon pine. The 
classified image of this vegetation was overlaid over interpolated gamma dose rate map of the 
southern part of Mrima hill since that was the area where radiometric data existed and the 
results revealed that these vegetation were growing in areas with a threshold gamma dose rate 
of above 1200nGy/hr. This is attributed to the fact that in high gamma dose rate areas, there is 
a high content of selenium and therefore high absorption rate thus the vegetation will 
naturally grow there hence their presence in the high dose rate region as shownin 5below. 
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Figure 5: Maximum Likelihood classified image of vegetation associated with radioactive minerals 
overlaid over interpolated gamma dose rate map of Mrima hill adapted from Kaniu 2018 

3.5 Discussion 
The available multispectral datasets of Landsat 8 OLI from 23rd January 2016 to 23rd 
November 2016 were tested to map lithology and mineralized zones in the study area. A 
series of image processing techniques, includingband ratio, and supervised classification 
methods have led to identification of vegetation and rocks associated with radioactive 
minerals in the study area. 

3.5.1 Band ratio method 
Despite the improvement in image contrast by band rationing, its weakness is demonstrated 
by the reduction in the reflection intensity of objects on the images. Also, there could be more 
than one mineral candidate for the same band ratio e.g.  Landsat band ratio of 4/2 and 4/1 both 
used for discriminating iron minerals and ferrous minerals. The use of band ratio despite the 
above disadvantages gives out precise alteration zones. 

3.5.2 Supervised classification 
Supervised classification was also considered in this study. maximum likelihood classification 
was effective in mapping out the rocks and vegetation associated with radioactive minerals in 
the study area. It was found out that alkali granite was extensively mapped out in the study 
area and it was the common rock found. This is due to the fact that radioactive minerals which 
contain U, Th and rare earth metals are usually found in the sedimentary, metamorphic and 
magmatic rocks. They are concentrated in acidic volcanic and plutonic rocks. 

3.6 Conclusion 
The use of Landsat 8 OLI datasets using various image processing techniques proved to be 
useful in identification, detection, and delineation of lithological rock units, and alterations 
zones for radioactive minerals and rocks associated with radioactive minerals. Using the 
radiometricsurvey data for validation showed that maximum likelihood classification and 
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spectral angle mapper techniques were found to be the most successful methods for mapping 
both rocks associated with radioactive minerals and also the botanical indicators.  
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ABSTRACT 
Wildfire negatively influences the environment by initiating changes that affect water towers, 
wildlife and human habitation and in turn impact the economy immensely. To minimize the 
spread and destruction by wildfires, early detection and notification of its occurrence is of 
great value. Satellite system offers a useful tool for early detection as its operation is not 
limited by accessibity and provides for automated processing and analysis of the data. This 
study presents a wildfire detection algorithm (WIDESY) using geostationary satellite for 
timely notification as a measure towards minimizing wildfire impact in Kenya through early 
detection. The focus is on developing an algorithm that detects thermal anomalies resulting 
from temperatures changes and validating the algorithm using MODIS fire products from the 
FIRMS system. Analysis of the images between periods investigated showed that the 
algorithm’s capability is comparable to the reference system used during validation. 

Keywords:   Wildfire         FIRMS      WIDESY       Algorithm            Kenya 

1 INTRODUCTION 
Each year hundreds to thousands of vegetation are consumed by wildfire [7] and there is a 
great concern that the effect might increase in the future probably in response to global 
warming [9].Some of these vegetated areas offer a considerable input to the economy since 
they play a significant role as water catchment areas [2] as well as contributing to the steady 
supply of water for hydro electric power generation which contribute to roughly sixty percent 
of Kenya’s energy generation [3] The capacity to efficiently respond to wildfire out break and 
minimize their effects is enhanced by timely acquisition and distribution of up to date 
information regarding their occurrence [6]. 
Detection of wildfire by satellite based systems have provided considerable substitute to other 
systems at fairly lower cost and have also  been extensively acknowledged for monitoring 
areas where other systems have failed [1]. The application of satellites can be achieved using 
either polar based or geostationary satellites. Polar based ones are advantaged by high spatial 
resolution required for detecting minor fires but are underprivileged by their small temporal 
resolution hence cannot assist with timely identification of wildfires. Their geostationary 
counterparts have elevated temporal resolution and offer better opportunities for timely 
identification of fires [10]. 

1
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2 STUDY AREA AND DATA SOURCES 

2.1 Study area 
Kenya is positioned between latitudes 4.50 N and 4.50 S and longitudes 340 E and 420 Eright 
on the shore of the Indian Ocean and borders Uganda to the western part, Somalia to the 
eastern part, Ethiopia to the northern part and Tanzania to the southern part [8]. With an 
extent of 582,646 square kilometres of land cover, about 3% of this area is covered by forests 
which are coincidentally located in high fire prone areas [4]. 

2.2 Data sources 
High rate SEVIRI sensor level 1.5 data in Geotiff format between fire season of the year 2018 
provided images for developing the algorithm. This was expected to span the periods of major 
wildfire occurrence which comes around January to March every year. The data was obtained 
from the Earth Observation Satellite Images Applications Lab (EOSIAL) of the University of 
Rome ‘La Sapienza’ through an ftp link. The FIRMS system provided MODIS fire products 
for validation of the algorithm developed.  

3 METHODOLOGY 

3.1 Algorithm development 
Development of a contextual algorithm involves preliminary steps to exclude cloudy and 
water pixels from subsequent operations, other steps which are carried out prior to confirming 
an actual fire are elimination of high reflecting surfaces and warm backgrounds and bare soils, 
Identification of potential fire, background characterization, contextual analysis and rejection 
of false alarms. 

3.1.1 Cloud elimination and water masking 
A pixel based land sea/surface type mask was utilized to identify water, land and coastal 
pixels. Only pixels with mask value of 1 for land or 2 for land with coastlines were tested for 
fires. Pixels with mask value of zero were automatically classified as water pixels. Cloud 
elimination was carried out based on the properties of each observed visible and infrared 
channels in the presence and absence of clouds. A threshold was introduced on the reflectance 
of VIS 0.6 and VIS 0.8 channels and the brightness temperature of channel IR 12.0 to remove 
cloudy pixels. The mean of the VIS 0.6 and VIS 0.8 channels as well as channel IR 12.0 for 
cloud contaminated pixels were used.  

3.1.2 Eliminating bare soils and warm backgrounds 
The difference in brightness temperatures of IR 3.9 and IR 10.8 channels was used to define a 
threshold to exclude bare soils and warm backgrounds. The mean of the brightness 
temperature difference between the two channels considered was used. 

3.1.3 Eliminating high reflecting surfaces 
High reflecting surfaces were identified by the method applied by [9] such that any pixel with 
a reflectance higher than 0.30 was automatically classified as a high reflecting surface. 
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3.1.4 Identifying high probability fires 

There are two ways through which actual fires can be identified; the first consists of 
classifying pixels with relatively high temperatures and therefore high probability of being 
actual fires using a fixed threshold while the other consists of identifying pixels with low 
probability of being actual fires and then performing a series of test to confirm them as actual 
fires. These two ways are however independent of each other [8]. To set fixed threshold for 
detecting high probability fires, the mean and standard deviation of the brightness 
temperatures of the images acquired were used.  

3.1.5 Identifying potential fires 

The mean and standard deviation of the brightness temperatures of the images acquired were 
used to set a threshold for potential fire identification. The mean brightness temperature of IR 
3.9 channel computed was used. 

3.1.6 Characterizing the background 

In the absence of fire, the neighboring pixels to those of the possible fires were used in an 
attempt to identify real hotspots from naturally heated surfaces. A window starting as a 3 x 3 
pixels was selected centered on the possible fires pixels and valid neighboring pixels 
identified which was then used to estimate a value. The window was increased slowly 
stepwise until at least three pixels were identified as valid. Mean and the mean deviations of 
the brightness temperature of channel IR 3.9 as well as that of the brightness temperature 
difference of IR 3.9 and IR 10.8 channels were computed using a methodology described by 
[5]. These computations were made over a spatial matrix of N x N pixels around a central 
hotspot. 

3.1.7 Contextual analysis 

Upon successful background characterization a series of contextual analysis was performed to 
assess the variation of channels IR 3.9 and IR 10.8 in fire and non fire background. 
Characteristic features of an active fire were evaluated using temperatures of IR 3.9 channel 
and difference in brightness temperatures of the IR 3.9 and IR 10.8channels. These tests were 
carried out on the background pixels and the thresholds adjusted based on the response of the 
two channels to the variation in the presence of fire and non fire background.  

3.1.8 False alarm rejection 
Additional steps were introduced to eliminate falsely classified pixels that passed the 
contextual analysis stage. This included elimination of desert boundaries, elimination of 
coastline pixels and rejection of pixels contaminated by sun glint. These eliminations were 
implemented using methodology outlined by [10]. Sun glint and desert boundaries were 
removed using a threshold of 0.18 on the reflectance of VIS 0.8 channel and water pixels 
were removed using a threshold of 0.20 on the reflectance of the VIS 0.8 channel. 

3.1.9 Confirmation of actual fires 

This is the final stage that is carried out on the possible fires to confirm them as real fires or 
otherwise. The brightness temperatures and brightness temperature difference of the potential 
fires minus those of the background fire pixels were used to define a threshold to confirm the 
real fires.  
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3.2 Validating the algorithm 
To appraise the quality of the algorithm developed with other independent systems, a counter 
of the wildfires detected by the algorithm created was simultaneously contrasted with FIRMS 
observation of the same fire. Since temporal resolution of SEVIRI sensor differs with that of 
MODIS sensor used in the FIRMS system, only the fires that corresponded to the repeat cycle 
of MODIS sensor was used. 

4  RESULTS AND DISCUSSION 

4.1 Algorithm development 
The flow chart below describes the algorithm developed. 

Figure1: Algorithm for fire detection over Kenyan territory 
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4.2 Validation 
Fires detected by the system that corresponded to the revisit time of MODIS sensor within the 
period examined were visually compared to those obtained from the FIRMS system. The table 
below shows the result obtained from such comparison for the month of January, February 
and March. 

Months 
01 02 03 TOTAL 

FIRMS 24 72 03 99 
WIDESY 21 57 01 79 
Omitted 05 17 02 24 

Committed 02 02 00 04 

Table 1: Monthly summary of fires detected by both MODIS and WIDESY 

These results showed that the system detected 79.80% of the fires detected by MODIS with 
an omission error of 24.24% and a commission error of 4.02 %  

5 CONCLUSION 
This study developed a contextual algorithm for wildfire detection over Kenya using SEVIRI 
sensor data acquired in the fire season of 2018 between January and March at an interval of 
15 minutes. The results were evaluated using reference data on fire events as reported by 
FIRMS system.  A comparison of the results revealed that the algorithm present very 
consistent results when applied to Kenya, Using SEVIRI sensor on board MSG, a 
geostationary satellite, this study has revealed that timely detection and therefore notification 
is possible. However, the problem of monitoring of the susceptible areas is brought up. This 
entails analyzing parameters such temperature at which the fire burns, the extent of the area 
damaged by the detected fire, the intensity of the fire detected and even the percentage of 
burned biomass. Such parameters are useful when evaluating the extent of damage and laying 
frameworks for recovery and minimizing damage caused.  

6 ACKNOWLEDGEMENT 
This study is a collaboration between the Earth Observation Satellite Information Application 
Laboratory of the University of Rome La Sapienza and the Earth Observation Laboratory of 
the Department of Physics, University of Nairobi. 

REFERENCES 

[1] B. Lentile, Z. Holden, A. Smith, J. Falkowski, T. Hudak, P. Morgan, P., … Benson, N.
C.Remote sensing techniques to assess active fire characteristics and post-fire effects.
International Journal of Wildland Fire, 15(3), pp.319–345, (2006).

[2] C. Mary, K. John and C. Jessica. Fires on the water towers: mapping burned scars on
Mount Kenya using satellite data to reconstruct recent fire history. Remote sensing.11,
pp.104, (2019).

[3] D. Langat, K. Maranga, A. Aboud, and J. Cheboiwo, Role of Forest Resources to Local

Livelihoods: The Case of East Mau Forest Ecosystem, Kenya .International Journal of

Forestry Research. 2016(11-12), pp.1-10, (2016).



Running title Authors’ surname 

1 3 

[4] F. Karanja. Cropwat model analysis of crop water use in six districts in Kenya. East

African Agricultural and Forestry Journal, 80(3), pp. 175-183, (2018).

[5] F. Trigo, C. DaCamara, P. Viterbo, L. Roujean, F. Olesen, C. Barroso, C., Camacho-de

Coca, D. Carrer,  S. Freitas, J. García-Haro, B. Geiger, F. Gellens-Meulenberghs, N. 

Ghilain, J. Meliá, N. Pessanha, N. Siljamo, and A. Arboleda .The Satellite Application 

Facility on Land Surface Analysis. International Journal of Remote Sensing.32, pp, 2725-

2744, (2011). 

[6] G. Laneve, M. Castronuovo, and E. Cadau. Continuous monitoring of forest fire in the
mediteranean area using MSG. IEEE International Geo Science and Remote Sensing,
44(10), pp.2761 – 2768, (2006).

[7] J. Ndambiri and C. Kahuki. Fire situation in Kenya. International Forest Fire News, 26,
pp. 12-14 (2001).

[8] L. Giglio, Descloitres, C. Justice, and Y. Kaufman An enhanced contextual fire detection
algorithm for MODIS. Remote Sensing of Environment.87, pp. 273–282, (2003).

[9] N. Sifakis, C. Iossifidis, C. Kontoes, and I. Keramitsoglou. Wildfire Detection and
tracking over Greece Using MSG�SEVIRI Satellite Data. Remote Sensing, 3(3), pp.524–
538 (2011).

[10] V. Di Biase,  and G. Laneve. Geostationary sensor based forest fire detection and
monitoring: An improved version of the SFIDE algorithm.  Remote Sensing, 10(5), 741,
(2018).



Ital ian Associat ion of Aeronautics and Astronautics 

XXV International Congress 

9-12 September 2019| Rome, Italy

ENHANCING FOOD SECURITY THROUGH THE 
AFRICULTURES PROJECT: DESIGN OF CROP SERVICE 

G. Laneve1*, R. Luciani1, L. Fusilli1, P. Marzialetti1, R. Orsi1, T. K. Alexandridis2, I. Cherif2,
J. Suarez Beltran3

1. Scuola di ingegneria Aerospaziale – Sapienza Università di Roma, Italy
2. Department of Hydraulics, Soil Science and Agricultural Engineering, School of

Agriculture, Aristotle University of Thessaloniki, Thessaloniki, 54124, Greece
3. GMV Aerospace and Defence S.A.U., Remote Sensing Services and Exploitation

Platforms Division. Isaac Newton 11 (PTM), E-28760 Tres Cantos, Spain
*giovanni.laneve@uniroma1.it

ABSTRACT 
Smallholder farmers produce about 70% of Africa’s food supply. These farmers are 
vulnerable to a number of risks, mainly climate related, with a tremendous impact on poverty 
and food security. Information about crop yield, vegetation condition and weather, among 
others, are essential to policy makers to enhance food security. Earth observation data, 
analytics and modelling from various sources at a variety of spatial and temporal scales 
could be used to develop services and a decision support system in the field of food security. 
This paper describes services that are developing in the AfriCultuReS project, devoted to crop 
management, namely: crop mapping, crop phenology, crop condition, change detection 
within agricultural areas, crop early warning, crop yield. Preliminary results are presented 
reflecting the application of the crop service to different African countries. In fact, the focus 
of AfriCultuReS project is on the whole African continent, covering various agroclimatic 
zones: North-Africa, Sahel, Gulf of Guinea, Great horn of Africa, Western Cape, Equatorial 
and Central Africa, and South-Africa. Eight pilot African countries are selected to reflect the 
diversity of climate, ecosystem and farming conditions in Africa: Tunisia, Niger, Ghana, 
Ethiopia, Kenya, Rwanda, Mozambique, and South-Africa.Concerning the crop management 
services mentioned above, all of them relay on the assessment of the crop phenology. Crop 
phenological profiles main parameters are assessed through satellite based NDVI historical 
projection over a specific site. Then, the phenological function is analyzed to retrieve the 
phenological metrics for each pixel. Crop condition assessment service at high resolution 
(Sentinel-2 and Landsat 8) will be obtained by analyzing the whole available time series of 
Sentinel 2 imagery and applying an intercalibration with Landsat 8 images in order to extend 
the time range interval from 2015 (launch date of Sentinel 2A) back of some other years. The 
aim of this work is to present the technical design of spatial products for crop developed in 
the framework of the AfriCultuReS project. 

Keywords: Food security, early warning system, Earth Observation, crop modelling, drought, 
weather, water monitoring. 

1 INTRODUCTION 
Information of crop monitoring, vegetation condition and environmental status at any given 
time is essential for early warning systems for food security, as it provides valuable 
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information for decision-makers. Towards this direction, the EC funded H2020 project 
"AfriCultuReS: Enhancing Food Security in African Agricultural Systems with the Support of 
Remote Sensing" uses EO based data to develop an integrated agricultural monitoring and 
early warning system for Africa that will support decision making in the field of food 
security.  
Following the concept of co-design, the development of AfriCultuReS services has focused 
on the satisfaction of the users' requirements, which were closely tied to the description of 
agroecosystems and socioeconomic aspects that reflect the current situation in African 
agricultural production, as well as to the priority agricultural risks in the African countries. 
The services will be first demonstrated and validated in pilot countries and specific test sites 
(see section 2.1), to be further upscaled into the whole African continent.  
Crop services are provided by several crop monitoring and early warning initiatives and 
programs such as FEWS NET, FAO GIEWS, GEOGLAM, where global bulletins/reports are 
published with crop yields and production information and food security alerts. For the latter, 
information on crop stress and plant growth is required, distinction should be made between 
agricultural and non-agricultural vegetation, and yield should be forecast for specific crops. 
In most cases the analysis of NDVI timeseries is used to describe crop condition and derive 
growth stages. In particular low and medium resolution NDVI anomaly and Vegetation 
Condition Index (VCI) are commonly used. Various field-level crop growth models are used 
providing information on crop yield and biomass production. 
The aim of this work is to present the technical design of spatial products for crop, using 

various EO data. 
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2 DEVELOPMENT OF SERVICES 

2.1 Study area 
The focus of AfriCultuReS project is on the whole African continent, covering various 
agroclimatic zones: North-Africa, Sahel, Gulf of Guinea, Great horn of Africa, Western Cape, 
Equatorial and Central Africa, and South-Africa. Eight pilot African countries are selected to 
reflect the diversity of climate, ecosystem and farming conditions in Africa: Tunisia, Niger, 
Ghana, Ethiopia, Kenya, Rwanda, Mozambique, and South-Africa. The high spatial resolution 
crop related services will be validated in the test areas located in Tunisia (Jendouba, 
Medenineprovinces) and Kenya (Narok, Nakuru counties) (see Fig. 1). 

2.2 Crop services 
AfriCultuReS’ crop services include crop mask and calendar, crop phenology and condition, 
crop yield and early warning. The definition of some of these services are detailed below. 
Crop phenological profiles, assessed through historical NDVI projection over a specific site 
were used after interpolation and spline smoothing. Then, the phenological function is 
analyzed to retrieve the phenological metrics for each pixel (Laneve et al., 2019, Luciani et 
al., 2019). Vegetation development is well described by the following phenological stages: 1) 
Start Of Season (SOS), or onset of photosynthetic activity, 2) End Of Season (EOS), or the 
very end of the senescence period, 3) the maturity peak located the NDVI maximum value 
and 4) the dormancy period, characterized by no photosynthetic activity and related to soil 
preparation or soil restoration practices. For all phenological stages key transition dates and 
NDVI metrics will be retrieved, as illustrated in Fig.2.  
Crop condition assessment service at coarse resolution is provided by the Vegetation 
Condition Index (VCI) product from the Copernicus Land Service 
(https://land.copernicus.eu/global/). VCI compares the current NDVI to the range of values 
observed in the same period in previous years. Maps with a spatial resolution of 1km will be 
produced every 10 days for Africa. Three VCI classes proposed by Qian, et al. (2016) will be 
used (0.7-1: normal vegetation condition, 0.5-0.7: moderate vegetation condition, 0.3-0.5: 
poor vegetation growth, <0.3 extremely poor growth condition). 

Figure 1. Two of the countries covered by the AfriCultuReS project. In red the areas where the crop 
services will be validated. 
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Figure2: Key parameters of phenological development 

3 RESULTS AND DISCUSSION 

3.1 Medium Resolution services 
The service at medium resolution is a service federation of the GIMMS MODIS NASA-UMD 
NDVI anomaly (GMOD09Q1) with a spatial resolution of 500m and provided as composite 
8-day product. GIMMS GMOD09Q1 (6v1) is produced from MODIS TERRA data since
2010.
NDVI Anomaly (NDVIA) is the difference between the average NDVI for a particular month
of a given year and the average NDVI for the same month over a specified number of years
(Anyamba et al., 2001). This approach can be used to characterize the health of vegetation for
a particular month and year relative to what is considered normal, which is a good indicator of
drought or declining vegetation health.
The NDVI anomaly indicates the variation of the current decade compared to the long-term
average, where a positive value means enhanced vegetation conditions compared to the
average, while a negative value indicates comparatively poor vegetation conditions.

Figure 3: Example of VCI map for the North-Eastern part of Tunisia. 

3.2 High Resolution services 
Phenological profiles provide historical NDVI projection over a specific site and can be used 
to discriminate for different crop species and to identify crop rotation cycles and biomass 
seasonal trends. A pixel-based algorithm has been designed to automatically retrieve 
vegetation phenological signature starting from NDVI time series.  
The NDVI time series are determined by interpolating the raw NDVI datasets. Spline 
smoothing has been achieved based on the description in (Craven et al, 1978, Woltring et al. 
1986). This method was employed to find a spline function  Sh(t) that minimize a criterion 
function Ch(t) for a specific smoothing coefficient h (≥0): 
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where ti (i=1,…, m) is the regularly spaced time grid corresponding to the NDVI time series. 
Each point of the time series is associated with a weight w(ti), while v is a the adaptative 
stiffness weight vector at i. The parameter h controls the spline function shape, from an exact 
interpolation (h=0), to straight line (h→∞). In order to switch, from a manually selecting 
approach of h, towards an automatic approach, Generalized Cross-Validation was used by 
(Craven et al, 1978). This procedure was improved and implemented in GCVSPL. A Matlab 
MEX interface for the GCVSPL package, developed by (Reina, 1998) has been implemented. 
The phenological function was then analyzed to retrieve the phenological metrics recalled 
above (SOS, EOS, NDVIMax, and LGP. From the NDVI fitted function we retrieved five 
transition dates corresponding to the aforementioned phenological stages as illustrated in Fig. 
2. An example of the crop type classification based on phenology approach is shown in Fig. 4.

Figure 4: Example of crop type mapping based on phenology metrics computed by using a time series 
of NDVI based on Sentinel 2 images. 

4 CONCLUSIONS 
The above-mentioned services, together with other services that will be developed within the 
AfriCultuReS project, are expected to boost the provision of information on threats to food 
security in Africa. For instance, crop products will feed early warning systems for crop yield 
failure. In view of the validation phase and the appreciation by the users, services are 
expected to improve and make further steps towards being provided in an operational basis. 
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ABSTRACT 
Research is oriented towards obtaining a Special Equipment able to produce decontaminated 
vegetables for human consumption, without using chemical treatments, in compliance with the 
conditions set by Nature. 

Keywords: greenhouse, hydroponic, extreme_cultivation, CEA, verticalfarm 

1 INTRODUCTION 
For a soldier the diet is a critical factor for physical endurance, since poor nutrition can have 
critical consequences on the operational field. 
On the other side, supplying troops away from home with fresh vegetables to be integrated into 
the daily diet is neither easy nor cheap, nor can it occur at high rates, for logistical reasons. 
Cultivating directly in an operating environment is an activity that cannot be done using 
traditional techniques and methods, but requires a Special Equipment that is transportable, 
installable and made operational where necessary, that can work automatically, simply and 
intuitively and that allows production controlled and repeatable, within a completely artificial, 
sterile and containment environment, able to completely separate from the external 
environment and its contamination. 

2 PROJECT’S GOAL 
The specific objective of MIG project is to allow the automatic production of high quality 
vegetables directly in the operating environment, an innovative aspect that allows localized 
production using advanced technologies for growing in a sterile and airtight environment: a 
hydroponic "Vertical Farm", inside an ISO20-1C container with containment, sterile, mobile, 
modular, completely automated. 

3 TECHNICAL BACKGROUND 
The technological solutions that have been sought allow the realization, in a standard shelter, 
of a completely artificial environment (lighting, air conditioning, irrigation and nourishment, 
sterilization, filtration, command and control, ...) for high density hydroponic cultivation of 
micro and baby fresh vegetables, rich in bio-available nutrients, high added value, with high 
qualities and antioxidant properties, improving the morale of the troops, as well as their 
nutrition. 
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Cultivating using a shelter allows easy portability and repositioning, as well as easy modularity 
of the system; the complete decontamination of the cultivation area, as well as the presence of 
filtering systems including CBRN filters, allow the high density cultivation of "clean" food 
obtained without using chemical treatments, in a decontaminated environment, without any 
exchange with the external environment, with a total computerized control, from sowing to 
harvest. 

3.1 Methodology 
MIG is a standard ISO20 shipping container that can be transported and repositioned with the 
normal means of the Armed Forces, in which technical and technological solutions have been 
introduced that make it a sterile new generation Hydroponic Vertical Farm able to 
autonomously grow high-density vegetables.  
The shelter is insulated and airtight to provide thermal insulation to the outside, energy 
containment and the necessary internal decontamination, in accordance with ISO14644-1 Class 
8, thanks to the division into different environments. Near the access are installed the necessary 
infrastructures for the decontamination during the transit of personnel and materials. Particular 
devices have been adopted to miniaturize the air treatment unit, the plant feeding systems and 
the tanks for the storage of cultivation waters, guaranteeing long operating autonomy.  
Particular care was taken in maximizing the cultivation area, with the realization of vertical 
cultivation racks made by N superimposed levels; each level is equipped with independent 
lighting and irrigation, allowing contemporary cultivations of different varieties. An electronic 
cultivation recipe allows the cultivation in a completely automatic way providing autonomously 
the management of all the subsystems. A self-contained solution that allows crops without using 
chemical treatments for live, ready-to-eat vegetables. 
The MIG control by the operator is performed using the touch screen in the Technical Area or 
the one in the Cultivation Area, as well as via Wi-Fi from any remote PC, allowing simultaneous 
remote monitoring of a complex shelter’s array. 
In the future, MIG can easily be converted into an ISO40 container or MIG arrays can be used 
to increase overall system productivity. 
Figure 1 shows a plan view of the container. 
Currently, high density microgreens test crops have been performed, as shown in Figure 2. 

Figure 1: MIG Layout 
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Figure 2: MIG microgreens cultivation 

4 DUAL USE 
The MIG Container Farm is designed and built to meet the MIL requirements for 
transportability and use in an operational environment, but it finds widespread and 
heterogeneous dual use: crisis response, emergencies, hostile environments, humanitarian 
missions, peace missions, scientific research, pharma-grade productions, as well as reuse of the 
solutions to achieve more extensive cultivations in urban or peri-urban areas and applicability 
in space applications (MIG received endorsement from ASI and CNR). 

5 CONCLUDING REMARKS 
As a result, the same solutions are scalable towards miniaturization for domestic and residential 
applications and towards expansion for the construction of large plants; think about the recovery 
of industrial buildings for large crops that meet the future food needs, without the use of 
phytosanitary harmful to our health and that of our planet.  
Climate changes, the increase in pollution make traditional agriculture critical, the MIG 
technologies allow a strong innovation that is heterogeneously adaptable to military and dual 
uses. 
MIG presents itself as a technological reference, scalable downwards for the realization of 
Micro-Equipment or upwards for the realization of Macro-Equipment, for vertical hydroponic 
cultivation, sterile, automatic, without use of pesticides, of very high-quality vegetables, 
healthy, fresh, that do not need to be washed, ready to be consumed, rich in bioactive molecules 
(vitamins, mineral salts, anthocyanins ...), to counterbalance the negative effects of stress. 
MIG is strongly actual and projected towards the future, considering for example that already 
from today the new residential urban constructions envisage replacing the traditional balcony 
or terrace with the integration of cultivation environments; these environments can only be 
realized at their best using the integrated MIG technologies. 
If you want to eat a healthy food, obtained in compliance with all the rules of cultivation 
provided by Nature before the man altered it, the only way to do it is using the MIG’s solutions 
and technologies. 
Automatically from seed to table, in absolute decontamination, without the use of chemicals, 
regardless of the external environment and contamination. 
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ABSTRACT 
The Italian Space Agency is promoting a roadmap for the design, manufacturing and operation 
of a new space re-entry drone.  The IPERDRONE program will consist of a series of missions 
characterized by incremental objectives, aiming at qualifying new type of missions and related 
technologies. The program include, as first steps, the design of inspection services for 
spacecrafts and manned vehicles to reduce the EVA missions of astronauts and the retrieval of 
payloads and their re-entry on ground. 
The paper will present the status of development of the first mission, which will demonstrate 
the system's capabilities such as proximity operations, inspection and interaction with a target, 
including a close rendez-vous demonstration. 

Keywords: space drone, in orbit inspection, re-entry vehicle, cubesat 

1 INTRODUCTION 
Since the late 1950 s, when the first artificial satellite was launched into space there has been 
an interest to inspect the spacecrafts. From simple inspection of non-cooperative vehicles to 
debris damage repair, commercial spacecraft life extension, space tug service of cooperative 
vehicles, the studies performed so far are many but for a variety of reasons, these systems have 
failed so far to come to fruition. ne of the greatest challenges was the level of maturity of the 
technologies required, casting doubt on the economic viability and clear industrial need.  
In the past decade, there has been a tendency to design and fabricate drones, which can perform 
missions in orbit autonomously. Generally, telescopes, satellites, robots and rovers are used in 
space. However, due to the advantages of drones compared to other approaches, a wider and 
wider research has been carried out by different space agencies in the world, including NASA 
to apply drones in space missions.  Recently also the European Space Agency is promoting a 
program named Space Drone in order to provide a wide set of in orbit services such as debris 
removal, post mission disposal, transfer orbit etc. 1 2  
Re-entry systems are a pillar for enabling future scenarios in space. The realization of reusable 
re-entry vehicle supports the development and the exploitation of LE  low-cost 
experimentation, the exploration and scientific experimentations, the commercial utilization of 
extra atmospheric resources and the expansion of aerospace operations such as the suborbital 
flight. 

1
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In this context, the Italian Space Agency is promoting a roadmap for the design, manufacturing 
and operation of a new space re-entry drone.  The IPERDR NE program will consist of a series 
of missions characterized by incremental ob ectives, aiming at qualifying new type of missions 
and related technologies. The program include, as first steps, the design of inspection services 
for spacecrafts and manned vehicles to reduce the E A missions of astronauts and the retrieval 
of payloads and their re-entry on ground. 
In particular, the requirement on the mass of the vehicle, only 20 g for the first mission, will 
ma e it competitive with the heavier existing technology. The design of the vehicle will ta e 
into account the safety requirements of the International Space Station in order to enable the 
largest variety of missions than s to the flexibility of the design. The paper will present the 
scenarios of application of this drone and the status of development of the first mission, which 
will demonstrate the system s capabilities such as proximity operations, inspection and 
interaction with a target, including a close rendez-vous demonstration.  

2 ITALY AND THE RE-ENTRY SYSTEMS 
Italian interest in reentry systems dates bac  to 198 -1988 and it has evolved from small space 
systems to very complex ones. 
Technical efforts by Italian industries, mainly supported by the Italian Space Agency (ASI), 
enabled Italy to develop technology for reentry systems.  
ASI support for reentry system technologies has resulted in a series of successes from national 
to international level. 
First studies, funded by ASI, saw an extensive definition and preliminary design study of the 
Carina capsule, this capsule was a system able to perform microgravity experiments and return 
to Earth.  
In the frame of technologies, ASI funded many pro ects for the development of the re-entry 
technologies such as for example the Advanced Space Assembly pro ect that developed four 
different thermal protection systems and related materials. 4  
Another extensive program was the Unmanned Space ehicle (US ) funded in the frame of 
the PR RA program and managed by CIRA under the supervision of ASI. This program started 
in 1999 and developed dedicated technologies and test beds for re-entry systems. 5  

The years spent in this research field brought Italy to promote as ma or contributor a European 
pro ect named Intermediate e perimental ehicle. This was the most complex pro ect in the 
frame of re-entry vehicles managed by the European Space Agency (ESA) with the support of 
the national space agencies such as ASI.  
I-  was launched with EGA 04 from the Guiana Space Center on 11 February 2015.
Reaching 41  m of altitude and a maximum in orbit velocity of , 5 m s it splashed down in
the Pacific cean and it was successfully recovered. The program allowed demonstrating the
European capacity to design, manufacture and perform a re-entry mission. Italian industries,
research centers and universities participated to the program developing and consolidating
national competences of system engineering and design authority, avionics, mission control,
communication networ , ground stations, antennas and telemetry, recovery operations, mission
analysis and in the scientific field of aerothermodynamics, fluid dynamics, propulsion,
verification. It allowed also the improvement of national manufacturing capacities of
subsystems such as power distribution unit, thermal protections, recovery subsystem and
composites.
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The success of the I-  pro ect lead to the next step of the European re-entry program: the 
Space Rider vehicle.  
The ob ective of this pro ect is to define and develop a reusable orbital laboratory for multiple 
space applications able to perform in-orbit payloads operations, de-orbit, re-enter, land on 
ground, be re-launched after limited refurbishment, enabling European routine access to and 
return from space. 
The target missions are micro-gravity experimentation, ISS cargo experiments return, in space 
technologies verification. Italy, which has been the ma or funder of this pro ect, sees the 
participation of Italian industries as prime and system architecture of this complex system and 
as supplier of part of the subsystems. 

3 IPERDRONE PROGRAM STRUCTURE AND OBJECTIVES 
Considering the rich and fruitful Italian competencies in re-entry systems, the Italian Space 
Agency decided to promote a national program named Iperdrone.  
In coherence and synergy with the ASI programmatic context, the IPERDR NE program has 
the overall ob ective of designing and implementing a small spatial re-entry system. This system 
shall be capable of carrying out operations in orbit involving the ISS, and then returning from 
low orbit through the atmosphere, until reaching the land surface where, at the end of the 
mission, the integrity of the embar ed payload and the functionality of the main subsystems 
will be verified. 
The IPERDR NE program will be implemented through a series of pro ects, with incremental 
ob ectives. 
The first pro ect consists in two missions in order to qualify the vehicle and its technologies. 
The first, named Iperdrone.0, will perform operations with a non-collaborative target and will 
control the de-orbiting disposal phase. The second, named Iperdrone.1, will design a vehicle, 
which can operate with the ISS, ega C and Space Rider. For example, a mission scenario 
could see Iperdrone as a courier ta ing payloads from ISS and bringing them to Space Rider 
and vice-versa. Another scenario could be the inspections of the ISS or ega C. 
In the frame of the first pro ect, enabling technologies will be also developed in the fields of: 

➢ Innovative propulsion systems for attitude control and De-orbiting manoeuvres
➢ Materials and structures for TPS

These technologies will be implemented in the next pro ects of the Iperdrone program. 

3.1 Iperdrone.0 objectives 
The main ob ectives of Iperdrone.0 are the following: 

• Develop a design which can be compatible with the ISS safety requirements
• Launch and identification of possible ISS resources to be required in future missions
• Manoeuvres around a non-collaborative target, which simulates the space station ega

C Space Rider for capturing images and videos to support the inspection and monitoring
activities.

• Rendezvous manoeuvres and simulation of doc ing manoeuvres with virtual targets (ex:
pre-determined GPS coordinates)

• Simulation of de-orbiting manoeuvres

3.2 Iperdrone.1 objectives 
The main ob ectives of Iperdrone.1 are the following: 

• Design the vehicle implementing the national technologies as far as possible which can
carry a payload of 10  of the final weight ( about 5 g)
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• Launch with transport and cargo systems that serve the ISS.
• Release from ISS or isiting ehicle near the station.
• perations such as manoeuvres around the space station for the purpose of detailed

inspection of the external surface to support the crew s operations and rendezvous and
doc ing with a cooperative target.

• Controlled de-orbiting manoeuvres.
• Return of payloads to the ground with recovery and verification of payload integrity

As example the inspection of areas that have limited, low resolution or completely void visual 
coverage from the camera system mounted externally to the vehicle to be inspected, such as the 
ISS, could avoid or limit the number of extravehicular operations (E A) performed by robotic 
or crew systems providing a 60-degree set of space station images. 
For this purpose, the Iperdrone will be provided of an imaging service equipped with advanced 
technical capabilities such as high resolution, color and stereoscopic images, D view for a 
better depth determination and technologies able to analyze materials up to a few centimeters 
on the external surface. 

Figure 1 Example of ISS blind spots 

4 IPERDRONE.0 STATUS AND DEVELOPMENT 
The Iperdrone.0 is approaching the Critical Design Review, which defines both the flight and 
ground segment design. The first mission should ta e place in 2020 in order to demonstrate part 
of the capabilities of the space vehicle. 
The design has been carried out ma ing a preliminary selection of the ISS safety requirements. 

4.1 Spacecraft configuration 
The configuration is sub ect to changes until the design is completely finalized, but a 
preliminary solution is presented here. 
The main components on the external surfaces of the CubeSat are: 

• The propulsion module which ensures easy separation of volumes within the satellite
• The optical payloads located as far as possible from the propulsion system nozzle to

minimize the ris  of plume impingement and contamination
• The star trac ers which are expected to point away from the sun and the collaborating

vehicle minimizing the Field of iew occlusions
• Two UHF -dipoles located on the  face for the space-to-space lin  with the

collaborating vehicle and the other for the space to ground TT C lin .
• S- and and GPS antennae
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• Two solar arrays which will be deployed once in orbit

Figure 2 Internal configuration 

The internal volume can be considered as divided in three 2U sections. The propulsion module 
occupies half of the lower volume near the –  face. The batteries occupy the other half. The 
main bus occupies the middle volume, which contain the Attitude and rbital Control System 
(A CS) the Command and Data Handling (CDH) and avionics.  
The top 2U volume is occupied by the optical payloads and UHF transceivers, which are 
mounted on the  face, with the transceivers being as close as possible to their antennae in 
order to minimize losses. 

Figure 3 Internal configuration 

Figure 4 Spacecraft main features 

4.2 Operation control center 
The IPERDR NE Ground Segment will be a networ  composed by the ayser Italia peration 
Control Center ( CC) located in Livorno, Italy and by the ehicle Control Center (IPE-CC) 
managed by Tyva . 
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Figure 5 Operation Control Center (OCC) at Kayser Italia 

The Iperdrone Control Center (IPE-CC) will interface with Tyva  ground stations and with the 
geographically distributed stations for mission data downlin .  
The Iperdrone perations Control Center ( CC) will manage the Iperdrone images from the 
IPE-CC and will manage the distribution to ASI and to qualified partners. It will guarantee a 
reliable transfer of the IPERDR NE data and support the mission operations. ayser Italia will 
manage the CC. The CC is already interfaced with the NASA ground and space networ s 
and can support future ISS communication protocols. 

Figure 6 Iperdrone.0 ground segment 

4.3 Iperdrone.0 mission 
The Iperdrone mission consists of four macro phases: 

1. Release and commissioning. In this phase, there will be the deployment of the CubeSat
and the commissioning of the platform. This phase could last a couple of wee s on
average, depending on the amount of tests and verifications that are to be performed.

2. Non-collaborating target inspection. In this phase Iperdrone will approach the target and
perform the manoeuvres in order to carry out the inspection

. Rendezvous demonstration with a virtual orbiting target.
4. De-orbiting, in this phase there will be the de-orbiting manoeuvre demonstration and

passivation of the CubeSat, which will lower its orbit into a pre-defined re-entry
corridor.
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Figure 7 Iperdrone.0 mission phases. 

5 CONCLUSIONS 
Iperdrone is a drone that can be employed in different missions. Some examples are its use as 
courier of small payloads, which can be transferred between two space vehicles, re-entry of 
payloads, inspections of launchers, in orbit inspections of space vehicles. This innovative 
employment of such a space drone shows all its synergies with on going space vehicles and 
programs such as ISS, Space Rider and ega C. 
The Italian Space Agency is fostering this long duration program in order to promote innovative 
space transportation systems and the Italian excellences in re-entry technologies. 
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ABSTRACT 

This paper presents the design, development and test of aser ube, a miniature optical 
communication terminal conceived for nano and microsatellites starting from the  form 
factor. The wor  was carried out in the framewor  of ESA contract No. AD. 
A complete engineering model (E ) of aser ube in its intersatellite lin  configuration has 
been developed and tested. It features ( ) a dual stage pointing and trac ing system based on 
a coarse pointing mechanism patented by Stellar project, ( ) an optical head with a full-duplex 
optical channel with transmission and reception on the same wavelength for two-way lin s, ( ) 
a telecommunication section with telecom laser source and receiver and ( ) the terminal 
control unit with onboard computer, actuator drivers and data interface.  
A validation campaign was conducted to simulate an intersatellite lin  scenario with realistic 
dynamic disturbance coming from the host satellite attitude jitter. In such conditions, the 

aser ube E  demonstrated a pointing and trac ing accuracy between  and  rad ( ) 
and it was capable of delivering  bps over a simulated intersatellite lin  distance of, 
respectively  m with BER of - . 

Keywords: laser communication, CubeSat 

1 INTRODUCTION 

Nano and micro satellites offer a unique mean to realize low-cost space missions accessible to 
a large variety of operators and users, and in the last decade their exploitation for commercial 
applications has been constantly increasing, with new pro ects based on fleets of small satellites 
announced every year. 
In this context, the interest for optical communication for point-to-point lin s is steadily 
growing due to the inherent advantages of such technology, that are  (1) much higher bitrate 
and wor able communication distance, compared to traditional RF systems  (2) increased 
channel security, since laser lin s are immune to amming and are virtually impossible to 
intercept  ( ) absence of frequency filing regulations, which comes particularly advantageous 
since RF bands allocation is close to saturation and (4) possibility to implement uantum ey 
Distribution protocols to further enhance the communication security. 

1 1
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Stemming from these premises, Stellar Pro ect is developing LaserCube, an optical 
communication terminal compliant to the CubeSat standard, so that it is suitable for integration 
on nanosatellite platforms starting from the 6U form factor, though it can be embar ed also on 
larger satellites. LaserCube is designed to transmit and distribute unprecedented quantities of 
diversified space-borne data, contributing to further increase the business opportunities in the 
growing New Space Economy related to the employment of CubeSats, including Earth imagery, 
weather forecasting, global telecommunications and internet services. ther perspective 
developments could be related to secure communications through the implementation of 

uantum Communication protocols. 
In this paper, the authors present the results of the LaserCube development under ESA contract 
4000121651 1 U AD, which falls within the ESA ARTES Competitiveness and Growth 
program – Technology Phase and was financially supported by the Italian Space Agency (ASI). 
Section 2 describes the LaserCube architecture and in Section  the LaserCube Engineering 
Model developed in the aforementioned ESA contract is presented. Section 4 summarizes the 
main results from the validation test campaign of the LaserCube EM. Conclusions are given in 
section 5. 

2 LASERCUBE SYSTEM OVERVIEW 

LaserCube is a miniature, two-way optical communication system compliant to the CubeSat 
standard, conceived for nano, micro and mini satellites. It is intended to provide a step-change 
in communication capabilities of such miniature spacecraft by the exploitation of optical 
communication.   
The most challenging aspect related to free-space optical communication over long distances is 
the required pointing accuracy that is needed to establish a laser lin , due to the extreme 
narrowness of collimated laser beams (typically between 1 and 100 rad). This is further 
complicated when small satellites are considered, since their attitude control systems cannot 
offer the same pointing accuracy and stability of the larger satellites that have embar ed optical 
communication systems to this date 1 2 . In fact, the realization of a lasercom terminal for 
small satellites is not a mere miniaturization of technology, but requires to tac le the laser 
pointing issue with a new approach. To this day, concepts and prototypes of laser 
communication systems for nanosatellites typically exploit the spacecraft attitude control for 
coarse pointing 4 5 6 8 9  optics are body-mounted to the satellite and fine pointing is 
achieved with a tip tilt mirror.  
LaserCube tac les this issue by the exploitation of a dedicated dual-stage pointing system, 
which is based on a coarse mechanism which, itself, can achieve pointing accuracy of 50 rad 
(1σ) or better, and a fine pointing stage that corrects laser steering down to 10 rad (1σ). The 
coarse pointing system (SPIN) is based on an innovative technology patented by Stellar Pro ect, 
patent No. PCT I 2016 05 14. SPIN (1) relieves the host satellite attitude control system to 
perform precise pointing and (2) permits to achieve laser coarse pointing accuracy better than 
100 rad (2σ), which is much better than the attitude pointing accuracy that can be achieved by 
nano and micro satellites equipped with star trac ers ( 1 mrad), thus ma ing possible to use 
C TS hardware for CubeSat ADCS without dedicated star trac ers. 

2.1 LaserCube Architecture 

The LaserCube top-level architecture is shown in Figure 1 and is common to both the 
intersatellite lin  configuration (LaserCube-ISL) and the downlin  configuration (LaserCube-
DL). The main figures of LaserCube-ISL and LaserCube-DL are summarized in Table 1. 
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Figure 1: LaserCube architecture based on modular design, common to downlin  and intersatellite lin  
configuration. nly the D subsystem is peculiar of the downlin  configuration and is conceived as 
an add-on pac age. 

Specification Intersatellite Link Down Link 

Size and Mass 2 U, 2 g 2 U, 1.  g 

Power 20  (telecom), 2  (idle) 20  (telecom), 1  (idle) 

Coarse pointing range  10 deg elevation and azimuth 

Pointing accuracy (2 ) 100 rad (coarse), 20 rad (fine) 

avelength 915 nm (T R ), 808 nm (beacon) 
1550 nm (T R ), 808 nm 

(beacon) 
Telecom beam width 0 rad 50 rad 

Telecom channels 
Up to 2 full-duplex (T -R ) 

pointing opposite directions 1 T  or 1 full duplex (T -R ) 

Uncoded it Error Rate 10-6 

Data rate 
100 Mbps @ 1500 m 
50 Mbps @ 2000 m 

1-5 Gbps from LE  (depending 
on G S aperture) 

Table 1 : LaserCube main features for the Intersatellite Lin  and Down Lin  configurations 

The Stabilization and Pointing Instrument for Nanosatellites (SPIN) is responsible for orienting 
the optical sub-unit (M S) with high accuracy (in the order of 100 rad) towards the direction 
connecting two LaserCube units, while re ecting disturbances due to satellite attitude itter and 
micro-vibrations. SPIN is the primary stage of the dual stage pointing system of LaserCube. 
The Miniature ptical Subsystem (M S) has a dual tas : collect laser light coming from the 
remote terminal (both telecom and beacon signals) on dedicated optical sensors and generate 
two laser beams (telecom and beacon). It features a fine-pointing mirror which constitutes the 
second stage of the dual stage pointing system. 
The Miniature Telecom Subsystem (MTS) comprises all the elements that are needed to 
generate an optical carrier, modulate the optical carrier with n- ff ey scheme, and detect 
the received optical signal. 
The Payload Electronic oard (PE ) manages power conversion and distribution, exchanges 
data with the satellite bus and manages the control of the dual stage pointing system actuators. 
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The uantum ey Distribution Subsystem ( DS) is dedicated to transmission of quantum-
encryption eys in a downlin  scenario  it is conceived as an add-on LaserCube subsystem and 
has been sub ected to a feasibility study. 
LaserCube-ISL features a full duplex (T  and R ) communication channel, to allow mutual 
data exchange between two satellites. Lasercube-DL is not provided with a receiver channel 
since, in space-to-ground applications, data transmission is heavily asymmetric, as data stream 
from LE  to ground is much higher than uplin ed data, which mainly consists in command and 
telemetry updates that can easily managed through standard RF systems. All LaserCube units 
are provided with a dedicated laser that acts as beacon for the parent unit (either another 
LaserCube unit or an optical ground station).  

3 LASERCUBE ENGINEERING MODEL 

This section describes the LaserCube Engineering Model for Intersatellite Lin s that has been 
developed in the framewor  of ESA contract 4000121651 1 U AD. 
The LaserCube EM ptomechanical sub-unit, including SPIN and M S, is shown in Figure 2. 
The LaserCube EM Electronic sub-unit, comprising MTS and PE , is shown in Figure . 

Figure 2. Left: ptomechanical Sub-Unit of the LaserCube Engineering Model  it fits in 1 CubeSat unit.  
Right: details of SPIN EM.  

Figure : LaserCube Electronic unit. Left: MTS. Right: breadboard integrated PE  elegant breadboard 
model  top view with most of the PE  sub-units. 

The SPIN Engineering Model consists in a 2 rotational degrees-of-freedom (elevation and 
azimuth) parallel platform, which is composed by a moving base that is mounted to the host 
satellite structure. The controlled movement of the platform serves as coarse pointing 
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(accuracy: 100 rad - 2 , range: 10 deg) of the M S along elevation and azimuth angles, 
while managing the disturbances coming from the satellite bus. The SPIN technology is 
patented by Stellar Pro ect (patent No. PCT I 2016 05 14). The SPIN EM is fully 
representative of the flight model in terms of volume, mass and performance. 
The M S Scaled Engineering Model is composed by the following elements: (1) a main lens, 
(2) a fast-steering mirror (FSM) based on a piezo tip tilt actuator, ( ) an optical system that
separates the optical path of the incoming beacon laser at 808 nm and the incoming and
transmitted telecom laser at 915 nm, (4) an optical sensor that is used to detect the beacon laser
and provide information on the optical unit pointing error, (5) a fibre-to-free-space adapter to
connect the M S to the MTS and (6) a fibre collimator lens from which the beacon laser is sent
towards the remote terminal (another LaserCube unit or a ground station). The M S SEM is
slightly larger than its flight version, which is currently under development.
The MTS breadboard features all the functional elements of one intersatellite lin  MTS unit,
which are: (1) an FPGA, (2) the telecom laser and the beacon laser sources with their drivers
and ( ) the telecom receiver with integrated electronics. The MTS breadboard is purely based
on commercial hardware and thus it is not fully representative of the flight model in terms of
mass and size.
The PE  elegant breadboard is composed by the Actuators Interface Unit (AIU), the Sensor
Interface Unit (SIU), the Micro-Controller Unit (MCU) and the Power Conversion Unit (PCU).
The Micro-Controller Unit is responsible of handling the whole operation of the dual stage
pointing system, which includes SPIN and the FSM. The control algorithm uses the signal
provided by the laser beacon detector to control the LaserCube pointing direction with respect
to the laser beam coming from another terminal. Secondary tas s of the MCU include the
handling of data and commands exchanged with the host computer, data-logging for diagnostic
purposes, and system status monitoring.
The Actuators Interface Unit comprises all the electronics required to drive the SPIN actuators
and the piezoelectric tip tilt platform of the fine pointing system that is inside the M S.
The Sensors Interface Unit comprises all the electronics required for sensors signals
conditioning and interfacing.
The Power Conversion Unit provides the required regulated power supply to all the components
of the PE . It receives three power lines from the satellite bus: .  , 5  and 12 , which are
quite common on CubeSats platform.
MTS and PE  flight models will be based on custom PC s compliant to the PC 104 format,
whose design is currently under development.

4 MAIN RESULTS FROM VALIDATION ACTIVITIES 

A laboratory validation campaign has been carried out with the goal of demonstrating the 
critical functions and performance of the LaserCube Engineering Model, in particular (1) the 
pointing, trac ing and satellite attitude itter re ection capability of the dual stage pointing 
system and (2) the intersatellite lin  performance in terms of bitrate and bit error rate. 

4.1 Pointing Accuracy of the dual stage pointing system 

In order to test the pointing and trac ing accuracy of the LaserCube dual stage pointing system 
under dynamic conditions that are representative of the operational scenario onboard small 
satellites, the test bed shown in Figure 4 has been set. It features (1) the LaserCube 
optomechanical sub-unit (SPIN EM  M S SEM) mounted on top of a pan tilt unit that is used 
to impose to the SPIN base a motion representative of the attitude itter of small satellites, (2) 
the PE  controlling the optomechanical unit, ( ) one M S breadboard providing the laser 
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beacon that simulate the presence of a remote LaserCube unit and (4) the ground segment 
equipment (power supplies and one PC to monitor the experiment). The whole experiment is 
mounted on an optical table with vibration isolation. 
After initialization and homing procedure, the LaserCube optomechanical unit aligns itself with 
the laser beacon  then, the pan tilt unit is activated, imposing a sinusoidal motion to the SPIN 
base while the dual stage controller compensates and eeps the optical unit aligned with the 
laser beacon. The beacon detector readings are saved as a measure of the pointing system 
accuracy. The pan tilt unit has been activated moving one axis at a time, imposing sinusoidal 
motions that simulates small satellites attitude itter according to a pre-set profile 10 11 . 
Then, the pan tilt unit has been also used to impose simultaneous excitation on both axes, 
considering sample points of the disturbance profile curve. According to the test results, the 
pointing accuracy is always between  and 10 rad (1 ) in the 0.01 – 10 Hz spectrum of 
imposed disturbances. The disturbance attenuation profile of the LaserCube dual stage  dual 
rate pointing, trac ing and disturbance re ection system is between -45 d  and -5 d  in such 
frequency range.  

Figure 4. Complete test setup for validation tests of LaserCube pointing, trac ing and disturbance 
re ection capabilities. 

4.2 Telecom performance 

The second ob ective of the validation campaign was to test the telecommunication 
performance of LaserCube in a simulated intersatellite lin  scenario. For this activity, the test 
setup has been augmented with the addition of the MTS breadboard, comprising the 
transmission section (FPGA, pigtailed laser telecom 915 nm and driver, attenuator and driver, 
optical circulator) connected to the M S SEM and the receiver section (APD receiver, 
oscilloscope) connected to the M S breadboard, as shown in Figure 5. The laser driver 
modulates the telecom laser output through modulation of its current as a square wave with 
given frequency up to 50 MHz (due to current modulation limits of the commercial laser driver), 
which correspond to simulated equivalent bitrates, according to a signal provided by the FPGA. 
The variable attenuation of the modulated optical signal is set by another module controlled by 
the PC. The FPGA thus provides the control signal to the variable attenuator, which can vary 
the attenuation from 0 to 0 d  in steps of 1d . The modulated attenuated optical signal is fed 
to the M S SEM and free-space propagated. At the receiving end (M S ) it is coupled to 
either single mode fibre (core: 6 m) or a multimode fibre (core: 100 m) and sent to the input 
of the APD Helix receiver. The output differential voltage is sent to the oscilloscope where the 
eye-diagram is shown and ER is estimated for different input power levels and different 
modulation rates. For each modulation rate the eye diagram is shown for several values of 
received power, from 0.8 , to 80 n , which correspond to intersatellite lin  distances 
between 925 m ad 2920 m.  
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Figure 5. Complete test setup for validation tests of LaserCube telecom performance, under disturbances 
due to host satellite attitude itter. 

First, the single-mode fibre has been used at the receiver and eye-diagram measurements have 
been ta en at first with the pan tilt unit non-active. Then, measurements have been ta en with 
the pan tilt unit active  in this case, though the signal was detectable, the signal power was 
suffering from significant variations  this is because the focussed telecom laser spot at the fibre 
in ection was sub ected to lateral displacement in the order on 1-2 m, which is comparable to 
the fibre core of 6 m, resulting in too high pointing losses. Then, the single-mode fibre was 
replaced by the multi-mode fibre  in this condition, the tests were repeated and no appreciable 
variations were measured in the received telecom signal with the pan tilt unit perturbating or 
not perturbating the system. This is because, in this case, the pointing loss were negligible. 
Also, slight improvement of ER can be appreciated since the multimode fibre can collect more 
energy and thus provide a higher signal-to-noise ratio. ER estimation with the use of the multi-
mode fibre at the receiver section is summarized in Figure 6.  

Figure 6. ir Error Rate vs intersatellite lin  distance for 50 Mbps bitrate (measured in both static and 
dynamic tests) and for 100 Mbps (extrapolated from test results). 

5 CONCLUSIONS AND FUTURE WORK 

This paper summarizes the development of the LaserCube Engineering Model carried out in 
the framewor  of ESA ARTES C G contract No. 4000121651 1 U AD. 
LaserCube is a miniature optical communication terminal for small satellites. An engineering 
model (EM) was sub ected to a validation campaign whose goals were (1) the demonstration of 
unprecedented pointing and trac ing capability for a laser communication terminal for small 
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satellites and (2) the demonstration of the expected telecom performance in a simulated 
intersatellite lin  scenario. The LaserCube EM demonstrated a pointing and trac ing capability 
better than 10 rad (1 ) in the expected vibration environment. Under such test conditions, the 
EM was capable of delivering 50 Mbps over a simulated intersatellite lin  distance of 2100 m 
with ER of 10-6. 
The activity also included a feasibility assessment for the integration in LaserCube of an add-
on pac age for uantum ey Distribution, in order to provide enhanced communication 
security. 
The next step towards the commercial exploitation of LaserCube is the design and development 
of the flight model for in-orbit demonstration, which is expected in 2020 for the downlin  
configuration of LaserCube. 
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ABSTRACT 
Since March the 22nd 2019 the PRecursore IperSpettrale della Missione Applicativa (PRISMA) 
is in orbit on a sun-synchronous orbit at 615 km for a five years operational lifetime. The 
PRISMA mission, fully funded by the Italian Space Agency, is based on a technology 
demonstrator project, aimed at the in space qualification of an innovative hyperspectral 
payload and at the development of new Earth Observation products and applications. In the 
upcoming Earth Observation European scenario PRISMA is expected to be a good opportunity 
for science and users community to access hyperspectral data, both to develop new application 
products and to explore technological innovative contribution of hyperspectral data to Earth 
Observation, in the perspective of a future hyperspectral operational mission. PRISMA will 
provide images acquired by an innovative electro-optical instrument using an Imaging 
Spectrometer, able to acquire in contiguous spectral bands ranging from 400 to 2500 nm, 
optically integrated with a medium resolution Panchromatic Camera (PAN). The PRISMA 
payload uses pushbroom scanning technique to collect PAN/HYP image strips up to 1800 km 
in length and along sub-satellite track.  
This paper will report the status of the PRISMA mission and will present the commissioning 
phase and preliminary mission exploitation plan. 

Keywords: PRISMA, Hyperspectral Data, Earth bservation, Data Policy 

1 INTRODUCTION 
PRISMA is an innovative Earth bservation mission fully funded by Italian Space Agency 
(ASI), based on an innovative electro-optical instrument, combining a hyperspectral sensor with 
a mediumresolution panchromatic camera. PRISMA was launched on 22 March 2019 on board 
the EGA roc et. PRISMA is potentially of great interest, both for scientific community and 
for end users because it could provide an innovative contribution to Earth bservation, than s 
to the capability to acquire worldwide lot of data with a very high spectral resolution and in a 
wide range of frequencies. The combined hyperspectral and panchromatic products give the 
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capability of recognition of the geometric characteristics of a scene and may provide detailed 
information about the chemical composition of materials and ob ects on the Earth surface, 
giving enormous impacts to remote sensing applications. The combined use of H P and PAN 
is expected to give an innovative contribution mainly in the field of:  

� forest analysis (e.g., forest disturbance, forest fires, forest classification, biomass
analysis)

� precision agriculture (e.g., crop mapping, crop rotation, crop stress analysis,
fertilization)

� inland and coastal waters (e.g., ater quality, chlorophyll monitoring, alga bloom)
� climate change and environmental research (e.g., desertification, deforestation,

vegetation stress, environmental degradation and hazards)
� raw material exploration and mining
� soil degradation and soil properties.

This paper will report the main PRISMA mission characteristics and performances after the 
launch, preliminary commissioning activities and early mission exploitation plan 

2 PRISMA ARCHITECTURE 
The PRISMA system includes Ground and Space facilities able to perform all the functions 
requested to provide image acquaisition planning on targets of interest, data acquisition and 
downloading to ground station, processing and products delivering to the end user 1 . In the 
following figure (Figure 1) the mission architecture is presented: 

Figure 1: PRISMA Mission Architecture 

The PRISMA mission can operate in two modes, a primary mode and a secondary mode. The 
primary mode of operation is the collection of hyperspectral and panchromatic data from 
specific individual targets requested by end users. In the secondary mode of operation, the 
mission will have an established ongoing bac ground  tas  that will acquire imagery to fill up 
the entire system resources availability. Daily planning should always include the user 
acquisition requests and enough bac ground (systematic acquisitions). 
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2.1 Area of Interest 
PRISMA provides the capability to acquire, downlin  and archive images of all 
Hyperspectral Panchromatic channels totaling 200,000 m2 daily over the Primary Area of 
Interest (Figure 2) 

Figure 2: Area of Interest 

The Area of Interest is defined as: 
- Longitude: in the range 180  - 180 E
- Latitude: in the range 0 S - 0 N

2.2 Commissioning phase 
The commissioning phase will is allowing the in-flight verification and calibration of the 
payload and the full validation of the System (Space Segment, Ground Segment and ILS PS 
Segment) before releasing the products to the user community. During both the commissioning 
and the operational phase, a series of imaging campaigns designed to assess the PRISMA 
performance and to generate image products is envisaged. After the end of the commissioning 
phase, actually expected to end in late September 2019, it is foreseen a structured three years 
CAL AL activity, which will be performed on instrumented sites distributed in Italy in support 
to:  

- the performance characterization of the instrument
- the verification and maintenance of mission performance over time
- the effective use of data.

A systematic validation process is foreseen both during the commissioning phase and during 
the operational phase. The alidation involves the assessment of the accuracy of data and 
products, over the relevant spatial, temporal and spectral domains. The overall approach for 
validation is based on an extensive use of ground-based data, including airborne surveys with 

NIR-S IR scanner possibly coupled with thermal L IR multispectral data and field 
activities contemporary to the PRISMA acquisitions. The test sites have been selected 
according to the peculiar thematic areas of interest for the mission (Table 1). 
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Table 1: Italian test sites. 

International test site are still under agreement. 

3 SPACE SEGMENT 
The PRISMA space segment consists in a single small class spacecraft. The PRISMA payload 
is a hyperspectral panchromatic camera with NIR ( isible and Near-InfraRed) and S IR 
(Short ave InfraRed) detectors. The expected performance and characteristics for the mission 
are reported in the following table (Table 2): 

Table 2: PRISMA main characteristics. 

It consists of an Imaging Spectrometer, able to acquire in a continuum of spectral bands ranging 
from 400 to 2500 nm, and a medium resolution Panchromatic Camera (PAN) 2 .  
The PRISMA Hyperspectral sensor utilizes the prism to obtain the dispersion of incoming 
radiation on a 2-D matrix detectors in order to acquire several spectral bands of the same ground 
strip. The instantaneous  spectral and spatial dimensions (across trac ) of the spectral cube 
are given directly by the 2-D detectors, while the temporal  dimension (along trac ) is given 
by the satellite motion (pushbroom scanning concept).  
The PDHT will store the acquired data in its internal memory and download it to the ground 
station in Matera via a dedicated -band lin . 
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4 GROUND SEGMENT 
The PRISMA GS consists of the following main elements: 

� MCC – Mission Control Center
� SCC – Satellite Control Center
� IDHS - Image Data Handling Segment Center.

The MCC consists of a unique subsystem, the Mission Planning System (MPS). It is the G S 
element responsible for the scheduling of on board operations and for coordinating ground 
activities, performing overall mission planning, allocating resources and solving conflicts.  
The SCC includes the Satellite Control System (SCS), the Flight Dynamics System (FDS), the 
Sband TT C Station (TT C) and the G S Networ  (Communication infrastructure connecting 
the PRISMA G S centers and facilities).  
The IDHS is in charge of performing all the chain from the Users requests management to the 
delivery of final products, including reception of images data from the satellite and their 
processing. It includes different elements:  

- Centro Nazionale Multimissione (CNM)
- L0 Processor
- L1 Processor
- L2 Processor
- Calibration facility
- GCP D .

The CNM provides all ground segment functions related to catalogue browsing, image ordering 
from catalogue, standard products processing and product delivery. It includes the -band 
ground station used to receive the payload data downloaded by the PRISMA satellite.  
The user will access the PRISMA services via web through a unique access point named CNM 
Access System (CAS) permitting a Single Sign- n (SS ) authentication and then the access to 
the User Interaction Subsystem (UIS). The UIS provides end users with web-based interfaces 
for user management, accessing services relevant to catalogue browsing and query, products 
ordering, processing requests and help des . 

4.1 PRISMA products 
The Ground Segment data processing provides at Sensor Radiance (Level 1 products) or at 
Surface Reflectance obtained by applying atmospheric correction (L2b L2c product) and 
geolocation (L2d products). Users can order new acquisition or catalogue products  of the 
T A (Top f Atmosphere) radiometrically calibrated H P and PAN radiance images and or 
the Geolocated Geocoded Atmospherically corrected H P and PAN reflectance images. 
In detail the deliverable standard products are: 

- Level 0 (H P PAN) - formatted data product with appended metadata, including
ancillary data and file formatting information (Archived data)

- Level 1 (H P PAN) - radiometrically corrected and calibrated radiance data in physical
units. This product provides: Top-of-Atmosphere Spectral Radiance  Cloud mas  Sun-
glint Mas  Calibration and characterization data used and Classification Mas

- Level 2b - Geolocated at Ground Spectral Radiance Product (H P PAN)
- Level 2c - Geolocated At-surface Reflectance Product (H P PAN). This product

includes Aerosol Characterization Product ( NIR), ater apour Map Product (H P)
and Cloud Characterization

- Level 2d - Geocoded version of the level 2c products (H P PAN).
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5 MISSION EXPLOITATION 
PRISMA is a scientific and demonstrative mission,  it will play a significant role in the 
upcoming international scenario  of Earth bservation  than  to the development of  New Data 
Processing (methods  techniques enabling new applications or services), New Products (e.g. 
Data Fusion),Pre-operational downstream services, Exploitation Platforms. Access to mission 
data is regulated by the PRISMA mission data policy document 4 . 

5.1 Data Access 
The access to PRISMA products will be controlled and based on user registration. A license, 
containing the terms and conditions of the service shall be signed. User will be allowed to 
require new acquisition and or products from catalogue based on archived data. The access to 
new acquisition request and products will be sub ect to limits of quota and priority. Products of 
level 0 will be accessible only to users belonging to ASI, in order to preserve the industrial 
now-how underlying the development of the mission. Product of higher level (L1 and L2) will 

be accessible to all users. Currently it is not considered access to new acquisition request for 
commercial users. 

5.2 Data Policy 
The PRISMA Data Policy document establishes technical and legal principles to regulate access 
to mission products, in accordance with foreign policy and domestic security. It is based on the 
following guidelines:   

- To allow a wide use of products in order to validate the technology, maximize the return
on investment and support the development of s ills in an innovative sector.

- To promote the development of domestic competences, in view of future opportunities
at European and international level.

- Promote scientific use and experimentation of innovative application services.
- To allow the development of commercial demonstration services, on the basis of archive

data (as actually foreseen) and in accordance with the characteristics of the mission.
The data policy document also provides the categorization of users and possible uses of 
products. Every PRISMA mission user can assigned to one of the followings categories:  
A. ASI as system owner and entity carrying out the maintenance of system in operating
conditions and the safeguarding of national security

. Domestic Institutional User (Universities, Research centres,  Local authorities, Agencies,
etc..)
C. Foreign Institutional User (Universities, Research centres,  Int. authorities, Agencies, etc..)
D. Generic users.

Possible uses of products will be: 
- Scientific Use:  research and study activities
- Institutional Use: innovative, public utility and non-profit applications
- Commercial Use: pro ects with commercial purposes, currently based exclusively on

archive data.

PRISMA products will be free for new acquisition request and for archived products in the 
following cases: 

- Category A users
- Scientific Use from Category 
- Institutional-Application Use from Category , only on Italian regions
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- Scientific use and Institutional-Application Use by non-Italian user, limited by a quota
and in the framewor  of Agreements or others initiatives (e.g. Announcement f

pportunities, pen Calls, etc).
In remaining cases (e.g. commercial use) products will be sub ect to a fee. 

6 CONCLUSIONS 
PRISMA is an innovative Earth bservation Italian mission aiming at acquiring and delivering 
hyperspectral and panchromatic images of the earth as an original contribution to remote 
sensing applications.  
Earth bservation is recognized as a ey instrument to support monitoring actions at local and 
global scale aimed to ensure environmental sustainability of human activities. An innovative 
role is represented by PRISMA Mission in term of development of new analysis methodologies 
which involve the capability to observe not only the geometric features but also the chemical-
physical ones of the targets of interest. 
PRISMA will provide high quality hyperspectral products (images) on specific individual 
targets requested by the users, free of charge and with a mostly open access. 
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ABSTRACT 
Through thickness reinforcement is based on the introduction of out-of-plane reinforcing 
elements within composite laminates. Such elements may consist in metal or consolidated 
fibrous rods, i.e. z-pins, for pre-preg based laminates; alternatively, dry threads can be inserted 
through the thickness in two-dimensional woven fabric stacks, which are then infused with 
resin. Through-thickness reinforcement has been shown to vastly enhance the fracture 
toughness of composite laminates, arresting the growth of delaminations under a variety of 
loading scenarios, including fatigue and impact. This allows a considerable improvement of 
damage tolerance performance in primary composite structures. 
This paper provides an overview of the most recent manufacturing, experimental 
characterisation and modelling techniques for the trough-thickness of laminates, with 
particular emphasis on z-pinning for pre-preg-based laminates and tufting for woven 
composites. A finite-element multi-scale modelling framework for the design of through-
thickness reinforced composites is presented and validated via a tailored pyramid of testing. 
Also, a novel structural health monitoring technique based on the measurement of through-
thickness conductivity in through-thickness reinforced laminates is demonstrated. 

Keywords: delamination arrest, through-thickness reinforcement, structural health monitoring, 

damage tolerant design. 

1 INTRODUCTION 
Conventional composite laminates comprise reinforcing fibres arranged in two-dimensional 

architectures within individual plies. Therefore, bonding between adjacent plies relies solely on 

the unreinforced composite matrix. For this reason, composite laminates have excellent specific 

mechanical properties in plane, but they are relatively weak in the out-of-plane direction, i.e. 

prone to suffer from ply delamination. Impacts are one of the primary causes for the onset of 

delaminations, which can then progressively propagate under cyclic loading due to fatigue. The 

detection of delamination in service is particularly challenging, since interlaminar cracks are 

buried within the bulk material, often with barely visible indication of the presence of damage 

on the laminate surfaces. 
Through-Thickness Reinforcement (TTR) provides an effective means to inhibit delamination 

growth in fibre-reinforced composites. TTR techniques include stitching, z-pinning, tufting, 

1 0
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braiding, z-anchoring, 3D weaving and embroidery [1, 2, 3]. Among the latter, z-pinning is the 

only TTR method that is directly applicable to prepregs.  

Z-pinning consists in inserting small diameter rods in the thickness direction of a composite

plate/shell, hence the reference to the "z"-axis from classical laminate theory. The TTR rods

restrain delamination opening and sliding, thus enhancing the apparent fracture toughness of

the embedding laminate. Z-pins are usually made of high-strength and high-stiffness materials,

such as Titanium alloys or steel, or fibrous carbon composites. In mode I- dominated conditions,

mechanical energy that would have been available to grow interlaminar cracks is actually

dissipated by friction during progressive z-pin pull-out. In mode II, the energy dissipation is

mainly due to plastic deformation for metallic z-pins or to the brittle failure of composite TTR

rods.

Z-pins can be inserted using the ultrasonic assisted process UAZ [5, 6]; in this case the TTR

reinforcement is denoted with the commercial name Z-fibresTM. Recently, a "direct insertion

method" [7] has been patented by Rolls-Royce plc.

Under quasi-static loading, the use of z-pins vastly increases the mode I apparent fracture

toughness (up to 20-fold) and also significantly improves the mode II fracture toughness (up to

4-fold) [6, 8, 9]. In low-velocity impact conditions, z-pinning reduces the delaminated area by

as much as 64% [6, 10, 11], hence increasing the "compression after impact" CAI strength of

composite laminate by up to 45% [12, 13, 14]. It is worth stressing that the CAI metric is very

important for the sizing of composite structures, since it determines the maximum level of

strains that components can withstand according to a "no damage growth" design paradigm.

Hence the adoption of TTR is of primary importance for the development of damage tolerant

composite structures [4].

In order to promote the adoption of z-pinning at an industrial scale, models are needed to

simulate the response of laminates with embedded TTR in the form of small-diameter rods. In

general, this entails the adoption of a multi-scale modelling framework, whereby the

performance of TTR is characterised at single z-pin level and the associated bridging tractions

are smeared on ply interfaces experiencing progressive delamination [15]. The need of

connecting different modelling scales has led to the introduction of several semi-analytical

models to describe the behaviour of single TTR units [16, 17, 18, 19, 20, 22]. Similarly, high-

fidelity finite element (FE) analysis has been applied at the individual z-pin scale [23, 24, 25].

The latter can accurately represent all the z-pin bridging mechanisms observed in single TTR

pull-out experiments [26], but the associated computational cost is very high, with run-times in

the order of days on high-performance-computing platforms. This is the reason why semi-

analytical models of the single z-pin response still have significant merit for predicting the

performance of TTR laminates. These models can be effectively considered as "reduced-order"

representations of the pull-out/failure behaviour of single z-pins, which aim to capture the

underlying physics with sufficient detail, but, at the same time, with a cheap computational

cost. Traction-displacement laws for z-pinned interfaces generated at individual TTR level are

usually embedded in cohesive-zone FE formulations for structural-scale simulations [27, 28,

29, 30].

However, the bulk of the existing literature regarding the performance of TTR laminates is

focussed on quasi-static loading cases, as well as low-velocity impact. The characteristic pull-

out rates are in the order of 10-2 mm/s for the former case and 10 mm/s in the latter regime.

Actual high-velocity impact scenarios on composite structures, e.g. bird strike, usually entails

strain rates on the order of 103-104 s−1. If we assume a characteristic laminate thickness in the

order of millimetres, the aforementioned strain rates correspond to pull-out speeds for TTR

elements of at least 103-104 mm/s. Three very recent contributions to the literature from our

research group have addressed the z-pin performance in the latter regime [31, 32, 33].
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2 MULTI-SCALE MODELLING FRAMEWORK 
A multi-scale modelling framework has been developed to capture the bridging effect 

introduced by through-thickness reinforcements such as z-pinning and tufting (Figure 1). 

Figure 1. Multi-scale framework for modelling of through-thickness reinforced composites. 
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A series of experimental characterisation tests of the bridging effect of a single TTR were 

performed at different mode-mixities. The TTR is orthogonally inserted in a specific fibre bed 

– polymer matrix composite. Further details can be found in [30]. The output of these

measurements are the bridging tractions versus total displacements, which allow to calculate

the apparent enhancement to the fracture toughness brought by the TTR (green box in Figure

1).

These measurements allow for the calibration of the semi-analytical micro-mechanical bridging

model, presented in [22]. The latter is capable of predicting the continuous bridging forces

exerted by the TTR on the interlaminar crack faces, as functions of the delamination opening

and sliding displacements. The modelling output at this length-scale is the amount of dissipated

energy by an individual TTR, !"#$ , and its displacement at failure, %"
&

, as a function of mode-

mixity (pink box in Figure 1).

These two outputs from the micro-scale model, (!"#$  - %"
&

), are fed into finite element models

of macro-scale structural components. At this scale, it is possible to identify the bridging

response and interaction of multiple TTR. This interaction is represented by a smeared

approach, using enhanced cohesive zone elements. This enhancement takes the form of an

additional fracture energy, obtained from the micro-mechanical model, which accounts for the

interlaminar toughening effect due to the presence of the TTR. The exact formulation of this

enhancement effect is defined in Section 4.

There are two main advantages in using this framework to model through-thickness reinforced

composites: its simplicity of application at the macro-scale and its computational efficiency.

The simplicity of application stems from the fact that no a priori knowledge of the exact position

of the TTR elements in the laminate is required, since these are not explicitly modelled. The

model simply requires a standard cohesive element mesh at the interface prone to suffer

delamination. Also, the implementation of the cohesive element and the integration of the

bridging map information from the micro-mechanical model are achieved seamlessly without

any specific intervention required by the user. The efficiency of the model derives from the

very fast implementation into a cohesive law, without the need to constantly search for the

bridging tractions for each time increment of the finite element analysis, as in [30]. Instead, a

tri-linear cohesive law in closed form is implemented, accurately representing the most

fundamental physical quantities governing the bridging effect. These are the amount of energy

dissipated and the total displacement at complete pull-out or bending failure of the TTR.

3 MICRO-MECHANICAL CONSTITUTIVE BRIDGING MODEL 
The micro-mechanical model represents the bridging z-pins as Euler-Bernoulli beams 

embedded in an elastic medium undergoing small but finite rotations. It is assumed that the 

beams are orthogonal to the delamination plane. The beams are embedded in a Winkler type 

linear elastic foundation [22]. The TTR fracture is taken into account by using a Weibull 

strength criterion. This allows describing the transition from complete pull-out to TTR fracture 

with increasing mode mixity ('), which is associated with a decrease in apparent interlaminar 

fracture toughness (($). It is postulated that the energy dissipation in pure mode II can be 

entirely attributed to the fracture toughness associated with the tensile fibre failure of the 

bridging TTR under bending loads. The system of non-linear differential equations given in 

Equations (1)-(3), whereby the axial ()̅), transverse (+,) and bending (-.) bridging forces are 

expressed as a function of the normalised pull-out displacement (/) and transverse sliding 

displacement (0), is numerically solved as a boundary value problem in MATLAB®. 
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In Equations (1)-(3), <, :, 0, 8, 6 and 7 are the insertion asymmetry, normalised resultant force 

along the TTR, normalised transversal (sliding) displacement, TTR insertion length, Young’s 

modulus of the TTR material in the axial direction, and TTR cross-sectional second moment of 

area, respectively. The solution for the bridging forces is found by discretising the normalised 

pull-out displacement / and mode-mixity ' ranges, so that for each value of ', / increases 

incrementally. This numerical procedure is performed until the bridging TTR satisfies the fibre 

failure criterion or complete pull-out is achieved. 

For each mode mixity ('), the amount of energy dissipated during the pull-out process is 

computed. If TTR failure is predicted, then the energy associated with TTR failure in tension 

is added, according with Equation 2, 

($ = <8G )̅d/
I

J
+
L
4
!E#
& C9	 (4) 

where !E#
&

 is the fibre-failure fracture toughness of the TTR in mode I and C is the TTR 

diameter. 

Input parameters which relate to the intrinsic material properties of the TTR or geometrical 

configuration are either known a priori, or they can be assumed from values published in the 

open literature. However, parameters corresponding to the disturbed reinforced laminate are 

not known and need to be calibrated against meso-scale single TTR testing. There are six 

unknown input parameters [22, 30], which can be calibrated by means of a parallelised genetic 

algorithm (GA). These are the foundation stiffness provided to the bridging TTR by the 

embedding laminate, the frictional properties at the TTR/resin pocket interface during pull-out 

and the strength and fracture of single TTRs (see [22] for further details). 

The micro-mechanical model is validated against mixed-mode pull-out tests, which involve a 

laminate with a single TTR element. Using a quasi-isotropic (QI) laminate stacking as a case 

study, the micro-mechanical bridging model is calibrated and validated by means of the 

apparent fracture toughness data obtained from mixed-mode pull-out testing of single 

carbon/BMI TTRs. As shown in Figure 1, the model is able to reproduce the correct trend of 

the apparent fracture toughness as function of the mode-mixity. A summary of the known, 

assumed and calibrated parameters are given in Table 1, as per (15). 
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Figure 1. Apparent fracture toughness of single reinforced coupons normalised for a 2% areal 

density vs. mode-mixity [22, 26]. 

Table 1. Micro-mechanical model input parameters for T300/BMI TTRs [22]. 

Known TTR insertion parameters 

D (mm) L (mm) a (-) 

0.28 8.0 0.5 

Assumed stiffness, strength and friction properties 

E (GPa) XT (MPa) V0 (mm3) m µ (-) 

115 1860 2250 27 0.7 

Calibrated model parameters 

N,O (N/mm2) p0 (N/mm) p1 (N/mm) f (1/mm) !E#
&

 (N/mm) 

165 10.5 0.375 1.5 170 

As mentioned above, a Matlab® script has been written to solve the system of non-linear 

ordinary differential equations. The output of the micro-scale model is a single text file 

containing tabulated records of the dissipated energy, calculated according to Equation (Error! 
Reference source not found.), and the total displacement at which complete pull-out or TTR 

rupture occurs. These are defined according with Equation (Error! Reference source not 
found.), where %E and %EE represent the pull-out and sliding displacements, respectively. These 

results are output for each mode-mixity ratio, defined as: 

' =
%EE

P%EE
9 + %E

9
	

(5) 

The output text file has format compatible with the commercial finite element software LS-

DYNA®, where the remaining parts of the simulation framework are run. 
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4 MACRO-SCALE FINITE ELEMENT ANALYSIS 
The bridging length of the inserted TTRs is of the order of magnitude of the laminate thickness, 

resulting in large-scale bridging mechanism in addition to interlaminar delamination and other 

intralaminar and translaminar failure mechanisms. An explicit scheme is here considered to 

avoid severe convergence issues that can be encountered due to material softening. 

The user-defined interface constitutive law is written in a Fortran 90 subroutine. At each time 

step, the LS-DYNA® solver computes the displacements and opening rates and passes these 

arguments to the user-defined cohesive subroutine. The resulting tractions at the integration 

points at the end of the time step are computed based on the pre-defined constitutive law, stored 

history variables and material constants, and they are passed back to the main part of the finite 

element code for use in the next time step. 

The matrix material is assumed to follow the Cohesive Zone Model (CZM) described in [34-

35]. The underlying principles of the CZM are that the inelastic state of the fracture process 

zone can be represented by a surface of interface elements. The CZM relates the tractions Q to 

displacement jumps % at the crack interface. Damage initiation is governed by the interfacial 

strength, which is followed by a linear softening, whereby the energy dissipated during the 

crack opening is controlled via the intrinsic toughness !R (i.e. the area under the traction-

separation curve). Tractions are reduced to zero when the displacement jump is equal to, or 

greater than, the displacement at failure %&	 and a new crack surface is formed. 

As mentioned before, the modelling strategy described here does not require accounting for the 

actual locations of individual TTRs, nor their individual contributions to the energy dissipation. 

Instead, a cohesive formulation approach is considered here, where the energy dissipated by an 

individual TTR (($) is smeared across the cohesive area of the interface elements, as a 

function of the TTR areal-density ()ST) of the reinforced regions and the diameter of a TTR 

(C). This leads to the following expression: 

!"#U = ($ ∗ )ST
4
LC9

(6) 

where !"#U  represents the apparent fracture toughness smeared across the interface region. The 

rationale for such a choice is that delamination propagation is an intrinsically energy-driven 

process, whereby interlaminar crack growth causes a dissipation of mechanical energy. 

While a delamination propagates through a z-pinned area, the crack front passes through the 

matrix material and it impinges individual TTR elements. We therefore consider the quotas of 

mechanical energy dissipated by both the interface "constituents" – matrix and TTR – in a 

combined fashion. Given that the dissipated energies are not recoverable, and they are 

associated to independent mechanisms, these can be simply summed. The total dissipated 

energy associated with the progressive fracture of an interface with TTR is therefore given by: 

!"#W = !"#U + !"#X  (7) 

This method will from now on be referred as Energy Equivalent Bridging Map (EEBM). The 

name stems from the fact that, whilst the actual bridging forces from the bridging maps 

calculated by the micro-scale analytical model are no longer used themselves (as in [30]), the 

dissipated energy and the displacement at failure computed from those bridging maps are. An 

equivalent stress state can be defined and directly related to that of the real bridging forces. This 

guarantees identical amount of energy dissipation during crack propagation and the correct 

failure mode and displacement for the TTR. 

1 12
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From this point onwards, an inverse process with respect to a traditional CZM formulation is 

followed. In a traditional CZM model, the pure mode I and pure mode II loading conditions are 

known a priori, and the combined mixed-mode behaviour is then determined. Using the EEBM 

approach, it is the combined mixed-mode behaviour that is initially known, and from it the limit 

conditions corresponding to pure tension and pure shear stress at the interface are determined. 

Figure 3 represents the concept schematically. 

Figure 3. Energy equivalent bridging map. 

The area in orange in Figure  is completely defined by three parameters. The dissipated 

energy, !"#W , and the displacement at failure, %"
&$

, are known from the micro-mechanical 

model described in Section 3. A cohesive stiffness, NR, can be defined by the user, in 

agreement with published literature [34-35]. The cohesive behaviour is here modelled using a 

tri-linear formulation which accounts for both the failure of the epoxy matrix and the bridging 

effect due to the TTR.  

Figure  illustrates the concept. The red shaded area corresponds to the energy dissipated by the 

fracture of the epoxy material, !"#X , while the green shaded area corresponds to the energy 

dissipated by the bridging effect ascribed to the TTR, !"#U . For clarity of the representation, the 

areas are not to scale; typically, the energy dissipated by the matrix is much lower than that 

dissipated by the TTR. 

The area under the tri-linear cohesive law (thick black line in Figure 4) will correspond to the 

sum of the dissipated energies, !"#W . The maximum stress corresponds to the strength of the 

interface matrix; while the maximum on the green curve, Q"Y$, can be computed from the two 

parameters from the micro-scale model as: 

Q"Y$ =
2!"#U

%"
&$  (8) 

The point at which the slope of the damage evolution changes represented by (%"E , QE) is defined 

by the displacement at failure of the interface matrix, depending on the damage propagation 

criterion selected [33-35]. 
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Figure 4. Illustration of tri-linear cohesive law in the mixed-mode plane. 

The corresponding stress is given by: 

QE =
Q"Y$%"

&$

%"
&$ − %"YX

(9) 

Equation (9) is derived from enforcing the area under the tri-linear curve equal to the sum of 

the dissipated energies from both matrix and TTR. The stresses in the progressive damage case 

can be calculated from the following: 

Q" = Z
Q"YX − /[X(Q"YX − QE)

QE(1 − /[$)
,									%" < %"E

, %" ≥ %"E
(10) 

where /[X and /[$ represent the damage parameters associated with each of the propagation 

regions of the tri-linear cohesive law before and after complete failure of the matrix, at %"E ; %" 

corresponds to the current displacement in the mixed-mode plane ^, while %"YX represents the 

displacement at failure initiation in the mixed-mode plane ^. Hence: 

/[X =
%" − %"YX

%"E − %"YX
 (11) 

/[$ =
%" − %"E

%"
&$ − %"E

(12) 

In the elastic regime, the traction and shear stresses can be calculated from: 

QE = %"6"_`a^ (13) 

QEE = %"6"ab:^ (14) 

Finally, in the case of unloading with existing damage, the stress can be calculated from: 
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Q" =

⎩
⎪
⎨

⎪
⎧[Q"YX − /[X(Q"YX − QE)]

%"
%"YX + /[

X(%"E − %"YX)
,									%" < %"E

QE(1 − /[$)
%"

%"
&X + /[

$i%"
&$ − %"E j

																			 , %" ≥ %"E
(15) 

The traction and shear stress components can be determined from: 

QE = Q"_`a^ (16) 

QEE = Q"ab:^ (17) 

If the damage parameter /[$ exceeds the value 1, then the integration point is considered failed 

and no longer able to withstand any loading. The traction and shear stresses are therefore set 

equal to zero. Throughout the analysis, a loading/unloading condition applies. This guarantees 

a monotonically decreasing variation of stresses in case of load removal, without further 

propagation or recovery from damage, until the loading level that preceded unloading is 

recovered. This condition is satisfied if the damage variable at the current time increment is 

greater than at any previous time increment. Only if this condition is satisfied there will be 

damage progression. If the condition is not satisfied, the integration point is unloaded back to a 

stress-free state. 

5 MODEL VALIDATION 

5.1 Experimental Setups and Modelling Strategy 
A series of experimental tests aimed at characterising the behaviour of through-thickness 

reinforced coupons at different mode-mixity ratios has been previously performed [30]. The 

following is a summary of the test set-up used. 

Double cantilever beam (DCB), end-loaded-split (ELS) and mixed-mode bending (MMB) tests 

were conducted. For the DCB tests, the ASTM-D5528 standard [36] was followed to generate 

a mode I delamination. The ASTM-D6671 standard [37] for mixed-mode bending (MMB) 

testing of UD FRP composites was followed to experimentally investigate mixed, mode I/mode 

II, cases. Finally, the mode II ELS test follows the guidelines provided by the European 

Structural Integrity Society in the standard ESIS-TC4 01-04-02 [38]. Figure 5 schematically 

shows the three test configurations. 

The TTR rods, i.e. z-pins, were made of pultruded T300/BMI. The specimens had an initial 

crack kY formed by inserting a thin PTFE film in the mid-plane of the specimen before curing. 

The through-thickness reinforced region covered 22.75 mm in length and spanned the entire 

width of the specimen. Having an unreinforced region ahead of the initial starter crack tip gives 

a clear indication of the bridging effect of the TTR once a delamination has initiated and 

propagated during testing. These experimental characterisations allow for the validation of the 

modelling framework described in Section 4, using configurations whereby the predominant 

damage mechanism is large-scale bridging, without any other interaction with intra- or trans-

laminar failure. 

All models presented here are run using type 19 cohesive element formulation implemented in 

LS-DYNA® R7.1.3, with the proposed EEBM user material model. Based on previous 

modelling experience [30] and to reduce the computational runtime, a simplified "unit strip" 

model is introduced, with plane strain boundary conditions along the edges. The cohesive 

element formulation effectively "smears" the periodic TTR arrangement across the elemental 
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area, hence the individual representation of the TTRs is not required. The unreinforced region 

is modelled with the standard Cohesive Zone Model described in [34-35]. Eight-node 

selectively reduced solid elements are used to model the composite laminate beams. This 

element formulation accurately captures the laminate rotations. Schematics of the modelling 

setup for the DCB, ELS and MMB test cases are shown in Figure 5. Material properties used 

for the composite laminate are given in Table 2. The material properties used for the cohesive 

elements (both reinforced and unreinforced regions) are given in Table 3. The areal density of 

the reinforced region is )ST = 0.02 and the TTR diameter is C = 0.28 mm. 

Figure 5. Delamination tests configuration and specimens' geometries [30]. 
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Figure 6. Simplified unit-strip FE models. 

Table 2. Material properties for QI IM7/8552 carbon-fibre-reinforced composite. 

6oo = 699 

(GPa) 

6pp 

(GPa) 

!o9 

(GPa) 

!op = !9p 

(GPa) 

qo9 

(-) 

qpo 

(-) 

qp9 

(-) 

61.60 13.61 23.37 4.55 0.32 0.07 0.1 

Table 3. Material properties for cohesive elements. 

QEYX 

(MPa) 

QEEYX 

(MPa) 

NEX = NEEX 

(N/mm3) 

!E#X 

(N/mm) 

!EE#X  

(N/mm) 

NR 
(N/mm3) 

rst 

(-) 

r 

(-) 

60.0 90.0 10u 0.21 0.78 105 1.94 0.7 
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5.2 Numerical Results and Model Validation 
A comparison between the test results from the experimental test programme and the numerical 

predictions from the macro-scale model is presented in Figure 7 for the pure mode I case. 

Results from running the same model with the classical CZM formulation (as if the specimen 

did not have any TTRs inserted), and results obtained from using the built-in MAT_138 

material model of LS-DYNA for cohesive elements, are also presented for reference. Numerical 

simulations from the proposed Energy Equivalent Bridging Map (EEBM) formulation are 

shown with a solid blue line. As it can be seen, an excellent agreement is found between the 

experimental and numerical results. An initial linear elastic response is observed, after which 

the crack-tip propagates through the initial unreinforced region with a consequent small load 

drop. The crack-tip then reaches the first row of TTRs, which begin to exert bridging forces. 

TTRs partially suppress further crack opening displacements. This phenomenon is 

characterised by a gradual increase in the global force response. 

In the experimental test, the arms of the laminate are under severe bending conditions, which 

lead to localised sub-laminate buckling close to the outer plies of the laminate. Not only failure 

from buckling, but also smaller delaminations can be found close to the surface (see Figure 8). 

These localised sources of damage in the specimens cause small load drops towards the end of 

the test. The finite element models for validation of the cohesive formulation here do not 

account for these phenomena, therefore the load curve from the numerical simulation is not 

capable of capturing them. This explains why the numerical curve seems to diverge from the 

experimental results beyond a crosshead displacement of 35.0 mm. 

Figure 7. Comparison between DCB (Mode I) experimental results and numerical prediction. 
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Figure 8. Upper half laminate of DCB test specimen after test showing 

buckling and delamination in the outer layers. 

As mentioned above, three different values of mode-mixity have been experimentally 

characterised. The first value, i.e. 25% mode II, is within the range of mode-mixities leading to 

a complete pull-out of TTRs, with only few TTRs suffering complete failure. Figure 9 shows 

the comparison between the experimental and the numerical results for an effective mode-

mixity of 25%. An excellent agreement between numerical predictions and test results can be 

observed. Very similarly to what had been observed on the DCB case, a considerable 

displacement of the crosshead at failure is reached in the tests and the simulations. This is due 

to the fact that, at this level of mode-mixity, most of the TTRs will still experience a complete 

pull-out 

The test arrest criterion for the MMB coupons has been defined when the crack-tip reaches 60.0 

mm. From this point onwards, there was a tendency for the laminate to suffer other sources of

damage, such as buckling of the outer plies due to bending. Moreover, a secondary delamination

appeared at the loading blocks, as shown in Figure 11. This occurred at a crosshead

displacement of approximately 19.2 mm for MMB 25%. The numerical model captures the

behaviour of the bridging action exerted by the TTRs very well. After an initial linear elastic

stage, the crack-tip propagates through the initial unpinned region, until it is slowed down by

the through-thickness reinforced area. The TTRs resist interlaminar crack growth at low mode-

mixities in a very effective fashion.

The second mode-mixity value was 47% mode II. In this condition, both complete pull-out and

shear failure are expected to occur in the TTRs, leading to a reduced amount of dissipated

energy during the bridging process. Figure 10 shows the comparison between the experimental

results and the numerical predictions. Just like the MMB 25%, there was a tendency for the

laminate to suffer other failure modes (see Figure 11). In the experimental results, a crosshead

displacement of 11.2 mm corresponded to the crack-tip reaching 60.0 mm length. As it can be

appreciated in Figure 10, an excellent agreement between experimental and numerical results

is observed also for the 47% mode-mixity.

Figure 12 shows the comparison between experimental results and numerical predictions for

the mode-mixity value of 69%. The test arrest criterion is again when the crack-tip reaches 60.0

mm. At this mode-mixity, there is a much lower probability for the TTRs to be pulled out, while

TTR failure tends to occur quickly after the start of the bridging process. Consequently, the

amount of energy dissipated in the bridging process is smaller than in the previous cases. When

the crack-tip reaches 60.0 mm, the crosshead displacement is only 7.5 mm. Before the crack tip

reaches this point, the experimental and numerical curves tend to diverge slightly. The

inflection in the numerical curve stems from the loss of stiffness caused by all cohesive

elements entering in the damage propagation region of the tri-linear cohesive formulation.
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Figure 9. Comparison between MMB 25% experimental results and numerical prediction. 

Figure 10. Comparison between MMB 47% experimental results and numerical prediction. 
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Figure 11. a) Local buckling of the outer plies and b) secondary delamination 

in MMB 47% test specimens. 

Figure 12. Comparison between MMB 69% experimental results and numerical prediction. 

The load-displacement curve seen on Figure 11 presents an initial linear elastic behaviour, 

followed by failure of the unreinforced region and then delamination propagation into the TTR 

reinforced area. Analogously to the previous test cases, the crack is arrested by the first array 

of TTRs, which will continue to bridge the two halves of the laminate until shear failure of the 

TTRs occurs. The Energy Equivalent Bridging Map formulation can capture the bridging effort 

very well in this test case as well. 

The final benchmark test is a pure mode II loading condition. Figure 13 presents a comparison 

between experimental results and numerical predictions for the ELS test case. The arrest 

criterion for this case is when the crack-tip reaches the clamped end of the specimen. In 

complete analogy with the previous test cases, after an initial linear elastic behaviour, the crack-

tip propagates through the unpinned region until it reaches the first line of TTRs and it is 
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arrested. This corresponds to the first line drop in the load-displacement curve, which is 

followed by a progressive reloading. 

The delamination continues to propagate along the specimen, and it will eventually emerge 

from the reinforced region. This occurs without failure of the TTRs. Once the crack-tip reaches 

the second unreinforced region of the specimen, it quickly grows and reaches the clamped end 

(vertical dashed line in Figure 13 at crosshead displacement of 21.0 mm). In the numerical 

results, when the crack-tip reaches the clamped end, some numerical noise occurs. Both 

experimental results and numerical predictions agree well at this stage. 

Figure 13. Comparison between ELS (Mode II) experimental results and numerical prediction. 

6 STRUCTURAL HEALTH MONITORING VIA TTR 

6.1 Preliminary Considerations on Multi-Functionality 
The majority of the existing research on z-pinning is focussed on the delamination arrest 

function of z-pins, and, as a consequence, on the mechanical performance of z-pinned 

laminates. On the other hand, it has been demonstrated that un-pinned conductive (carbon-fibre 

reinforced) laminates have a strain/damage self-sensing capability, which can be exploited via 

electrical resistance (ER) or electric potential measurements [39–40]. It is worth stressing that 

“self-sensing” is here intended as the inherent capability of a laminate to generate a detectable 

change in electrical signal whenever damage occurs, without the need for additional sensing 

elements. As will be demonstrated later, the presence of conductive TTR elements enhances 

the inherent self-sensing ability of conductive laminates [41]. A z-pin can be in principle made 

of any material that can be processed into small diameter rods. This means that electrically 

conductive z-pins may also endow a non-conductive laminate with a delamination sensing 

function [42-43].  
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The damage self-sensing function provided by conductive TTR is here demonstrated via DCB 

laminated specimens comprising arrays of embedded z-pins. The multi-functional method for 

delamination sensing/mitigation proposed here is based on having the z-pins in the laminate 

protruding from the top and bottom surfaces with arrays of electrodes attached to the z-pin ends. 

Since the z-pins act as sensing elements for the through-thickness electrical resistance (TTER) 

of the composite, the z-pinned laminate can be considered as a self-sensing structure, where 

multi-functionality (mechanical and sensing) is enabled by the z-pins. The self-sensing laminate 

in general comprises multiple TTER measurement channels. These consist of surface electrodes 

and through-thickness z-pins, which can be in principle connected to the electrodes in various 

series/parallel configurations. The electrodes of a sensing channel can be classified into: 1) 

terminal electrodes used for the electrical connection between z-pins and signal acquisition 

devices; 2) intermediate electrodes employed only for the electrical connection between Z-pins. 

These definitions are here applied in a loose sense, since a terminal electrode may also be used 

for the electrical connection between z-pins. As mentioned above, in the sensing configurations 

considered here, the electrodes are attached directly onto the laminate surfaces, with no 

insulating media in between. 

6.2 Coupons Configuration, Manufacturing and Testing 
In order to verify the feasibility of the multi-functional approach to delamination sensing and 

mitigation, z-pinned DCB coupons were manufactured and tested. Commercial T300/BMI Z-

pins with the diameter of 0.28 mm were employed. 

The configuration and dimensions of a DCB coupon are shown in Figure 14, based on the 

ASTM D5528 standard [36]. The coupons were made of 48 plies of unidirectional prepreg, with 

a quasi-isotropic (QI) stackings sequence: [[0/90/−45/45]3s]s. Strictly speaking, the ASTM 

standard applies only to the fracture toughness characterisation of unidirectional stacks. A QI 

stacking sequence has been considered here since it is more representative of structural laminate 

configurations. A PTFE film is inserted at the laminate mid-plane, between zero direction plies, 

to simulate the presence of a delamination, which is progressively grown from the insert under 

quasi-static loading. In order to evaluate the effect of the electrical conductivity of laminates 

on the delamination detection, two different pre-preg materials were employed, namely: 

conductive IM7/8552 (carbon/toughened-epoxy) pre-preg and non-conductive E-glass/913 

(glass/epoxy) pre-preg. Both pre-pregs were supplied by Hexcel, UK. The initial delamination 

length was 25 mm for both the sets of coupons. A 20 mm long region from the tip of the PTFE 

insert was left un-pinned. As shown in Figure 1, an array of 16 x 5 (row x column) z-pins (areal 

density of 0.5%) was longitudinally inserted ahead of the un-pinned region. Each of the z-pins 

protruded1 mm from the top and bottom surfaces of the coupon. Then, 16 silver/epoxy (1:1 

weight ratio) electrode strips were bonded to both surfaces of the coupons. Each electrode was 

connected to a single row of z-pins on each side, as shown in Figure 14. Thus, each DCB coupon 

comprised 16 TTER sensing channels in total. Each channel consisted of one top electrode, one 

bottom electrode and one row of z-pins. The z-pins in a sensing channel were connected to the 

two surface electrodes as resistors in parallel. The TTER between the two electrodes in each 

channel was measured as a sensing variable by connecting the electrodes to a data acquisition 

system. Due to the electrode arrangement, the z-pinned coupons required a different 

manufacture process in comparison with the “mechanical” z-pin specimens described in [30]. 

Specifically, a laminate was first assembled laying-up 48 plies and de-bulking under vacuum 

pressure, with the PTFE film (artificial delamination) inserted at the mid-plane constituting the 

starter crack. Rubber sheets 1 mm thick were placed on the top and bottom surfaces of the 

laminated plate. The z-pins were inserted through the entire thickness of the laminate/rubber 

sheets assembly. The excess z-pin lengths were sheared off on both sides of the rubber sheets. 

The whole plate was packaged in a vacuum bag and then autoclave cured. The rubber sheets 
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were peeled off once the laminate had been cured, leaving 1 mm long z-pin ends protruding 

from the bottom and top surfaces of the laminate. The plate was then carefully cut into 

individual coupons and hinges were bonded to the coupons using AS89.1/AW89.1 adhesive 

(Cristex Ltd., UK). Next, the surfaces of the coupon were cleaned using acetone, before bonding 

the electrodes. The latter were placed on the coupon surfaces with the aid of removable moulds. 

Each mould had a central slot to accommodate the rows of protruding z-pin ends and the 

electrodes. Lateral slots in the moulds helped to connect conductive wires to the electrodes. A 

silver-loaded epoxy adhesive was brushed into the moulds. The specimens with the un-cured 

electrodes were placed into an oven for curing at 80 °С for 15 min, and then gradually cooled 

down. The final coupons with individual electrode pairs and connecting wires were finished by 

removing the moulds and milling off any excess silver-loaded epoxy between adjacent 

electrodes. Mechanical loading was applied to the DCB using an Instron 8872servo-hydraulic 

machine, equipped with a 1 kN load cell. A snapshot of a DCB coupon in the testing rig is 

shown in Figure 15. The applied opening displacement rate was 2 mm/min. A paper ruler strip 

with a 1 mm scale was attached on one lateral edge of the sample for recording the crack length 

via a video camera. Since each TTER measurement channel comprises a single z-pin row, the 

words “channel” and “row” will be considered as synonyms in what follows. The data 

acquisition system consisted of: 1) a Keithley 2700 digital multi-meter (DMM) as the ER 

measurement unit; 2) a Keithley 7703multiplexer as the channel selection unit; 3) a PC running 

NI/LabVIEW to record and synchronise load/displacement/ER data. The TTER in all the 

sensing channels was measured in a sequential fashion. The TTER resolution and sampling rate 

for each channel were set respectively to 6.5digits and 3 readings/s. The data acquisition system 

also comprised: 4) an RS232-USB module for the data transmission between the PC and the 

DMM; 5) a PCI-9114 data acquisition card for the data transmission between the PC and the 

servo-hydraulic machine. 

Figure 14. Schematic Diagram of DCB specimen with TTER electrodes. 

Figure 15. Snapshot of a DCB coupon undergoing testing. 
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6.3 In-situ Delamination Monitoring 
Regarding the delamination self-sensing performance of the CFRP coupons, the fractional ER 

change vs. time relationships for all the 16 channels are given by the blue curves in Figure 16. 

The delamination arrival time at the nominal centre of a Z-pin row is indicated by a dashed 

redline, while the dashed black line represents the time at which complete pull-out occurred. 

Both the delamination arrival and full pull-out times were measured from video recordings of 

the tests. Note that the inter-laminar crack may impinge an individual z-pin earlier or later with 

respect to the nominal geometrical centreline of the row that the z-pin belonged to. This is 

unavoidable, since z-pins are always slightly misaligned, both in plane and through the 

thickness. Moreover, in a DCB specimen, the actual delamination front is never perfectly 

straight across the width. The TTER signals exhibited consistent trends for each channel in the 

CFRP coupons. Until delamination arrival, the channel TTER did not vary. The initial TTER 

value ranged between 17Ω and 75Ω, depending on the channel considered. As the interlaminar 

crack approached the channel, the ER signal increased in some cases, e.g. channels 3, 7, 12 and 

16 in Figure 16. The mechanisms causing the TTER to increase are:  

1) the TTR elongation, increasing the z-pin electrical resistance (ER).

2) The reduction of the z-pin/electrode contact area, caused by the cross-sectional contraction

of the TTR due to the Poisson effect and progressive failure of the z-pin/electrode interface–all

these mechanisms increase the z-pin/electrode contact ER.

3) The reduction of the z-pin/laminate contact area, which is also a result of the cross-sectional

pin contraction and that raises the z-pin/laminate contact ER.

The effect of the z-pin extension on the TTER is minor compared with other two mechanisms. 

A detailed analysis of these mechanisms can be found in bridging tests of single z-pin reinforced 

coupons [41]. On the other hand, each of the channels experienced a rapid TTER decrease when 

the delamination fully impinged the corresponding TTR row. Three more mechanisms dictate 

this behaviour, namely:  

4) the bending of the DCB arms increases the contact pressure between z-pins and electrodes,

this it decreases the z-pin/electrode contact ER the overall channel TTER. Surface longitudinal

stresses due to bending are compressive for both the bottom and top surfaces. These stresses

“squeeze” the electrodes around the z-pin tips, reducing the local contact ER as pointed out

above;

5) As the delamination advances within a row, the z-pins debond first from the electrodes.

Hence, the applied axial stress drops and the TTR axial elastic elongation is reduced, thus

decreasing the channel TTER.

6) When the axial elongation is reduced, the z-pin also swells radially, due to Poisson's effect,

and this also decreases the z-pin/electrode and z-pin/laminate contact ERs.

Overall, there is also some variability in the magnitude of the actual TTER drop with respect to 

the delamination arrival time, but the associated trend is consistent for all the channels. When 

the crack front reached a position just ahead of a given channel, the z-pins started to be pulled 

out first from one of the surface electrodes (either bottom or top). This is consistent with 

experimental observations in the literature, where it has been re-ported that z-pin pull-out 

always occurs in an asymmetric fashion [8. 10, 15, 30], i.e. from only one of the split sub-

laminates (DCB arms). At the early stages of z-pin pull-out, the TTER signal either reached a 

plateau, as seen in channels 1, 7 and 10, or it continued decreasing, but at a smaller rate, as for 

channels 3, 4, 5 and 14. This stage of the overall electro-mechanical response will be from now 

on denoted as “pull-out from electrode” (POFE). Eventually, as the delamination progressed, 
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the pull-out displacement would become large enough for the z-pin to slide completely out of 

one of the surface electrodes, causing a rapid increase of TTER. After all the z-pins in a channel 

were pulled out from one of the electrodes, the TTER continued steadily to increase; at this 

stage the z-pins were sliding within the laminate. However, the overall electrical circuit for each 

channel was still closed because the laminate was conductive. This regime of the overall 

electro-mechanical response will be from now on indicated as “pull-out from laminate” 

(POFL). Even when the pull-out of all the TTR in a row was complete, the TTER of the 

corresponding channel still had a finite value due to the conductivity of the laminate. The TTER 

values in all the channels diverged once the two halves of the DCB coupons were fully dis-

bonded, i.e. at the end of the test. The TTER results show that when the crack started 

propagating in an unstable fashion, channels 11 to 14 were in the POFL stage, while the 

channels 15 and 16 were still in the POFE regime. 

The relative TTER change vs. time relationships for all the 16 channels in a GFRP coupon are 

presented in [42]. The initial TTER values for the individual channels ranged between 35Ω and 

180Ω. The channel TTER in the GFRP coupons may in some cases increase just before the 

delamination arrival. After a channel had been reached by the crack front, the TTER value 

consistently decreased. This is again due to the same mechanisms taking place in the CFRP 

conductive DCB coupons. When the z-pins in a channel started to be pulled out from the 

electrodes, the TTER signal tended to reach a plateau. With further loading, the full z-pin pull-

out from one of the electrodes was accompanied by an overall TTER increase, either with a 

continuous rapid trend or in a step-like form. This behaviour is consistent with what observed 

in CFRP coupons. However, a finite TTER value was observed even when the z-pins were 

sliding into the laminate, despite the fact that GFRP is not conductive. This is because some 

carbon fibres originally belonging to the z-pins remained attached to the surface of the pull-out 

channel. These fibres maintained the electrical connection between the electrodes and the 

z-pins. The presence of these fibres has been confirmed by microscopic observations in [41].

However, the resulting TTER variation was characterised by a noise level much larger than in

the case of the conductive CFRP coupon in the POFL regime. Overall, the TTER signal allowed

detecting the full pull-out process of the z-pins in each channel, as well as the associated

progressive delamination of the coupon.

The differences in TTER values between the CFRP and GFRP coupons are due to non-

conductive nature of the latter. In the CFRP coupons, part of the applied channel current flows

through the DCB arms and also through z-pins belonging to other rows. In the GFRP coupons,

all the injected current must flow through the z-pins in the corresponding channel. Nevertheless,

considering the overall remarkable similarity be-tween the TTER trends for the two materials,

it is evident that the z-pins control the channel TTER, as long as they are not fully pulled out

from the electrodes. The conductivity of CFRP coupons leads to a less noisy TTER signal in

the POFL regime. Regarding the mechanical performance of the z-pinned laminates, the mode

I baseline fracture toughness in the unpinned regions was about 0.3 kJ/m2 for CFRP and

0.2 kJ/m2 for GFRP. In the steady-state bridging regime, the material apparent fracture

toughness was 8 kJ/m2 and 10 kJ/m2 respectively for CFRP and GRFP. Hence, a 0.5% areal

density of z-pins is sufficient to increase the fracture toughness by at least one order of

magnitude with respect to the unpinned baselines. Therefore, the z-pins can be considered as

sensors that also enhance the fracture performance, which makes their application particularly

advantageous. On the other hand, it is well known that z-pinning reduces the in-plane stiffness

and strength of composite laminates. The severity of the stiff-ness/strength knockdowns

increases with the z-pin areal density and diameter.
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Figure 16. Through-thickness electrical resistance in DCB coupon channels. 
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Figure 16. Through-thickness electrical resistance in DCB coupon channels (continued) 
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However, the experimental data presented in [44] suggest that the in-plane knockdowns of 

mechanical properties can be estimated at a few percentage points for an areal density of 0.5% 

and a z-pin diameter of 0.28 mm, as considered in this study. These knockdowns can most 

likely be tolerated, given the substantial increase in toughness and the delamination sensing 

function that the z-pins enable. The weight increase due to the presence of the surface electrodes 

is around 10% compared to “mechanical” DCB coupons. This is clearly a potential limiting 

factor for practical applications of the sensing method described here. However, much thinner 

electrodes (e.g. tens of μm thick) could be 3D-printed on the laminate surface in order to 

mitigate the mass penalty.  Moreover, for the sensing method to work in conductive laminates 

it is not necessary to have the z-pin ends inside the electrodes. Indeed, the TTER variation in 

the POFL regime is sufficient to determine the location of the delamination front. Finally, multi-

physics FE modelling of unpinned delaminated plates [40] suggests that the presence of 

delamination causes a through-thick-ness resistance change in the order of 1%. For z-pinned 

laminates, the variation of through-thickness conductivity is at least 50%–100% for both CFRP 

and GFRP with the crack arrival. This remarkably large effect is easily detectable, and it also 

allows inferring the position of the delamination front from the pull-out progression at single 

z-pin level, as well as whether the crack propagation is stable or not.

7 CONCLUSIONS 
This paper has provided an overview of recent developments in the manufacturing and analysis 

of composite laminates with embedded through-thickness reinforcement. A comprehensive 

numerical framework has been presented, whereby a user-defined cohesive element 

formulation has been developed to simulate the large-scale bridging response of through-

thickness-reinforced composite specimens. This is achieved by successfully integrating the 

predictions from a micro-mechanical constitutive bridging model into the cohesive element 

formulation. The micro-mechanical model describes the mixed-mode loading behaviour of 

through-thickness reinforcements as Euler-Bernoulli beams embedded within a Winkler elastic 

foundation. It is assumed that the TTR is inserted orthogonally to the delamination plane. This 

constitutive model is valid for a general mixed-mode regime and was calibrated using meso-

scale test coupons of single TTRs in a QI composite laminate. The output of this model is the 

amount of energy dissipated and the displacement at failure or complete pull-out of the TTR 

for a range of mixed-mode displacement values. Special user-defined cohesive elements were 

developed. These can describe both the resin-rich interface layer and the large-scale bridging 

mechanism due to the presence of TTRs. At each time increment, the mixed-mode displacement 

at the integration point is used to identify the amount of energy being dissipated by the TTR 

and the predicted total displacement at failure for that specific mode-mixity. This information 

is used to reverse-build a tri-linear cohesive constitutive law, which correctly represents both 

the amount of energy dissipated by the bridging action and the total displacement at failure of 

the TTR. This process allows calculation of the traction and shear components of the bridging 

forces acting along the cohesive interface. The procedure has been denoted here as an Energy 
Equivalent Bridging Map (EEBM) formulation. 

Moreover, a method for adding multi-functionality to z-pinned laminates has been 

demonstrated at coupon level, through testing of DCB specimens. This approach is based on 

distributing surface electrodes connecting multiple z-pins in series/parallel and measuring the 

through-thickness electrical resistance during progressive delamination growth. The main 

advantages of the proposed method are that: 1) the z-pins provide both a mechanical function 

and a sensing function, enabling delamination detection while increasing the laminate apparent 

fracture toughness; 2) the TTER variation in the z-pinned laminate is large enough to allow 

monitoring the position of the delamination front, as well as the progress of z-pin pull-out; 3) 
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this sensing approach is suit-able for both conductive and non-conductive laminates. The 

current embodiment of the multi-functional method leads to a significant weight penalty, i.e. a 

10% mass increase for the DCB coupons. However, there is scope for improving the currently 

manual manufacturing method of the electrodes, which can be in principle 3D-printed on the 

laminate surfaces. The same holds true for the electrical connections to the external digital 

multi-meter, which could be arranged in compact and lightweight 3D-printed contact rails. 

Finally, the application of the method proposed in this paper to structural elements and sub-

components would also require the design of a robust diagnostic system, which must be able to 

infer the presence and extent of multiple through-thickness delaminations. In principle, fuzzy 

inference systems or artificial neural networks should be able to perform this task when properly 

trained in an FE virtual testing framework. 

8 ACKNOWLEDGEMENTS AND REFERENCES 
The authors wish to acknowledge the support of Rolls-Royce plc through the Composites 

University Technology Centre (UTC) at the University of Bristol, UK. The financial support 

from the UK Aerospace Technology Institute through the CTI Composite Fan Technology 

(CTIFAN) project (ref. no. 113085) is also acknowledged. 

[1] Dransfield K., Baillie C. and Mai Y.W., Improving the Delamination Resistance of

CFRP by Stitching - a Review, Compos. Sci. Tech.; 50(3): 305-17, 1994.

[2] Tong L., Mouritz A.P. and Bannister M., 3D Fibre Reinforced Polymer Composites,

Elsevier, 2002.

[3] Mouritz A.P., Bannister M.K., Falzon P.J. and Leong K.H., Review of Applications for

Advanced Three-Dimensional Fibre Textile Composites, Composites Part A; 30(12): 1445-

61, 1999.

[4] Partridge I.K. and Hallett S.R., Use of Microfasteners to Produce Damage Tolerant

Composite Structures, Phil. Trans. R. Soc. A; 374-20150277, 2016.

[5] Boyce J.S., Freitas G.A., Magee C.L., Fusco M.T., Harris J.J. and Kunkle E., Ultrasonic

Fastening System and Method, Patent WO/1998/029243, 1998.

[6] Freitas G.A., Magee C.L., Dardzinski P. and Fusco M.T., Fibre Insertion Process for

Improved Damage Tolerance in Aircraft Laminates, J. Adv. Mater.; 25: 36-43, 1994.

[7] Lander J.K., Method of Providing Through-Thickness Reinforcement of a Laminated

Material, Patent US20130089702 A1, 2013.

[8] Cartié D.D.R. and Partridge I.K., Delamination Behaviour of Z-Pinned Laminates,

European Structural Integrity Society; 27: 27-36, 2000.

[9] Chang P., Mouritz A.P. and Cox B.N., Properties and Failure Mechanisms of Z-Pinned

Laminates in Monotonic and Cyclic Tension, Composites Part A; 37(10): 1501-13, 2006.

[10] Partridge I.K., Cartié D.D.R. and Bonnington T., Manufacture and Performance of Z-

pinned Composites. In: "Advanced Polymeric Composites", G. Shonaike and S. Advani

Eds., CRC Press, 2003.

[11] Partridge I.K., Cartié D.D.R., Troulis M., Grassi M. and Zhang X., Evaluating the

Mechanical Effectiveness of Z-pinning. In: "Proceedings of the SAMPE Technical

Conference", 2004.



Through-Thickness Reinforcement for 
Enhanced Damage Tolerance of  
Composite Structures Allegri, Melro, Kawashita, Hallett 

1 31 

[12] Zhang X., Hounslow L. and Grassi M., Improvement of Low-Velocity Impact and

Compression-After-Impact Performance by Z-fibre Pinning, Compos. Sci. Tech.; 66(15),

2785-94, 2006.

[13] Rezai A., Cartié D.D.R., Partridge I.K. and Irving P., Interlaminar Damage resistance

of Z-fibre Reinforced Structural CFRP. In: �Proceedings ICCM 13�, Paper ID1477, 2001.

[14] Cartié D.D.R., Effect of Z-fibresTM on the Delamination Behaviour of Carbon

Fibre/Epoxy Laminates, PhD Dissertation, Cranfield University, 2000.

[15] Allegri G., Mohamed G. and Hallett S.R., Multi-Scale Modelling for Predicting Fracture

Behaviour in Through-Thickness Reinforced Laminates. In: "Numerical Modelling of

Failure in Advanced Composite Materials", Pedro Camanho and Stephen Hallett Eds.,

Woodhead Publishing: 457-78, 2015.

[16] Cox B.N., Constitutive Model for a Fiber Tow Bridging a Delamination Crack, Mech.

Compos. Mat. Struct.; 6(2): 117-38, 1999.

[17] Cox B.N. and Sridhar N., A Traction Law for Inclined Fiber Tows Bridging Mixed-

Mode Cracks, Mech. Adv. Mat. Struct.; 9(4): 299-311, 2002.

[18] Cox B.N., Snubbing Effects in the Pullout of a Fibrous Rod from a Laminate, Mech.

Adv. Mat. Struct.; 12(2): 85-98, 2005.

[19] Plain K.P. and Tong L., Traction Law for Inclined Through-Thickness Reinforcement

Using a Geometrical Approach, Compos. Struct.; 88(4): 558-69, 2009.

[20] Tong L. and Sun X., Bending Effect of Through-Thickness Reinforcement Rods on

Mode I Delamination Toughness of DCB Specimen. I. Linearly Elastic and Rigid-Perfectly

Plastic Models, Int. J. Solids Struct.; 41(24-25): 6831-52, 2004.

[21] Allegri G. and Zhang X., On the Delamination and De-bond Suppression in Structural

joints by Z-fibre Pinning, Composites A; 38(4): 1107-15, 2007.

[22] Allegri G., Yasaee M., Hallett S.R. and Partridge I.K., A Novel Model of Delamination

Bridging via Z-pins in Composite Laminates, Int. J. Solids Struct.; 51(19-20): 3314:32,

2014.

[23] Meo M., Achard F. and Grassi M., Finite Element Modelling of Bridging

Micromechanics in Through-Thickness Reinforced Composite Laminates, Compos. Struct.;

71(3-4): 383-87, 2005.

[24] Cui H., Li Y., Koussios S., Zu L. and Beukers A., Bridging Micromechanisms of Z-pin

in Mixed Mode Delamination, Compos. Struct.; 93(11): 2685-95, 2001.

[25] Zhang B., Allegri G., Yasaee M. and Hallett S.R., Micro-Mechanical Finite Element

Analysis of Z-pins under Mixed-mode Loading, Composites A; 78: 424- 35, 2015.

[26] Yasaee M., Lander J.K., Allegri G. and Hallett S.R., Experimental Characterisation of

Mixed mode Traction-Displacement Relationships for a Single Carbon Composite Z-pin,

Compos. Sci. Tech.; 94: 123-31, 2014.

[27] Yan W., Liu H.Y., Mai Y.W., Numerical Study on the Mode I Delamination Toughness

of Z-pinned Laminates, Compos. Sci. Tech.; 63(10): 1481-93, 2003.

[28] Grassi M. and Zhang X., Finite Element Analyses of Mode I Interlaminar Delamination

in Z-Fibre Reinforced Composite Laminates, Compos. Sci. Tech.; 63(12): 1815-32, 2003.

[29] Bianchi F. and Zhang X., A Cohesive Zone Model for Predicting Delamination

Suppression in Z-pinned Laminates, Compos. Sci. Tech.; 71(16): 1898-1907, 2011.



Through-Thickness Reinforcement for 
Enhanced Damage Tolerance of  
Composite Structures Allegri, Melro, Kawashita, Hallett 

1 32 

[30] Mohamed G., Allegri G., Yasaee M. and Hallett S.R., Cohesive Element Formulation

for Z-pin Delamination Bridging in Fibre Reinforced Laminates, Int. J. Solids Struct.; 132-

133: 232-44, 2018.

[31] Cui H., Yasaee M., Kalwak G., Pellegrino A., Partridge I.K., Hallett S.R., Allegri G.

and Petrinic N., Bridging Mechanisms of Through-Thickness Reinforcement in Dynamic

Mode I & II Delamination, Composites A; 99: 198- 207, 2017.

[32] Cui H., Yasaee M., Hallett S.R., Partridge I.K., Allegri G. and Petrinic N., Dynamic

Bridging Mechanisms of Through-Thickness Reinforced Composite Laminates in Mixed-

Mode Delamination, Composites A; 106: 24-33, 2018.

[33] Cui H., Mahadik Y., Hallett S.R., Partridge I.K., Allegri G., Ponnusami S.A. and

Petrinic N., Coupon Scale Z-pinned IM7/8552 Delamination Tests Under Dynamic

Loading, Composites A; 125(105565), 2019.

[34] Jiang W-G, Hallett S.R., Green B.G., Wisnom M.R., A Concise Interface Constitutive

Law for Analysis of Delamination and Splitting in Composite Materials and its Application

to Scaled Notched Tensile Specimens, Int. J. Numerical Meth. Engng.;69(9):1982-95, 2007.

[35] Li X., Hallett S.R., Wisnom M.R., Predicting the Effect of Through-Thickness

Compressive Stress on Delamination Using Interface Elements, Composites A;39(2):218-

30, 2008.

[36] ASTM-D5528-01. Standard Test Method for Mode I Interlaminar Fracture Toughness

of Unidirectional Fiber-Reinforced Polymer Matrix Composites. ASTM International;

2007.

[37] ASTM-D6671-06. Standard Test Method for Mixed Mode I-Mode II Interlaminar

Fracture Toughness of Unidirectional Fibre Reinforced Polymer Matrix Composites. 2006.

[38] ESIS-TC4-01-04-02. Fibre-reinforced plastic composites - Determination of apparent

Mode II interlaminar fracture toughness, GIIc, for unidirectionally reinforced materials.

European Structural and Integrity Society - Technical Committee 4; 2002.

[39] Alexopoulos N.D., Bartholome C., Poulin P. and Marioli-Riga Z., Structural Health

Monitoring of Glass Fiber Reinforced Composites Using Embedded Carbon Nanotube

(CNT) Fibers, Com p. Sci. Tech.; 70(2): 260-71, 2010.

[40] Wang, D., Wang, S., Chung, D.D.L. and Chung, J.H., Comparison of the Electrical

Resistance and Potential Techniques for the Self-Sensing of Damage in Carbon Fiber

Polymer-Matrix Composites, J. Intelligent Mater. Syst. Struct.; 17(10): 853-61, 2006.

[41] Zhang B., Allegri G., Yasaee M., Hallett S.R. and Partridge I.K., On the Delamination

Self-Sensing Function of Z-pinned Composite Laminates, Comp. Sci. Tech.; 128:138-46,

2016.

[42] Zhang B., Allegri G., Hallett S.R., An Experimental Investigation into Multi-Functional

Z-pinned Composite Laminates, Material & Design; 108:679-88, 2016.

[43] Pegorin F., Pingkarawat K., Mouritz A.P., Electrical-Based Delamination Crack

Monitoring in Composites Using Z-pins, Composites A; 104:120-128, 2018.

[44] Mouritz A.P. and Cox B.N., A Mechanistic Interpretation of the Comparative In-plane

Mechanical Properties of 3D Woven, Stitched and Pinned Composites, Composites A;

41(6): 709-28, 2010.



Italian Association of Aeronautics and Astronautics 

XXV International Congress 

9-12 September 2019| Rome, Italy

LONG-TERM ORBIT EVOLUTION OF DECOMMISSIONED 
GEOSTATIONARY SATELLITES 

S. Proietti1 , M. Pontani2

1Faculty of Civil and Industrial Engineering, Sapienza University of Rome, via Eudossiana 
18, 00184 Rome, Italy  

2 Department of Astronautical, Electrical, and Energy Engineering, Sapienza University of 
Rome, via Salaria 851, 001 8 Rome, Italy  

simone.proietti14@gmail.com, mauro.pontani@uniroma1.it

ABSTRACT 

This work investigates the long-term orbit evolution of decommissioned geostationary 
satellites, under the assumption that the final disposal maneuver does not occur, due to 
failure of the propulsion system. Orbit dynamics is modeled by including all the major orbit 
perturbations, i.e. (i) a relevant number of Earth gravitational harmonics, and (ii) Sun and 
Moon gravitational pull as third bodies. For geostationary satellites the J22 term, related to 
ellipticity of the Earth equator, has a dominant effect due to resonance of the orbital motion 
and the Earth rotation. In addition, the third body perturbation due to Sun and Moon is 
proven to be responsible of two major effects: (a) precession of the orbit plane, and (b) 
chaotic longitudinal dynamics. This work proposes an analytical approach for prediction of 
the overall precession motion. Moreover, this research demonstrates the existence of a 
chaotic longitudinal dynamics (effect (b)). In fact, repeated and unpredictable migrations 
toward different longitudinal regions are proven to occur, and this is in contrast with what 
would take place with the only perturbative effect due to J22.  

Keywords: geostationary satellites, Earth orbit perturbations, nonsingular equinoctial 
elements, space debris 

1 INTRODUCTION 
In the last decades, the space debris population has grown continuously, and this circumstance 
represents a serious hazard for future space missions, as well as for spacecraft being placed in 
some specific orbits. To date, multiple studies have appeared in the scientific literature that 
address the problem of space debris mitigation and removal. Moreover, the International 
Academy Debris Committee has supplied several recommendations to space ventures and 
agencies 1 , with the intent of avoiding the increasing deterioration of the space environment. 
Specifically, two regions are critically crowded: (a) the spherical shell corresponding to low 
Earth orbits, at altitudes ranging from 400 to 800 m, and (b) the circular ring corresponding 
to the geostationary orbit. The latter hosts satellites tailored to telecommunications and 
weather forecast. These spacecraft are usually equipped with a propellant amount that suffices 
to reach proper disposal orbits, at the end of their lifetime.  
This wor  investigates the long-term orbit evolution of decommissioned geostationary 
satellites, under the assumption that the final disposal maneuver does not occur, due to failure 
of the propulsion system. Equinoctial orbit elements are employed for long-term orbit 
propagations. Moreover, orbit dynamics is modeled by including the ma or orbit 
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perturbations, namely (i) a relevant number of Earth gravitational harmonics, and (ii) Sun and 
Moon gravitational pull as third bodies. In the numerical propagations, the ephemerides of 
Earth, Moon, and Sun are employed. For geostationary satellites, the 22 term, related to 
ellipticity of the Earth equator, has a dominant effect due to resonance of the orbital motion 
and the Earth rotation. This effect is associated with the existence of two stable equilibrium 
positions and two unstable equilibrium positions, corresponding to specific geographical 
longitudes. As a result, the perturbed motion due only to 22 is completely predictable, and 
would consist of nonlinear oscillations about the equilibrium positions. However, the third 
body perturbation due to Sun and Moon introduces further complexity, and, together with the 
effect of the Earth oblateness, is responsible of the orbit precession motion 2 . The orbit 
inclination and right ascension of the ascending node are sub ect to relevant variations as a 
result. This wor  proposes a geometrical, analytic approach aimed at modeling this effect, and 
compares it with the results obtained through numerical propagations. Moreover, this study 
investigates the overall longitudinal dynamics, as a result of the combined action of 22 and 
third bodies, with the intent of ascertaining if the spacecraft dynamics retains the regular, 
predictable behavior due to the only effect of 22. 

2 EARTH GRAVITATIONAL FIELD 
Due to irregular mass concentrations, the Earth gravitational potential differs considerably 
from that generated by a spherical mass distribution. As a result, the gravitational geopotential 
may be written in terms of spherical harmonics 2 , associated with coefficients lm and 
Legendre polynomials Plm,, and depending on the instantaneous spacecraft latitude I, 
geographical longitude Og, and radius r (  r , if r denotes the position vector ta en from the 
Earth s center). In this research, geostationary orbits are investigated. In order to provide 
realistic results, harmonics up to 4 are included in the dynamical modeling, although the main 
effects are due to 2 and 22, associated, respectively, with the Earth oblateness and equatorial 
ellipticity. In particular, the 22 sectorial term is considered, because it yields a resonant 
perturbing effect related to phasing of the Earth rotation and the spacecraft orbital motion.  
The inertial Earth-centered frame (ECI) has origin at the Earth s center and is associated with 
the right-hand sequence of unit vectors ( Ƹܿଵ, Ƹܿଶ, Ƹܿଷ), where Ƹܿଵ and Ƹܿଶ lie in the Earth s equatorial 
plane. In particular, Ƹܿଵ is the vernal axis, aligned with the intersection of this plane with the 
ecliptic plane, while Ƹܿଷ points toward the Earth rotation axis. Two additional frames are 
introduced: (a) (ݎƸ Ƹݎ , ܰ), withܧ ,  aligned with r, ܧ directed along the local East direction, and 
ܰ aligned with the local North direction, and (b) (ݎƸ  , ݄), also referred to as the local verticalߠ�,
local horizontal frame (L LH), with ߠ aligned with the pro ection of the satellite velocity v 
into the local horizontal plane and ݄ pointing toward its angular momentum. These two 
frames are related through a rotation matrix that depends on the spacecraft inclination i, right 
ascension of the ascending node (RAAN) : , and argument of latitude. If ߣ

ሺሻ denotes the 
Greenwich absolute longitude, then the spacecraft absolute longitude is Oa=ߣ

ሺሻ+Og. The 
gravitational acceleration is given by 

2  �J Ua where
cos g

E Nr
r r rI O I
w w w

�  � �
w w w

(1) 

After expressing (ݎƸ Ƹݎ) , ܰ) in terms ofܧ ,  , ݄), applying Eq. (1) to the gravitational potentialߠ� ,
expression 2  leads to obtaining the three components (

2 2 2

( ) ( ) ( ), ,r h
J J Ja a aT ) of the gravitational

acceleration in the L LH-frame, for subsequent use in the dynamics equations. 
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2.1 Average effect of harmonic J2 
The average effect of the 2 perturbation yields no variation of the orbit inclination, whereas 
the orbit plane precedes about the Earth rotation axis, with the following angular rate 2 : 

� �2 2

2

2
    where § ·

 � � �¨ ¸
© ¹

 EE
J sat

RJ n h c n
p a

c P
(2) 

where the symbol 2 denotes the Earth oblateness coefficient, ER  and EP  are respectively the 
Earth radius and gravitational parameter, whereas a and p represent the orbit semima or axis 
and semilatus rectum  ݄௦௧ is the unit vector aligned with the orbit angular momentum. 

ecause ݄௦௧ is parallel to Ƹܿଷ for an equatorial orbit (cf. Fig. 1(a)), harmonic 2 alone does not 
alter the motion of a geostationary satellite. The negative sign in the Eq. (2) indicates that the 
main zonal harmonic would cause a cloc wise precession about axis c with period of .5 
years (in the presence of a hypothetical small inclination). However, the existence of other 
perturbations, in particular the lunisolar gravitational attraction, alters the inclination (cf. Fig. 
1(b)), and introduces an additional contribution to the real precession experienced by a 
geostationary satellite. Section .1 addresses this phenomenon in detail. 

(a)                                                       (b) 

Figure 1: Nodal precession due to 2 (a), and due to 2 combined with the lunisolar perturbation (b). 

2.2 Analytical approach for harmonic J22 
The resonant effect of 22 can be treated analytically by using the Hill-Clohessy- iltshire 
(HC ) equations 2 , which represent the first-order approximation of the nonlinear 
equations of motion, and are useful for the purpose of describing the relative motion of the 
satellite with respect to a reference circular orbit of radius refR . In this study, this is chosen as 
the nominal geostationary orbit, and the HC  equations are

� �22 22 22

2 ( ) ( ) 2 ( )2 2 � �  � �  � �  r E N
J J J E refx n x ny a y nx a z n z a n RP ( ) 

where 42164 m{  ref geoR R , , , and    ref a refx r y R z RG GO GI , whereas 
22

( )r
Ja , 

22

( )E
Ja , and 

22

( )N
Ja denote the components (in the (ݎƸ (, ܰ)-frameܧ , of the perturbing acceleration due to 22. 
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Under the assumption that ݔሷ ؆ Ͳ and ሶܽమమ
ሺሻ ؆ Ͳ, the longitudinal dynamics, associated with 

coordinate y, is governed by 

� �^ � �
2

2
22 , 22 , 22

2 218 sin 2 cos cos 2 sin
½°ª º ª º � � � ¾¬ ¼ ¬ ¼ °¿

E g ref g ref
ref ref ref

n y yy J R
R R R

O O O O (4) 

In the proximity of equilibrium points, the previous equation reduces to the linear forms 

� � � �2 22 2
22 22( ) 6         ( ) 6 �  E geo E geoS y J R R n y I y J R R n y (5) 

where (S) and (I) correspond respectively to the stable and unstable equilibrium. Equations 
(5) represent, respectively, a harmonic oscillator of period equal to 818 days and a divergent
aperiodic motion, whose solution has only local validity. Instead, if the nonlinear equation is
employed, one obtains the longitudinal position portrait depicted in Fig. 2. It is apparent that
oscillatory motion ta es place about the two stable equilibrium conditions, with amplitude
and time evolution completely determined once the initial conditions are specified.

Figure 2: Longitudinal motion due to 22 effect: satellite orbit (blue line) and nominal geostationary 
orbit (dotted line). Stable and unstable points: S1  105 , S2  5 E, I1  165 E, I2  15 . 

3 THIRD BODY PERTURBATION 
The presence of further celestial bodies (other than the Earth) represents another source of 
orbital perturbations. Appreciable effects on the geostationary orbit are produced by the Moon 
and the Sun. Their gravitational influence is due to the differential action that they exert on 
the satellite and on Earth. In general, the perturbing acceleration due to a third body can be 
expressed as 2  

> @ > @
2

2
2

,

, ,

: (2 ) ( ) :( ) ,  and  
1 (1 )

�§ ·
 �  

� �
 � �  

�
� �¨ ¸¨ ¸

¹ �©
b B

b B b b b
b b sa

b sat

b s t ta

F q
r r

q qq r F q q
qr

PP
r ra r r r r r (6) 

where BP  is the gravitational parameter of the third body. In Eq. (6), the subscript b refers to 
the third body, rb denotes its position relative to the main body (i.e. the Earth),  b br r , rb,sat

represents the position of the third body with respect to the satellite, , , b sat b satr r , and F(q) is a 
function introduced by attin . The perturbing acceleration ab is then pro ected into L LH-
frame, for its inclusion in the dynamics equations. 
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Under the assumption that the spacecraft is placed in a circular orbit of radius R � � geoR , and 

that the third body describes a circular orbit about the Earth (at a constant distance 12r ), the 
double averaging of the Gauss equations for perturbed orbits yields the following vector 
rotation rate of the orbit plane 4 : 

� �
2

124
 � B

B sat B B
sat

R h h h
h r
P

( ) 

3.1 Analysis of the orbit precession 
The combined effect of 2 and the gravitational pull of Earth and Sun as third bodies is the 
precession of the orbit plane about the axis identified by the overall precession rate

� � � �
2 � �M S

J B B , where the last two symbols are associated with Moon and Sun, 
respectively. Under the assumption that the angular momentum of the Moon orbit is aligned 
with the ecliptic pole, � ��  is displaced by an angle G  of .1 deg from c , and the angular 
momentum describes (in cloc wise sense) the cone portrayed in Fig. 1(b). Moreover, the 
overall precession period is given by � �2    precT S Z Z , and equals 52 years. 

Let F  represent an auxiliary angle associated with the instantaneous angular momentum sath , 
such that 0 F  corresponds to sath pointing toward c and 2 F S occurs after an orbit 
precession period. After lenghty developments, omitted for the sa e of conciseness, the 
spacecraft inclination and RAAN are given by 
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where for a generic angle [ , c : cos and s : sin[ [ [  [ . If G is small, further analytical 
developments lead to the following approximate relation: 

� �    0 2
2 2

: | � � �
S F F S (9) 

This time behavior for the RAAN repeats every orbit precession period.

4 LONG-TERM ORBIT EVOLUTION 
The satellite is supposed to be placed in geostationary orbit at two reference epochs, which 
are set to 1 anuary 2020 and 1 une 20 0 in this study. Different values for the initial 
geographical longitude are considered, in order to point out some repeated and apparently 
unexpected migrations (toward different longitudinal regions), which occur when the satellite 
is close to an unstable point. 

4.1 Equinoctial elements 
An orbit is completely described by the classical orbit elements (i.e. semima or axis a, 
eccentricity e, inclination i, RAAN :, argument of perigee Z, and eccentric anomaly E). 
However, the perturbation equations for orbit elements become singular for circular (e  0) or 
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equatorial orbits (i  0). Hence, for the study of geostationary orbits nonsingular equinoctial 
elements 1P , 2P , 1Q , 2Q , and F are introduced . The sixth element is the semima or axis a, 
common to both sets  F is termed eccentric longitude. The time evolution of the equinoctial 
orbit elements is governed by the Lagrange planetary equations (in the Gauss form), which 
accepts arbitrary perturbing accelerations, written in terms of their components in the L LH-
frame (ar, aT, ah),
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The auxiliary functions w1 through w5 depend on 1P , 2P , and F 5 . 

4.2 Precession of the orbit plane 
The out-of-plane behavior of the satellite, as described in section .1, is strictly related to the 
third body effect combined with that of harmonic 2. Figure  shows the long-term evolution 
of the orbit inclination and RAAN, which is common to all decommissioned geostationary 
satellites, regardless of their initial longitude. From inspection of Fig.  it is apparent that the 
analytic approach developed in Section .1 exhibits excellent agreement with the accurate 
time evolutions obtained through numerical propagation. 

Figure : Inclination (a) and RAAN (b) time history (Og0  20 , 1 an 2020). 
Numerical (blue line) and analytical (red line) time histories are shown. 
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4.3 Migration effect 
If the only effect of 22 is considered, the satellite would oscillate around the nearest stable 
longitude. However, the lunisolar gravitational pull affects orbital motion, together with 
harmonic 22. According to the initial conditions and reference epoch, different types of orbit 
evolutions are proven to exist: 

1. the satellite continues to oscillate around the stable point
2. the satellite covers a greater longitudinal range, passing regularly through a single

unstable point
. the satellite passes chaotically through a single unstable equilibrium point

4. the satellite passes chaotically through both the unstable points.
Table 1 summarizes all these cases. Figures 4 through  point out that these irregular 
transitions are apparently related to temporary alterations of the orbit semima or axis, induced 
by the lunisolar perturbation. 

Initial 
condition 

Og0 
150 E

Og0 
160 E

Og0 
1 0 E

Og0 
180 E

Og0  -
0

Og0 
20

Og0 
10

Og0 
0

1 an 
2020 2 4 4 2 1 1 1 1 

1 un 
20 0 2 4 4 2 1   1 

Table 1: Type of longitudinal time evolution depending on different initial conditions. 

(a)   (b) 

Figure 4: Longitudinal motion (type 1), starting at 20  (a) and 10  (b) 
(reference epoch 1 an 2020). 

Figure 5: Longitudinal motion (type 2), starting at 150 E (reference epoch 1 an 2020). 
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Figure 6: Longitudinal motion (type ), starting at 20  (reference epoch 1 un 20 0). 

Figure : Longitudinal motion (type 4), starting at 1 0 E (reference epoch 1 un 20 0). 

5 CONCLUDING REMARKS 
This research addresses the long-term orbit evolution of decommissioned geostationary 
satellites, under the assumption that no disposal maneuver occurs. Resonance is related to the 
sectorial harmonic 22 of the Earth gravitation field, and would yield predictable nonlinear 
oscillations about the equilibrium positions. However, the third body perturbation due to Sun 
and Moon produces two ma or effects: (a) precession of the orbit plane, and (b) chaotic 
longitudinal dynamics. This wor  proposes an effective and accurate analytical approach 
capable of modeling effect (a). Moreover, this research proves the existence of four types of 
longitudinal time evolutions. Two out of four time-behaviors turn out to be chaotic (effect 
(b)), and exhibit multiple migrations toward different longitudinal regions. In conclusion, in 
the absence of proper disposal maneuvers, the end-of-life conditions of decommissioned 
geostationary satellites certainly deserve thorough analysis, in order to predict their orbit 
evolution and provide a correct evaluation on the impact ris  at specific longitudes. 
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ABSTRACT 

HEMERA is a new Research Infrastructure funded by the Horizon 2020 Research and 
Innovation Programme of the European Union (grant number 730970). It integrates a large 
starting community in the field of tropospheric and stratospheric balloon-borne research, to 
make existing balloon facilities available to all scientific teams in the European Union, 
Canada and associated countries. The complementary of the HEMERA 
members capabilities in the field of balloon systems and operations will offer an easy and 
enhanced service to the scientific community. A wide range of scientific and technical themes 
are addressed, such as astronomy, atmospheric physics and chemistry, climate 
research, fundamental physics, biology, space research and technology. 

This program aims at provide a transnational access to balloon flights for all the users; 
enlarge and strengthen the network of the community working in balloon science; join the 
research to improve balloon technology and scientific instrumentation. Finally, HEMERA 
aims at develop strong synergies with the European Union programs. 

Keywords:Infrastructure, balloon Science, stratospheric balloon,astrophysics 

1 INTRODUCTION 
HEMERA is a new Research Infrastructurefunded by the Horizon 2020 Research 
andInnovation Programme of the European Union(grant number 730970). It integrates a 
largestarting community in the field of troposphericand stratospheric balloon-borne research, 
tomake existing balloon facilities available toall scientific teams in the European 
Union,Canada and associated countries. The complementaryof the HEMERA members 
capabilities in the field of balloon systems and operationswill offer an easy and enhanced 
serviceto the scientific community. A wide range ofscientific and technical themes are 
addressed(Masi S. et al., (2008)), such as astronomy,atmospheric physics and chemistry, 
climate research,fundamental physics, biology, space research and technology. This 
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programme aims at provide a transnationalaccess to balloon flights for all theusers; enlarge 
and strengthen the network ofthe community working in balloon science;join the research to 
improve balloon technologyand scientific instrumentation. Finally,HEMERA aims at develop 
strong synergieswith the European Union programmeCOPERNICUS, be complementary to 
theEuropean Space Agency programmes and establishlinks with other European 
Commission(EC) infrastructures (e.g. ACTRIS, IAGOS).To do so, HEMERA provides the 
possibility to fly small to medium payloads at no coston Centre National d’EtudesSpatiales 
(CNES)or Swedish Space Corporation (SSC) gondolasunder Zero Pressure Balloons (ZPB) 
andSounding Balloons (SB) (see Section 3). Thecost for the development and construction 
ofthe payloads is not included. Moreover, it willprovide a virtual access to the data: those 
dataacquired during those flights will be collectedand mad publicly accessible on a dedicated 
weportal on www.hemera-h2020.eu. 

2 BALLOON SCIENCE IN THE LAST CENTURY 
The era of modern stratospheric ballooning, from the beginning of the last century have 
provided unique flight opportunities for aerospace experiments. In particular, the Italian 
scientific community have played a crucial role, with stratospheric balloons flight since the 
‘50s carrying cosmic rays and high energy astrophysical experiments. Launches have been 
performed from the Cagliari Elmas Airport in Sardinia, Italy. One of those have been 
designed and exploited under the lead of Prof. EdoardoAmaldi, together with the ‘Ragazzi di 
Via Panisperna’: Oscar D’Agostino, Emilio Segre, EdoardoAmaldi, Franco Rasettied Enrico 
Fermi (see Figure 1). The scientific objective was to study the production of “starge” particles 
in the atmosphere, by means the use of emulsions. The flight was successfully exploited in 
1953 (Ubertini, P., 2008). 

Figure 1: Left: one of the first experiment carried out with stratospheric balloon in Italy is shown. The 
balloon,with a volume of about 9,000 cubic meters, was launched from the Cagliari Elmas Airport 

(Sardinia, Italy).The experiment was designed and exploited under the lead of Prof.EdoardoAmaldi. 
Right: The group ofthe ”Ragazzi di Via Panisperna”: starting from the left: Oscar D’Agostino, Emilio 

Segre, Edoardo Amaldi,Franco Rasetti ed Enrico Fermi.  
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In Italy, after the World Warr II, the military airport in the area of Trapani-Milo in Italy was 
revived as a facility to perform scientific experiment at the beginning of the ‘70s. This facility 
was at first managed by the ‘Piano SpazialeNazionale-CNR’ and later by ASI.The italian 
scientific community have always been interested in all the science fieldsthat balloon flights 
allows to exploit, and in particular high energy astrophysics. Table 1 shows the high energy 
astrophysics balloon experiments conducted with the ‘Istituto di AstrofisicaSpaziale e 
FisicaCosmica’ (IASF) involved between 1975 and 1991. 

Table 1: High Energy Astrophysics Balloon Experiments with IASF participation in the time frame of 
1975-1991. 

3 PARTNERS 
The HEMERA project sets up a large consortiumdealing with balloon-borne research, 
thatencompasses 13 Partners fromseven countries: 

• Space agencies: Centre National d’EtudesSpatiales (CNES) in France; Swedish
National Space Board (SNSB) in Sweden; AgenziaSpazialeItaliana (ASI) in Italy;
DeutschesZentrum fur Luft- und Raumfahrte.V. (DLR) in Germany;Canadian Space
Agency (CSA) in Canada.

• Companies operating these balloons and providing the hardware: Swedish Space
Corporation (SSC) in Sweden; Andoya Space Center (ASC) in Norway; Airstar in
France, which provides balloon envelopes.

• Scientists fromthe atmospheric sciences, astronomy and astrophysics communities:
Centre National de la RechercheScientifique (CNRS) in France; Karlsruhe Institut fur
Technologie (KIT) in Germany; IstitutoNazionale di Astrofisica (INAF) in Italy;
Heidelberg University in Germany (UHEI); Cranfield University (CU) in theUK.

These partners are mostly European andfrom Canada. Figure 2 shows the location ofthe 
institutes, companies and space agencies. 
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Figure 2: Locations of the HEMERA partners, encompassing space agencies, companies providing the 
facilities and balloons and scientific bodies, such as research centres and universities.  

4 HEMERA BALLOONS 
Within the HEMERA programme, two different types of balloons will be accessible bythe 
users who wants to fly their payloads:Sounding Balloon (SB) and Zero PressureBalloon 
(ZPB). Those tropospheric and stratosphericballoon types allows users to collectdata related 
to several science fields, startingfrom Earth observations. In fact, atmosphericscience can be 
achieved regarding stratosphericchemistry and dynamics. Moreover,astronomy and 
astrophysics contributes canbe achieved in different fields, such as solarphysics and cosmic 
ray physics, infrared andmicrowave measurements and gamma ray astronomy.Hereafter a 
brief description of the SB andZPB balloons characteristics. 

4.1 Sounding Balloons 
Sounding Balloons are the smallest type of balloon users can access within the 
HEMERAprogramme. They allow small payloads withweights up to 3 kg. The maximum 
altitudethese balloons can reach is 30 km in the atmospherewith flight durations up to ∼2 
hours.Balloons ascents are slower compared to theZPB ones and the payloads are not always 
recovered.Figure 3 shows a picture of the SB asexample, while Figure 4 shows the altitude 
inkm of the SB as a function of the time flight inhours. 

Figure 3: Photo of a Sounding Balloon as an example of the one used within the HEMERA 
programme. 
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Figure 4: The plot shows the altitude in km of the Sounding Balloon used within the HEMERA 
programme as a function of the flight time in hours. 

4.2 Zero Pressure Balloons 
Zero Pressure Balloons are bigger balloonwhich allow payloads with a weight up to 150kg. 
The maximum altitude these balloons canreach is 40 km with a flight time of ∼24hours. The 
ascent of ZPB is quite rapid andin this case the payload can be always recoveredthanks to the 
presence of a parachutebetween the balloon and the gondola. Figure5 shows the scheme of the 
ZPB used withinthe HEMERA programme, while Figure 6presents the altitude as a function 
of the flighttime for ZPB. 

Figure 5: Scheme of a Zero Pressure Balloon used within the HEMERA programme. 

Figure 6: The plot shows the altitude in km of the Zero Pressure Balloon used within the HEMERA 
programme as a function of the flight time in hours. 
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5 HEMERA LAUNCHING SITES 
HEMERA allows users to launch their instrumentson the balloons from three differentsites: 
Esrange (Sweden), Timmins (Ontario,Canada) and Aire Sur l’Adour (France). Figure 7 
presents the locations of these launch sites.HEMERA partners are considering a newlaunch 
sites in different latitude, including from Sicily, in order toperform medium latitude flights. 
The durationof those flights will be of ∼24 hours and thedirection will be toward Spain during 
summerand toward Turkey in winter. 

Figure 7: Locations of the launch sites used within the 
HEMERA programme. 

• Esrange: this is the space operations centerfor SSC and it has been conducting
balloonflights since 1974. The launch facilityoffers flights in air space with low air
trafficdensity and over sparsely populated areas.

• Timmins: it was selected in March 2012 as the Canadian ZPB launch site becauseof
its favourable latitude, wind and weatherconditions, low population density in
areassurrounding the city and optimal on-site infrastructure.

• Aire sur l’Adour: Flights from Aire surl’Adour have been conducted since
early1960s. This site, located in southwesternFrance, is the main launch base of
CNESand is also the home base for the CNESballoon operations team.

6 HEMERA EVENTS 
Within the HEMERA programme two eventsplanned, the HEMERA Summer School andthe 
HEMERAWorkshop. The Summer Schoolis organized in Heidelberg from 9th to 13th 
ofSeptember 2019. It is open to advanced masterstudents, PhD students and young 
scientistsinterested/involved in balloon research, techniciansand engineers from the 
participatingagencies and industries. Major themes of thesummer school will cover the 
following: 

• The history, early and modern balloon science and industrial opportunities, recent
advances and discoveries.

• The atmospheric environment.
• The general logistics of balloon types, flight control, limitations of the ballooning

environment, launching techniques, regulations.
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• Specific scientific and industrial ballooning operations of the agencies.
• More detail on modern scientific results from ballooning and the instruments involved.
• Future work, opportunities and measurements.

A dedicated HEMERA workshop will beorganized in Rome in autumn 2020. The 
programmetogether with the first balloon flightsresults will be presented. Further 
informationabout the workshop will be included theHEMERA website www.hemera-
h2020.eu. 

7 CONCLUDING REMARKS 
HEMERA is a new Research Infrastructurefundedwithin the Horizon 2020 programme bythe 
European Union. It aims at integrate a largestarting community in the field of troposphericand 
stratospheric balloon-borne research, in orderto make existing balloon facilities availableto all 
scientific teams in the European Union,Canada and associated countries. It offers 
troposphericand stratospheric balloon flights atno cost for small to mediumpayloads. To 
applyfor those flights Call For Proposals are issuedevery year. 
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ABSTRACT 
Since March 2019 the PRecursoreIperSpettraledellaMissioneApplicativa – PRISMA is flying 
on a sun-synchronous orbit at 620km. The PRISMA mission, fully developed by the Italian 
Space Agency (ASI), combines two payloads: a hyperspectral and a panchromatic camera 
[1]. PRISMA, together with the Chinese Gaofen-5 (GF-5), are the only hyperspectral sensor 
in orbit with similar characteristics in term of GSD and spectral resolution. The PRISMA 
hyperspectral payload is a pushbroom scanner covering the full range (VNIR-SWIR) from 
400 to 2500nm with 239 spectral bands at a spatial resolution of 30 m with a swath of 30 km, 
while the panchromatic camera provides 5m pixel images co-registered with hyperspectral 
imagery.  
During the commission phase (concluding in September 2019) and for the three successive 
years, it is planned a structured CAL/VAL activity on scattered instrumented sites in Italy. 
CAL/VAL activities will be conducted in the framework of the PRISCAL project supported by 
ASI.  
In this communication the CNR IMAA and UNITUS, CAL/VAL activities for the PRISMA 
mission will be presented. In particular the test sites belonging to CNR IMAA have been 
selected in Basilicata according to the peculiar thematic areas of interest [2] for the mission: 
i) topsoil characteristics, ii) vegetation biophysical parameter retrieval.

Keywords: Hyperspectral, calibration, validation, soil, vegetation. 

1 INTRODUCTION: THE PRISMA PAYLOAD 
From March 2019 the PRecursoreIperSpettraledellaMissioneApplicativa – PRISMA is in 
orbit on a sun-synchronous orbit at 620km. The PRISMA mission, fully developed by the 
Italian Space Agency (ASI), combines two payloads: a hyperspectral and a panchromatic 
camera [1]. 
The PRISMA Payload design is based on a pushbroom type observation concept providing 
hyperspectral imagery (239 bands) at a spatial resolution of 30 m on a swath of 30 km (Table 
1) with a variable bandwidth across the nominal spectral range, nevertheless the band width is
less than 12nm (i.e. between 7.3 and 11.04nm) in combination with a panchromatic imagery
at the spatial resolution of 5 m.
The two PRISMA images, acquired by the same telescope, are co-registered to allow a correct
image fusion. The PRISMA instrument is a prism spectrometer collecting the incoming

1
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radiation which is dispersed by two spectrometers; the photons are converted to electrons by 
the detectors, then the electrical signals are amplified and converted into a digital data stream. 
The PRISMA coverage is global with a 29 days (orbit repeat period), while the revisit time on 
a specific area of interest is of 7 days thanks to the off-nadir angle of about 18°. 

Table 1. PRISMA payload, main characteristics. 
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2 THE PRISCAL ACTIVITIES 

After the end of the commissioning phase (expected on September 2019), it is foreseen a 
structured three years CAL/VAL activity in the framework of a ASI-CNR collaboration 
agreement titled PRISCAL (PRISMA CAlibration/Validation). The main aims of the 
PRISCAL project is to support the PRISMA mission with the involvement of the national 
scientific community through the setup of a network of sites to acquire, maintain, and manage 
auxiliary data qualified for the calibration and validation of the optical hyperspectral satellite 
data. The PRISCAL activity is foresee to be in synergy with the other multi and hyperspectral 
optical missions, such as the future SHALOM mission (ASI-ISA), ESA FLEX mission and 
the Sentinel hyperspectral mission CHIME in the context of the Copernicus program. 

In this context CNR IMAA, UNITUS DAFNE with the collaboration of SIA, is in charge to 
acquire CAL/VAL data, contemporary to the PRISMA acquisitions, in selected test sites in 
the Basilicata region. In particular, CNR IMAA is in charge to acquire calibration and 
validation data suitable for the retrieval of topsoil characteristics, vegetation biophysical 
parameter retrieval. The objective of the CNR IMAA WP is to identify suitable sites in 
Basilicata, or in other Italian regions or others countries, already instrumented for CAL/VAL 
activities in support of PRISMA calibration and validation activities. The CNR IMAA 
activity is required to provide: 

• the characterization of the instrument's performance;

• verification and maintenance over time of mission performance;

• effective and efficient use of data;

• the validation of the land retrieved parameters (soil and crop biophysical parameters)

The CAL/VAL activities includes airborne surveys with VNIR-SWIR scanner (whenever 
possible coupled with thermal LWIR multispectral data) and field campaigns activities. 
Whenever possible the CNR IMAA activities will be planned in synergy with ESA (i.e. 
Fluorescence Explorer – FLEX and the candidate CHIME hyperspectral missions) and the 
actual ASI missions’ development (hyperspectral mission SHALOM). 

2.1 CNR IMAA activities within PRISCAL 
In Basilicata the validation activities for PRISMA products will be carried out in the 
experimental farms belongings to the Lucana Agency for Development and Innovation in 
Agriculture (ALSIA). Within the ALSIA experimental farm there are different farms with 
cereal and forage crops. The selection of the measurement fields will be made based on the 
cultural plans of the current agricultural year and the ALSIA instrumentation available in situ. 
The ALSIA experimental sites participate to the regional agro-meteorological network 
consisting of thirty-eight agro-meteo stations, organized in the Lucano Agrometeorological 
Service (SAL) (http://www.alsia.it/opencms/opencms/Servizio/SAL/). 
In particular, CNR IMAA is evaluating the opportunity to use the Company in Pignola 
(40.557303, 15.757921, 816m a.s.l) due to the proximity to the atmospheric observatory of 
the CNR IMAA (http://www.ciao.imaa.cnr.it/) that is an Aeronet site 
(https://aeronet.gsfc.nasa.gov/new_web/photo_db_v3/IMAA_Potenza.html).  
The Experimental farm of Pignola has about 140 hectares, mostly consisting of arable land, 
meadows and coppice with tall trees. Every year the Pignola farm cultivates around 17-20 
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hectares of cereals. The experimental farm of Pignola of ALSIA has a fully equipped 
agrometeorological station. 

Figure1: The ALSIA Pignola experimental farm used as CAL/VAL site in the Basilicata Region. 

The detection of constant spatial behaviours inside the Pignola fields, which are stable 
through time, can be a challenging task for optimizing farming practices by providing 
information on possible uniform vigor zones to support agro-management.  

On the selected measurements test site selected in the Pignola farm will be performed 
contemporary to the PRISMA overpasses: 

• acquisition of irradiance and reflected radiance spectra and calculation of the VIS-NIR-
SWIR reflectance of vegetated surfaces by means of a full range spectrometer 400-
2500nm, during PRISMA transitions through measurement campaigns in the field;

• Analysis and filtering of spectral, weather and atmospheric data collected in the project
database;

• Set up and maintenance of acquisition infrastructures;
• Comparison of ground measurements with standard PRISMA products for validation.

3 CONCLUSIONS 
The CNR IMAA, UNITUS DAFNE and UNIROMA1 SIA activities in the framework of the 
PRISCAL project aims at identifying in the Basilicata Region well instrumented test site to be 
used to provide auxiliary calibration data suitable for the evaluation and monitoring of the 
PRISMA radiometric performances. Data will be used also to the validation of the standard 
PRISMA geophysical products related to the retrieval of soil biophysical characteristics and 
crop biophysical properties. The project started on June 2019 and is now entering his full 
activities as PRISMA has started to recursively acquire data on the selected CAL/VAL sites. 
This manuscript described the main CNR IMAA objectives and the activities that will be 
realized in the next of activities of the project to support the retrieval of land surface variables 
by PRISMA hyperspectral data. 
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ABSTRACT 

 Traditionally, Earth bservation satellites have been based on hundreds of millions euros  
institutional programs, usually operated by governments or public entities, and also in case of 
dual use missions (e.g. E  opernicus) the very high resolution imagery is not available to the 
public.  

ith the miniaturization of satellite electronics, the availability of ey-enabling technologies, 
li e electric propulsion, and a more extensive use of commercial components, space became 
accessible to small satellites, a completely new asset with respect to traditional satellites. The 
easier and cheaper access to space made available by this disruptive technology attracted the 
interest of new players. hile lowering their cost, small satellites deployed in constellations 
continuously improve their performances and Earth bservation services with sub-meter 
ground resolution and hourly revisit time are already available on the mar et.  
The paper addresses the new Earth bservation mission (and application) scenarios enabled 
by the implementation of small satellites (e.g. SITAE  platforms in the -  g launch mass 
range) and relevant deployment in constellation (medium , large ). A set of E  
smallsats constellation scenarios are presented, highlighting the mission goals, the innovative 
constellation geometry and the new E  services enabled for the end users.  
These smallsat E  constellations provide unique advantages on user side, than s to   
. Integration in the same constellation of different E  sensors (SAR, AN-RGB, TIR, )

and consequently E  data availability
. apability of enhanced image refresh (access) time from wee ly basis (standard single S

E  mission) to hourly basis (constellation of E  smallsat)
. Enhanced orbit and attitude control  very ow Earth rbit ( -  m) and S  agility

(rapid off-nadir pointing) to perform in-orbit maneuvers in order to access a certain area of
interest on demand
. igh competitivity than s to the low recurrent cost per satellite (both on platform and

payload sides) with TS-automotive components.

In the frame of New Space Economy, the new opportunities at end user level (in commercial, 
institutional, defense and scientific mar ets) are presented, by highlighting the correlation 
between new E  smallsat technologies and final end user applications. 

Keywords: smallsat, constellation, earth observation, electric propulsion 
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1 INTRODUCTION 
Current Earth bservation satellite systems is shifting from traditional monolithic satellites to 
small, agile distributes systems guaranteeing a comparable level of performances. This 
changing paradigm is enabled by recent, fast-evolving technological achievements combined 
with the cost reduction and the shortening of the concept-to-launch activities. 
The miniaturization of satellite components, the development of ey-enabling technologies, 
li e electric propulsion, and a continuous increase in the use of commercial components made 
access to space faster and cheaper allowing smaller satellites to increase their competitiveness. 
Furthermore, the exploitation of small satellites for E  enable designing new mission scenarios 
including multi-payload satellite constellation (and mega-constellations) providing the 
customers with Earth bservation products with sub-meter ground resolution and hurly revisit 
time. 
Considering this New Space Economy framewor , in this paper, some examples of the 
performances of medium-size constellations of small satellites exploiting the integration of 
different type of E  sensors are presented  in particular, the combination of SAR and optical 
products is analysed against the possible applications focusing on the innovation introduced 
from the small satellites exploitation. The constellation design drivers were oriented at both 
stand-alone payload imaging performances and overall system capabilities. The system 
architectures presented are based on the SITAEL S-200 platform hosting payloads currently 
available or under development.  

1.1 Multi payload systems 
Distributed Earth bservation systems presents the customer with many advantages including 
performances, time-to-mar et and mission costs. However, one particular advantage achievable 
only through the exploitation of distributed systems, is the possibility of providing the customer 
with timely observation of the same phenomena with different instruments (e.g. radar and 
optical imagery). 
Systems designed within this architecture presents the customer also with a high scalability 
allowing continuously increasing the overall performances only augmenting the constellation 
size. Furthermore, this flexibility reflects also on the robustness of the systems to possible 
failures and on the possibility of launching a reduced set of satellites to demonstrate the system 
capabilities before deploying the whole constellation. 
From an operations point of view, this approach would allow observing the required area with 
different instruments, not necessarily all at the same time and from the same orbital position. 
Depending on the customer and application requirements, the phenomena of interest con be 
observed either with the same instrument, thus exploiting a typical small satellite constellation 
or with different instruments, thus expanding the mission to an integrated, multi-payload 
constellation. 
The system performances considered in the following analyses are based on the characteristics 
of a Micro Synthetic Aperture Radar (SAR) specifically designed to be launched on a small 
satellite and a very high resolution optical instrument. 

1.2 High revisit performances 
The system architecture exploiting integrated constellations of small satellites is designed 
aiming at providing the customer with:  
a) Complete maps of the desired area of interest with a high frequency data refresh
b) ery low revisit time of particularly interesting target area exploiting the small satellite
agility.
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The integrated constellation performances obtained will enable a multi-application service able 
of providing the customer with the capabilities of monitoring its assets in spatial, temporal and 
spectral distribution, detecting changes and alterations in the short and long period and quic ly 
react to unforeseen events thus reducing the ris s and potential interruptions of its business 
activities. 

1.3 Market Analysis 
The proposed architecture fits the current Earth bservation mar et and moves foreward the 
boundaries of the availbel performances. Figure  compares the operative E  constellations 
against the payload resolution, the constellation revisit time and launch mass of the satellites.  

Figure 1 : Mar et analysis: resolution vs. revisit time. 

2 PAYLOAD CHARCTERITICS 
The analyses performed in this paper to demonstrate the capabilities of distributed, multi-
payload constellations ta e into consideration the following instruments: 

• A -band Micro Synthetic Aperture Radar (SAR) optimized for small platforms
• A very high resolution PAN-RG  camera providing sub-metric native resolution

2.1 SAR P/L 
The performances of the radar instrument used to generate the analyses in this paper is a Micro 
Synthetic Aperture Radar (SAR), the maximum expression of technological innovation in the 
field of synthetic aperture radars. A potential supplier of this type of instrument is Thales Alenia 
Space Italia S.p.A.. The proposed SAR new concept includes technological innovation on three 
main axes: 

Single compact SAR electronic unit, based on the use of an FPGA and fully controlled
by the platform  no dedicated radar processor is needed.
State-of-the-art rectangular antenna, composed of slotted waveguide technology, light
and deployable, able to provide excellent performance during signal transmission and
reception.
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Amplification stage of the transmitting chain based on Solid State Power Amplifier
(SSPA) in GaN technology.

The SAR baseline acquisition mode is Stripmap, with single polarization, guaranteeing the 
azimuth and range resolution lower than 5 m with a 20 m swath aperture. These performances 
can be improved exploiting different operating modes as Spotlight, able to produce radar images 
with  m resolution (goal 1m I experimental mode), and Scan, increasing the scanned swath. A 
summary of the Micro SAR performances is reported in Table . 

Parameter Value 
Access Area 18-45 deg
Altitude 410 m 
Swath 20 m
Range Resolution  5 m 
Azimuth Resolution  5 m 
NESZ (worst value)  -12 d
Azimuth Distributed Ambiguity Ratio (ave) -22 d
Range Distributed Ambiguity Ratio (ave) -19 d

Table 1: SAR performances (credit: Thales Alenia Space Italia). 

2.2 Optical P/L 
This paper example analyses consider the performances of two PAN-RG  instruments 
available on the mar et or currently under development. The characteristics required are, in 
general:  

Sub-metric native resolution, aiming at a 0.5 m GSD at the reference orbit of 400 m
High swath (  25 m) at the reference orbit and or high instrument F
Possibility to apply post-processing technics to increase the native images resolution.

Two possible suppliers have been identified for the development of the PAN-RG  payload 
with technical and performance characteristics partially meeting the requirements. The possible 
suppliers of the optical payload are fficina Stellare (IT) and Satlantis (ESP)  the reference 
performances are reported in Table 2. 

Parameter Ref. Optical P/L 
Reference Orbit [km] 50 SS  

Configuration Three Mirror Anastigmat 
(TMA) orsch 

Spectral Range [nm] PAN RG  (400-900) 
GSD [m] 0.6 (PAN)  
Swath [km] 10-15
FOV[deg] 1,6-2,5 
Volume [mm3] 420mm DIA x 0mm L 
Mass [kg] 40 
Power [W] 0 

Table 2: ptical P L performances. 
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3 END-USER APPLICATIONS 
The possible applications of a distributed E  system include: 

• environmental control: air, water and land pollution, costal, erosion and forestry
monitoring

• disaster monitoring: earthqua e, fires, landslides
• precision farming
• air and maritime surveillance: homeland security, immigration, illegal traffics, tactical

support
• infrastructure monitoring
• change detection
• mar et and commercial analyses.

In this framewor , new type of applications, such as SAR-optical data fusion algorithms, are 
currently being studied and developed. An example of recently studied application is the SAR-
PAN data fusion able to generate real colour SAR images, images matching, artificial 
generation of images, features classification. For example, applying data fusion algorithms it 
will be possible to generate both artificial optical images starting from SAR data acquisition 
and SAR images starting from acquired optical frames. The results will include the advantages 
of both types of observation as lower revisit time, all weather SAR data and very high resolution 
PAN images. 

4 CONSTELLATION EXPLOITATION 
The flexibility provided by E  distributed systems allows operating the constellation efficiently 
both in routine and on-demand acquisition mode. The following paragraphs shows the results 
of the analyses of PAN-RG  and SAR constellation considering Italy as the potential Area of 
Interest (AoI). The constellation orbits selected are standard Sun Synchronous rbits (SS ) at 
altitude lower than 400 m, thus exploiting the S-200 electric propulsion system. The satellites 
are placed on multiple orbital planes, to increase the potential revisit frequency, and equally 
spaced on the same plane, to uniform the mapping times. 
The example analyses presented considers: 

8 satellites PAN-RG  constellation:
o altitude  50 m
o Planes number  2
o Repeat cycle  2  days
o LTDN 10: 0 1 : 0

16 satellite SAR constellation:
o altitude  90 m
o Planes number  4
o Repeat cycle   days
o LTDN 06:00 09:00 12:00 15:00

4.1 Routine operations 
The routine operations foresees the mapping of the desired AoI. oth instruments operates in 
Stripmap acquisition mode. The maximum mapping refresh time depends mainly on the repeat 
cycle of the SS  selected and on the Swath F  aperture. Figure 2 shows the maps refresh 
time of the PAN constellation, lower than 14 days, despite the 2  days repeat cycle. Figure  
instead, presents the mapping refresh time for the 16 SAR constellation, lower than 5 days for 
every point in the AoI. 
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Figure 2 : 8 PLATiN  satellite constellation – PAN-RG  maximum mapping time. 

Figure  : 16 PLATiN  satellite constellation –SAR maximum mapping time. 

4.2 On-demand operations 
The on-demand operations exploit the S-200 agility performances of off-nadir pointing 
allowing access to a - 0 deg area in the across-trac  direction. This high level feature enables 
a more frequent potential access  to nay spot in the selected AoI aiming at managing end-user 
request of high frequency acquisition of a particularly interesting phenomena, or to help 
managing emergency situation or disastrous events. 
The same PAN-RG  constellation described above can be operated in on-demand mode 
allowing daily potential access to the entire AoI, as showed in Figure 4. Applying the same 
operative mode to the SAR constellation, the on-demand potential access to the AoI is always 
lower than 4 hours. 
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Figure 4 : 8 PLATiN  satellite constellation – PAN maximum on-demand revisit time. 

Figure 5 : 16 PLATiN  satellite constellation – SAR maximum on-demand revisit time. 

Figure 6 presents the on-demand performances of a constellation composed of 2 satellites placed on 8 
different planes in order to minimize the time between two passages over the same area, considering the 
off-nadir pointing capabilities of the S-200 platform. The average potential revisit time is lower than 1 
hour and it can be further optimized detailing the AoI characteristics. 
Table  summarizes the performances of possible different sized constellations of small satellites in 
terms of mapping and on-demand revisit times. 
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Figure 6 : 2 PLATiN  satellite constellation – high revisit option - average revisit time on-demand 
requests. 

Configuration PAN Constellation SAR Constellation High revisit Option 
N. Satellites 8 16 2 
N. Planes 2 4 8 
Altitude m  51.6 89,8 459,8 
Repeat Cycle gg  2    
Mapping days  Max  10-14  Max  2-  

Ave  1,5-  
Max  1-  
Ave  0,4-1,9 

Potential Access hr  Max  20-24  Max  ,4- ,9 
Ave  1,1-1,4 

Max  1,8-2,2 
Ave  0,5-0,6 

Table : Revisit time constellation performances. 

5 SMALL SATELLITE SOLUTION 
In the frame of the PLATiN  National Program, funded by the Italian Space Agency (ASI), 
SITAEL, Thales Alenia Space, Leonardo and Space Engineering are developing a brand new, 
all-electric and highly competitive (performances vs cost) small satellite class platform, 
identified in the paper as S-200, with a launch mass  200 g (up to 250 g for some 
configurations).  
The main feature of the platform, the characteristic that sets it apart with respect to other small 
platforms in the mar et, is its multi-applicability. Since the earliest stages of the design, in 
fact, the S-200 is designed to be compliant with a wide set of applications (from Earth 

bservation to Telecommunication to scientific missions) and to be able to accommodate 
payloads of different sizes and performances. 
This is achieved through the following activities: 

• Implementation in the design of a high level of scalability and configurability at
system and subsystem level, including exchangeability of equipment to adapt to
different mission requirements (optional units)
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• Development of ey Enabling Technologies ( ETs) specifically designed for the S-
200 platform, in order to achieve performances that are very competitive within the
mini-satellite class.

5.1 S-200 Key Requirements and Target Missions 
The main platform characteristics and performances are summarized in the table below: 

Platform Main 
Parameters Value 

verall S C Main 
Dimensions 
(excluding external 
appendages) 

800x800x1200 mm  

S C Launch Mass Up to 200-250 g 

Lifetime 
 years (extendable to 

5 years) 
rbit (envelope) 50 – 800 m 

Platform reliability 0.  
Multi-Payload I/F Value 

P L Mass Up to 80 g 

P L olume 
(Lx xH) 

Different shapes of 
Payload Support 
Structure (PSS) 
Up to 800x800x550 
mm  

Thermal I F 

Decoupling (if 
needed) 
Active thermal control 
(if needed) 

A Power 
Consumption 

Up to 100  (avg) 

Pea  Power 
Consumption 

Up to 50  for 5  
duty cycle 

Power bus oltage 
Unregulated bus at 
22  – 8  

Payload TM-TC I F CAN us Spacewire 

Table 4: Platform performance and P L I F 

ithin the envelope specified above, the platform is compatible with a wide range of 
missions, in the field of Earth bservation, Telecommunication and others: 

• Earth bservation
o ptical: Hi-Res optical, Hyperspectral, NIR, TIR
o Small SAR both active and passive

• Telecommunication:
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o High-throughput Satellite (HTS)
o Low Data Rate missions

• Science and other applications:
o Space Situation Awareness Space Surveillance and Trac ing (SSA SST)

The platform design and sizing have been performed to ta e into account the missions 
mentioned above and others. The multi-applicability requirements is satisfied by a design that 
presents a high level of scalability and configurability in terms of payload interfaces but also 
internal to the platform. 

5.2 Platform Design  
As previously stated, the platform physical layout and its functional configuration are mainly 
driven by the multi-applicablity and modularity requirements. 
The concept layout is defined in terms of 4 (four) specific assemblies, each of them 
independent from the others, in order to provide the platform with a high level of: 

• Modularity (P F to P L, but also internal to P F)
• Configurability scalability (vs different mission needs and payload I F)
• Compactness (reduced volume, given a certain mass, mainly vs P L allowable

volume and L  physical compatibility)
• P F to P L (S C) efficiency (mass volume)

The platform physical layout is divided into four main subassemblies: 
• us Module ( M): standard service module structure with all main P F subsystems

placed in it (with a highly standardized internal layout), providing also the standard
L  I F (bottom panel) and all the I F with Solar arrays and Payloads.

• Solar Array Assembly (SAA): the assembly of the solar array panels. The SAA
includes the mechanisms (root hinge, HDRM, SADA if present). The SAA layout
depends from mission features (orbit, S C flight attitude, power need) and can be
configured accordingly. Different layouts are proposed: body-mounted, deployable,
drivable (and combinations)

• Payload Support Structure (PSS): the assembly represent the generic supporting
structure to thermo-mechanically interface with the payloads. It is mission-dependent
and different configurations are structurally possible (simple frame or different
shapes to adapt to specific payload needs.

• P F External Appendages: all the P F external appendages (A CS sensors, C MM
antennas). The final accommodation depends on the required layout orientation of
the specific mission (i.e. flight attitude).

The four sub-assemblies and the SAA are shown in the s etch below: 

Figure  : Platform sub-assemblies 
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The us Module ( M) presents a highly standardized internal layout in order to accommodate 
the platform subsystems. It is nevertheless compatible with the implementation of optional 
equipments to satisfy specific mission mission requirements, e.g. Intersatellite Lin  (ISL) for 
usage in constellation, Payload Interface Unit (PLIU) for Telecom payloads. Figure 8  shows 
the main dimensions (envelope) of the satellite, M and PSS: 

Figure 8 : Platform and P L envelope 

The solar array assembly can generate up to 1.2  of power supply to S C (P F and P L) in 
its maximum configuration. 
The preferred solution is a combination of body-mounted and deployable solar array panels, 
to reduce development costs and eep a high system reliability. 
Drivable panels (with SADM) will be considered only for specific mission constraints, e.g. 
Telecom missions that requests a constant high power profile over the orbit, not manageable 
with battery storage capability. 

Figure 9 : Solar array multiple configurations 

The Electric Propulsion Subsystem is based on a Hall effect thruster (HT-100) based 
subsystem (SITAEL in-house product), providing high delta-  capability (up to 800 m s). 
The S S is managed by a PPU (Processing Power Unit) also developed by SITAEL, providing 
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both high voltage to HET and command  control functions. A propellant (xenon) fine 
regulation (flow control) system is present on-board, as well as the xenon tan , with a 
capacity of 15 g. 

Figure 10 : SITAEL HT-100 
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ABSTRACT 
Li ht pollution is usually measured with round-based obser ations  which ha e hi h 
accuracy but are spatially limited and cannot produce maps of lar e areas  ima es from 
Earth-obser in  satellites allow to monitor e tended areas but ha e usually low spatial 
resolution for most satellites hori ontal resolution is around  m  and are time 
constrained by orbital e olution. The use of drones and air balloons can o ercome these 
limits by measurin  upward emission of outdoor li htin  at different altitudes  allowin  
the identification of the most important pollutin  li ht sources and the ariation of 
emission durin  ni ht. 
An autonomous instrument for monitorin  li ht pollution has been desi ned and tested 
for airborne systems: the li htwei ht sensor pac a e is able to measure the intensity and 
spectral power density of round emitted li ht detectin  upward rays up to 4  away from 
the nadir direction. 
Than s to the e tremely reduced mass less than   the presented pac a e can be used 
onboard drones or balloons achie in  different spatial and time resolution dependin  on 
altitude and planned tra ectory path.  The ima in  subsystem includes three cameras 
e uipped with Sony Cmos bac  illuminated sensor and Theia lenses: one of the cameras 
uses a RGB color sensor with the purpose of documentation  while the two other cameras 
use monochromatic sensors: one camera is pro ided with a photopic filter and wor s as a 
luminance meter  the other uses a isible transmission diffractin  rid with 00 
ro es mm and wor s as a raw multi-spectrometer. Analysis of data from the two cameras 

enables the estimation of intensity of li ht emission and the identification of different lamp 
technolo y used in street li htin . 
Ima in  system is commanded by a Central Data Mana ement Unit comprisin  all 
electronic boards for sensor conditionin  data ac uisition  compression and stora e. 
Ac uired ima es  position and attitude information are stored into on board non- olatile 
memory and may be partially transmitted on round throu h telemetry dependin  on 
a ailable transmission capacity. Power is pro ided by rechar eable lithium battery pac . 
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The instrument has been selected as payload by HEMERA Peer Re iew Group for a 
Soundin  Balloon   fli ht in 2019 from Aire sur l Adour and launch window will be 
communicated in Autumn 2019.  
Keywords:  imaging system  light pollution  arti cial lighting  stratospheric ballons 

1 INTRODUCTION 
Light pollution has been lately recognised as an increasingly important issue not only for 
astronomical observations but also for the quality of human life 1 . Several negative effects 
are in fact lin ed to excessive illumination produced by on ground  activity:  the most discussed 
one is the increasing loss of visible stars, since more than 80  population of the world live 
under light-polluted s ies 2   and the Mil y ay is hidden from more than one-third of 
humanity . ther effects are very significant for the living environment and society, since 
overexposure to artificial light during night may affect human sleep and health. 4  Light 
pollution has also negative impacts on wildlife 5  and is directly lin ed to a large amount 
wasted energy inducing significant costs which in the U.S. reach nearly  billion dollars 
annually. 6  
Guidelines on light pollution reduction have been recently introduced in several states and 
control activity will be soon required to public entities.    To date light pollution monitoring 
is based on ground-based surveys and on notices from associations of amateur astronomer and 
private citizens.  Ground based surveys are very time and effort expensive and can be applied 
only to a limited spatial extent not allowing to reconstruct global maps or to trac  light emission 
variation. 
Global light emission from extended areas is usually monitored using images of orbiting 
satellites but these data are not continuous in time and show limited horizontal ground 
resolution and, in most cases, do not allow to recognize the typology of the light sources, which 
is ey factor to spot sources with a strong emission in the shortest range of wavelengths.  
The gap between observations obtained by terrestrial surveys and satellite data can so be 
covered by aerial observations: by using colour cameras or monochromatic cameras with 
different pass-band filters, a resolution of few tenths of meter can be obtained, allowing also to 
differentiate among ma or types of street lamps: mercury vapour, metal halide, low pressure 
sodium and high-pressure sodium. 

2 AUTONOMOUS INSTRUMENT FOR MONITORING LIGHT POLLUTION 

2.1 Need for aerial obser ations 
The significative implications of light pollution on health and environment are driving growing 
interest in the development of tools able to measure the upward emission of urban areas and to 
identify most important light sources. Aerial observations conducted with drones and air 
balloons at relatively low altitudes can achieve spatial resolution about tenths of meter using 
available C TS hardware, significantly overcoming the measures obtained by satellites.  The 
on-board measuring system shall be able to discriminate among the different light sources used 
for street and outdoor lighting on the basis of the measurement of their power density with a 
good wavelength resolution.  It shall also have limited dimensions and weight to permit the use 
on drones and small balloons for  analysing upward emissions on a wide area and over several 
hours. 
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Furthermore, by properly controlling the flight tra ectory over a limited area it is possible to 
trac  the time evolution of the luminosity over many hours during the night, following the 
dimming of outdoor and street lights.  

2.2  Instrument architecture 
The proposed sensor suite is able to measure the luminous intensity of polluting sources and 
their spectral power density with a wavelength resolution which allows to identify the different 
technologies used in illumination. The instrument is a completely autonomous imaging system 
commanded by a Central Data Management Unit (CDMU) comprising all electronic boards for 
sensor conditioning, data acquisition, compression and storage. CDMU is connected though a 
digital hub to the imaging subsystem, which in the baseline flight configuration includes three 
digital cameras.  
To complete the system devoted to the light measurements, a Stellarnet lac  Comet 
spectrometer may optionally be added to measure the total upward spectral radiance using a 
dedicated usb interface.  
CDMU is based on a Raspberry PI  running a custom developed application software based on 
Linux S. Power is provided by a light weight, high capacity 5S Lithium Polymer (Li-Po) 
battery, able to guarantee at least 4 hours of continuous operation. A Power Distribution Unit 
manages stable tension conversion to all subsystems. House eeping sensors, environmental 
sensors, IMU and GPS are also present to monitor system operation and allow image 
georeferentiation.  A s etch of the realised architecture is presented in figure 1. 

Figure 1 :  Realised instrument’s  architecture 

Acquired data are correlated with system position and attitude and saved on-board. Part of the 
data are properly decimated, subsampled, compressed and sent bac  to ground in real-time for 
mission monitoring purposes. All the acquisition parameters can be configured through proper 
telecommands. 
Three digital cameras using the Sony STAR IS CM S bac  illuminated sensor are installed 
in the flying unit. (detailed specifications are provided in table 1).  The sensor size is .4 mm x 
5 mm with a resolution of 088 horizontal pixels x 2064 vertical pixels. Each of the three 
cameras uses a Theia ML410M f 1.4 lens with variable focal length  setting focal length equal 
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to 4mm the field of view is about 85  allowing to analyse   upward emitted rays which are away 
from the nadir direction up to 45 .  This feature greatly enhances opportunities in the study of 
upward-emitting light sources, particularly with respect to satellite measurements. 

Camera acA 088-16gm acA 088-16gc 

Sensor name IM 1 8LL -C IM 1 8L -C 

Sensor type CM S 

shutter rolling 

mono color Mono color 

Resolution (H x  Pixels) 088 x 2064 

ptical size 1 1.8  

Effective Sensor Diagonal 8.92 mm 

Pixel Size (H x ) 2.4 m x 2.4 m 

Image Data Interface Gigabit Ethernet (1000 Mbit s) 

Table 1: Main specifications of mono and colour cameras. 

The horizontal resolution at ground level is about 0.2 m when the system is flying at 200 m of 
altitude as in the case of drone flights, covering a surface 60m x 240m and changes accordingly 
to altitude in case of balloon launches. 

ne of the cameras uses a RG  colour sensor with the purpose of documentation, while the 
two other use monochromatic sensors and perform a combined measurement of light pollution. 

ne camera wor s as a luminance meter and is provided with a photopic filter, the second 
camera uses a visible transmission diffracting grid with 00 groves mm in front of the lens 
acting as a raw multi-spectrometer with a 2 nm wavelength resolution. 

Figure 2 :  Instrument flight assembly used with octocopter drone 

The combined use of the two cameras produces and estimation of emission and  spectral power 
density for  each framed light source that is recorded. 
A picture of the multi-luminance meter and of the multi-spectrometer assemblies is presented 
in figure .  
The optional use of the spectrometer can provide further information for  the discrimination 
between light emitted directly from the lighting systems and the contribution of lit surfaces. 
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Figure 3. The multi luminance meter (on the right) and the multi-spectrometer (on 
the left) assemblies during system testing activity 

2.  Instrument testin  acti ity 
oth camera assemblies (camera, lens and filter) operating as multi luminance meter and  multi-

spectrometer have been calibrated in the Photometry and Illumination laboratory  at University 
of Padova.  
The multi luminance meter was placed on a goniometer and characterized scanning its response 
for any lighting direction using a reference spot luminance meter onica Minolta LS-100. 
The unit showed extremely good results for a C TS solution by approximating the photopic 
spectral sensitivity of the human eye, in the visible range, with  maximum error equal to 6  of 
the pea  value.  
The multi-spectrometer meter calibration has been conducted using a well- nown and 
detectable emission light (mercury vapor lamp) and comparing the multi-spectrometer data with 
the measurement from a calibrated spot spectrometer available in the laboratory. ( onica 
Minolta CS-1000 with a spectral bandwidth of 5 nm).  

Figure 4. Testing activities on multi luminance meter and on multi spectrometer 
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The measured power distribution and camera responsivity of the multi-spectrometer meter 
showed good agreement with the reference spectrometer and following test activity with 
different lamps (sodium and led) underlined the ability to discriminate among the different light 
sources used for street and outdoor lighting. 

The autonomous operation of the whole flying assembly has been verified in laboratory with a 
moc -up of street illumination and with drone test flights 

Figure 5. Autonomous SW operation with mockup of street illumination 

 SOUNDING BALLOON ASSEMBLY 

The HEMERA opportunity of a sounding balloon flight is a great possibility to investigate 
system performance at different altitudes above 1 m where there is no possibility to have test 
flights with drones. Postprocessing of flight images will allow to calculate repeatability and 
global uncertainty of measurement at different altitudes and to test system limits. The 
correlation with  position, altitude and attitude of  the flight chain will verify the capability to 
identify and measure un nown on-ground light polluting entities. 
At the same time the flight will provide data on the overall dynamic response of the flying 
system during ascent and descent especially regarding thermal and power implications. 

bviously, the instrument is required to operate during night-time with clear s y since presence 
of clouds can strongly reduce resolution of elaborated images. (A New Moon lunar phase is 
preferred)  
In order to comply with flight requirements a dedicated balloon assembly has been designed 
and tested: the structure is based on an aluminium frame with D printed high resistant plastic 
internal elements. The structure hosts all systems used in the drone assembly.   
A picture of the aluminium frame is presented in figure 6. 
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Figure 6. Balloon flight structure (side covers removed for showing internal ) 

 Mechanical tests have been conducted to prove the capability of assembly: 

• to tolerate accelerations of ,1 g in the vertical direction and ,1 g in the lateral direction
with a safety factor of 1.5 (i.e. 10,  g) without any mechanical failures.

• to withstand impulsive loads during parachute snap and landing

Mechanical test comprised : triaxial traction tests on the connecting  flight chain with 15 g 
equivalent acceleration , parachute snatch ( assembly has been released in free fall and 
immediately afterward  tension has been applied to the upper part of the flight chain), landing 
test: (assembly has been released from 10 cm altitude in free fall on a mat on ground) . 

hile for traction test a dynamometer has been used to measure equivalent acceleration, for 
dynamic test a triaxial accelerometer has been used.  An example of data elaboration for 
landing test is provided in figure . 

Figure 7. Fig.  Tri axial accelerometer data during landing   test 

Long run assembly operation testing campaign in thermal vacuum chamber is planned for mid-
September. 
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4 CONCLUSIONS 
A dedicated autonomous instrument suite to monitor light pollution from aerial systems has 
been developed and tested at University of Padova. ased on C TS components and with 
extremely limited mass and dimensions the system may be used as payload with drones and 
sounding balloons providing more than 4 hours continuous operation.  The sensor operation has 
been tested during calibration campaigns in photometry laboratory, achieving a final 
uncertainty level for luminance and power spectral density reconstruction for the framed area 
comparable with those of industrial instruments. The system can successfully identify the type 
of polluting sources quantifying their emission in terms of luminous intensity and therefore may 
be used to trac  ground emission sources causing the artificial luminance of the s y. The system 
has been tested with drone flights up to 100 m altitude but the performance at higher altitudes 
must be verified in a balloon campaign. A dedicated structure has been therefore developed and 
tested to be compatible with the requirements of a HEMERA sounding balloon launch. 
Mechanical tests have been successfully conducted, while continuous operation in simulated 
stratospheric environment will be conducted in thermal vacuum chamber in September. 

 ACKNOWLEDGEMENTS AND REFERENCES 
Part of the flying hardware is developed under coordination and funding by Department of 
Industrial Engineering as part of the Twinning research program of the University of Padova. 

REFERENCES 
1 F. Falchi, R. Furgoni, T. A. Gallaway, N. A. Rybni ova, C. D. Elvidge . Light pollution in

USA and Europe: The good, the bad and the ugly ,  ournal of Environmental anagement,
Volume 24 ,  15 ctober 2019, Article 10922

2 . Rabaza, D. Galad -Enr quez, A. Esp n Estrella, F. Aznar Dols, All-S y brightness
monitoring of light pollution with  astronomical methods , ournal of Environmental

anagement,Volume 91, Issue 6, 2010, Pages 12 8-128

H. Netzel, P. Netzel, High-resolution map of light pollution , ournal of uantitative
Spectroscopy and Radiative Transfer, Volume 221 2018, Pages 00- 08, ISSN 0022-40

4 ie Shen, ohn Tower, Effects of light on aging and longevity , Ageing Research Reviews
Volume  2019, 10091 , ISSN 1568-16

5 Leslie L. liss- etchum, Catherine E. de Rivera, rian C. Turner, Dolores M.
eisbaum, The effect of artificial light on wildlife use of a passage structure , Biological

onservation, Volume 199,2016, Pages 25-28

6 Gallaway, Terrel A., lsen, Reed Neil, Mitchell, David M., linded by the light: economic
analysis of severe light pollution . . Econ. 9 (1), 45–6 , 201 .

C. . addiley Towards s y luminance based lighting standards European , Dar  s y
symposium, ienna (2008)



Italian Association of Aeronautics and Astronautics 

XXV International Congress 

9-12 September 2019| Rome, Italy

A NAVIGATION GRADE ITAR-FREE INS/GPS SYSTEM 
DESIGNED AND DEVELOPED IN ITALY 

G.Mattei1*, F. Scibona1, M. Lucchesini1, D. Tonelli1

1Northrop Grumman Italia, via Pontina Km 27800, 00071 Pomezia (Roma), Italy 

*[giovanni.mattei, fabio.scibona, mario.lucchesini, daniele.tonelli]@northropgrumman.it 

ABSTRACT 

This paper illustrates the architecture of Navex-1000, an Inertial Navigation System embedding 
a GNSS receiver. The system is completely designed and developed in Italy and it is conceived 
to be ITAR-free. Navex-1000 is a self-contained, all attitude, worldwide, strap-down navigation 
system providing estimates of position, attitude, heading, angular rates, linear velocities and 
accelerations. Three different navigation solutions are available: a solution purely based on 
inertial data output of the embedded IMU sensor, a hybrid solution exploiting both inertial and 
GPS data, and a pure GPS solution. Expected performance has been computed and validated 
through extensive simulations. 

Keywords: Inertial Navigation, INS/GPS, Kalman Filter, System Architecture 

1 INTRODUCTION 

This paper presents Navex-1000, a navigation system designed and developed by Northrop 
Grumman Italia (NGI). Navex-1000 is a self-contained, all attitude, worldwide, strap-down 
Inertial Navigation System (INS) embedding a navigation grade Inertial Measurement Unit 
(IMU) and a TSO GNSS receiver. The IMU is based on Fiber Optic Gyroscopes (FOG) and 
MEMS technology accelerometers. The system exploits GNSS signals from GPS, GLONASS, 
Beidou and Galileo Open Service, including SPS and PRS solutions. In this configuration, the 
system is ITAR-Free. If required, in case ITAR-restricted hardware could be used, the system 
could be easily reconfigured to embed a SAASM GPS receiver. The design and development 
process for Navex-1000 has been carried out focusing on the possibility to easily reconfigure 
the system, in order to maximize customer satisfaction and extend system capabilities. As a 
matter of fact, the system can host the Jeppesen database, which provides navigation charts, 
and/or a Terrain Reference Augmentation System (TRAS), exploiting measurements coming 
from a radar altimeter to deal with GPS-denied environments. Future developments also include 
the introduction of an embedded air data computer. 

Navex-1000 is designed to provide several estimates of the system state, including   
position, attitude, heading, angular rates, linear velocities and accelerations. Three different 
navigation solutions are provided and described in what follows. 

x Free-Inertial: a navigation solution based on the sole IMU sensor, certified according to
DO-178C Design Assurance Level (DAL) A.

x Hybrid: a blended inertial/GNSS navigation solution, certified according to DO-178C,
using also GNSS data. DAL is upgradable, depending upon the certification level of
GNSS receiver.

x pure GPS: navigation data of GNSS receiver certified according to DO-178C DAL C.

1
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The Free-Inertial solution exploits an Extended Kalman Filter (EKF) to obtain rough estimates 
of biases and scale-factors of the IMU sensors during a full-performance on-ground alignment 
(Gyro Compassing). The core of the Hybrid solution is a tightly-coupled EKF which combines 
IMU and GPS measurements, estimating in-flight sensors biases, scale factors and 
misalignment errors. This navigation solution is robust against external disturbances such as 
GPS outages.  

A certified Real Time Operating System (RTOS) guarantees the segregation of the 
output solutions with different design assurance levels. In order to do so, the software is 
organized into partitions to separate the INS DAL A solution from the EGI and GPS DAL C 
solutions. Moreover, the hardware of the system is certified according to the DO-254 level A 
standard to comply with the presence of complex hardware, such as FPGA. The system is 
therefore designed to fulfill TSO certification requirements. 

To guarantee suitable flexibility to comply with both civilian safety requirements and 
tight military environmental requirements, the system is designed to satisfy both DO-160G e 
MIL-STD-810 G standards. 

NGI has also developed a simulation software that emulates system algorithms, in order 
to perform an optimal off-line tuning of the Kalman filters, and a Hardware-In-The-Loop 
(HWIL) facility. System performance will be tested through extensive simulations with 
appropriate Monte Carlo runs. 

2 SYSTEM ARCHITECTURE 

Navex-1000 can be described from a high-level point of view by analysing two of its main 
features: software partitioning, which takes into account the input-function-output behaviour 
mostly, and hardware modularity, which considers the electronic modules and physical 
interfaces involved. 

2.1 System Configuration 

The complete configuration of Navex-1000 system consists of the following distinct units. 
x Navex-1000 Inertial Navigation Unit (INU): the actual self-contained strap-down

inertial navigation system, with embedded GNSS receiver, all in the same chassis.
x External SAASM GPS receiver (provision).
x Configuration Module (CM): for installation-dependent configuration data storing.

2.2 Software Partitioning 

From the software functional point of view, the system is structured as depicted in Figure 1. 
Navex-1000 allows for the two GNSS receivers to be embedded or external. A common 
configuration (solid line) is the one with an embedded TSO receiver, for civil application, and 
external SAASM receiver, for military application, to preserve the ITAR-free feature of the 
system. 
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Figure 1 : Software functional architecture of Navex-1000 

Integration with GPS allows NAVEX-1000 to provide high accuracy hybrid INS/GPS 
navigation solution based on an Extended Kalman Filter tightly coupled to GPS data. Use of a 
tightly coupled EKF guarantees a high grade of accuracy almost in any condition of satellite 
visibility, as data fusion becomes effective also if a GPS Position fix is not available (less than 
4 satellites in view). Through such Kalman Filter it is also possible to improve in-flight 
estimation of instrument calibration errors, providing navigation grade accuracy also during 
long term GPS outages or disturbances. Navex-1000 software is composed of three distinct 
platforms: 

x Free-Inertial platform, providing the pure inertial navigation solution (FI solution).
x EGI platform, providing the Embedded-GPS Inertial solution (Hybrid solution).
x GPS-only platform, providing the pure GPS solution.

The software modularity reflects the separation of the three navigation solutions. The
Free-Inertial platform has been designed to provide a navigation solution accuracy of  0.8Nm/hr 
(CEP50), enough to fly in areas where GPS signal is not available. Such navigation accuracy is 
suitable for integration with automatic flight control systems. The FI platform is qualified to 
the highest level of design assurance (DAL A) both for hardware (DO-254) and software (DO-
178C). To maintain inertial data integrity, this platform is not using GPS data, as this will 
degrade the design assurance level of outputs provided to flight control systems.  

The EGI platform is fully integrated with external or internal GNSS. Provisions allow 
integration of embedded SAASM and SPS GPS Receiver, or external SAASM and TSO 
certified GPS Receiver. This platform, which provides the most accurate navigation solution, 
is software-qualified to DO-178C level C. 

The GPS-only platform inherits the software design assurance level of the GNSS 
receiver used: level C for SAASM GPS (not qualified according to DO-178C) or level B for 
TSO certified GPS.  

The software relies on a Real Time Operating System (Integrity RTOS from Green 
Hills), which is certified according to DO-178C level A, and ensures complete separation of 
the software modules, thus guaranteeing that data integrity is preserved during software 
execution.  
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The software is partitioned in order to safely isolate level A platforms from level C data, 
therefore avoiding, for instance, contamination of pure inertial data with GPS data. Software 
partitioning guarantees also design flexibility and code re-usability. 
The Input / Output management software, relying on ARINC-429, is also DO-178C level A 
qualified. The configuration of output messages can be done according to customer 
requirements by composing output data coming from the three navigation solutions. 
Programmability of system output has been made easy by means of a dedicated Configuration 
Module, which is described in detail in section 3. 

The NAVEX-1000 is also hosting the database for the NOAA (National Oceanic and 
Atmosphere Administration) World Magnetic Model, used to compute local magnetic variation 
and magnetic heading, when external magnetic input is not available.  

2.3 Hardware Modularity 

The core of Navex-1000 system is the Inertial Navigation Unit (INU), which consists of the 
following main modules: 

x Inertial Sensor Assembly (ISA, mounted on a rugged, vibration isolated sensor block),
x Navigation CPU and I/O board (NAV&I/O),
x Power Supply board (PS).

The structure of the hardware functional architecture is completed by the embedded
GNSS receiver, as depicted in Figure 2. The main advantage of this design is modularity: 
changes at hardware level, i.e. GNSS receiver or IMUs, do not have relevant impact at software 
level, thanks to suitable partitioning and shared memories management. This leads to desirable 
flexibility at hardware integration level. Navex-1000 concept and exploded view is illustrated 
in Figure 3.  

Figure 2: Hardware functional architecture of Navex-1000 INU with embedded GNSS receiver. 
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Figure 3: Exploded view of Navex-1000 INU. 

The Configuration Module contains a non-volatile memory where all installation/configuration 
data are stored. These configuration data, read at power-up, are stored with a redundant 
approach, so to provide robust consistency check at start-up which prevents using wrong or 
corrupted data. In case of INU failure, the presence of the CM avoids the repetition of INU 
installation procedures, such as updating mounting configuration parameters, since the CM can 
be transferred from the failed unit to the replacement one.  

Data contained in the CM are: 
x INU to body frame boresight angles and lever arms
x INU to GNSS antenna lever arm
x World Magnetic Model coefficients
x Output ICD Data (Labels and Filtering)
x Additional data tailored to customer needs

The NAVEX-1000 is delivered by NGI with a factory programmed CM. To ease system
installation on the host vehicle, NGI provides a guided procedure that can be executed on-site 
using a generic laptop. The CM is an integral part of NAVEX-1000. All qualification tests are 
performed with the CM connected to the system. 

3 SYSTEM PERFORMANCE 

The NAVEX-1000 operating conditions and performance are specified below. 

3.1 Flight Vehicle Operating Conditions 

The NAVEX-1000 operates within the following vehicle operating conditions: temperature 
from -40°C to +71°C, altitude from -1000ft to 65000ft. Worldwide coverage. 
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3.2 Flight Environment 

The NAVEX-1000 operates within the following operational flight envelope: speed up to 1200 
m/s, load factors from -10g to +10g. 

3.3 Dynamic Operating Range 

The NAVEX-1000 operates within the following operating ranges: pitch ± 90 degrees max, roll 
± 180 degrees max, yaw 0 to 360 degrees range. Angular rates: 7 rad/s. Linear accelerations: ± 
10g. 

3.4 Free Inertial Solution Accuracy 

Free Inertial navigation solution accuracies (RMS whenever unspecified) are reported in Table 
1. 

Free Inertial Platform 
Horizontal Position 0.8 Nm/hr (CEP50) 
Horizontal Velocities 1 m/s 
Inertial Altitude 36 m 
Inertial Vertical Speed 1 m/s (2) 
True Heading 0.2 deg 
Mag  Heading 1.0 deg (1) 
Attitude (Pitch, Roll) 0.05 deg 
Body Acceleration 2 mg 
Body Rates 0.02°/s 

Table 1: Free Inertial solution accuracy (RMS). (1) Excluding residual error after Magnetic Variation 
compensation (WMM database is used to compute Magnetic Variation). (2) Inertial Vertical Speed 

accuracy is intended with pressure altitude available. 

3.5 Hybrid Solution Accuracy 

Hybrid solution accuracies (RMS whenever unspecified) are reported in Table 2. 
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EGI Platform 
Hybrid True Heading 0.05 deg 
Hybrid Horizontal Velocities 0.1 m/s 
Hybrid Position 5 m 
Hybrid Altitude 10 m 
Hybrid Vertical Velocity 0.1 m/s 

Table 2 : Hybrid solution accuracy (RMS). 

4 SIMULATIONS 

In order to minimize aircraft flight test activities for Kalman Filter tuning, NGI developed an 
Hardware-In-the-Loop (HWIL) laboratory setup to perform simulation of system performance 
using real flight data (see Figure 4).   

Simulated sensor is a navigation grade IMU with the following performance. 
Gyroscopes range and accuracy (RMS): Range: ±400 deg/sec, Bias: 0.005 deg/hr, 

Scale Factor: 20 ppm, Random Walk: 0.0008 deg/sqrt(hr). 
Accelerometers range and accuracy (RMS): Range: ±20g, Bias: 100 μg, Scale 

Factor: 50 ppm, Random Walk: 5 μg /sqrt(Hz). 
Low and medium dynamics trajectories have been simulated. Results in terms of radial 

position error of the Free-Inertial solution are shown in Figure 5 and Figure 6. It is important 
to stress that for high-dynamics trajectories simulations, not shown in this work, results have 
been proved to be even better, since the EKF estimates of biases and scale-factors are helped 
by the persistency of excitation principle. 

Figure 4 : Navex-1000 Hardware-In-The-Loop setup 
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Figure 5: Low dynamics trajectory results. 

Figure 6: Medium dynamics trajectory results. 

5 CONCLUSIONS 

A navigation grade ITAR-free INS/GPS system architecture designed and developed in Italy 
has been presented. Navex-1000 design modularity yields suitable flexibility to meet different 
customer needs and allows potential growth capabilities. Simulation results show the 
performance effectiveness of the Free-Inertial navigation solution.  
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ABSTRACT 
The present paper investigates the aerodynamic interaction of a helicopter and ship 
airwake exploiting wind tunnel data. A series of wind tunnel experiment, using a scaled 
helicopter model and Simple Frigate Shape 1, has been performed to measure forces and 
moments acting on the rotor, while the helicopter is approaching the flight deck. With 
the rotor positioned at the starting point of the landing trajectory, the load 
measurements are used to modify the distribution of the inflow over the rotor in 
multibody simulation environment, in order to generate same loads, including thrust, 
torque and in-plane moments. Then, an identification algorithm is developed to capture 
the effect of ship airwake on the rotor loads during the maneuvers, modeling it as an 
external gust to the rotor inflow. The gust velocity is obtained through an optimization 
algorithm with the objective of generating same load coefficients as the experiment. The 
simulation results show that the same load coefficients as the experiment can be 
generated by implementing a linear gust over the rotor with a magnitude that changes 
as the rotor moves through the wake of ship.  

Keywords: Rotorcraft – Shipboard peration- ind Tunnel Experiment 

1 INTRODUCTION 
Helicopters are regularly required to perform challenging missions in confined areas and close 
to obstacles. Search and rescue missions over land and water, urban transport, intervention in 
natural disasters such as flooding or earthqua e are some examples in which rotorcraft 
interacts with the surrounding environment. In these situations, performance and handling 
qualities of the rotorcraft are highly affected by the presence of the obstacles in close 
proximity. ffshore operations, li e those involving rotorcraft, from and to moving dec s and 
ships are among the most demanding tas s for pilots. In this case, due to the combination of 
moving flight dec , flying close to the ship hangar wall, changing speed and direction of the 
wind and turbulent ship airwa e, pilot wor load is significantly increased which may 
endanger the safety of flight. It has been shown that most of the frequency content of the 
unsteady airwa e is concentrated in the range of 0.2-2 Hz 1 . This bandwidth covers the 
widely accepted range of pilot closed-loop control frequencies which is less than 1.6 Hz. 

The complex aerodynamic environment under which such operations ta e place is 
expected to affect directly the handling qualities, and so pilot wor load and safety of 
operation. Analysis of safety operating limits for such demanding missions needs a series of 
flight test which are inherently hazardous and extremely expensive. Currently, those 

1 1

mailto:Neda.Taymourtash@polimi.it
mailto:Vincenzo.Muscarello@polimi.it


Gust Identification from ind Tunnel  Taymourtash, uscarello, uaranta 

assessments are typically done only for the most demanding operations such as those of 
military helicopters operating on moving ships. Each combination of ship- rotorcraft should 
be tested for a range of wind speed and direction in order to find a safe flight envelope. 
Consequently, development of the helicopter-obstacle Dynamic Interface Simulation (DIS) is 
considered as a viable solution which reduces the cost and hazards of time-consuming at-sea 
test campaigns 2 . A better understanding of the environmental conditions could lead to the 
development of more accurate simulation environment for such demanding operation to 
improve pilot training. All those elements will contribute to the improvement of safety of 
rotorcraft operations, which is the ob ective of the NITR S pro ect . 

Regarding the complexity of the flow field generated by the rotorcraft-ship interaction, 
development of an appropriate airwa e model which can capture the induced airloads of the 
rotor is of great importance. arious numerical or experimental approaches can be ta en for 
airwa e modelling which result in different levels of the simulation fidelity. The effect of 
coupling is worth to be considered in both numerical and experimental analysis of the 
shipboard operation. The most simplified approach is uncoupled simulation which means 
there is no interaction between rotorcraft and ship airwa e. ne-way coupling approach, 
which has been extensively implemented in simulation environments so far, accounts only for 
the effect of ship airwa e on the rotor inflow 4 . However, since the airwa es and rotor 
dynamics are unsteady and nonlinear, the correctness of the overall solution obtained by the 
principle of superposition is highly questionable 5 . The more promising approach is two-
way coupling or fully coupled simulation which includes mutual effect of the rotorcraft and 
ship airwa e. In this approach, the CFD solver and flight dynamics simulation are run 
simultaneously with communication between two codes 6, , 8 . Depending on the 
computational cost of the numerical algorithm, this approach might be used in real time flight 
simulation. However, the results of coupled simulation need to be validated with experimental 
tests. 

The approach ta en in this research relies on wind tunnel experiments in order to 
improve the fidelity of flight dynamics simulation. This is the first step towards development 
of a fully coupled flight dynamics simulation with wind tunnel in the loop. To better 
understand the variables of the rotor response, a second-order quasi-steady approximation 
of the rotor dynamics can be considered: 

𝐷2�̈⃑� + 𝐷1�̇⃑� + 𝐷0�⃑� = 𝐷𝑔�⃑⃑�𝑔 + 𝐷𝑐�⃑⃑�𝑐 (1) 

Here, �⃑� consists of all rotor states (including rigid and elastic states) and inflow 
variables.  To incorporate the inflow variables into this model, the theory of dynamic inflow 
should be implemented which relates the airloads of the rotor to the induced-flow distribution 
over the rotor dis . Equation 1 clearly shows that the rotor loads are not only function of rotor 
states and inflow variables, but also affected by gust velocities. Consequently, it can be 
expected to reproduce the low-frequency contents of the rotor response (in terms of loads) by 
ta ing these two steps: 

• Reconstructing the average and linear variation of the inflow
• Identifying a gust model that is representative of the unsteady wa e caused

by interaction with surrounding environments
This paper presents the identification of gust and inflow models, implementing an 
experimental database collected from wind tunnel tests. In the following section, the 
experimental setup will be briefly introduced. Then, the multibody approach used for 
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modelling the rotor is explained. Finally, the identification algorithm along with the results 
are discussed.    

2 WIND TUNNEL EXPERIMENT 
Considering the shipboard operation as one of the most interactive missions which results in a 
complex flowfield that increases substantially the wor load of the pilot, the experiment was 
designed to simulate a landing tra ectory of a scaled helicopter on a generic ship. Since the 
details of the ship superstructure have not been considered interesting in this research, the 
Simple Frigate Shape 1 has been selected which is a highly simplified but representative ship 
geometry, developed as a part of an international collaboration in which Canada, Australia, 
U  and USA evaluated the ability of CFD codes to simulate complex airwa es 9 . This 
model has been scaled down with a geometric factor of 12.5 in order to have enough space on 
the flight dec  for landing of the helicopter model. The experiments were conducted in the 
environmental test chamber of the Large wind tunnel of Politecnico di Milano (G PM, see 
10 ). Ta ing advantage of the large test chamber (1 .84 m wide, .84 m high and 8 m long), 

the geometric scale of 1:12.5 results in quite higher Reynolds Number compared with similar 
studies in the literature.  

The helicopter model, which has already been exploited in previous wind tunnel 
investigations 11, 12 , has four untwisted and untapered rectangular blades and a diameter of 
0. 5 m. A constant pitch angle of 10  was fixed in all tests, since the swashplate was not 
included in the current setup to trim the rotor. The rotational speed of the rotor was 
maintained in all tests by means of a brush-less low-voltage electrical motor with an electric 
controller. A Hall effect sensor with sampling frequency of one per revolution was 
implemented which acts as the feedbac  signal for RPM control. Forces and moments acting 
on the rotor have been measured for all points by implementing a six-components balance 
nested inside the fuselage. The helicopter model was mounted on a series of traversing guides 
so that its relative position with respect to the ship could be changed. The SFS1 model was 
instrumented with several pressure taps connected to pressure scanners and high-frequency 
pressure transducers, in order to allow for both steady and unsteady pressure measurements. 
PI  of the ship airwa e and of the helicopter inflow were carried out in order to have a better 
understanding of how the interacting flow fields affected the helicopter performance. Figure 2 
shows the setup of the experiment mounted inside the G PM. 

Figure 1: The test rig mounted inside the G PM 

In order to simulate the landing tra ectory, the rotorcraft was positioned in a series of 
points representative of a typical fore-aft landing tra ectory and aerodynamic loads generated 
by the rotor were measured. The tra ectory, as shown in Figure , consists of five points 
(P1 
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to P5) that can be divided into two distinctive segments: the initial phase in which the 
helicopter approaches the flight dec  from stern side along the centerline of the flight dec  
and the descent phase, i.e. an oblique path towards landing spot, which is considered close to 
the centre of the flight dec . Furthermore, three additional points above the landing point have 
been selected in order to simulate a vertical descent (P5 to P8). The reference frame shown in 
Figure  refers to the rotor reference frame whose x axis ( r) is nose to tail, vertical axis is 
bottom to top ( r) and lateral axis is toward the advancing side of the rotor plane. 

Figure 2: Side-view of landing tra ectory. Circles and crosses represent the centre of the rotor 
for that particular test condition. 

To investigate the effect of wind velocity and direction, the experiment has been 
carried out in both windy and not windy conditions, for two different wind directions, i.e. 
headwind (   0°) and Red- 0 (   0°, port side).  However, for the purpose of this paper 
only the database of headwind condition will be presented and analyzed. The chosen wind 
speed of 4.8 m s corresponds to a full-scale velocity of 20 t and to an advance ratio 𝜇 =
𝑈∞ 𝑉𝑇𝐼𝑃⁄ = 0.047. Load measurements in headwind condition for both horizontal and vertical 
tra ectories are presented in the last section in comparison with simulation results. 

3 MULTIBODY MODELLING 
A multibody model of the experimental rotor has been developed using M Dyn which 

is a free general-purpose multibody dynamics analysis software 1 . M Dyn features the 
integrated multidisciplinary simulation of multibody systems, including nonlinear mechanics 
of rigid and flexible bodies sub ected to inematic constraints, along with smart materials, 
electric and hydraulic networ s, active control and essential elements of rotorcraft 
aerodynamics 14 . The multibody model developed for this study consists of four elastic 
blades connected to the hub by implementing a revolute hinge which allows only rotation 
around the feathering axis of the blade. This degree of freedom along with a rigid pitch lin  
connected to the swashplate allow us to apply the pitch control. To be consistent with the 
experimental rotor, no flapping and lead-lag hinges are implemented in the model. However, 
flapping motion has been modeled considering the out of plane stiffness of the elastic beams 
which are representing the blade. Eigenanalysis of the model in vacuum shows that the 
flapping frequency at nominal rotor speed is 22 percent higher than frequency of the rotor, 
𝜈𝛽 1.22 rev. In the following section, Fan-Plot of the flapping mode, which shows the 
variation of the natural flapping frequency in different rotor speeds will be compared with 
those obtained by the linearized model. The parameters of the model are summarized in 1. 

The aerodynamic characteristics of the blade has been modeled using NACA0012 as 
the airfoil, considering  percent of aerodynamic tip loss at the blade tip. Moreover, ground 
effect has been incorporated into the simulation based on the model presented in 
15 . 
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Fradenburgh conducted ground effect test using a two-bladed rotor with diameter of D 2 ft, 
operating at tip-speed of approximately 600 ft sec. The results show that the thrust is 
increased by 15 percent when the rotor moves toward the ground from R to 1R. Similar 
results were obtained in the experimental wind tunnel tests performed at G PM. 

As mentioned before, the current experiment does not represent a dynamic manoeuvre, 
which means that the load measurements are related to the steady response of the rotor. So, at 
this stage, dynamic inflow is not implemented into the simulation environment and the 
induced velocity has been modelled using a static model which has a linear distribution over 
the rotor dis  16 : 

𝑣𝑖 = 𝑣0(1 + 𝜅𝑥𝑟 cos 𝜓 + 𝜅𝑦𝑟 sin 𝜓) (2) 

The classical vortex theory results give estimates of the factors 𝜅𝑥 and 𝜅𝑦. Drees 
suggested following equations to approximate the linear variation of the inflow 16 : 

𝜅𝑥 = 𝑓𝑥 (4/3)(1 − cos 𝜒 − 1.8 𝜇2)    𝜅𝑦 = 𝑓𝑦(−2𝜇) ( ) 

Here, 𝑓𝑥 and 𝑓𝑦 are empirical factors that are incorporated in each of the above 
equations to modify the inflow distribution in both lateral and longitudinal directions 
(𝑓𝑥 𝑓𝑦 1 in Drees model) 1 . These factors have been set in order to generate same load 
coefficients, including thrust, torque and in-plane moments, while rotorcraft is positioned in 
the initial point of the landing tra ectory (P1). 

Number of lades 4 
Rotor Radius (m) 0. 5 

Angular elocity (rad s) 2 0.1  
lade Chord (m) 0.0 2 

Free Stream elocity 4.9  
Advanced Ratio 0.048 

Tip Mach Number 0.  
Tip Reynolds Number 220000 

Table 1: Parameters of the rotor model. 

4 IDENTIFICATION ALGORITHM 
Loo ing at the results of the load measurements while rotorcraft approaching the flight dec  
(Figure , 4), it can be seen that the velocity field above the rotor should be modified in order 
to get the same loads as the experiment for the whole landing tra ectory. Considering the 
long-term goal of this pro ect, which has been explained in the introduction part, the velocity 
measurements cannot be implemented directly in the simulation environment. Consequently, 
an optimization algorithm has been developed in order to find the external gust component to 
reproduce the same loads. Further ad ustment of the inflow empirical factors has been 
considered in order to slightly modify the contribution of lateral and longitudinal moments, if 
needed.  

Gust velocity is considered to have a linear distribution in radial and azimuthal 
direction (similar to inflow), so it can be defined as the following equation: 

𝑉𝑔 = 𝑉𝑔0 + 𝑉𝑔𝑐𝑟 cos 𝜓 + 𝑉𝑔𝑠𝑟 sin 𝜓) (4)
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Then, the optimization procedure has been done ta ing two steps as follows: 
• Finding a constant gust velocity to match the thrust coefficient, considering the

following cost function:

𝑀𝐼𝑁(𝐽)    𝑤𝑖𝑡ℎ     𝐽 = √(𝐶𝑡 − 𝐶𝑡𝑒𝑥𝑝)2 (5) 

• finding the first harmonics of gust velocity to generate same moment coefficients.
Considering the following cost function:

𝑀𝐼𝑁(𝐽)    𝑤𝑖𝑡ℎ     𝐽 = √(
𝐶𝑚−𝐶𝑚𝑒𝑥𝑝

𝐶𝑚𝑒𝑥𝑝
)

2
+ (

𝐶𝑙−𝐶𝑙𝑒𝑥𝑝

𝐶𝑙𝑒𝑥𝑝
)

2
(6) 

It should be noted that since the ground effect has been implemented in the simulation, 
the variation of thrust is mainly caused by the altitude change. However, a small constant gust 
can be added to improve the matching. 

5 RESULTS AND DISCUSSION 
The simulation results implementing the solution of optimization algorithm as an 

external gust, are compared with the load measurements in headwind condition for all points 
along the landing and vertical tra ectory. Figure .a compares the load coefficients for 5 
points of the landing tra ectory (P1 to P5). Horizontal axis refers to the same coordinate 
system shown in Figure 2. It should be noted that all the results are presented in rotor 
reference frame, as defined in Figure 2. 

Regarding the experimental results, as it is expected, the thrust coefficient is 
increasing while rotorcraft approaching the landing point, since it enters the ground effect of 
the flight dec . The presence of the external wind also results in pitch and roll moments on 
the rotor. Due to the combination of the wind velocity and rotational velocity of the rotor, 
asymmetric thrust is generated in advancing and retreating side of the rotor plane, which 
produces a positive roll moment (roll to left). Considering the stiffness of the rotor, roll 
moment produces a positive pitch moment (nose up) by tilting the vector of the angular 
momentum in bac ward direction. This is also related to the distribution of the induced 
velocity in forward flight which results in reduced inflow in fore part and increased inflow in 
the aft part of the rotor. 

As it can be seen, the simulation results are highly consistent with the measurements 
which means the external gust is well representative of the environmental effects on rotor 
performance. There is an offset of 25  in torque coefficient that could be related to a higher 
profile drag of airfoil given the different Reynolds number and the additional drag of the inner 
part of the rotor in experiment compared with simulation in which there is no aerodynamic 
contribution for the hub. 

Figure .b refers to the same comparison for the vertical tra ectory (P5 to P8). Here, 
horizontal axis refers to the rotor altitude from the flight dec  as it has been shown in Figure 
2. It is notable that in the landing point, which is 0.8R above the flight dec , the rotor is
completely immersed in the ground effect and wa e of the hangar wall. Similar to the
previous results, as the rotorcraft is going upward, thrust is decreasing and in plane moments
are getting closer to the initial point of the landing in which the rotor is less affected by the
ship airwa e.

6 
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Figure : Comparison of loads from simulation and experiment. (a): Horizontal 
tra ectory (b): ertical Tra ectory 

To be more clear, the first harmonics of the gust are compared for all test points 
(Figure 4). The results show that initial points of the landing (P1 and P2) do not need 
additional modification of the velocity field. However, moving towards the landing point, the 
amplitude of the gust will be larger, which is consistent with the variation of the moment 
coefficients. 

Figure 4: Lateral and longitudinal components of identified gust for all test points. 
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6 CONCLUDING REMARKS 
This wor  investigated the aerodynamic interaction between a scaled-down helicopter 

and simplified ship geometry in order to develop a gust identification algorithm to be 
incorporated into the simulation environment to model the environmental effect on the rotor 
performance. To this aim, a series of wind tunnel experiment has been performed to simulate 
a typical fore-aft landing tra ectory on the flight dec . A multibody model of the rotor has 
been developed in M Dyn for simulation purpose. A linear distribution of the inflow has 
been implemented, however, it has been modified with empirical factors in order to generate 
same load coefficients as the experiment at starting point of the landing manoeuvre. This 
model has been further modified by introducing a gust element into the model, while 
rotorcraft approaching the flight dec . The gust velocity is identified through an optimization 
algorithm with the ob ective of generating same in-plane moments as the experiment. 
Comparison of the results with experimental data shows that the gust element can modify the 
inflow of the rotor so that producing same loads in the presence of aerodynamic interaction. 
In the future, this approach will be implemented in a closed-loop communication between 
full-scale flight simulator and small-scale test setup in the wind tunnel. 
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ABSTRACT
The Ministry of Infrastructure and Transport, with a specific Act issued in 21017, gave a 
mandate to ENAC to define the regulatory framework for implementation of the first 
spaceport in Italy, at one of the airports open to commercial civil traffic, certified in 
accordance with European regulation no. 139/2014. Several specific selection criteria have 
therefore been developed to identify the best site. In parallel, an analysis process of the 
available EASA and FAA regulations was initiated, from which to start to identify the 
regulatory requirements to follow for the construction and operation of spaceports in Italy. 

The article describes the selection criteria and the related procedures that led to the 
identification of the Taranto - Grottaglie airport as the site for the spaceflight activities and 
the process that led to the preparation of the Spaceport Regulation, thus highlighting the 
main differences, in the analysis phase, between the EASA and the FAA regulations and 
briefly describing the issues addressed in the Regulation. 

1. INTRODUCTION
The growing interest registered worldwide in the last years for the spaceflight actvities led the 
Italian Government to face this new challenge with the definition of several fields of 
application in the spaceport sector. 
With a Decree issued in July 2017 the Italian Ministry of Infrastructure and Transport, gave a 
mandate to ENAC, the Italian Civil Aviation Authority, as competent Authority for 
developing the National regulatory framework for Commercial Suborbital Transportation. 
ENAC has mainly focused his action on two different and related matters: the designation of 
the first italian spaceport and the development of a national regulatory framework. 
So, amongst the various activities aimed to implementing the entire operations of the 
suborbital commercial transport sector, particular importance is given to the choice of the site 
where to host the flight operations of the suborbital aircraft. 

1 0
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In consideration of both, the absolutely innovative nature of the subject matter and a demand 
for transport (of experimentation and tourism) to be explored, it is believed that only one 
spaceport with commercial interests can be located at the moment in Italy. 
The identification of the requirements and characteristics that must be satisfied by the site 
have been defined by the interdisciplinary Working Group created by ENAC on the subject of 
suborbital flights, with the involvement of several firms, above all ENAV, the Italian ANSP,  
A.S.I. (Italian Space Agency) and Altec. 

2. SITE EVALUATION PROCEDURE
The evaluation procedure was conducted by taking into consideration the national airports 
already used for commercial traffic. In particular the airports already under the application of 
EASA Certification (Under EASA Scope - Eu Reg.n. 139/2014) have been evaluated. These 
airports are in fact characterized by capacity, already certified, relating to risk management in 
correlation with airport and flight activities. 
On the basis of these criteria the individual requirements have been classified into clusters of 
thematic fields of application. The clusters are: 
• Preliminaries;
• Airspace;
• Territory;
• Meteorology;
• Environment;
• Infrastructure.
Within each cluster the different elements of evaluation are declined.
In order to reach, within a transparent selection process, the identification of the best site for
suborbital flight operations, the applied selection procedure is based on a logic of successive
filters.
After the application of each filter, attributable to the aforementioned thematic clusters, only
those airports able to satisfy completely or partially the pre-established requirement were
selected - these on the basis of an assessment based on four levels of judgment.
The evaluation done by ENAC and consolidated within the interdisciplinary Working Group
is based on objective data and deriving from the knowledge of the infrastructural layout and
characteristics of the airports and the environmental contexts that the airports are part of.

2.1 Application of selection procedure for subsequent filters 
The evaluation started from the verification of the preliminary requirements constituted as 
well as from the actuality of the airport operations from its compliance with the provisions of 
EU Regulation n. 139/2014. Compliance with the certification and performance requirements 
of these Regulations guarantees the regulatory compliance of both the infrastructures and the 
presence of a certified management as an organization and infrastructures, able to assume the 
responsibilities of the operations and of the related risk assessments. 
For almost all of the airports, ENAC has already carried out the conversion of the Certificate 
with respect to the provisions of regulatory adaptation introduced in 2014 by the 
aforementioned European Regulation. Therefore the airports being considered are all 
characterized by a positive evaluation. 

Airspace 
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This cluster is aimed at verifying that the site in consideration can guarantee the appropriate 
operating windows to allow the flight activity (take-off, launch and return) of the suborbital 
aircraft. 
This evaluation benefited from the support and specialized skills of ENAV for the regions of 
controlled airspace of competence. 
The qualifying elements, in addition to the presence of the Tower service (TWR) present (or 
obtainable) on all airports, are respectively the traffic density of the airspace region in which 
the airport considered is included and the traffic volumes of the airport.  
The support provided by ENAV for the evaluation of the airspace located beyond FL 305 has 
shown that all of northern Italy is crossed by east-west and north-south routes characterized 
by high traffic flows. The same evaluation concerns the north-south routes located above the 
Tyrrhenian and Sardinian regions. These assessments have in fact led to the exclusion of the 
airport sites located there.  
At the same time, within the Airspace Cluster, the assessments relating to the volumes of 
traffic recorded and forecasted on the airports considered were considered.  
Territory 
The application of this cluster, aimed at verifying the sustainability of the mutual spaceport-
territory relationship, was developed taking into account the experiences developed over the 
years by the ENAC in the context of its institutional tasks. 
During the evaluation, the orographic context in which the airports are inserted with the 
relative limitations/restrictions for the operation of the aircraft if any were taken into account; 
the main elements of characterization of the airport surrounding area in terms of the presence 
of buildings or areas with high levels of anthropic load or the presence of industries/activities 
able to amplify the consequences of an aircraft crash.  
Meteorology 
The operation of suborbital flight requires VMC conditions, therefore the identified site must 
guarantee the maximum availability of days of good weather and optimal meteorological 
conditions.  
Environment 
The environmental sustainability approach, which today characterizes the construction of 
airport infrastructures and their functioning, must obviously be guaranteed also as regards the 
suborbital flight sector. 
The first qualifying element for this cluster is the level of consumption of land, the need to 
expand the area by acquiring neighbouring areas to allow the adaptation of the site required 
for suborbital flights activity.  
The other aspect is related to the need to conduct a specific EIA (Environmental Impact 
Assessment)  
Infrastructure 
This cluster contains the verification of all those infrastructural parameters capable of 
ensuring the operation of aircrafts of Code "F". First of all, the availability at present of a 
runway characterized by a minimum length of 3000 meters and secondly the availability of 
adequate space necessary for the construction of the associated infrastructures (parking areas, 
fuel depot, dedicated terminal, ...) 

2.2 Selection output 
The selection procedure based on the application on the above briefly described cluster was 
concluded with the choice of the Taranto Grottaglie airport as the site where operates the 
space suborbital flights.    
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3. THE REGULATORY FRAMEWORK
The process that led to the preparation of the Regulation on spaceports in Italy started from 
the initial profiles, identified by the ENAC with a policy document, for the overall regulation 
of the suborbital commercial transport activity. 
It was established that the first spaceport in Italy should be identified among the airports open 
to commercial civil traffic, certified under the EU Regulation no. 139/2014. 
From a technical perspective, for an innovative activity such as suborbital flights, the 
knowledge and the experience gained to date with regards to the measures to be implemented 
to guarantee adequate levels of safety and security in the Italian airports, are the starting point 
from which the analysis and the regulation have been based. 
The airports, with particular reference to those open to commercial civil traffic, are – as we all 
know - complex systems that include infrastructures, installations, buildings, whose 
management system is defined through an articulated organizational structure, with the 
assignment of roles and responsibilities and with the codification of specific management 
procedures; spaceport followed this guideline.  

3.1 Spaceport system and airport system 
The analogical approach to the technical definition of the "spaceport system" in relation to the 
"airport system" has started from the concept of creating a "horizontal" spaceport in Italy, 
aimed at allowing operations of a suborbital vehicle of the HOTOL type (horizontal take-off 
and horizontal landing), for which the launch is a take-off and the return is a landing. 
From the opportunity to realize the first spaceport in Italy at one of the airports certified 
according to the European Regulation n. 139/2014, considering that the issue and 
maintenance of the airport certificate attest the compliance of the infrastructures and the 
management system with the regulatory requirements aimed at ensuring an adequate level of 
safety for the airports, the concept of "certification" has been extended also to the spaceport. 
The need to detail the regulatory requirements for the infrastructures, the operator and the 
management system that required compliance with the "spaceport certificate" was therefore 
identified for the spaceport. 
Starting from the assumptions described above and, above all, from the fact that the HOTOL 
suborbital vehicle requires flight infrastructures like an airport (in a nutshell, runway, taxiway, 
apron), an analysis was then carried out to provide a definition of "spaceport", both in 
technical-physical terms and in managerial-organizational and operational terms. In this 
analysis, two parallel paths were followed: on the one hand, an in-depth analysis of how much 
of what had already been defined for the airports could be "extended" to the spaceport and, on 
the other, the search for what appeared to be, conversely, specific to the suborbital flight 
activity and, consequently, additional and / or different from that provided for airports. 
The two paths, as outlined above, started from the analysis of the existing regulatory 
frameworks that govern and, at the same time, outline what an airport (infrastructure and 
management system) is and what a space launch site is. The main rules and regulations (of 
European and national matrix) governing commercial civil air transport and the international 
rules and regulations (of US origin) governing the issue of licenses for the management of the 
launch sites. 
The following references have been preliminarily analysed and compared: 
• Regulation (EU) n. 139/2014;
• EASA "Acceptable Means of Compliance (AMC) and Guidance Material (GM) to

Authority, Organization and Operations Requirements for Aerodromes" (AMC-GM);
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• EASA "Certification Specifications and Guidance Material for Aerodromes Design
(ADR-DSN CS)"

• FAA, CFR Title 14 Chapter III - Subchapter C - Part 420 - License to operate a launch
site.

3.2 Analysis process of the available EASA and FAA regulations 
As known, Regulation (EU) n.139 / 2014 establishes the requirements for the issue, 
maintenance, modification, limitation, suspension or revocation of the airport certificate, 
identifying, in the four Annexes, specific requirements for the Member State Civil Aviation 
Authority and for the airport manager. Acceptable methods of compliance with these 
requirements, together with guidance material, are contained in the aforementioned AMC-
GM. The definition of the technical standards of an airport, relating to the infrastructures, 
refers to the contents of the technical document Certification Base, for whose elaboration the 
EASA provides, as reference, the document CS-ADR-DSN Aerodrome Design. 
The CFR Title 14 Chapter III - Subchapter C - Part 420, indicates the information and 
demonstrations that must be provided to the FAA for the issue of a license for the 
management of a launch site for spacecraft of various kinds as well as the terms and 
conditions of validity of the license. 
In the Gap Analysis on the European and US technical-regulatory documentation mentioned 
above, it was not possible to carry out a precise comparison between the requirements of the 
two regulations, not so much for the different field of applicability to which they relate 
(airports and launch sites), but mainly because of the different areas they respectively 
regulate. 
In a nutshell, the FAA standard, although without any in-depth analysis, deals with the 
environmental impact assessment of the launch site, security, accident investigation, fire 
prevention and protection measures. 
The launch site manager must provide the FAA with adequate information for the relevant 
environmental impact assessment; must control access to the launch site by unauthorized 
personnel (with particular attention to controlling access to the explosive material storage 
areas); must define a specific procedure governing the reporting, response, investigation and 
cooperation with the Authority in the event of an accident at the launch site; must demonstrate 
that, with reference to the launch site configuration, specific safety distances are to be 
respected between storage areas of "energy liquids, solid propellants and other explosives" 
(necessary for the operation of the vehicle to be launched) and the surrounding areas, with 
particular reference to public areas and roads. 
The Regulation (EU) n. 139/2014 (also in the in-depth analysis contained in the EASA AMC-
GM) deals exclusively with airport safety, not with environmental protection, nor with the 
security, fire prevention and protection (except within the limits of the coordination between 
the operator and the Fire Fighters Brigade in the matter of rescue and firefighting) nor, 
ultimately, is it an investigation in the event of accidents (if not limited to the obligations for 
the airport manager regarding the reporting of accidents, incidents or events that have affected 
or could have affected safety). 
In Italy, however, the environmental aspects related to the construction of infrastructures are 
not the responsibility of the ENAC but of the Ministry of the Environment. The aspects of fire 
prevention and protection relating to the airport's structures and infrastructures are governed 
by technical rules issued by the Ministry of the Interior - Department of Fire Fighters 
Brigades, Public Relief and Civil Defence, which is also responsible for the rescue service 
and firefighting. The investigation activity for civil aviation safety in Italy is owned by the 
ANSV - National Agency for Flight Safety. The requirements to ensure airport security are 
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governed by European Regulations and Decisions, implemented in Italy through the National 
Security Program and the circulars issued by ENAC. 
Points of contact between European standards and references and the American standard have 
been identified in the requirements governing the application and the issue of the license / 
certification. 
Both Part 420 and Regulation (EU) n.139 / 2014 (and related Annexes and references to CS 
and AMC-GM) make the entry into operation of a launch site and an airport,  subject to the 
release to the manager of an authorization ("launch license" or "airport certificate") by the 
Authority, following a request for a license / request for certification, with proof of 
compliance with specific requirements. In both cases, for example,  the stipulation of 
Agreements between the manager and the Entities, Service Providers, Administrations 
involved in the various capacities of the operations are included: the ATC in both standards, 
Entities delegated to evacuate public areas during the launch and the Coast Guard in the FAA 
standard, the Fire Fighters Brigade in the EASA regulation. 
With regards to the technical and infrastructural requirements, the FAA standard introduces 
the concept of “flight corridor”, providing specific indications about the safety distances to be 
respected in identifying the areas for the storage of explosive material (“liquids energy, solid 
propellants and other explosives ", equivalent to aviation fuel depots for airports) in relation 
to the surrounding areas and provides specific technical guidance on the lightning protection 
system. 
Regulation (EU) n. 139/2014 frames the technical and infrastructural "certification 
specifications" of an airport within the document "Certification basis", which shows the 
physical characteristics of infrastructures, systems, signs, obstacle-limiting surfaces of the 
airport to which it refers (identified in relation to the certification specifications contained in 
the CS-ADR-DSN on the basis of the aerodrome code) and the related proofs of compliance. 
In the EASA documentation there is no mention of fuel deposits or lightning protection 
systems: both aspects in Italy, are governed by sector technical legislation: the aspects of fire 
prevention and protection are regulated by the Fire Department. 

3.3 “Airport Land Use Plan” in the Italian regulations for the construction and 
operation of airports 

The activity of recognition of the technical-regulatory references available in the airport field 
also concerned the “Regulations for the construction and operation of airports”, in force on 
the major airports in Italy, until the enactment of Regulation (EU) n.139 / 2014. 
This regulation, issued by ENAC, had introduced the technical requirements of the ICAO 
Annexes (Annex IV - "Aerodromes") into the Italian civil aviation regulatory framework and, 
in particular, the concept of "Airport Land Use Plan ", which proved to be of particular 
interest , in relation to the issue of the protection of areas surrounding the spaceport in respect 
of the risks pertaining to the exercise of the relative activities. 
As reported in the same ENAC Regulation, the “Airport Land Use Plan” is a document 
containing the indications and prescriptions to be implemented in the urban planning 
instruments of single Municipalities in accordance with art. 707 of the Navigation Code. The 
indications and prescriptions aim to protect the territory from the consequences of a possible 
aeronautical accident. In this context, the different exposure of the areas surrounding the 
airport to the associated aeronautical risk is assessed, which is in essence linked to the 
technical-operational characteristics of the runway. Therefore, in relation to the ICAO code of 
the runway, areas of risk in the relevant geography are geometrically identified, with 
associated limitation, of different entity, of the anthropic load authorized on them. "Human 
presence limitation" is then set and activities that are not compatible with the airport's 
activities are identified "due to the potential amplification of the consequences of accidents". 
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The local territorial administrations (the Municipalities) interested by these areas are obliged 
to incorporate the aforementioned limitations in the related planning mechanisms. 
3.4 Conclusions 
The comparison between the different regulatory requirements, as described above, and the 
further in-depth investigative and analytical analysis carried out in relation to the specificities 
of the generic suborbital take-off and landing horizontal vehicle, have led to the outline of the 
future Italian spaceport in the drafting, expanding, as a matter of fact, how much Regulation 
(EU) n. 139/2014 and the related CS-ADR-DSN and AMC-GM refer to the airports. 
The regulation for spaceports identifies, for the various areas, the regulatory requirements of 
infrastructures, systems and operations, on which, subject to adequate demonstration, the 
release and maintenance of the "spaceport certificate" depend. This is necessary to perform 
the expected suborbital operations: 
• the physical characteristics and the technical requirements of the structures and

infrastructures are identified;
• the duties  of the "spaceport manager"  are defined;
• the spaceport management system is described and regulated in relation to that of the

airport;
• the permitted operations are specified;
• requirements relating to risk prevention and protection of the territory are identified;
• topics relating to the security of the spaceport are regulated;
• the process relating to the certification request, the issuing of the spaceport certificate and

its maintenance is indicated.
In all areas, the reciprocal interrelations between the airport and the spaceport were 
considered. 
From a technical and infrastructural point of view, the spaceport uses some of the airport's 
flight infrastructure (runway, taxiway) and has additional dedicated ones. Facilities and plants 
(such as the storage of fuels / propellants of the suborbital vehicle) - which are not included in 
the EASA regulation  - are also covered. 
The operator of the spaceport is also the airport manager; this is to allow a compatible 
management of the same infrastructures, used for aeronautical activities and for activities 
related to suborbital operations, for the benefit of safety conditions. 
The spaceport management system follows the structuring of airports and takes into account 
mutual interdependencies. Within the organization of the manager, the same responsible roles 
defined for the airport are identified (which, under certain conditions, could coincide) but with 
additional skills. The Security Manager role is added to these figures, a role not defined in 
Regulation (EU) n. 139/2014. 
In the area of risk prevention and management, in this case too contrary to the provisions of 
Regulation (EU) n. 139/2014, explicit reference is made to the fire prevention and protection 
regulations to refer to with regards to the construction of structures subject to the control of 
the Fire Fighters Brigade, with particular reference to the deposits of substances at risk of fire 
and explosion. Finally, in respect of the provisions of the Regulations for the construction and 
operation of airports, the areas of territorial protection around the spaceport are expanded in 
view of the flight corridors associated with the reference suborbital vehicle. 
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ABSTRACT 

The main driver of aerospace structures design is the increase in performances of currently in 
use components. The behavior of structures is investigated by means of highly accurate finite 
elements (FE) analysis. The problem related to this kind of simulations is the high 
computational time required to obtain the structural response associated with nonlinear 
phenomena. This aspect is particularly significant during the preliminary phase, especially 
when the analysis involves an optimization procedure. One strategy to overcome this problem 
is the introduction of artificial intelligence techniques in the design phase. This work proposes 
an optimization framework based on the approximation of the structural behavior through an 
artificial neural network (ANN). The net is exploited during the optimization, performed with a 
particle swarm optimizer, in order to reduce the computational effort.  FE analysis are used to 
train the ANN and to validate the results. The methodology is applied to the optimization of the 
fibers shape of variable stiffness cylindrical shells, with the goal of maximize the critical load 
taking into account also manufacturing constraints. The higher accuracy offered by ANN with 
respect to other global approximation techniques and the time saving, resulting from the 
developed methodology, are both highlighted. 

Keywords: artificial neural networks, particle swarm optimizer, variable stiffness, buckling 

1 INTRODUCTION 
In the last decades the field of machine learning experienced a remarkable increase in attention 
and performance. The possibility to generate programs able to carry out a specific task without 
being explicitly programmed is particularly promising in the engineering field. This because 
usually when complex non-linear problems are investigated, the evolution of the system under 
analysis is too complicated to code or the high computational cost can make the optimization 
phase prohibitive. In computational mechanics the behaviour of the structure is approximated 
by means of finite element analyses (FEA) that, in addition to being very precise, they are also 
very time consuming. A solution to this problem can be found in the field of Artificial 
Intelligence tools. The generation of a model able to autonomously understand and approximate 
the behaviour of a system can help the designer to generate a reliable metamodel to be used 
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during the optimization phase to reduce computational efforts. This strategy is not properly new 
since many authors already investigate the possibility to take advantage from these models in 
the aerospace field. Despite that, the continuous growth in computing power and the evolution 
of the mathematical formulations involved, generated by the considerable scientific interest in 
this field, makes a deep investigation indispensable to completely understand the reliability and 
the power of these models. 

This paper provides an investigation in the state-of-the-art methods concerning 
Artificial Neural Networks (ANN) with the goal to assist the optimization of a Variable 
Stiffness (VS) cylindrical shell. VS composites are a new type of composite materials in which 
the fibers are no more constrained to be rectilinear but can follow specific paths. Different 
studies have been published regarding the optimization of these laminates, for different 
purposes, but the field is still quite new and requires further investigations. This is particularly 
true when this concept is applied to cylindrical shells, where the few works present showed the 
possibility to considerably improve the buckling load and reduce the problem of these structures 
associate to the high sensitivity to imperfections. 

2 VARIABLE STIFFNESS CYLINDRICAL SHELLS 
The methodology here considered is applied to the optimization of a VS cylindrical shell 
previously investigated by Labans and Bisagni [1]. The shell is clamped on the lower edge 
while the upper one is free to move only along the axial direction, where is introduced also the 
axial load. In this section, a brief description of the modelling techniques adopted to describe 
the fibers variation and to model the composite shell are presented. 

2.1 Fiber path formulation 
The modelling of a VS composite requires the definition of a mathematical formulation to 
describe the variation of the fibers angle inside the component. In the following, a new path 
formulation is adopted where only axial variations of the shape are allowed. Considering a 
reference system with the x-coordinate along the cylinder axis and the y-coordinate tangent to 
the unrolled surface of the shell, the fiber shape is defined by: 

y(x) = Asin h x + + tan( )x 

where  is the height of the cylinder,  is the amplitude,  is the angular velocity,   is the 
phase shift and  is the angular coefficient of the linear function.  

The expression can be splitted in two terms. The first term is the one that effectively 
allows to steer the fibers and is a harmonic function with a wavelength equal to the cylinder 
height. The second term instead, is the one that allows to completely take into account the 
design space of the constant stiffness composites. 

2.1.1 Manufacturing constraint 

During the design of the layup it is important to ensure that all the fibers paths are effectively 
manufacturable. When a composite material is produced with a fiber placement technology, the 
most important constraint is in the maximum amount of steering. The amount of steering is 
limited by the value of the maximum curvature  that guarantee no wrinkling of fibers. The 
absolute value of the curvature of the path is given by: 



ARTIFICIAL INTELLIGENCE TECHNIQUES… S. F. Pitton, S. Ricci, C. Bisagni 

1  

(x) =
|y |

|1 + y 2|
3
2

Since the maximum curvature is imposed by the manufacturing machine and since it is 
important to explicitly define the design space, the equation is managed in order to obtain a 
more useful formulation. Taking the maximum w.r.t  and  and inverting the equation it is 
possible to obtain in closed form the maximum value of the frequency that avoid wrinkling of 
the fibers: 

(A, , ) =
h 1 + tan2( )

3
2

A

2.2 Modelling of the variable stiffness cylindrical shell 
The geometry of the structure is 705 mm of height, 300 mm of radius and 8-ply of AS4/8552 
CFRP prepreg with a total thickness of 1.448 mm. In order to evaluate the procedure in a limited 
amount of time only balanced and symmetric layups are considered. The model is generated 
inside the commercial software Abaqus with S4R shell-type elements and a mesh dimension of 
approximatively 5 mm, fixed after a mesh sensitivity analysis. 
The continuous variation of the fiber angle, and so the continuous variation of the stiffness, is 
modelled necessarily with a discrete variation from an element to another. Once the path of a 
fiber is defined, it is approximated as piecewise linear with as many pieces as the number of 
elements along the  axis. In this way, each element of the model has a layup made of rectilinear 
fibers, the layup is constant for all the elements belonging to the same cross-section and vary 
only along the cylinder axis. 

Since it is imposed the constraint of only symmetric and balanced stacking sequences, 
the layup of the shell is defined by only two paths [± 1, ± 2] . In Figure 1 a schematic 
procedure of the modelling technique is reported, where each ply is represented by the shape of 
only one fiber. The coarse mesh in the figure is used only to better understand the procedure. 

Figure 1: Variable stiffness modelling technique 

3 ARTIFICIAL NEURAL NETWORK 
Artificial neural networks (ANNs) are the result of observations of brain processes from an 
engineering point of view. Actually, ANN, can be involved to solve different types of problems. 
In the field of computational mechanics, the most common application is the supervised 
regression in which the network is used as a global approximation tool in order to approximate 
the structural behaviour. The basic unit of an ANN is the mathematical model of the neuron, 
depicted in Figure 2. 
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Figure 2: Mathematical model of the neuron 

This unit receives a combination of inputs and elaborates them before shooting 
information to other neurons. Two operations are applied to the inputs, the first is a weighted 
linear summation with a bias and the second is an activation function, this last necessary in 
order to approximate non-linear structural behaviors.  

The network is obtained by connecting a certain number of neurons according to 
different architectures. For regression problems, the simplest architecture is the feedforward 
multi-layer perceptron (MLP), in which neurons are grouped in layers  and the signal 
propagates always from the first to the last as reported in Figure 3. 

Figure 3: Feedforward multi-layer perceptron 

The input layer receives the inputs of the system, the output one provides the requested 
outputs, and the hidden layers are those used to discover the relation that elapses between the 
inputs and the outputs. The network learns how to approximate the behavior of the structure by 
modifying autonomously its parameters, namely the weights  and the bias  through a process 
called learning. 

4 DESIGN OF THE NEURAL NETWORK SYSTEM 
The steps required to design a neural network able to approximate the structural behavior and 
replace finite elements (FE) simulations during the optimization are here presented. The most 
critical part is the Design of Experiments (DoE). Since ANN is a data driven technique, low 
approximation capability results from a training with a not appropriate training set. In addition 
to the training set other two set are generated with FEA, one used to modify the hyperparameters 
called validation set and one to state the performance of the ANN in an unbiased way called 
test set. In total 81 eigenvalues buckling analysis and linear static analysis are performed for 
the training set, 27 for the validation set and 27 for the test set. 

4.1 Training set definition 
The objective is to find the combinations of input parameters that allow to obtain the greatest 
information possible from the design space minimizing the number of simulations required. 
These two requirements arise from the inability of the network to extrapolate results outside the 
training domain and from the necessity to avoid a waste of computational time. 
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Since the domain of interest is not simply bounded by the minimum and maximum 
values of the inputs, due to the non-linear relationship between the design variables and the 
maximum allowable curvature, an ad hoc procedure is required. First of all, the values of 
amplitude, phase shift and linear term are sampled with the Latin Hypercube Sampling (LHS) 
method. The LHS allows to sample in a near-random way and without overlap. At this point, 
for each sample, the value of the pulsation is sampled randomly between zero and the maximum 
allowable value. In this way, it is ensured that all the parameters combinations are associated 
to configurations free of defects given by fibers wrinkling. 

During the generation of the training set also the correlation between the design 
parameters is taken into account. Since low generalization capability is resulting when high 
correlation is present between the samples, the just presented procedure is repeated until a 
training set with low correlation is obtained. 

4.2 Loss and metrics of accuracy 
During the training, the network learns to approximate the structural behaviour by minimizing 
a certain loss function. The loss is calculated as the difference between the approximated 
outputs given by the ANN and the real ones obtained with FE simulations. In this specific 
application, the network is trained in order to perform multi-task regression, approximating 
both the buckling load and the pre-buckling stiffness at the same time. The loss is calculated as 
the Mean Squared Error (MSE): 

 =  
1

( − )2
11

 

The MSE is used to update the network parameters but is not able to capture important 
aspects as the variance of the error inside the design space. For this reason the quality of the 
approximation is evaluated with three different metrics: R-square ( 2), Relative Average 
Absolute Error (RAAE) and Relative Maximum Absolute Error (RMAE). These metrics are 
used to modify the network architecture and the hyperparameters in order to obtain the greatest 
generalization possible. 

4.3 Training, optimization and validation of the network 
The training and optimization phases are strictly related. The hyperparameters are divided in 
groups, for each group is executed the training and the performance of the network are evaluated 
with the accuracy metrics. Starting from the first group of hyperparameters, the combination 
that provides the greatest accuracy is considered optimal, used for the following group and so 
on. In this work the hyperparameters are divided in three groups: 

a) Activation function, number of nodes and number of layers
b) Parameters initializations, batch size and optimizers
c) Regularization methods and epochs

The optimized network is composed by 32 nodes per layer and 3 hidden layers. 

4.3.1 Statement of final performance and model comparison 

Once optimized the network, its approximation capabilities must be evaluated onto a set never 
seen by the network during the training in order to avoid biased evaluation. In Table 1 a 
comparison between the here developed neural network and other 4 metamodeling techniques 
analysed by Nik et all. [2] for a similar problem is reported. 
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Metamodel 2 RMAE RAAE 
Polynomial Regression (PR) 0.462 2.826 0.589 
Radial Basis Function (RBF) 0.779 1.827 0.346 

Kriging (KRG) 0.798 1.859 0.343 
Support Vector Regression (SVR) 0.680 1.982 0.415 

Artificial Neural Network 0.722 0.378 0.099 
Table 1: Comparison of metamodeling techniques 

From the point of view of the 2 the best metamodel is given by KRG but with an accuracy 
value very close to RBF and ANN. Concerning the RMAE and RAAE the most accurate model 
is the ANN. 2 and RAAE are two global accuracy metrics while the RMAE indicates the local 
level of accuracy. From this comparison it is possible to state that ANN has almost the same 
global approximation capabilities of best metamodeling techniques but is capable to better 
capture the local behaviour of the system. 

5 NEURAL NETWORK ASSISTED OPTIMIZATION 
The maximization of the buckling load is achieved through an optimization procedure based on 
a metaheuristic algorithm. Since the scope of the methodology here investigated is to reduce 
the computational times associated to the structural design optimization a fast bio-inspired 
metaheuristic called Particle Swarm Optimization (PSO) is considered. The neural network 
previously trained, is now used to approximate the value of the objective function given by the 
inverse of the buckling load. 

5.1 Optimization results 
Since PSO is intrinsically stochastic, principally due to the random initial position of particles, 
the optimization procedure is repeated 10 times and in all the cases the maximum buckling load 
obtained is very similar Figure 4.  

Figure 4: Evolution of the maximum buckling load 

At this point it is important remember that the value of the objective function is given 
by the global approximation tool. In order to assess the effectiveness of the optimum 
configurations obtained the results are validated by means of FEA. In Table 2 the buckling load 
and the pre-buckling stiffness associated to best configuration after the validation are shown. 
As done in literature, also the values associated to the same geometry with quasi isotropic (QI) 
layup are reported in order to have a comparison. 
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Quasi Isotropic Variable Stiffness 
Buckling load [kN] 300.39 312.51 
Stiffness [kN/mm] 209.19 222.83 

Table 2: Optimization results 

With respect to the QI configuration an improvement of about 4% in the buckling load and of 
about 6% in the pre-buckling stiffness are obtained. In Figure 5 the first mode shape and the 
fiber shapes for half of the layup corresponding to the optimal configuration are reported. The 
fibers of the outer plies follow an almost complete sinusoidal function while the inner ones 
are at ±45°. As it is possible to see the mode shape resembles the superposition of the two 
fibers paths. Because of the lack of symmetry of the fibers with respect to the cross-section at 
x = h/2 the maximum radial displacements move toward the lower edge. This behavior can 
be explained considering that the lower edge is the one with a clamp constraint and this could 
help to sustain the load with a stabilizing effect. 

5.2 Computational times 
In order to highlights the advantages offered by an optimization procedure driven by a deep 
learning algorithm it is important to evaluate the differences in terms computational times 
between this methodology and the one which makes use of only FEA. In Table 3 the 
computational times required to compute the buckling load and the stiffness with Abaqus 
simulation and with the ANN are reported. Besides the big reduction of computational efforts 
offered by use of an ANN, which is also able to approximate both the quantities in the same 
time, it is important to point out that it allows also to parallelize the approximations. Thanks to 
the possibility to write in a matrix form the operations carried out by neurons, the time required 
to evaluate one configuration and the one required to evaluate, for example, 100 configurations 
is approximatively the same. It is possible to parallelize also FE analysis but with a considerable 
increase in complexity in doing so and, in case of neural network, this task is automatically 
performed with libraries such TensorFlow.  

Abaqus Neural Network 
Buckling load Stiffness Buckling load + stiffness 

420 s 30 s 0.2 s 
Table 3: Comparison of computational times 

(a) 
 

(b) 

Figure 5: Optimization results. (a) first mode shape; (b) shape of the fibers 
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It is now possible to compare the total optimization times required by the two strategies. 
Since only the optimization with ANN has been performed, the total time required by use of 
only FEA is approximated. This time is obtained by multiplying the times required by the two 
FE simulations for the number of particles in the swarm and for the number of iterations, and 
then adding the time required by the PSO for the evaluations of the constraint and for the 
correction of the positions. In order to correctly compare the two strategies, the time spent to 
train the network is also taken into considerations. In Table 4 the two optimization times are 
reported. Even if buckling analysis are not so computationally expensive a saving of about 2 
months and half is obtained. 

Abaqus Neural Network Times saved 
2133 h 336 h 1797 h 

Table 4: Comparison of optimization times 

6 CONCLUSIONS AND FUTURE WORKS 
In this paper an optimization framework based on artificial intelligence techniques as been 
proposed and investigated. The methodology envisages the training of an artificial neural 
network with finite element simulations in order to learn to approximate the structural 
behaviour. In this way the network can substitute the expensive simulations during the search 
of the optimum configuration where a lot of analyses must be performed. The optimization 
makes use of a derivative-free bio-inspired metaheuristic algorithm called particle swarm which 
provides a fast convergence with a good result. The framework has been applied to the 
optimization of a variable stiffness cylindrical shell for maximum buckling load. An 
improvement of both the buckling load and the pre-buckling stiffness with a remarkable 
reduction of computational times with respect to the same optimization with only finite 
elements analysis has been obtained. The same methodology can be applied to the same 
problem removing the strict constraint onto the layup of the configurations and including also 
requirements on the post-buckling field. Further improvements are expected in this application. 
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ABSTRACT 
atastrophic collisions  is the name given to those hypervelocity impacts that involve large 

Resident Space bjects such as entire satellites and roc et bodies, and result in the partial or 
complete disintegration of the colliding objects. These big crashes lead to the production of 
new debris large enough to cause other critical blows, and they therefore represent one of the 
major drivers of the space debris environment evolution. 
It is believed that catastrophic impacts occur when the inetic energy of the impactor is greater 
than  oule per unit mass of the target (energy-to-mass ratio E R  g), but this golden 
rule does not represent the reality in many situations of practical interest. urthermore, when 
this critical threshold is reached, detailed descriptions of the resulting fragment clouds are 
normally obtained using the NASA Standard Brea up odel (SB ), that is a set of empirical 
formulas used to feed evolution models that predict the space debris population in the future. 

owever, it is recognized that the NASA SB  is not able capture the complexity of the various 
possible impact scenarios, as they result from latest spacecraft designs, as well as the effects of 
impact point (e.g. collision on main body vs. collision on appendages). These limitations may 
significantly reduce the accuracy of the space debris environment forecasts in the long term, 
and may preclude a reliable a-priori assessment of practices and guidelines for space debris 
mitigation. 
In such context, this paper reports the results of a parametric study of the consequence of 
spacecraft collisions, in terms of satellite damage and fragments generation at different impact 
point, with focus on the limits of the NASA SB . Numerical simulations are performed with a 
new software called ollision Simulation Tool ( ST), that is a brand new semi-empirical tool 
developed in the framewor  of ESA contract Numerical simulations for spacecraft 
catastrophic disruption analysis , led by ISAS- ni D with etamax Gmb  as subcontractor. 
Based on the simulation dataset, some of the shortcomings of the NASA SB  are shown, and a 
correction to that model is proposed to better represent the consequences of collision scenarios 
involving glancing impacts. 

Keywords: space debris, catastrophic collisions, brea up model, fragments distributions. 

1 INTRODUCTION 
At present, the largest part of the catalogued space debris population consists of fragments 
originated by accidental explosions of spacecraft and upper stages, but it is expected that 
hypervelocity collisions engaging large ob ects could become the primary source of new debris 
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in the mid-term future. In this context, it is crucial to understand the physical processes involved 
in spacecraft collisions, because these big impacts are one of the main drivers of the long-term 
evolution of the space debris population. 
Hypervelocity impacts with sufficient energy to cause the fragmentation of entire satellites and 
roc et bodies, with the following creation of new debris large enough to cause other critical 
events, are called catastrophic collisions . At present, it is believed that these impacts occur 
when the inetic energy of the impactor is more than 40 oule per unit mass of the target 
(energy-to-mass ratio EMR 40 g). nce this threshold is exceeded, empirical and semi-
empirical brea up models may be used to provide detailed descriptions of the resulting 
fragments clouds. The most common empirical model is indeed the NASA Standard rea up 
Model (S M), whose current version was developed in the late 1990s and provides fragments 
mass, velocity, area-to-mass, and characteristic length distributions derived from empirical data 
available at that time, including a series of ground-based tests called S CIT 1 2 . A further 
improvement of the NASA S M is expected in the next few years than s to the inclusion of 
new laboratory test data referring to the brea up of a modern LE  spacecraft called DebriSat 

. However, it is recognized that the NASA S M has a certain number of wea nesses that 
ma e it unsuitable to simulate a variety of collision scenarios of practical interest: the most 
significant limit is that the predicted fragments distributions depend only on the total mass of 
the colliding ob ects, regardless of the ob ects  detailed design and impact point, e.g. side 
impacts such as glancing blows on solar panels are assumed to cause the same consequences as 
collisions on the ob ects  centre of mass (see Equation 1, representing the characteristic length 
distribution of new fragments, i.e. the cumulative number of fragments with characteristic 
length smaller than Lc. M is the total mass of the event). 

𝑁(𝐿𝑐) = 0.1 ∙ 𝑀0.75 ∙ 𝐿𝐶
−1.71 Eq. (1) 

To address some of the drawbac s of the NASA S M, other semi-empirical tools were 
developed in the past: these methods combine empirically-derived relationships from 
laboratory test data and observations of orbital brea ups with mass, momentum, and energy 
conservation principles. This provides a more solid ground to fragments calculations. Semi-
empirical approaches are chosen to create simple, fast-running models not requiring very 
comprehensive inputs  two remar able examples of semi-empirical brea up models are 
provided by FAST 4 5  and IMPACT 6 . ther simulations methods describing in details 
the hypervelocity impact dynamics, e.g. based on the use of finite elements, discrete elements, 
hydrocodes, or combinations of these techniques, are not much used because of the complexity 
of the physical problem, the large scales involved, and, most critical, the massive computational 
effort requested to analyse collisions with large multipart ob ects such as entire satellites. 

ith these premises, this paper reports the results of a parametric study of the consequence of 
spacecraft collisions, in terms of satellite damage and fragments generation at different impact 
point, with focus on some of the limits of the NASA S M. Numerical simulations are 
performed with a new software called Collision Simulation Tool (CST), that is a brand new 
semi-empirical tool developed in the framewor  of ESA contract Numerical simulations for 
spacecraft catastrophic disruption analysis , led by CISAS-UniPD with etamax GmbH as 
subcontractor. In the following, Section 2 provides an overview of the CST and its validation  
Section  describes a set of hypervelocity simulations involving a small satellite with one 
deployed solar panel, focusing on the results sensitivity to the impact point. A correction to the 
NASA S M is also proposed to better represent the consequences of collisions on appendages 
and glancing impacts. Conclusions and future wor  are finally discussed in Section 4. 
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2 OVERVIEW OF THE COLLISION SIMULATION TOOL 

2.1 CST simulation methodolo y 
The Collision Simulation Tool employs a hybrid simulation approach built on a combination 
of different methods addressing diverse phases of satellite collisions. In fact, these big impacts 
involve two separate damage modes, which develops with different time scales: (1) a diffuse 
cascade fragmentation initiated at the impact point, affecting those spacecraft parts that are 
directly involved in the local collision process, and (2) a global satellite collapse consequent to 
the propagation of shoc  waves through components connections and along the structure.  
The choice of a hybrid simulation methodology aims at dealing with these different damage 
modes with a unified approach. The underlying idea of the CST is to model the colliding ob ects 
with a coarse mesh of Macroscopic Elements (nodes) representing ma or satellite parts 
connected by structural lin s to form a system-level net (gross discrete-elements mesh), see 
Fig. 1. Macroscopic Elements represent spacecraft elementary building bloc s, such as plates, 
sandwich panels, oints, etc. The first damage mode (fragmentation) is addressed through the 
use of semi-empirical brea up models that are applied at the level of Macroscopic Elements, 
depending on impact point, elements materials, and geometry. The second damage mode 
(structural failure) is addressed through a discrete-elements-li e simulation of the momentum 
transferred to Macroscopic Elements in the net and the energy dissipated inside the elements 
and through the lin s. 

Figure 1: Example of satellite model: net of Macroscopic Elements connected through lin s 

ased on this modelling concept, the simulator core of the CST is divided in three main parts 
8 : 
• The rea up Algorithm for individual Macroscopic Elements, providing empirical

fragments size, velocity, and area-to-mass distributions for a variety of spacecraft building
bloc s. The rea up Algorithm calculates fragments distributions in terms of debris
number, mass, size (area-to-mass), and velocity vectors for those Macroscopic Elements
where a given fragmentation threshold is exceeded. This threshold is based on an energy
criterion and depends from the impact point and direction and from the geometric and
physical properties of every single Macroscopic Element sub ected to impact. The
algorithm models the transition from local damage to catastrophic disruption by defining
the MEs volumes damaged by impacts. nce such volumes are nown, they are filled with
fragments of given size and shape using an approach similar to that employed in computer
graphics for the gaming and the movie industry 9  that involves the generation of pre-
determined oronoi fragmentation patterns. In fact, using available empirical data, e.g.
10 11 , fragmentation patterns can be adapted to different impact conditions in order to

produce fragments distributions representative of real hypervelocity impact events. Finally,
when fragments size distributions are nown, velocity is calculated for each fragment with
an approach similar to that used by the mentioned FAST tool.

• the Structural Response Algorithm, calculating momentum transfer, energy dissipation,
structural deformation, and fracture. The Structural Response Algorithm simulates the
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global behaviour of the spacecraft structure sub ected to transient loading. This is done 
through the integration of a set of differential equations that describe the dynamics of the 
Macroscopic Elements net nodes representing the satellite model. These nodes are 
sub ected to impact forces provided by the primary collision and multiple hits of secondary 
fragments produced by the rea up Algorithm, as well as internal actions consequent to 
the deformation of lin s between elements. These lin s describe the system structural 
continuity and their properties determine the large-scale response of the whole net, 
including the momentum and energy transferred to each ME, the energy dissipation, the 
net deformation, the possible rupture of oints, and the elements separation. All lin s are 
modelled following ECSS 12 1  and EUR C DES 14  norms for structural unctions. 

• the Fragments Trac ing Algorithm, which follows the tra ectories of new debris created in
the early stages of the event and detects the resulting multiple secondary impacts on other
satellite parts. The CST has been in fact provided with the capability of modelling the
progressive engagement of the colliding ob ects as well as the multiplicity of secondary
impacts against intact macroscopic elements. This chain reaction  is addressed by
propagating the motion of fragments whose size and or energy exceeds a certain threshold,
while small and less energetic debris are collectively included in an expanding cloud of
dust. The Fragments Trac ing Algorithm is based on off-the-shelf engines such as those
retrievable from 15 .

ased on this hybrid simulation methodology, the CST ma es possible to model a large variety 
of collision scenarios involving complex systems such as entire satellites with many design 
details included. The CST provides statistically accurate results with a computational effort 
orders of magnitude lower than hydrocodes and other full physics  methods. 

2.2 CST alidation 
The CST validation was performed by comparison with a series of ground-based impact tests 
on simple targets (plates and hipple Shields) as well as spacecraft models. hile for simple 
targets the availability of fragments data is limited in the technical literature, in recent years 
several impact tests have been performed on spacecraft models, both full-scale and sub-scale, 
and these experiments come with more useful information on fragments characteristic length 
and area-to-mass distributions. In particular, this paper reports the validation results obtained 
with an all-aluminium-alloy satellite (called Lan  in the following), whose model is later used 
to build the target satellite employed for the simulations described in Section . ther validation 
results referring to simple targets can be found in 8 . 

Empirical impact data for the Lan  satellite refer to a nearly catastrophic collision on cubic 
spacecraft made of Al-alloy plates and Al-alloy boxes, with side length  40 cm and mass from 
295 g to 1 100 g, impacted by 9  g Al-alloy blunt cone pro ectiles with 41 mm of bottom 

diameter and 58 mm length, from  to .6 m s 16 . The CST model of the target satellite is 
shown in Figure 2. CST results are presented for a test case with pro ectile mass and velocity 
equal to 9  grams and .6 m s, leading to an EMR 48.2 g, ust above the classic 40 g 
threshold. The laboratory experiment in this case did not result in the complete spacecraft 
fragmentation, even though a significant satellite portion was disintegrated. A comparison 
between experimental results, CST results and NASA S M is presented in Figure , 
respectively in terms of fragments characteristic length (left) and area-to-mass distributions 
(right). The total CPU time for this simulation was about 4 hours (using a eon E5 2640 4 2 
G  with 10 cores). It is clear that the CST is capable to reproduce the empirical results very 
well, more effectively than the NASA S M. 
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Figure 2: Lan  satellite: physical model (left, 15 ), and CST model (right). 

Figure : Fragments characteristic length (left) and area-to-mass (right) cumulative distributions: 
comparison between experimental data, CST results and NASA S M. 

 SPACECRAFT COLLISION SIMULATIONS 

.1 Simulation scenarios 
In order to generalize the model, a representative solar panel appendix of a 0.4 x 1.2 x 0.05 m 
was added to the Lan  satellite, and the layout of the internal components was modified to 
include realistic equipment such as batteries and reaction wheels. Material properties of 
Aluminium-alloys were used for all the elements, with the only exception of density, that was 
ad usted according to the real mass of each selected component. In conclusion, the resulting 
target model, in the following called modified-Lan , has a mass of 2 g. The blunt cone 
impactor was also replaced with a 10 cm side 1- g cubesat with electronic boards inside. 
Four different impact scenarios were considered, all with impact speed equal to  m s, i.e. with 
EMR 50 g, much higher than the classic catastrophic fragmentation threshold of 40 g. The 
four collision configurations feature two impacts on the main satellite body (one on the centre 
of the face opposite to the solar panel, and one on a body edge, see Figure 4-a and Figure 4-b), 
and two impacts on the solar panel (one with velocity vector perpendicular to the panel and 
then pointing towards space, and one with velocity vector pointing towards the satellite body, 
see Figure 4-c and Figure 4-d). 

It is underlined that, according to NASA S M, all the collision scenarios shown in Figure 4 
lead to the same result in terms of ob ects fragmentation. In fact, in each of the four cases, both 
the EMR and the total mass of the event are the same. However, given the substantial 
differences between the various scenarios, different impact consequences have to be expected 
in the four different cases. 
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Figure 4: Modified Lan satellite hit by a 1U Cubesat (in red, not to scale) on different impact points. 

.2 Simulation results 
Simulation results are shown in the following figures, in terms of characteristic length 
distributions of collision fragments. In each graph, CST simulation results are compared with 
the NASA S M (both catastrophic and sub-catastrophic lines, even though only the first one is 
applicable to our case given that the EMR is much larger than the 40 g catastrophic threshold). 
In the same plots, a fourth line called NASA S M – Cat with correction  is also reported, 
featuring a proper modification of Equation 1 to account for glancing impacts. The proposed 
modification employs only the ob ects mass that is actually involved in the collision 
(𝑚𝐼𝑀𝑃 + 𝑀𝑇𝐴𝑅

∗ ) instead of the total mass of the event M, where mIMP and MTAR are the impactor 
and target masses  the asteris   indicates that only the target mass in the impactor flight path 
is considered, provided that such mass is contained in the impactor cross section (pro ected 
orthogonally to the velocity vector). Characteristic length distributions for the simulation cases 
a and b of Figure 4 are shown in Figure 5, while results for cases c and d of Figure 4 are shown 
in Figure 6. The information in Figure 5 and Figure 6 is then summarised in Table 1, in terms 
of total number of fragments larger than  mm for each of the four analysed scenarios, as they 
are predicted by the NASA S M, the CST and the S M with the proposed correction.  

Loo ing at the figures, it appears that the NASA S M significantly overestimates the number 
of collision fragments. In particular, Table 1 clearly shows that the NASA S M always predicts 
the same number of fragments, as the four selected scenarios are exactly the same in terms of 
EMR and in terms of total mass involved in the collision. The table also indicates that the 
correction we propose is very promising in view to overcome the current limits of the NASA 
S M. 

Figure 5. Characteristic Length distributions of collision fragments for cases a (left) and b (right) of 
Figure 4: comparison between CST result, NASA S M (catastrophic and sub-catastrophic) and S M 
with the proposed correction. 
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Figure 6: Characteristic Length distributions of collision fragments for cases c (left) and d (right) of 
Figure 4: comparison between CST result, NASA S M (catastrophic and sub-catastrophic) and S M 
with the proposed correction. 

Collision scenario Ntot - NASA SBM Ntot - CST 
Ntot  SBM with 

correction 
a- central impact on main body 1868  051 68 6 

b- glancing impact on the main body 1868  01 4411 

c- impact on solar panel, towards space 1868  56  1482 

d- impact on solar panel, towards body 1868  5 86 6140 
Table 1. Total number of fragments Ntot per collision scenario (only fragments   mm are considered): 
comparison between NASA S M (catastrophic), CST, and NASA S M with the proposed correction. 

Two screenshots of the fragmentation process simulated by the CST are finally presented in 
Figure , comparing case a and case d (both involving the main body s centre of mass, but the 
second with collision on the solar panel first). 

Figure . Total number of fragments for the scenarios in Figure 4, as they are predicted by the NASA 
S M (catastrophic), the CST and the S M with the proposed correction. 

It is shown that the fragmentation is better developed in case a, this is probably due to the 
shielding  effect provided by the solar panel to the main body. 

4 CONCLUSIONS AND FUTURE WORK 
This paper reports the results of numerical simulations of spacecraft collisions, performed to 
study the sensitivity of the fragmentation process to the impact point (collision on centre of 
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mass vs. glancing collision on edge vs. collision on appendages). This is ustified by the need 
to overcome one of the main limitations of the NASA S M, which is not capable to account 
for collisions other than occurring on the main body centre-of-mass and or involving modern 
spacecraft designs. Simulations were done with a new semi-empirical software called Collision 
Simulation Tool (CST), and the resulting characteristic length distributions of fragments were 
compared to those given by the NASA S M. Results clearly demonstrate that the fragmentation 
process is highly influenced by the point of impact and the structural properties of the elements 
that are first engaged in the collision. Furthermore, it is shown that the NASA S M can 
significantly overestimate the size and numerosity of fragment clouds in many situations of 
practical interest, especially when glancing blows and impacts on appendages occur. Finally, 
based on simulation results, a simple correction to the NASA S M is proposed, which provides 
a remar able improvement in the S M capability to capture a wider variety of collision 
scenarios. In future, we plan to use CST for a large simulation campaign intended to 
systematically explore the ey parameters of satellites collisions, with the aim of improving the 
accuracy of currently available brea up models, thus increasing the reliability of long-term 
debris environment predictions. 

ACKNOWLEDGEMENTS 
The authors would li e to express their gratitude to the European Space Agency (ESA) for supporting 
the development of CST (ESA Contract no. 400011914 16 NL z ), and the Italian Space Agency 
(ASI) for co-funding this numerical study (ASI INAF Contract no. 2015-028-R.0). 

REFERENCES 
1 R.C. Reynolds, et al. NASA Standard rea up Model 1998 Revision, LMSMSS- 25 2,

Loc heed Martin Space Mission Systems and Services, 1998.
2 P.H. ris o, et al. S CIT-4 collision brea up data analysis: with shape and materials

characterization, Adv. Space Res. 41 (2008), 11 8-1146
.C. Liou, et al. DE RISAT – A Planned Laboratory-based Satellite Impact Experiment for
rea up Fragment Characterization. Proc. 6th Europ. Conf. on Space Debris, Darmstadt, 201 .

4 D. Mc night, et al. Fragmentation Algorithms for Strategic and Theater Targets (FASTT)
Empirical rea up Model. DNA-TR-94-104, 1994.

5 D. Mc night, et al. Refined algorithms for structural brea up due to hypervelocity impact, Int. .
Impact Engng 1  (1995), 54 -558

6 M.E. Sorge. Satellite fragmentation modelling with IMPACT. In: Proc. AIAA AAS
Astrodynamics Specialist Conference and Exhibit, Hawaii, USA, 2008.
M.E. Sorge, D.L. Mains. IMPACT fragmentation model developments, Acta Astronautica 126
(2016), 40-46.

8 A. Francesconi et al (2019). CST: a new semi-empirical tool for simulating spacecraft collisions
in orbit. Acta Astronautica 160, pp.195-205.

9 D. Frerichs, et al. A survey on ob ect deformation and decomposition in computer graphics,
Computers Graphics 52 (2015), 18– 2.

10 M. Nishida, et al. Scaling laws for size distribution of fragments resulting from hypervelocity
impacts of Al-alloy spherical pro ectiles on thic  Al-alloy targets: Effects of impact velocity and
pro ectile diameter. International ournal of Impact Engineering 109 (201 ), 400-40 .

11 Nishida M, et al. (201 ). E ecta size distribution resulting from hypervelocity impact of spherical
pro ectiles on CFRP laminates. Procedia Engineering, 58, 5 -542.

12 ECSS-E-H - 2-2 A: Threaded fasteners handboo
1 ECSS-E-H - 2-21A: Adhesive bonding handboo
14 EN 199 -1-8:2005 AC: Eurocode : Design of steel structures - Part 1-8: Design of oints (2009)
15 https: pybullet.org - ullet Real-Time Physics Simulation.
16 S. Lan, et al. Debris area distribution of spacecraft under hypervelocity impact. Acta Astronautica

105 (2014), 5–81.



FORWARD TO THE MOON: LEGAL CHALLENGES RELATED TO 
THE LONG-TERM SUSTAINABILITY OF THE MOON AND THE 

LUNAR ORBITAL ENVIRONMENT 

V. Aloia1* , I. Verhaaf2

1Faculty of Law, University of Helsinki, vinicius.aloia@helsinki.fi 
2 Faculty of Law, Leiden University, ilseverhaaf@hotmail.com 

ABSTRACT 

As of 2019, the number of space objects in lunar orbit remains small. Notwithstanding, recent               
developments in space technology have reinstated the Moon as humankind’s primary target            
for near future space missions. Due to the commercialisation of outer space, human activities              
in and around the Moon will increase significantly, as lunar bases, orbital stations and mining               
operations for space resources are being developed. With that, the growing number of space              
objects and space debris in lunar orbit will pose a significant threat to the long-term               
sustainability of the environment around the Moon. The current legal framework to prevent             
the proliferation of space debris is considered insufficient to mitigate the problem and prevent              
the deterioration of the Earth’s orbital environment. On the Moon, the situation could             
deteriorate much faster due to the complex lunar gravity field and the lack of an appreciable                
atmosphere to burn up debris upon re-entry. This article addresses the legal challenges and              
sustainability issues derived from the planned activities on the Moon. The authors analyse the              
applicability to the Moon’s environment of the current legal and regulatory framework for             
space debris mitigation and remediation and the subsequent need of a new regime and              
stringent rules for the use of the Moon’s orbit. 

Keywords: space debris, Moon, satellites constellations, newspace 

1. INTRODUCTION

The Moon is the closest celestial body to Earth. After having landed, walked, and carried out                
scientific experiments on the surface of the Moon in 1969, numerous countries and private              
companies are hoping again to send robotic missions to the lunar surface and to establish a                
permanent human presence on the Moon and in its orbit within the next few years. NASA is                 
now focused on returning humans to the Moon, according to the Space Policy Directive 1 [1],                
a change in the American space policy that provides for a US-led, integrated programme with               
private sector partners, followed by missions to Mars and beyond. The goal is to send a series                 
of robotic landers to explore and scout the Moon as part of missions in service of both                 
science and to benefit the long-term human presence in outer space. Companies, on the other               
hand, see on the Moon the possibility of commercial activities and profit-making. During the              
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last period of lunar exploration between the 1960s and 1970s, the US and the Soviet Union                
sent dozens of landers and orbiters to the Moon to explore and return samples to Earth. After                 
the space race ended, the Moon was left relatively unexplored. 

In recent years, however, the Moon has become an enticing destination once again. [2] In               
2013, China became the third nation to ever soft-land and the first nation ever to land on the                  
far side of the Moon in 2019. India also has plans to send an orbiter, lander, and a rover to the                     
Moon in 2019, as part of the Chandrayaan-2 [3] mission. Israel became the fourth nation to                
crash a lander on the Moon, after the Beresheet lunar probe, launched by SpaceIL and               
operated by the Israel Aerospace Industries, failed to soft-land on the lunar surface.             
Historically, only governments have had the capability to engage in these missions, as the              
barriers have always been both technological and financial. That is, of course, changing, as              
part of the increasing commercialisation of outer space and due to space technology             
development leading to decreasing costs, steadily attracting more private investors [4], a            
phenomenon commonly referred to as “New Space”. 

The economic incentive to go back to the Moon is numerous, as a revolution in space launch                 
systems led to a 90% cost reduction compared to the Apollo days. Projects like ESA’s Moon                
Village concept plan to use the Moon as a stepping stone for deep-space missions, paving the                
way for human missions to Mars and beyond. Experiments have found evidence of water ice               
on the south pole region of the Moon, and companies are interested in scouting out the region                 
and potentially mining it. In addition, private companies want to use the natural resources on               
the Moon to manufacture large infrastructure in outer space for a larger near-Earth economy.              
NASA, the European Space Agency (ESA), the China National Space Administration           
(CNSA), Roscosmos, JAXA, ISRO, as well as various private initiatives like the Google             
Lunar XPRIZE, the Moon Race and the Moon Village Association are developing business             
opportunities and new concepts for the emerging lunar economy. 

In the Moon’s orbit, the US-led Lunar Orbital Platform, or Gateway, will consist of at least a                 
power and propulsion element and habitation, logistics and airlock capabilities. NASA plans            
to launch elements of the LOP Gateway, starting early in the 2020s. This increasing pace of                
planned activities, regardless of their goal, will inevitably require a well-established space            
infrastructure on and around the Moon. Any rocket launch or satellite activity in orbit              
generates some level of space debris. It is safe to conclude that the same will happen in the                  
Moon’s orbit. On Earth, the quantity of space objects and orbital debris, especially in low               
Earth orbit (LEO), is causing serious concerns for space agencies and space operators, as it               
poses a key threat to the sustainability of outer space, in spite of the current legal framework                 
regulating space activities. 

Studies modelling the orbital evolution of space debris and the effectiveness of current             
mitigation measures demonstrate that the application of only the current rules will not suffice              
to ensure the future access and usability of outer space. As the Moon becomes the main target                 
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for scientific and commercial exploration and exploitation, how should we deal with the             
accumulation of space objects and debris around the Moon and ensure the long-term             
sustainability of the lunar orbital environment? 

2. OUTER SPACE ENVIRONMENT AND SPACE DEBRIS

Most human activities in outer space take place in LEO, at an altitude between 200 and 2000                 
km; Activities also take place in medium-Earth orbit (MEO) at an altitude of approximately              
between 2000 and below 36,000 km, as well as geostationary Earth orbit (GEO) at              
approximately 36,000 km, the latter particularly important for telecommunication satellites.          
[5] Looking at current debris population models, the current scenario poses a serious risk to             
the sustainability of outer space. The ever-increasing population of space objects and,            
consequently, space debris, may lead to catastrophic collisions, leading to a further increase             
in orbital debris, threatening future launches and space missions. In addition, many satellites             
are perfectly operational when they run out of fuel, which is crucial for keeping the satellite                
in its orbit. Although all instruments may still be intact onboard a space object, when               
operators can no longer manoeuvre them, they decommission the spacecraft. This is            
unsustainable in the long term. To be environmentally compatible, decommissioned satellites           
need to perform end-of-life disposal activities that are in accordance with international debris             
mitigation guidelines and suited for the Earth’s orbital environment. However, when           
considering the lunar orbital environment, a lifetime of fewer than 25 years, for instance,              
does not seem adequate, in addition to the higher complexity of lunar space debris disposal.               
The Moon does not have a dense atmosphere to cause drag or heating on a spacecraft, so                 
space objects can have a very low orbital inclination and higher orbital eccentricity. Also,              
once in a stable orbit around the Moon, space objects will orbit for a long time, as they are                   
unaffected by atmospheric drag. 

A high concentration of space objects might lead to a break-up event called Kessler              
syndrome, which may set up a chain reaction, triggering more collisions. This is particularly              
dangerous. The event, as defined by Professor Don Kessler of NASA in 1978, predicts that,               
as the number of space objects in orbit increases, cascading impacts will become more and               
more common and create ever-smaller non-trackable bits of debris. A chain reaction could be              
set off that ends up with billions of infinitesimal pieces too small to be tracked, rendering any                 
plans for a long-term human presence on the Moon impossible. 

Orbital collisions render active spacecraft and satellites useless and cut their operational life             
span instantly. An example of this is the collision between the active US Iridium-33 satellite               
and the inactive Russian Cosmos 2251 satellite in 2009, which added to both the space debris                
issues and cut the operational life span of the US Iridium-33 immediately. [6] 

The Space Surveillance Network is currently tracking more than 750,000 pieces of debris on              
Earth’s orbit, of which 16,000 are 10 cm in diameter or larger, while most of them are                 
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between 1 and 10 cm. There are thought to be more than 150 million pieces smaller than 1                  
cm. Over c. 8500 vehicle flights have been launched since 1957. Less than half of the              
satellites contained on those missions are currently in orbit, around 3000, and even fewer are              
still operational - 1738 according to the Union of Concerned Scientists. [7]

The expected lifetimes for debris depend primarily on its location: in LEO, the air drag of the                 
upper reaches of the atmosphere will eventually cause the debris to decelerate and heat up so                
that it breaks up under friction, whereas in higher orbits the atmospheric drag is virtually               
nonexistent. The Earth has the capacity to self-clean itself whereas the Moon does not. That               
is the most urgent issue related to the lunar orbital environment. In 60 years of space                
exploration, very little has been done to mitigate and remediate the orbital debris situation on               
Earth, and the status is becoming critical. On the Moon, the problem can potentially escalate               
much quicker. 

3. THE CURRENT INTERNATIONAL LEGAL AND REGULATORY     
FRAMEWORK

There are currently five international treaties in place drafted under the auspices of the United               
Nations Committee on the Peaceful Uses of Outer Space (UNCOPUOS), the only UN             
committee dealing exclusively with questions related to international cooperation and the use            
of outer space, [8] four of which have been widely accepted. These five UN treaties establish                
the basic principles and obligations of States - at least those who have signed and ratified                
them. [9] - when it comes to the use and exploration of space. 

The treaties on space law neither expressly prohibit the creation of space debris nor impose               
an obligation on States and their space actors to remove space objects from orbit. Mitigation               
measures, valuable complementary tools to space law, have so far only been adopted as              
voluntary, non-binding instruments and have been partially adopted in the national laws of             
some states. [10] 

The Outer Space Treaty (OST) [11] is the most fundamental and all-encompassing of all of               
the space treaties. It contains the most basic principles of space law and sets out the                
obligations States have to adhere to in order to use and explore outer space. [12] This article,                 
however, focuses exclusively on the provisions of the OST relevant to the long-term             
sustainability of the Moon and the lunar orbital environment. 

First, the OST lacks important definitions. Key terms such as ‘space object’ and ‘space              
debris’ are not defined by the Treaty. [13] When the OST was negotiated, between 1963 and                
1966, and eventually adopted and entered into force in 1967, the issue of space debris was not                 
a pressing topic. As a result, despite the OST containing provisions aimed at protecting and               
preserving the outer space environment, the OST is not sufficiently developed with the             
underlying thought of space debris mitigation nor with the possibility of States Parties to              
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remediate the problem. Technical solutions, such as Active Debris Removal, raise legal            
questions, namely the legal uncertainty pertaining to the potential removal of another State’s             
space object. Registered space objects can only be subjected to any space debris remediation              
method by the state registry itself or with its permission. 

In Article I, the OST provides that outer space must be used exclusively for peaceful               
purposes, shall be the “province of all mankind”, and must only be used and explored for the                 
benefit of all countries, irrespective of their degree of development. It also says that “outer               
space (...) shall be free for exploration and use by all States without discrimination of any                
kind, on a basis of equality and in accordance with international law.” The freedom to use                
and explore outer space is understood to include economic utilisation and the making of              
profit. [14] 

Article VI OST states that State Parties shall bear international responsibility for their             
activities in outer space. This obligation naturally extends to activities on the Moon. The              
responsibility does not only account for the governmental activities, but also for the activities              
of non-governmental entities (private companies) within its jurisdiction. As private          
companies willing to develop activities on the Moon are not subject and therefore not directly               
bound by the rules of international law, the provision must be read as calling upon States to                 
‘authorise and continuously supervise’ the space activities of their nationals to ensure they             
are carried out in conformity and in accordance with the international obligations imposed by              
the space treaties. [15] 

Article VII OST contains the provisions on liability, detailed further in the Liability             
Convention (LIAB) [16], which puts forth two distinct liability regimes for two different             
kinds of activities. According to this principle, States Parties are liable for any damage caused               
by their space objects on both on Earth and in outer space [17] if they are launching States                  
i.e., if they launch or procure the launch of a space object into space, or if a space object is                   
launched from their territory or facility.

For damage caused by a space object in outer space, elsewhere than on the surface of Earth,                 
whether it be in orbit or on a celestial body like the Moon, the regime is of fault-based                  
liability, a principle found in Article III of the LIAB. [18] Here, it must be proven that the                  
accused State was at fault for the damage caused to the injured party for damages to be                 
awarded. [19] However, the lack of a formal definition of fault is also problematic and caused                
controversy. 

The LIAB establishes a victim-oriented regime. [20] When two or more launching States are              
involved in a particular incident, they shall be jointly and severally liable for any damage.               
This regime removes the burden of proof from the victim since they can seek compensation               
from either or each of the launching States or from all of them. When space activities were                 
mostly performed by States, this regime made perfect sense. However, it is not hard to see                
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how this particular provision is problematic considering NewSpace and the          
commercialisation of outer space. 

Article VIII OST gives States “jurisdiction and control” over space objects on their register.              
While there can be more than one ‘launching State’ for a space object, only one can register                 
the space object in question. Liability in space law is therefore not based on ownership,               
operation or effective control, and ownership of a space object is not affected by it being in                 
outer space or a celestial body, nor by it being constructed in outer space. 

The problem of conflicting jurisdictions arises quickly when space objects are being actively             
removed. Not only the space object as its whole falls under the scope of a State Party’s                 
jurisdiction, also parts from that object. Meaning, when a space object collides or breaks              
down, those specific parts still fall under the jurisdictional scope and may not be touched or                
maneuvered by any other State without consent. The boundaries of that ongoing jurisdiction             
has not yet been set, so it is still unclear when the responsibility dissolves. In Article VIII of                  
the OST is mentioned that once a State is registered as a launching State, the jurisdiction and                 
control over such object shall be retained, regardless of the fact that there may be no actual                 
physical control. Although a space object itself is transferable, the jurisdiction is not.             
Consequently this causes barriers in regards to active space removal whereas the mere act of               
manoeuvring a part would invoke the sovereignty and would imply a breach of international              
law.  

Finally, Article IX OST is the basic provision for all environmental protection of outer space               
[21] and particularly relevant for the long-term sustainability of the Moon. It underlines that            
States Parties must cooperate with and assist one another. Moreover, it notes the due regard              
of State Parties in their activities towards the corresponding interest of other State Parties to              
the Treaty. The Article recalls the obligation of State Parties to, i.a., avoid any harmful              
contamination of outer space [22], including the Moon and other celestial bodies. The OST,             
however, fails to define both “harmful contamination” and “adverse changes in the           
environment”. [23] Arguably, space debris can be considered a form of harmful           
contamination. Deterioration of the lunar environment may create serious obstacles to all           
space activities in the form of space debris or nuclear contamination caused by the crashing              
of numerous space objects on the surface of the Moon. The practice may also lead to States                
Parties to request a consultation as it can cause harmful interference in the peaceful             
exploration and use of outer space.

4. THE LUNAR ORBITAL ENVIRONMENT

Just as Earth’s orbit will continue to see an ever-increasing activity through satellite             
deployment, space operations, and space stations assembly, the same will be true when             
lunar-base building and general space activity is in progress. On 31 March 1966, the Soviet               
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Union launched Luna 10, the first spacecraft to go into orbit around the Moon, and the first                 
human-made object to orbit any celestial body beyond the Earth. [24] 

Since Luna 10, during the first period of lunar exploration, between 1966 and 1976, 29               
manned and robotic missions placed more than 40 space objects into lunar orbit. [25] Several               
vehicles successfully landed on the Moon and/or returned to Earth, including the Apollo             
missions. At least 34 have either reached and crashed into the surface of the Moon, been                
manoeuvred out of lunar orbit, or have been abandoned in orbit, constituting a small              
population of lunar orbital debris. Notwithstanding, fragmentations of lunar satellites, which           
would produce clouds of numerous orbital debris, have not been detected so far. 

Several active satellites are orbiting the Moon today. [26] They include NASA's Lunar             
Reconnaissance Orbiter; ARTEMIS P1 and P2 "Acceleration, Reconnection, Turbulence and          
Electrodynamics of the Moon’s Interaction with the Sun"; and the command module of the              
Chinese Chang'e 5-T1 spacecraft, in a stable orbit around the Moon since January 2015.              
Although the number of satellites in lunar orbit today is small, several projects like the Moon                
Village, the Lunar Orbital Gateway and mining operations for space resources on the Moon              
are likely to contribute to an increase in the number of active satellites in the Moon’s orbit. 

Perhaps surprisingly, lunar orbits may also become congested with man-made debris. [27] As             
the number of satellites on the Moon increases, the situation could deteriorate much faster              
than Earth’s due to the complex lunar gravity field, the influence of the Earth and the lack of                  
an appreciable atmosphere to burn up debris upon re-entry, all making reliable predictions             
very difficult. The lack of an appreciable atmosphere means that lunar satellites impact the              
surface of the Moon unscathed by atmospheric drag, burning or melting, unlike what happens              
on Earth. In addition, without an atmosphere to disintegrate and vaporise decaying orbital             
debris, and with the non-uniform lunar gravitational field, matter ejected by manoeuvring            
orbital spacecraft in low lunar orbit will end up rather quickly on the lunar surface. 

As the Moon is currently barren of any human presence, the impacts of space objects on the                 
lunar surface are solely an environmental issue. Article IX OST is intended to avoid any               
harmful contamination of the outer space environment, deliberate or unintentional, and           
Article 7.1 of the Moon Agreement considers the risk of lunar contamination, imposing upon              
States the duty to take measures to prevent the disruption of the existing balance of the                
Moon’s environment. [28] Nevertheless, it is not clear how spacefaring nations operating on             
the Moon will prevent the proliferation of space debris on Moon’s orbit and prevent the lunar                
surface to become a junkyard of crashed, defunct satellites and space objects. As the activities               
begin, the practice of crashing satellites on the surface may potentially cause catastrophic             
events to occur on lunar base elements, causing damage and triggering both the OST and               
LIAB. 
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When a satellite in GEO wears down and ceases to be operational, it takes a considerable                
amount of energy to slow it down so it can move out of the way and burn up in Earth’s                    
atmosphere. Instead, they have to be moved into a higher orbit commonly referred to as the                
graveyard orbit, a region around the planet where these defunct satellites do not interfere with               
important operational satellites. To be brought back to Earth and burn up in the atmosphere,               
lunar satellites would have to perform a propulsion manoeuvre used to set a spacecraft on a                
trajectory which will intersect the Earth 's Sphere of influence called Trans-Earth injection            
(TEI). Uncrewed space probes have performed this manoeuvre from the Moon in past.             
However, this proposal neglects the financial costs and the fact that Earth’s orbit is already               
congested with man-made debris. It is impractical. 

On Earth, the effectiveness of the legal instruments is being put to test and the space debris                 
mitigation guidelines have proved to be insufficient to prevent the proliferation of debris. On              
the Moon, the mechanical, legal and political challenges are even greater and might take the               
current legal and regulatory to a breaking point if a bespoke lunar regulatory framework,              
clarifying the ambiguities, defying concepts and attributing higher responsibility for the lack            
of measures to prevent the deterioration of the lunar environment is not established.  

5. REGULATION AND SPACE DEBRIS MITIGATION AND REMEDIATION ON       
THE MOON

As previously stated, the UN space treaties do not address the problem of space debris. The                
negotiations on a possible regulation started in the 1980s. First with the Inter-Agency Space              
Debris Committee (IADC), an international governmental forum founded in 1993,          
coordinating efforts to deal with space debris. 

In 1999, the IADC began developing the first international consensus on space debris             
mitigation, and after several years, the space debris mitigation guidelines were published in             
2002. The document outlines a set of technical mitigation measures, which organisations are             
encouraged to adhere to. As they are non-legally binding in nature, States have no obligation               
to adhere to them. These include (1) limitation of debris released during normal operations,              
(2) minimisation of the potential for on-orbit break-ups, (3) post-mission disposal and (4)           
prevention of on-orbit collisions. The guidelines also recommend a 25-year post-mission          
maximum lifetime and a 30-year maximum post-launch lifetime. Operators are encouraged to           
apply the guidelines ‘to the greatest extent possible’. [29] These Guidelines were proposed            
considering the orbital mechanics and influence of the atmospheric drag of the Earth. In             
principle applicable to extraterrestrial environments, particularly when it comes to the          
limitation of debris release and minimisation of on-orbit break-ups, the biggest problem           
seems to be post-mission disposal and accumulation of orbiting space objects over time.

The IADC Guidelines became the basis for the UNCOPUOS Space Debris Mitigation            
Guidelines, a document adopted by consensus of the Steering Group in October 2002, and              
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revised in September 2007, establishing a series of measures and good practices aimed at              
reducing the risk of creation of debris. Another relevant instrument is the ISO Standard              
24113 ‘Space Systems – Space Debris Mitigation Requirements’, 2011: the international           
standard establishing the design and operation requirements to minimise the impact of space             
operations on the orbital environment. [30] 

In 2018, the UNCOPUOS General Assembly [31] noted ‘with satisfaction’ that some States             
were implementing the guideline measures, as states have included in their national space             
legislation provisions on space debris mitigation and prevention. [32] Once this happens,            
these provisions become obligatory for the actors, both governmental and non-governmental           
entities, which have been authorised by those States to carry out activities in outer space.               
However, the employment of normative reference to such instruments of non-legally binding            
character in domestic space legislation raises questions of theoretical and practical character,            
as this legislative practice does not necessarily comply with domestic legislative requirements            
of being clear, specific and unequivocal by stating that operators must comply “with             
‘internationally recognized standards and guidelines’ in a broad and generic sense. In spite of              
the insertion of these types of provisions in national space laws as an instrument to transform                
non-obligatory international norms into rules that are enforceable at least on a national scale,              
the main issue with the guidelines is that they are non-binding instruments, meaning that they               
are just strong suggestions for nations to abide by, making enforcement rather difficult. 

Some delegations noted that making the mitigation guidelines legally binding was not            
necessary as it was in the interest of all States to preserve the sustainability of outer space.                 
However, in spite of this rhetoric, currently, there are some areas in Earth’s orbit that have                
reached 90% space object concentration, mainly attributed to orbital man-made debris, i.e.,            
satellites and other space objects that are no longer operational. [33] The IADC noted in 2017                
that in LEO, the current implementation level of the guidelines was ‘considered insufficient             
and no apparent trend towards a better implementation is observed’. [34] Based on current              
practices, there is no reason to assume the situation on the Moon would be any different. 

Since there is no internationally agreed legal definition for space debris, the IADC Space              
Debris Mitigation Guidelines, defines space debris as “all man-made objects, including           
fragments and elements thereof, in Earth orbit or re-entering the atmosphere, that are non-              
functional.” [35] The IAA Position Paper (1993, 2001), in its turn, describes orbital debris “as               
any man-made Earth-orbiting object which is non-functional with no reasonable expectation           
of assuming or resuming its intended function, or any other function for which it is or can be                  
expected to be authorised, including fragments or parts thereof.” The fact that both the IADC               
and the IAA define space debris as being “any man-made Earth-orbiting object”, therefore             
excluding from the definition any space object in orbit of a celestial body other than the                
Earth, demonstrates the inherently problematic consequence of a lack of legal definition. 
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The issue of debris and orbital collision is even more imminent with small satellites as they                
are usually non-manoeuvrable, cannot be deorbited in a controlled manner and are therefore             
dependent upon being pulled in by the gravitational pull and, in the case of the Earth, burning                 
up in the atmosphere. This process can take much longer than expected or predicted.              
However, as mentioned earlier, the Moon has no appreciable atmosphere that could burn up              
debris, rendering the challenging problem of non-manoeuvrability of small satellites even           
more pressing on the lunar orbital environment. 

For the long-term sustainability of the Earth’s orbital environment and it order to ensure the               
free access to space for all nations, it is recommended a combination of 100% passivation,               
90% post-mission disposal and ADR as space debris remediation, a technology aimed at             
physically removing space objects from orbit. For the long-term access and sustainability of             
the activities on the Moon, it will be necessary to regulate payload orbital insertion, docking,               
and de-orbiting technologies in order to minimise the accumulation of debris surrounding the             
Moon. 

All of these documents were conceived without having in mind any long-term, extensive             
human activity on the Moon. In spite of this legislative effort, it has become apparent that                
these mitigation guidelines are not comprehensive enough and the current legal and            
regulatory framework does not adequately respond to the new challenges presented by            
NewSpace and future activity on the Moon and other celestial bodies. In addition to being               
non-legally binding instruments under international law, as mentioned before, there is still a             
considerable amount of countries that have not yet signed and/or ratified some or any of the                
UN treaties in the first place. The legislative developments that occurred for the Earth’s orbit               
are not applicable and/or not satisfactory to the Moon’s orbit. 

6. TECHNICAL SOLUTIONS: AN ANALOGY FROM THE EARTH’S ORBIT

Space operators have started planning and working on the possibility of refuelling, repairing             
and even resurrecting satellites in outer space. This is called ‘on-orbit servicing’, which is              
another possibility to militate the accumulation and clogging of orbital debris. [36] The             
average distance from Earth to the Moon of about 384,400 km make this proposal              
challenging at first. However, as human settlements and based on the Moon become more              
common, it increases the chances of lunar satellites being ‘on-orbit serviced’ by Moon bases,              
instead of being reliant on shipments from Earth.  

NASA proposed a solution to the problem called Space Debris Elimination (SpaDE). [37]             
This option was necessary because there was simply no practical method of debris removal to               
date. SpaDE would shoot pulses of atmospheric gas at targets that would destabilise their              
orbits and force them to re-enter the Earth’s atmosphere and burn up. Meanwhile, ESA is               
working on its own solution. Also agreeing that the problem of micro and small debris cannot                
be solved, they are also going after the larger pieces. ESA is working on an application called                 
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the e-DeOrbit, which would use a net to a robotic arm to catch a large piece of junk and draw                    
them towards the atmosphere where both the hunter machine and the piece of junk would               
burn up. [38] Both methods are impracticable on the Moon orbital environment. 

A new and broader approach was provided with the concept of ‘Space Traffic Management’              
(STM) in combination with space situational awareness (SSA). Since the availability of slots             
in the GEO is limited and uncontrollable space debris is increasing, the only way for               
operators to avoid collisions is to manoeuvre the operational space object. SSA is therefore              
required because it tells the operator where and when to move. The Space Policy Directive-3               
[39], signed by President Trump on 18th of June 2018 defined SSA as “the knowledge and                
characterization of space objects and their operational environment to support safe, stable,            
and sustainable space activities. STM is defined as “the planning, coordination, and on-orbit             
synchronization of activities to enhance the safety, stability, and sustainability of operations            
in the space environment” under that same Directive, and it is ‘the set of technical and                
regulatory provisions for promoting safe access into outer space, operations in outer space             
and return from outer space to Earth free from physical and radio-frequency interference’.             
[40] The term “space traffic” was already in use in the 1980s but a more detailed discussion               
was initiated only in the late 1990s and culminated in a study by the International Academy               
of Astronautics of 2006, [41] which became the first truly comprehensive approach to            
shaping a new order for the uses of outer space.

Not only the number of satellites is increasing, but also the number of operators, more and                
more countries are getting involved in the space industry. The increasing number of operators              
makes it even more necessary to coordinate and govern space. There is not yet a standardized                
system to coordinate, governing is currently up to licensing nations.  

In June 2019 the result of more than eight years of organised working groups resulted in the                 
Guidelines for the Long-term Sustainability of Outer Space Activities of the Committee on             
the Peaceful Uses of Outer Space. The Guidelines provide guidance on the policy and              
regulatory framework for space activities; safety of space operations; international          
cooperation, capacity-building and awareness; and scientific and technical research and          
development. [42] The recent development in regards to the concept of sustainability arises             
from the increasing complexity that comes from the increasing number of space actors. It              
becomes more and more clear that the space in Earth’s orbit is not infinite. Although the                
guidelines are provided with the Earth’s orbital issues in mind, COPUOS made some room              
for flexibility by recognizing the guidelines as a “living document”. [43] It will be              
periodically updated to ensure an up-to-date reflection on sustainable space activities.           
Unfortunately this does not necessarily mean that lunar debris is going to be on the agenda                
anytime soon, because legislation usually seems to arise when the problem is already almost              
irreversible.  

2023 



7. CONCLUDING REMARKS

Humankind is returning to the Moon, and this time to stay. [44] Space agencies and private                
companies will explore and exploit Earth’s natural satellite in the next decades. Several future              
lunar missions are scheduled or proposed by a number of countries, organisations and private              
companies. The nature of those missions varies from in-situ analyses, sample-return, orbiters,            
and lunar flybys. All these missions will raise questions of how best to minimise and to                
dispose of lunar orbital debris.  

The current legal and regulatory framework addresses the issue of space debris rather broadly              
and lacks key definitions. The most comprehensive international guidelines are soft law            
instruments, non-legally binding, and difficult to enforce without the goodwill of spacefaring            
nations and space operators. This practice has lead to a critical situation in LEO - which is                 
predicted to worsen if nothing is done. The lunar environment requires new ideas and more               
stringent rules, in addition to a clearer legal approach, complementing the constraints of the              
UN space treaties and in compliance with them. Law is an enabler. Operators willing to               
invest their financial resources on the Moon need legal certainty and the assurance their              
activity and conduct are safely regulated and protected. States, which must authorise and             
supervise the space activities of their nationals, also have in their best interest a              
straightforward and transparent legal regime.  

On the near-term, perhaps the most important tool to mitigate the proliferation of space debris               
is post-mission passivation. Proposed unique solutions in the likes of lunar equatorial dumps,             
may also prove attractive but might face legal challenges, as stated in Article IX OST.               
However, as with Earth satellites, prevention is less costly than remediation and debris             
mitigation measures tend to be more effective when adopted early in the concept and design               
phase. The Moon is only the closest celestial body to Earth, at 340,000km. That is, no pun                 
intended, astronomically close. The way we choose to act on the Moon will set the parallel                
and the standards to every subsequent mission, e.g, to Mars, where the environment is unique               
in its own way. The urgency of the problem cannot be overestimated and the need for action                 
is vital not only for the use of near-Earth space, but for the safe and sustainable long-term use                  
of the whole cislunar environment. 
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ABSTRACT 

Shelter systems are a prefabricated cabin designed to accommodate the signals transmission. 
The shelter taken into consideration is a military control center used in different scenarios to 
fulfill activities for controlling reconnaissance system and missile system. As the internal 
operators of the Shelter system conduct several specific missions over a long period of time in 
a noisy environment, one of the most important specifications for the shelter system is the 
internal noise level at the operator’s ear. 
The main goal of the present study is the development of a numerical model well representing 
the system in terms of vibro-acoustic response to the effecting noise and vibration sources.    
The Shelter System has been designed and modeled with finite elements (FEM) considering 
both a structural and acoustic mesh of the internal air volume. A vibroacoustic numerical test 
with NASTRAN was then conducted to predict the level of acoustic pressure inside the cavity 
and more precisely close to the human ear; the main results obtained concern the acoustic 
pressure levels, inside the shelter, generated by the action of the power unit (PGU).  
Numerical data have been compared with results of a dedicated experimental campaign to 
check and update the numerical assumptions. 

Keywords: Vibro-Acoustic Analysis, Military Shelter System, Noise Control 

1 INTRODUCTION 

The Shelters are able to withstand extreme conditions of use both structural and 
meteorological, providing the operator with optimal comfort conditions. 
The main requirements that must be kept under control in a shelter enclosure are mainly the 
temperature and internal noise level. With reference to this latter aspect, personnel shall be 
provided an acoustical environment that will not cause personnel injury, interfere with voice 
or any other communications, cause fatigue, or in any other way degrade system 
effectiveness. Noise affects human health and performance in several ways. Apart from 
environmental considerations, the most critical effects include noise-induced hearing injury 
and the impact of signal comprehension on communications, survivability, and mission 
effectiveness. 
The aim of this paper is to develop a vibro-acoustic model of a shelter system, in order to be 
able to predict the internal acoustics noise of a manned shelter system during the drafting 
phase.  After numerical model validation due to experimental testing, some strategies will be 
proposed to reduce the internal noise of the shelter. 
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2 SHELTER SYSTEM ARCHITECTURE 

The shelter that has been taken into  is composed by: an operating cabin where devices are set 
up to carry out the mission, a central compartment occupied by an antenna that can be raised 
in the operational phase and at the end we have a power unit and a cooling system outside. 
The shelter has four large paws that separate it from the ground, thanks to which it can be 
positioned horizontally compared to ground. 

Figure 1 Military shelter systems 

3 ACOUSTIC PROBLEM 

Our main interest will be the structural transmission of low-frequency noise; the noise 
vibration load, that is considered, is generated only by the PGU that work at 50Hz. Tonal 
noise, or tonality, as a component of environmental noise can be an important factor in the 
annoyance of people listening to that noise. Environmental noise with audible tonal 
components generally results in higher levels of annoyance than broadband noise at a similar 
level. [1] [2] 

4 NUMERICAL MODELING 

Shelter structure can be considered as a complex structure. Due to this fact, modelling the 
structure accordingly to the actual structure might be difficult. Therefore, major simplification 
in modelling the structure was carried out when constructing the finite element model of the 
shelter system. Most of joints, iso-corners and door were all neglected during the model.  The 
Shelter structure is composed by aluminium truss and aluminium sandwich panels with 
thermal acoustic insulation foam inside. 
By using principle from finite element method, for a complicated structure, can be divided 
into many small elements. The global mass and stiffness matrices of each element can be 
divided into many small elements. [3]  
The following simplification of modelling was adopted: truss structure has been simulated 
with BEAM elements (1D), sandwich panels with PCOMP elements (2D), lumped mass 
elements (0D) linked with RBE to simulate the presence of the internal and external 
equipment, and finally HEXA elements (3D) to the inner air volume. 
The constraint condition was imposed with fixed support on the four lower iso-corner. 
Computer aided design (CAD) model was produced first before being imported into a 
computer aided engineering (CAE) software, Femap/NX-Nastran, in order to convert the 
model into a finite element model. The finite element was created by using about 800k quad 
elements. 
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Material Young Modulus 
[GPa] 

Poisson 
Ratio 

Density 
[Kg/m3] 

Al5754 68 0,33 2600 
Al6068 70 0,33 2700 
Foam 3 0,4 500 

Table 1 Material data sheet 

5 MODAL ANALYSIS 

The numerical modal analysis was performed on the both structural and acoustic parts 
separately and at least it was performed also on the full model considering the fluid-structure 
interaction. 
As shown below the main normal modes all fall within a range of 50Hz, 
therefore a strong fluid structure will be achieved. 

(a) (b) 

(c) (d)  

Figure 2 Main structural normal modes: (a):10,5Hz; (b):48,3Hz; (c):50,9Hz; (d):54,9Hz 

(a) (b) 

(c) (d) 

Figure 3 Main acoustic normal modes: (a):47,2Hz; (b):68,9Hz; (c):72,6Hz; (d):87,2Hz 
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(a) (b) 

(c) (d)  

Figure 4 Main vibro-acoustic normal modes: (a):10,5Hz; (b):18,9Hz; (c):41,1Hz; (d):51,0Hz 

6 EXPERIMENTAL TESTING 

Whole experimental tests have been performed with following depicted testing tools, 
connected to the SCADAS mobile. 

(a) 

(b) (c) (d) (e) 

Figure 5 Test instruments: (a): SCADAS mobile; (b): hummer; (c): accelerometer; 
(d): pressure probe; (e): microphone 

6.1 Operative condition characterization 

6.1.1 ODS - Operating deflection shape 

An operating deflection shape (ODS) is defined as any forced motion of two or more points 
on a structure. Specifying the motion of two or more points defines a shape. Stated 
differently, a shape is the motion of one point relative to all others. Motion is a vector 
quantity, which means that it has both a location and a direction associated with it. Motion at 
a point in a direction is also called a Degree of Freedom, or DOF. [4] 
This technique has been performed so as to simplify the setting setup of the boundary 
condition, in fact it was used the operative configuration; an accelerometer has been 
positioned on the power units (Master accelerometer) and other satellites accelerometer 
(Slave) has been positioned in a lattice position on structure as shown in the following figure. 
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(a) (b) 

Figure 6 Accelerometers disposition: (a): Master accelerometer; (b): Slave accelerometer 

Experimental tests show that the noise source is mainly tonal at 50hz which is the regime 
where the power unit works. 

Figure 7 Vibration noise of the PGU 

6.1.2 SPL -  Sound pressure level 

At the same time the sound pressure level inside the shelter was measured while the current 
generator was switched on. The measurement was carried out thanks to the use of two 
microphones placed inside the passenger compartment; as shown in figure 8 (b) also in this 
case the vibro-acoustic noise is mainly tonal at 50Hz. 

(a) (b) 

Figure 8 Sound pressure level: (a): Test setup; (b): SPL (dB) 

7 NUMERICAL FRQUENCY RESPONSE 

To validate both the structure and the acoustic volume it is necessary to carry out a numerical 
frequency response analysis on the whole model, with which it could be possible to make the 
comparison with the ODS. [5] 
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7.1 Load calibration 

The force calibration was performed through an iterative process, where at first a unitary force 
was placed in the PGU’s centre of mass and then thanks to the accelerometric acquisition it 
was possible to calibrate that force.  

8 COMPARISON 

After the forcing calibration it was possible to make a cross correlation between all the 
experimental and numerical acquisitions. Where necessary the following validation process 
was used to achieve a good correlation with the actual structure. 

Figure 9 Validation strategy 

Only some of the calibrated accelerometers are shown below, they show the experimental-
numerical accelerometric trend. 

(a) (e) 

(b) (c) (d) 

Figure 10 Numerical and experimental frequency response correlation: (a): accelerometer 
acquisition; (b): correlation in point 1; (c): correlation in point 2; (d): correlation in point 3; 

(d): correlation in point 4. 
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At the same time, the numerical frequency response analysis provided information about the 
SPL inside the shelter; to validate the acoustic cavity, the numerical analysis was compared 
with the microphones acquisition placed inside the operating area 

(a) (b) 
Figure 11 Acoustic analysis - SPL: (a): acoustic noise on human ear level; (b): Numerical and 

experimental correlation of SPL 

At last the numerical and experimental operative deformation were compared under the 
operative load condition so as to have a further confirmation about the numerical model. 

(a) (b) 

 V  
(c) (d) 

(e) (f) 

Figure 12 Numerical and experimental correlation of frequency response analysis at 50Hz: 
(a): numerical acceleration y-direction; (b): experimental acceleration y-direction; 
(c): numerical acceleration z-direction; (d): experimental acceleration z-direction; 
(e): numerical acceleration x-direction; (f): experimental acceleration x-direction; 
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9 CONCLUSION 

The present study was undertaken to correlate the experimental tests to the data gathered from 
the finite element analysis of the shelter system. The result of this investigation show that 
discrepancy is unavoidable when constructing model for a complex structure such ad Shelter 
because of inaccuracies in parameters assumption and simplification in process of modelling. 
These deviations can be accepted because the discrepancy between numerical and 
experimental result is low. Whith that predictive acoustic model it’s possible to make some 
acoustic improvement and evaluation or it’s possible to increase the complexity of shelter’s 
finite model element such as including also the internal source like air conditioner and 
workstation noise. 
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ABSTRACT 

Control of interior noise levels in turboprop aircraft has been a significant research area 
over the last two decades. The reason is that, the turboprops, are more fuel efficient than jets 
on shorter, slower routes but present a strong potential for unacceptably high structure-borne 
noise levels in the aircraft fuselage. 
These high noise levels would require very efficient fuselage sidewall transmission loss at a 
propeller blade passage frequency in the range of 150 to 300 Hz. To meet these technical 
requirements in terms of internal noise reduction, the use of insulating materials between 
interior trim panels and the fuselage is required. 
The methodological process is based on a Vibro-acoustical numerical Finite Element 
approach, to evaluate the Sound Pressure Level (SPL) at passenger ear level.   
Based on the target of the study, different materials and possible stratifications have been 
experimentally studied in terms of acoustic properties and performances. 
Through this numerical tool it has been possible to evaluate the best configuration and 
optimize the blanket choice to obtain the target SPL reduction considering different fuselage 
location, acoustic cavity and target weight of the complete insulation package. 

Keywords: Vibro-Acoustic Analysis, Blade Passage Frequency, Noise Prediction, Blankets 

1 INTRODUCTION 

hese work takes part of the European project CLEAN SKY2 S.P.A.I.N. (Smart Panel for 
SAT Aircraft Cabin Insulation). 

Project has the purpose to improve the acoustic for General Aviation Aircrafts and more in 
general for the Small Aircraft Transportation (SAT) community by providing a performant, 
cost effective and lightweight cabin insulation system. The Topic manager of the project is the 
Czech aircraft manufacturer Evektor, which provided the objectives in terms of sound 
pressure level in the cabin and weight of the system. The companies involved in the project 
are Protom, with rules of project Coordinator and system design and TI&A, partner for the 
construction and installation of the insulation system on a demonstrator (EV-55 aircraft). 
The main project innovation is a new mounting configuration which provide the insulation 
blanket linked to the Cabin lining panels instead of the primary fuselage structure (skin) 
allows faster access to wiring and an easier replacement of the blankets.  

T 
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(a) (b) 
Figure 1: (a) New Mounting Configuration; (b) Analysed Panel and Available Acoustic Cavity 

Different blanket's configuration have been considered in terms of different insulation 
materials stratification in relation to critical frequencies, external pressure and maximum 
acoustic cavity located in different aircraft areas and define the insulation system optimization 
without losing sight, the acoustic and total weight requirements. 
To achieve this aim, a methodological process has been used, based on a numerical Vibro-
acoustic Finite Element approach, to evaluate the Sound Pressure Level (SPL) at passenger 
ear level.   

2 TURBOPROP INTERIOR NOISE INVESTIGATION 

Generally, an aircraft is affected by several noise sources; the noise level and spectrum 
depend on the aircraft, the engine power unit, the broadband excitations related to the 
turbulent boundary layer, propulsion system and flight phase. Turboprop aircraft present an 
important contribution form the airbone path generated by the propeller system mainly due to 
the short distances between the propeller tip and the fuselage.  This noise sources is mainly an 
harmonic source and as  a general rule, the fan Blade Pass Frequency (BPF) noise level 
intensity varies with the number of blades (t) and the rotation speed of the wheel in RPM (n) 
and can be expressed as : 

𝐵𝑅𝐹 =  
𝑛 𝑡
60

(1) 

Results of preliminary noise and vibration measurements will be presented here. These 
measurements were realized by EVEKTOR on the EV-55 airplane without interior panel 
during flight test FL100 RPM 2200 (Cruise condition); microphone was step by step located 
in 3 points (mark of points = UZL). An analyser BaK 2238 was used for the measurement. 

(a) (b) 
Figure 2 (a) In flight SPL at UZL2 ;(b) In flight SPL at UZL3 
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3 FUSELAGE FEM ANALYSIS AND EXPERIMENTAL COMPARISON 

3.1 Mesh and Materials  

To define the FEM model of the fuselage, a structural and acoustical analyses has been made 
and the SPL response has been compared with the in-flight measurement to validate the 
model.  
Once verified a subsequent forecast of the internal fuselage noise with different deck 
configurations has been made. 

Mesh has been made on the fuselage CAD supplied by Evektor. In the model, all stringers 
have been made with 1D elements (BEAM), whit same section of the CAD model. The spars 
modelled with 2D element (spar web) and 1D element (spar caps). The floor has been 
modelled with a sandwich panel, made by 2 layers of aluminium and a mid-layer of 
aluminium honeycomb. 
Follow materials has been used: 

Material Elongation Modulus E Poisson Ratio ν Density ρ 
Aluminium (Skin) 70000 MPa 0.30 2700 Kg/m3 

Aluminium (Stiffening) 72400 MPa 0.30 2780 Kg/m3 
PMMA (Windows)   3300 MPa 0.37 1910 Kg/m3 

Table 1 Materials property 

3.2 Modal analysis 

To identify the structural and acoustical resonant frequencies a modal analysis has been made 
to evaluate contribution at the interior noise of both. 
In the acoustic characterization, the acoustic cavity has been modelling with PFluid hexa-
element and the air property in FL100 condition, has been considered. 

FL100 Air 
Density ρ 0.91 kg/m3 
Speed of sound c 326000 

Table 2 In flight ISA Air property 

Particular attention has been given to the identification of the common resonance frequencies: 
these had to be avoided cause intensive energy exchanges between fluid and structure. First 
structural and acoustic modes have been reported: 

(a) (b) 
Figure 3 (a) Fuselage CAD model; (b) Fuselage FEM model 
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Figure 4 Structural Modal Shapes at 23.22 Hz and 36.85Hz 

Figure 5 Acoustic Modal Shapes at 36.41Hz and 50.85Hz 

3.3 Coupled Fluid Structure Interaction 

At this stage the coupled modal analysis has been analysed to evaluate the resonance 
frequencies of the coupled system; the modal shapes near critical frequencies has been 
reported: 

Figure 6 Coupled modal shape at:150 150.5 Hz 

Figure 7 Coupled modal shape at:192.2 398.9Hz 
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3.4 Pressure fields modelling 

To estimate the aerodynamic load caused by the passage of the blade, the sound pressure level 
in operational flight has been analysed in a reverse engineering approach; consequently, the 
equivalent pressure distribution on the outside of the fuselage was calculated. 

(a) (b) 
Figure 8 (a) Evektor Co-rotating Propeller; (b) Generic Pressure Distribution Acting on Fuselage 

This was achieved by setting the SPL on the UZL2 microphone and verifying the numerical 
correspondence with the reading of the UZL3 microphone. 

(a) (b) 
Figure 9 (a) Imposed SPL in UZL2; (b) SPL read in FEM model. 

As regards the boundary conditions: a condition of free field has been assumed in the front 
section of the fuselage and a reverberant field in the rear section, since the fuselage section 
ends in the rear plane at that point. 
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3.5 Sound pressure at Ear level map 

After the validation of the model, the sound pressure map has been obtained whit a direct 
frequency response at passenger’s ear level. The following images describe the SPL in critical 
frequencies analysed: 

Figure 10 SPL at Ear Level at 152 and 300.2 Hz 

4 DESIGN AND TESTING OF DIFFERENT BLANKET PACKAGE 

Different insulation materials have been analysed and compared to define the best blanket 
stratification and in this choice, it was preferred to opt for materials already certified in the 
aeronautical field (CS23 / FAR23) using as a benchmark for the choice, the relationship 
between weight, cost and performance. 
Blanket has been designed in relation to the available acoustic cavity (considering structural 
frames and cabin wiring) and external pressure acting on the fuselage. 
The following blanket packages have been selected: 

Insulation Package Id. Description 
#1 Sound Block Roger Bisco HT-200 + Microlite 3/8’’ 1.2pcf + 

Microlite 2’’ 0.6 pcf 
#2 Sound Block Roger Bisco HT-200 + Microlite 3/8’’ 
#3 Sound Block Roger Bisco HT-200 + Aerocell SK-13200 + Sound 

Block Roger Bisco HT-200  
#4 Aerocell SK-13200 + Sound Block Roger Bisco HT-200 
#5 Microlite 3/8’’ 1.2pcf + Basotec UL 

Table 3 Selected Insulation Packages 

The parameters of absorption, transmission loss and impedance has been measured, for all the 
package, with a kundt tube. 
The system used for the execution of the tests is the BSWA mod. SW422 / SW477 which 
allows to perform sound absorption measurements according whit the standard. 
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Figure 11(a) Experimental facilities; (b) Tested Samples 

Figure 12 Packages characterization: (a) Absorption coefficient; (b) TL 

4.1 Preliminary Insulation System Experimental Analysis 

The preliminary insulation blankets configuration has been realized, setting on the interior 
panel and the full system has been analysed in the operative mounting. 

Figure 13 Preliminary configuration 

Transmission Loss has been evaluated with a reverberating box through a sound intensity 
probe in the central location of the interior panel. 
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(a) (b) 

Figure 14 (a) Measurement Setup; (b) Experimental Noise Reduction 

5 PREDICTED FUSELAGE NOISE REDUCTION 

After the preliminary insulation package experimental measurements, the value of the 
impedance for the interior system (whit all designed stratification and considering the interior 
trim panel) has been determined with the Kundt tube. 
This value has been employed in FEM model whit the use of Frequency-Dependent Acoustic 
Absorber Element (CAABSF) and the SPL on the passenger ear level in the worst frequencies 
of interest has been determined: 

Figure 15 SPL at Ear Level whit insulation system 

6 CONCLUSION 

The predictive model makes possible to study different blanket configurations, analysing and 
inserting the impedances of all possible designed insulation packages directly in the finite 
element model.  
The optimization analysis, in this way, gets immediate feedback for every possible absorbent 
package choice, making the optimization itself faster and aimed at achieving the requirements 
requested set by the client and the best cabin comfort. 
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Abstract 
The paper describes the take-off performances and characteristics of an unconventional aircraft, 
called PrandtlPlane. The PrandtlPlane has a box-wing architecture, founded on the “Best Wing 
System” concept due to L. Prandtl, that minimizes the induced drag once wingspan and lift are given. 
This configuration has the potential to be a more efficient alternative to conventional tube-and-wing 
aircraft, and it is under investigation in the framework of the PARSIFAL project, funded by the 
European Union in the Horizon 2020 program. A numerical simulation tool for the take-off dynamics 
of the aircraft, based on the non-linear equations of motion, has been developed in order to evaluate 
the performance of the aircraft in take-off condition. The VLM solver has been integrated into this 
tool in order to evaluate the aerodynamic performance of the aircraft in ground effect at each moment 
of the manoeuvre. The same assessments have been made for a conventional tube-and-wing reference 
aircraft, with the aim of conducting a performance comparison with the reference PrandtlPlane. The 
preliminary results obtained show the aerodynamic and aeromechanical advantages of the reference 
PrandtlPlane, in terms of runway length and passenger comfort. 

List of Symbols 

CL Lift coefficient 
CLmax Max lift coefficient 
CLα Derivative of lift coefficient respect to angle of attack 1/rad 
CLδe Derivative of lift coefficient respect to elevator deflection 1/rad 
CLδf Derivative of lift coefficient respect to flap deflection 1/rad 
Cm Pitching-moment coefficient 
Cm0 Pitching-moment coefficient at zero angle of attack  
Cmα Derivative of pitching moment coefficient respect to angle of attack 1/rad 
Cmδe Derivative of pitching moment coefficient respect to elevator deflection 1/rad 
Cmδf Derivative of pitching moment coefficient respect to flap deflection 1/rad 

α Angle of attack rad 
δe Deflection angle of elevators rad 
δf Deflection angle of flap  rad 
VR Rotation speed m/s 
W Aircraft weight N 
g Acceleration of gravity m/s2 
V Speed m/s 
T Thrust N 
D Drag N 
RT Vertical reaction of the ground N 
RN Horizontal reaction of the ground N 
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L Lift N 
μ Friction coefficient 
θ Attitude angle rad 
d Center of gravity-wheels horizontal distance m 
h Center of gravity-wheels vertical distance m 
IY Moment of inertia kgm2 

MA Aerodynamic moment Nm 
VZ Vertical speed m/s 
γ Trajectory angle rad 

V2 Take-off end speed m/s 
V1 Decisional speed m/s 

BFL Balanced field length m 
(XI YI ZI) Initial coordinates of main surfaces m 
(XF YF ZF) Final coordinates of main surfaces m 

δZ Height m 
FG Flap Gain 

FAR Federal Aviation Regulations 
nZ Vertical load factor 

MTOW Maximum Take-Off Weight N 

Introduction 

The aviation demand growth is around 4.5% per year [1][2], and it is foreseen to double in a couple 
of decades [3]; this trend will be accompanied by the saturation of most of the airports worldwide and 
an unacceptable increment of air pollution in the atmosphere with a consequent greenhouse effect 
[4][5]. The requirements by ACARE [6] of cutting the CO2 and NOX pollutions and reducing 
significantly the external noise around the airport areas will be hardly satisfied by improving the 
conventional tube-and-wing aircraft, so the introduction into service of disruptive aerodynamic 
configurations is seriously considered a possible solution for obtaining a greener and more efficient 
air traffic in the future. Different innovative aerodynamic configurations [7] have been proposed for 
the civil aviation of the future as, in particular, Blended Wing Body, Truss Braced Wings, and 
PrandtlPlane [8]. To investigate these unconventional configurations, in Europe, in the framework of 
Horizon 2020, a call named “breakthrough innovation in aeronautics” has been devoted to finance 
cooperative projects to design a “disruptive aircraft” for future air traffic. The project “PARSIFAL” 
(Prandtlplane ARchitecture for the Sustainable Improvement of Future AirpLanes), funded by the 
European Community, aims at designing an innovative aircraft, based on the adoption of the 
PrandtlPlane configuration (in honour of L. Prandtl), and also to compare the performances with those 
of conventional reference aircraft. The lifting system of the PrandtlPlane configuration is a box-wing 
in the front view, according to the Prandtl’s Best Wing System concept [10]. As is well known, this 
configuration minimizes the induced drag among all the possible lifting systems with the same total 
lift and the same span [9]. PARSIFAL project aims at demonstrating that the application of the 
PrandtlPlane configuration to aircraft with the same overall dimensions of short-medium range 
aircraft, in particular with wingspan below 36 m, can increase the payload capacity from less than 
200 up to more than 300 passengers, hence with a significant reduction of environmental impact and 
direct costs per passenger. Understanding the performance is mandatory for this new architecture, 
especially for the take-off phase. It is well known in literature [11][12] that during the take-off phase 
the aircraft is subject to a phenomena called “ground effect” which helps the aircraft, but it can be 
unfavourable in the landing phase. The ground effect, in the case of a PrandtlPlane, could influence 
the aerodynamic characteristics in take-off more than for conventional aircraft, because there are two 
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wings positioned at different heights, and the front one is very close to the runway. The main goal of 
this paper is to address how the take-off performance of the PrandtlPlane are affected by the main 
design parameters in order to define the main performances in terms of balanced field length and 
decisional speed. More in details, in the first part of the paper two-reference aircraft are described: 
one is a PrandtlPlane aircraft and one is a conventional tube-and-wing configuration. A common 
procedure for movables sizing is then described, together with the aerodynamic evaluation methods 
adopted in this work. Then, the dynamic simulation modelling and the mathematical model are 
defined; in the final part, the main results of the simulation are shown, focusing on the comparison 
between the take-off performance of the two reference aircraft. Since the lack of information available 
in literature regarding the analysis of the PrandtlPlane in take-off condition, another objective of the 
present activity is to provide design tools to be used in the final optimisation of the aircraft. 

1. Reference aircraft

Two different configurations have been considered in this work: one is a conventional tube-and-wing 
configuration, and the second one is a PrandtlPlane. The reference PrandtlPlane aircraft is called MS1 
and represents the result of the first period of the design activities in PARSIFAL project; detailed 
description of this configuration is in [13],[14],[15],[17]. The drawings of this configuration and its 
main characteristic are reported in Figure 1. 

One of the main objectives of the present analysis is understanding how the take-off performance of 
the reference Prandtlplane configuration differs from that of a conventional aircraft. The main 
competitors of the PARSIFAL PrP aircraft are represented by the short-medium range conventional 
aircraft [17], as the Airbus A320 or the Boeing 737. In this work the reference conventional aircraft 
chosen for the performance comparison is the CeRAS CSR01 [18], a public reference model for short-
medium aircraft.  The CeRAS CSR01 drawings and its main characteristic are reported in Figure 2. 

In order to evaluate and to compare the take-off performance of these two configurations, it has been 
necessary to define a common sizing procedure of high-lift devices and control surfaces. Indeed, the 
low speed performances, such as those in take-off (i.e. stall speed and CLmax), are strictly related to 
the design of these components. A preliminary sizing procedure for both elevators and flaps has been 
defined and it is described in [13]; the procedure is based on the trim fulfilment in approach condition. 
The trim problem is thus defined: 

Figure 1 Three views of the MS1 PrP configuration 
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{ CL=CLαα+CLδeδe+CLδfδf
Cm0+Cmαα+Cmδeδe+Cmδfδf=0 

For the PrandtlPlane there are many possible layout for positioning the movables; the one selected 
for the current analyses is represented in Figure 3 (right): the elevators are placed in the root regions 
of both wings, the ailerons are installed in the tip regions and the flaps are placed between the 
elevators and the ailerons. Front and rear elevators are actuated with opposite deflections in order to 
introduce ideally a pitching moment without affecting the total lift. For the tube-and-wing aircraft, 
the layout is the conventional one, with the elevators placed on the horizontal tailplane and the flap 

on the main wing, as sketched in Figure 3 (left).The trim problem is solved by using the AVL code; 
the flap deflection is set as an input, and the aerodynamic solver finds α and δe in order to fulfil 
vertical and pitch equilibrium in approach condition, at Maximum Landing Weight. Due to the 
limitations of the AVL solver, all the movables are considered as plain flap (also the high-lift devices). 
At the end, the low speed performance of the configurations designed with these procedures are 
estimated by means of consolidated literature methods, as [19]. The whole procedure is schematized 
in Figure 4. 

Figure 2 Three views of the CeRAS configuration 

Figure 3 Movables layout for the two configurations 

2048 



2. Simulation modelling

It is possible to divide the take-off manoeuvre in three different segments: ground-roll, rotation, and 
transition to climb, as sketched in Figure 5. In the ground roll segment, the aircraft starts its take-off 
acceleration and reaches the rotation speed (VR); the only degree of freedom is the longitudinal 
motion of the aircraft on the runway. The rotation segment starts when the VR speed is reached and 
consists in the rotation of the aircraft around the main landing gear; this stage terminates when the 
aircraft pulls the wheels off the ground. Then, in the transition to climb phase, the aircraft follows a 
near circular path followed by the subsequent climb segment. According to Federal Aviation 
Regulations (FAR), at the end of the runway the aircraft must reach a minimum height of 35 ft, (called 
“screen height”) and, at that point, its speed cannot be lower than 1.2 times the stall speed with flaps 
extracted. 

Figure 4 Preliminary sizing procedure for control surfaces and 
high-lift devices 

Figure 5 Take-off manoeuvre 
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2.1 Equations of motion 

Following the forces schemes for the three take-off phases reported in Figure 6, the equations of 
motion can be written as follows: 

Ground Roll:          {

W
g

dV
dt

=T-D-RT

RN+L=W
RT=μRN

Rotation:        

{

W
g

dV
dt

=T cos θ -D-RT

Iy
d2θ
dt2

=MA-RNd-RTh
RN+L=W
RT=μRN

Lift off:   

{

W
g

dV
dt

=T cos θ -D cos γ -L sin γ
W
g

dVz
dt

=T sin θ -D sin γ -L cos γ

Iy
d2θ
dt2

=MA

 

The ordinary differential equations of motion are non-linear, and the degrees of freedom are strongly 
coupled so that no closed-form solution is possible; thus, it has been necessary to provide numerical 
solutions. The integration is conducted with the Euler Method with a time step of 10-2 seconds; due 
to the implementations of the aerodynamic evaluations in each step of the integration, the method has 
a high computational cost. 

2.2 Mathematical model for the aircraft geometry evaluation with respect to attitude variation 

As described in section 2.1, the take-off manoeuvre is composed of three parts: ground-roll, rotation, 
and lift-off. During the first phase the aircraft attitude does not change, whereas in the second and 
third phases attitude and height change. The main differences between the two last phases is the 
position of the instant centre of rotation: during the rotation phase, it is the contact point between the 
tires of the main landing gear and the ground; in the lift-off phase, it is the centre of gravity. The 
aircraft-ground relative position has to be evaluated accurately in order to estimate the aerodynamic 
coefficients in ground effect, so a proper mathematical model has been developed.  

Rotation 
Exceeding the VR speed, the aircraft deflects the elevator and pitches-up around the ground-tire 
contact point. The rotation comes around an axis parallel to the pitch axis, so there is a symmetry 
respect to its longitudinal plane, and an easy formulation can be obtained without losing generality. 
The reference system has the origin in the nose of the aircraft and, after the rotation, all coordinates 
of the main surfaces (e.g. wings and fuselage) change. Indicating with XF, YF, and ZF the new 
coordinates in the reference system (τ) and with XI, YI, and ZI the initial coordinates in τ, we obtain: 

Figure 6 Forces schema for the three take-off segments 
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[
XF
YF
ZF

] = [
cos θ 0 sin θ

0 1 0
- sin θ 1 cos θ

] [
XI-XR

YI
ZI-ZR

] + [
XR
0

ZR

]

The coordinates XR and YR indicate the position of the instant centre of rotation; θ indicates the 
rotation of the aircraft.  

Lift-off 
When the aircraft lift off from ground, the centre of gravity becomes the new instant centre of rotation. 
The equations are similar to the previous ones, but we have to take into account the relative distance 
ground-centre of gravity (δZ). 

[
XF
YF
ZF

]= [
cos θ 0 sin θ

0 1 0
- sin θ 1 cos θ

] [
XI-XR

YI
ZI-ZR

]+ [
XR
0

ZR+δZ

]

All these coordinates allow to define the new geometry in order to evaluate the aerodynamic 
coefficient in ground effect with AVL. 

2.3 Evaluation of aerodynamic coefficients 

The aerodynamic characteristics of an aircraft during take-off are strongly influenced by the ground 
effect, whose main consequences are a significant reduction of the induced drag (due to the 
modifications of tip vortices and downwash), and an increase of the lift-generating capabilities, also 
referred as “air cushion” [11][12]. The ground effect depends on the aerodynamic characteristics of 

the aircraft and, in particular, on the clearance of the wings from the ground. For this reason, in order 
to realistically simulate the aerodynamics of the aircraft during the take-off phase, it has been decided 
to evaluate the aerodynamic characteristics in each time step considered; in fact, the position of the 
aircraft with respect to the ground varies during the evolution of the manoeuvre, depending on the 
variables z(t) and θ(t), as described in paragraph 2.2. Given the large number of aerodynamic 
evaluations to be done for each simulation, the computation of the aerodynamic characteristics has 
been carried out using low-fidelity codes, with the aim of limiting the computational time. In 
particular, the potential AVL code, based on the Vortex Lattice Method, has been used; with the AVL 
code, the evaluation of ground effect has been studied by specifying the symmetry of the aircraft with 
respect to the ground plane. A validation procedure to assess the accuracy of AVL when simulating 
ground effect has been presented in [20]. The AVL models for the MS1 and CeRAS configuration 
are shown in Figure 7. The main differences between the two configurations that affect the 
aerodynamics in ground effect consist, obviously, in the shape of the lifting systems (boxwing vs 
monoplane), and the engine installation, that influences the ground clearance of the aircraft. In the 
case of the MS1 PrandtlPlane configuration, the front wing is very close to the runway, because of 

Figure 7 MS1 (left) and CeRAS (right) AVL models 
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the fuselage-mounted engine; in the case of a conventional tube and wing aircraft, the main wing has 
a larger distance from the runway, due to the wing-mounted engine.  

In the following figures the main aerodynamic coefficients (evaluated with AVL considering ground 
effect) are reported for the MS1 and CeRAS configurations with respect to α and height (z) variations. 
The graphs in Figure 9 show the increase in the lift coefficient as the aircraft approaches the ground, 
for both configurations. This is mainly due to the presence of ventral overpressures on the lifting 

surfaces that causes an increase in the lift generated (effect known as 'air cushion'). Smaller the 
distance between the lifting surface considered and the ground, larger the effect. For this reason, the 
MS1 configuration has a better advantage from the point of view of lift in ground effect, due to the 
fact that the front wing (that is the more loaded between the two wings of the boxwing) is much closer 
to the ground than the monoplane competitor. Moving from an altitude of 20 meters (calculated with 
respect to the centre of gravity of the aircraft) to an altitude of 0 meters, and with a zero attitude angle, 
there is a gain in lift coefficient of 28% for the PrandtlPlane, while for the conventional  aircraft, 
under the same conditions, there is an increase of 13%. The better performance in ground effect for 
the boxwing is also evident in terms of CLα, as shown in Figure 8. Compared to the free air flight 
condition, the PrP configuration has a gain in CLα equal to 33% during ground roll, while for the 
competitor tube-and-wing is only of 14%. 

The CLα is not constant with α for configurations that are affected by the ground effect; the graph in 
Figure 8 shows that lifting performance decreases with the increase in aircraft angle of attack: it is 
due to the distance increase between the wing (in particular the front wing for boxwing) and the 
runway.  

The second significant effect of the proximity of the aircraft to the runway is the reduction of induced 
drag, as can be seen from the CDi graphs, shown in Figure 10. Also for this aspect, the ground effect 

Figure 9 CL curves for MS1(left) and CeRAS (right) at clean configuration (δe=δf=FG=0) 

Figure 8 CLα curves for MS1(left) and CeRAS (right) at clean configuration (δe=δf=FG=0) 
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performance of the PrandtlPlane is better than the CeRAS; moving from free air to ground roll, the 
CL/CDi ratio increases by 87% for the PrP and 38% for the monoplane. 

For the PrP MS1 configuration, as the incidence increases (and therefore in the rotation phase in the 
case of a take-off manoeuvre), the front wing moves away from the ground while the rear wing 
approaches, causing a pitch stiffening, as can be read from the Cmα-α graph in Figure 11; increasing 
the distance of the aircraft from the runway, this effect tends to disappear. For the monoplane, the 
greater proximity to the ground causes an increase in pitch stiffness due to the increase in the lift 
capacity of the main wing. 

3. Simulation results

3.1 Definition of BFL according to FAR

The evaluation of the balanced field length (BFL) is crucial for the aircraft performance in the take-
off phase. According to FAR, two “main distances” are fundamental for the evaluation of the 
decisional speed (balanced V1) and the BFL: the Take-Off Distance (TOD) and the Accelerate-Stop 
Distance (ASD). In this work only dry runway is considered.  

According to FAR 25.113 the TOD on a dry runway is the greater of: 

a) The horizontal distance (TODN-1) along the take-off path from the start of take-off to the point
at which the airplane is 35 feet above the take-off surface. During the take-off path an engine
failure occurs and is recognized at V1 (delayed of one second respect to engine failure speed
[21])

Figure 10 CDi-α curves for MS1(left) and CeRAS (right) at clean configuration (δe=δf=FG=0) 

Figure 11 Cmα-α curves for MS1(left) and CeRAS (right) at clean configuration (δe=δf=FG=0) 
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b) The 115 percent of the horizontal distance (TODN) along the take-off path, with all engine
operating, from the start of take-off to the point at which the airplane is 35 feet above the take-
off surface.

The first condition is related to a take-off with one engine inoperative (OEI); the second one is related 
to a take-off with all engine operative (AEO). The above requirement can be expressed as 

TOD= max {TODN-1, TODN} 

Bigger the VEF (engine failure speed), shorter the runway; this is due to the fact that an increase of V1 
(i.e. VEF) allows to reduce the distance covered in the ground-roll phase.  

According to FAR 25.109 the ASD on a dry runway is the greatest of: 

The sum of the distances (ASDN-1) necessary to 

a) Accelerate the airplane from a standing start with all engines operating to VEF;
b) Allow the airplane to accelerate from VEF until V1 with one engine operating;
c) Come to a full stop plus a distance equivalent to two seconds at V1.

The sum of the distances (ASDN) necessary to 

a) Accelerate the airplane from a standing start with all engines operating to V1;
b) Come to a full stop plus a distance equivalent to two seconds at V1.

The above regulation can be expressed as 

ASD= max {ASDN-1, ASDN} 

Higher the V1, longer the runway; this is due to that an increase of V1 raises the distance covered in 
the acceleration phase, the deceleration phase, and the distance covered at V1 for two seconds. 

3.2 Design parameters: δflap, WTO, (FG), 

The main parameters for the take-off analysis of the PrandtlPlane are: flap deflection, take-off weight, 
and the Flap Gain, which is defined as the ratio between the rear wing flap deflection (δflap-post) and 
front wing flap deflection (δflap-ant). Therefore, chosen the front flap deflection among the values [10° 
20° 30°], the rear flap deflection is given by 

δflap-post=FG×δflap-ant 

The rotation speed follows FAR 25.107, according to which VR has to be higher than V1 and has to 
guarantee the reaching of V2. For the CeRAS take-off analysis, all the above parameters are set equal, 
except for the flap gain, which cannot be defined for a conventional tube-and-wing configuration.  

3.2 BFL - Main results 

In this section the results of the take-off simulations, in terms of BFL and V1, are presented. First of 
all, the performance of the MS1 PrandtlPlane configuration are discussed; the first parameter analysed 
is the Flap Gain. In Figure 12 the curves of the completed take-off manoeuvre (solid lines) and of the 
aborted take-off manoeuvre (dashed lines) in case of an engine failure at the corresponding speed 
Vfailure are reported. The take-off distances XTO are given in meters and the speeds in m/s. From these 
results, also reported in the following Table 1 for front wing δflap_ant=20° and δflap=30°, it clearly 
follows that increasing the rotation of the rear flap is penalizing in terms of balanced take-off distance, 
while using the rear plain flap in counter-rotation gives a small gain with respect to the case of clean 
rear wing. 
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%WTO δflap_ant [deg] FG V1 [m/s] BFL [m] 
100 20 -0.5 67 2420 
100 20 0 68 2530 
100 20 0.5 71 2810 

%WTO δflap_ant [deg] FG V1 [m/s] BFL [m] 
100 30 -0.5 64 2180 
100 30 0 65 2290 
100 30 0.5 68 2640 

Table 1 BFL and balanced V1 for the MS1 varying FG 

The reason of these trends relies on the specific architecture and balance of the MS1 configuration: 
giving a positive flap rotation to the rear plain flap increases the pitch down moment that is in contrast 
to the elevator action necessary for the aircraft rotation (Figure 13, left). The graphs depicted in Figure 
13 show some relevant take-off parameters of a generic MS1 take-off manoeuvre (without failures). 
Moreover, a positive rear flap rotation increases the total drag force during the ground roll 
acceleration (Figure 13, centre). However, in the following discussion of the results, the reference 
value of FG is set equal to zero; negative FG, in fact, may lead to high values of attitude angles θ 
(Figure 13, right) that may be incompatible with the tail-clearance requirements for the aircraft during 
the rotation phase. 

The second main parameter that influences the take-off performance is the δflap; this parameter, 
consequently to the definition of the FG parameter, has to be intended referred to the front wing flap. 
In the graphs of Figure 14 are represented the balanced take-off length for the MS1 configuration, 
varying the δflap parameter; the same results are reported in, for two different values of FG. It can be 
noted that, for both the FG considered, the runway length requested for the take-off decreases when 
the δflap increases. 

Figure 12 BFL and V1 for the MS1 varying FG at 
δflap=20° 

Figure 13 Pitching moment (left), ground roll drag (center), attitude (right) for a generic take-off maneuver for the MS1 
varying FG 
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Table 2 BFL and balanced V1 for the MS1 varying δflap 

An evaluation of the sensibility on the requested take-off length with respect to the take-off weight 
has been done; the results are reported in Figure 15 and in Table 3. The take-off weights considered 
are fraction of the MTOW of the MS1 configuration; as expected, the requested balanced field length 
is shorter for a lighter aircraft. 

%WTO δflap [deg] FG V1 [m/s] BFL [m] 
60 20 0 53 1680 
80 20 0 61 2130 

100 20 0 68 2530 

%WTO δflap [deg] FG V1 [m/s] BFL [m] 
60 30 0 51 1520 
80 30 0 58 1920 

100 30 0 64 2290 
Table 3 BFL and balanced V1 for the MS1 varying WTO 

Following these considerations, the reference setting for the PrP MS1 configuration in take-off 
condition is: δflap=30°, FG=0, WTO=MTOW; this reference configuration is selected in order to 
perform comparison with the take-off performance of the reference tube-and-wing. 

For the CeRAS configuration, the evaluation of the performance in take-off condition has been done 
considering variations of δflap and WTO. As reported in Figure 16 and Table 4, increasing the δflap 
value from 20° to 30° does not produce any gain in performance. This may be related to the higher 
increase in drag coefficient whit respect to the increase in lift coefficient for this specific configuration 
with δflap=30°. 

%WTO δflap_ant [deg] FG V1 [m/s] BFL [m] 
100 10 0 74 2870 
100 20 0 68 2530 
100 30 0 64 2290 

%WTO δflap_ant [deg] FG V1 [m/s] BFL [m] 
100 10 0.5 75 3050 
100 20 0.5 71 2810 
100 30 0.5 68 2640 

Figure 14 BFL and V1 for the MS1 varying δflap for 
FG = 0

Figure 15 BFL and V1 for the MS1 varying WTO 
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%WTO δflap [deg] V1 [m/s] BFL [m] 
100 10 82 3410 
100 20 77 3200 
100 30 75 3210 

Table 4 BFL and balanced V1 for the CeRAS varying δflap 

As described for the MS1 configuration, also for the CeRAS reducing the take-off weight implies a 
reduction in balanced field length. These results are reported in Figure 17 and Table 5. 

%WTO δflap [deg] V1 [m/s] BFL [m] 
60 20 60 2005 
80 20 69 2610 

100 20 77 3200 

%WTO δflap [deg] V1 [m/s] BFL [m] 
60 30 58 2010 
80 30 67 2610 

100 30 75 3210 
Table 5 BFL and balanced V1 for the CeRAS varying 

WTO 

The reference setting for the CeRAS configuration in take-off condition is: δflap=20°, WTO=MTOW. 
Considering the reference MS1 setting for the take-off, it is possible to notice that, for the PrP, the 
BFL is 28.4% shorter than the BFL requested by the CeRAS. This is mainly related to the higher 
aerodynamic efficiency of the Best Wing System and to the higher aerodynamic gain in ground effect 
of the MS1 configuration (front wing very close to the ground). 

3.3 Thrust Reduction 

The above results on the BFL show the shorter runway for the PrandtlPlane MS1 configuration 
respect to the CeRAS. Consequently, it can be reasonable to assume a thrust reduction in order to 
obtain comparable performances with the PrP clean configuration. The installed thrust, for PrP and 
CeRAS, is equal to the 30% of the MTOW, but the previous results have been obtained with a thrust-
weight ratio equal to 80% of the installed thrust; in the next case, a full thrust has been considered for 

Figure 17 BFL and V1 for the CeRAS varying WTO 

Figure 16 BFL and V1 for the CeRAS varying δflap 

205  



 

the CeRAS. The results plotted in Figure 18 and detailed in Table 6 show a similar performance 
between the two aircraft; moreover, at maximum flap deflection the BFL, for the PrP, is slightly 
shorter (of about 90m). Thanks to this preliminary analysis it is possible to consider, for the PrP, an 
engine thrust reduction of about 20%, ensuring the same performances, in terms of BFL, of the 
CeRAS. 

Table 6 BFL and V1 for the CeRAS varying flap 
deflection at T/W=0.3 

3.4 Standard take-off - Main results 
As shown in section 3.2, a different flap deflection or flap gain setting can lead to a considerable 
change in BFL. Nevertheless, for a complete analysis, is necessary to focus also on standard 
performance, i.e. when no engine failure occurs. The conditions set for PrP and CeRAS simulations 
were: 

1. Full thrust by the two engines for all the manoeuvre;
2. Dry runway;
3. No wind during the take-off;
4. Airport at zero altitude;
5. Standard air condition.

In this section the influence of the main parameters (δflap and FG) are presented for the PrP 
configuration; obviously, no flap gain was considered for the CeRAS. In order to evaluate the aircraft 
performance, three main quantities are considered: pitch angle at the end of the take-off and average 
vertical load factor (nz) during the lift-off phase for the passenger comfort, and the length of the 
runway. All the data are evaluated at MTOW. The results in Table 7, Table 8, and Table 9, show for 
the PrP a trend for nz: lower the flap gain higher the vertical load factor. It is reasonable to assume 
that this trend is due to the PrP configuration; a flap deflection of the rear wing increases the pitching 
moment, and a lower incidence angle is developed, so lower lifting force and, consequently, lower 
nz. 

δflap [deg] Flap gain nz θ [deg] Runway length [m] 
10 -0.5 1.1 8.3 2307 
10 0 1.08 6.89 2382 
10 0.5 1.06 5.3 2492 

%WTO δflap [deg] V1 [m/s] BFL [m] 
100 10 82 2724 
100 20 76 2489 
100 30 72 2379 

Figure 18 BFL and V1 for the CeRAS varying flap deflection at 
T/W=0.3 
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Table 7 Vertical load factor, pitch angle, and runway length varying flap gain at δflap =10° 

δflap [deg] Flap gain nz θ [deg] Runway length [m] 
20 -0.5 1.13 10.06 1975 
20 0 1.1 7.52 2056 
20 0.5 1.07 4.52 2212 

Table 8 Vertical load factor, pitch angle, and runway length of PrP varying flap gain at δflap =20° 

δflap [deg] Flap gain nz θ [deg] Runway length [m] 
30 -0.5 1.16 11.7 1760 
30 0 1.12 8.18 1833 
30 0.5 1.07 3.8 2021 

Table 9 Vertical load factor, pitch angle, and runway length of PrP varying flap gain at δflap =30° 

In Table 10 the results of CeRAS take-off show no influence of flap deflection on nz and a slight 
influence on final pitch angle. 

δflap [deg] nz θ [deg] Runway length [m] 
10 1.14 7.93 2696 
20 1.15 6.84 2356 
30 1.15 5.84 2158 

Table 10 Vertical load factor, pitch angle, and runway length of CeRAS varying δflap 

Comparing PrP and CeRAS, a shorter runway length and lower nz stand out. The differences, in 
percentual terms, are detailed in Table 11. For the PrP a zero Flap Gain is considered. 

δflap [deg] Δnz [%] Δ Runway length [%] 
10 -5.2 -11.6
20 -4.3 -12.7
30 -2.6 -15.1

Table 11 Vertical load factor, pitch, and runway length comparison at FG=0 

The results comparison shows a shorter runway length for the PrP; a lower vertical load factor which 
increases the passenger comfort, and higher pitch angle for the flap deflection of interest. Considering 
a flap deflection of 20° a trajectory comparison is depicted in Figure 19. 

Figure 19 Centre of gravity trajectory comparison between PrP and 
CeRAS  
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Conclusion and future developments 

In this paper the preliminary take-off performance and characteristics of a PrandtlPlane aircraft have 
been presented. In the first part of the paper two reference configurations have been described: a 
reference PrandtlPlane aircraft, developed in the framework of the PARSIFAL project, and a 
reference tube-and-wing aircraft selected from the CeRAS database. Then the simulation of take-off 
dynamics has been described, followed by the description of the aerodynamic evaluation in ground 
effect for the two aircraft. From the preliminary analysis of the aerodynamic results it is evident that 
the PrandtlPlane has a higher gain on CL, CLα, and aerodynamic efficiency (lift over drag ratio). The 
reason behind this behaviour is strictly related to the configuration architecture, for which the front 
wing is very close to the ground. The discussion of the results in terms of Balanced Field Length 
analysis and standard take-off analysis is presented in the final part of the paper. From this analysis 
it emerges that the reference PrandtlPlane aircraft has better take-off performance with respect to the 
conventional competitor, both in terms of take-off runway length (mainly related to the higher 
aerodynamic efficiency of the reference PrandtlPlane configuration), and in terms of passenger 
comfort. However, the results here presented are preliminary and can be improved; in the future 
activities a calibration of the low-fidelity ground effect aerodynamic evaluation will be carried out, 
using RANS models. Then, a surrogate model will be built, in order to strongly reduce the 
computational time for each take-off simulation; in this way, a wider set of design parameters can be 
analysed, and then optimization procedures for take-off manoeuvre can be set up. 
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ABSTRACT  

The year 2003 saw the successful return of Radar Sounders in Space, after more than thirty 
years since the Apollo ALSE experiment, with the MARSIS radar sounder on-board the ESA’s 
Mars Express probe setting sail to the destination of Mars, followed two years later by 
SHARAD on NASA/JPL’s Mars Reconnaisance Orbiter (MRO). 
Following the success of these two missions, it has been decided to exploit the capabilities of 
Radar sounders in the ESA’s JUpiter ICy moons Explorer (JUICE) mission, with the RIME 
(Radar for Icy Moons Exploration) instrument. 
This paper describes the evolution of the Radar Sounder design as a function of new mission 
objectives  vs. past gained experience 

Keywords: radar, sounder, Jupiter, deep space 

1 INTRODUCTION 

In the recent years, interest for the use of radar sub-surface sounders to probe the interior of 
planetary bodies has increased.  
These instruments have the capability, on ice or in arid conditions, to penetrate hundred to 
thousands of meters below the surface to retrieve information of the inner geological layers. 
The first of this kind of instruments was ALSE (Apollo Lunar Sounding Experiment) 
developed by NASA/JPL and flown on the Apollo 17 mission in 1972 [1].  
Almost 30 years had to pass before radar sounders returned into space.  
Now radar sounders are flying or are being developed or considered for a variety of missions, 
targeted at Mars,  Jupiter, Venus and asteroids. 
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2 MARS – FOLLOW THE WATER 

Mars is the most Earth-like planet in the Solar system. After the initial disappointment from 
the first images returned by Mariner 4, which performed the first Mars fly-by in 1965, 
showing a battered, moon-like landscape, the following missions showed that, despite the 
current deserted appearance, Mars could have been much more similar to Earth in the past, 
and that water, in either liquid or solid form, could still be present under the surface.  
The “follow the water” paradigm soon became one of the major driving for Mars exploration 
missions and radar Sounders are the most suitable instruments to search for deep water or ice 
reserves. 
The first attempt to use radar sounders on Mars was made by the Japanese JAXA which 
embarked a radar sounder on the Nozomi spacecraft launched in 1998.  
Unfortunately, Nozomi never reached Mars: a propulsion failure didn’t allow the successful 
insertion into Mars orbit leading to the loss of the mission.  
A recurrent version of its sounder was later successfully flown in Moon’s orbit onboard the 
Kaguya (Selene) spacecraft. 
The following attempt was to come from Europe… 

2.1 MARSIS 

Following the failure of the Russian “Mars ‘96” mission, which embarked several European 
instruments, the European Space agency decided to set-up its own mission to Mars: Mars 
Express. 
Many of the instruments were recurrent from those lost on Mars ’96, but there was room for 
new others.  
One of them was MARSIS (Mars Advanced Radar for Subsurface and Ionospheric 
Sounding), from a proposal of Prof. Giovanni Picardi of the University “La Sapienza” of 
Rome, capable of doing both subsurface sounding and to act as a ionospheric probe to 
measure the plasma frequency of the Mars Ionosphere.  
Founded by the Italian Space Agency (ASI) with contribution of NASA, the instrument was 
developed by Alenia Spazio (now Thales Alenia Space Italia) as instrument prime, with 
important contributions from the Jet Propulsion Laboratory [2]. 
The main parameter of MARSIS for the two operation modes (SubSurface Sounding and 
Ionospheric Sounding) are reported in table 1. 

SUBSURFACE IONOSPHERIC 

TX Signal: Chirp Sweep of CW Signals 

Bandwidth: 1 MHz na 
Center Frequency: 1.8, 3, 4, 5 MHz From 0.1 to 5.5 MHz 

Pulsewidth: 250us (baseline) 91.43us 

PRF 130 Hz 130 Hz 
Maximum data Rate: 75 kbit/s max (30 kbit/s average) 33kbit/s 

Table 1: MARSIS main parameters 
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Fig 1: MARSIS Block Diagram 

MARSIS has a relatively classical architecture, with digital synthesis of the waveform (chirp) 
to be transmitted, superheterodyne upconverter and receiver, and a DSP (……) based signal 
processor. 
A second receive channel, connected to a monopole antenna (with its null pointed at nadir) is 
used to cancel off-nadir clutter echoes in subsurface sounding mode.  
In such a mode, the processor implements a unfocused synthetic aperture generation to reduce 
the data rate of the instrument.  
A range-tracking capability is also included to automatically position the acquisition window 
(on-board range compression is required to achieve the required SNR, Signal to Noise Ratio, 
for the correct operation of the tracker).  
A monochromatic transmit pulse is instead swept over the range 0.1-5.5 MHz allowing to 
retrieve from the echo signal the plasma frequency of the Mars ionosphere in Ionospheric 
sounding mode. 

2.2 SHARAD 

While MARSIS was being prepared for launch, the data gathered by the ongoing mission 
convinced the scientific community that water and/or ice deposits were likely to be found 
relatively close to the surface, leading to the need to complement MARSIS with another 
instrument with reduced penetration capability but much better resolution, in order to be able 
to discriminate echoes close to the surface.  
This meant the request for wider bandwidth, which has been allocated on an higher carried 
frequency thanks to the relaxed penetration requirement. 
Such an instrument, soon named SHARAD (mars SHAllow RADar sounder) [3] was selected 
to be embarked on the NASA/JPL’s Mars Reconnaissance Orbiter (MRO) spacecraft. 
SHARAD was developed by Alenia Spazio (now Thales Alenia Space Italy) under ASI 
contract and the scientific supervision of dr. Roberto Seu of the University of Rome “La 
Sapienza”. 
The typical ground penetration of the instrument (depending on the nature of the soil) is in the 
order of 1 km, while the along-track resolution, after on-ground SAR processing, ranges from 
300 to 1000 metres. 
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Parameter Value 
Nominal science orbit altitude: 255-320 km
Extended/contingency orbit altitude: 230-407 km
Topographic margin: -20/+10 km
Centre frequency: 20 MHz
Chirp bandwidth (B): 10 MHz
Pulse width: 85 microsecs
Receive window width: 135 microsecs
PRF (nominal): 700.28 Hz *
PRF (low orbit): 775.19 Hz *
PRF (high orbit): 670.22 Hz *
Radiated power: 10 W
Mass 
SEB (Electronics Box): 11.6 kg 
Antenna + cabling: 5.5 kg 
Power consumption 
Acquisition: 28W 
Std-By: 13W 

*) Can work with halved PRF 

Table 2: SHARAD main parameters 

Fig 2: SHARAD Block Diagram 

The block diagram of the SHARAD instrument is reported in fig. 2.  
The architecture is that of a classic radar transceiver with one peculiarity: there are no 
frequency conversions.  
The chirp signal is generated directly on the 20 MHz carrier by the Digital Chirp Generator 
(DCG) inside the DES (Digital Electronics Subsystem), in turn part of the RDS (receive and 
Digital Section), and transmitted to the TFE (Transmitter and Front-End) which provides high 
power amplification, Tx/Rx switching and antenna impedance matching. 
The receiver, in turn, is of homodyne type providing amplification, filtering and gain control 
directly at RF, followed by an A/D converter sampling the signal centred at 20 MHz at 26.67 
MS/sec, so performing a bandpass-sampling.  
The sampled data are transmitted to  ground with the only further processing of a 
programmable coherent presuming and a truncation in the number of bits to limit the data rate 
(few bits per samples are adequate being the S/C ratio before range and azimuth compression 
- performed on ground – very low)

Fig 3: SHARAD Electronics Box (SEB) 
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The ProtoFlight Model (PFM) of the SHARAD electronics (“SHARAD Electronics Box”, 
SEB) can be seen in fig. 3.  
The metallic structure of the SEB includes heathers and (on the bottom side, which is exposed 
to space) a radiator to dissipate the instrument’s heat (in actual flight configuration the SEB is 
covered by a thermal blanked leaving only the radiator exposed).  
This configuration is required because the instrument is mounted externally to the S/C and has 
therefore to take care of its own thermal control. 
The box to the right is the TFE, the one to the left is the RDS (DES+Rx). 
The SHARAD antenna is a foldable dipole similar to the one used on MARSIS but much 
shorter (10 m vs 40 m) and was boxed, when stowed, in a Ge-kapton envelope to protect it 
from the dynamic and thermal effect to which it was exposed during the S/C aerobraking 
phase. 

At the moment of writing, SHARAD is operational in Mars orbital almost 14 years from its 
launch and more than 13 since its insertion into Mars orbit.  
The data collected by SHARAD has allowed to achieve a deep understanding of the structure 
and history of the polar ice caps and on mid-latitude ice accumulations such as LDAs 
(Lobated Debris Aprons). 

A SHARAD radargram taken over the northern polar cap is shown in Fig 4. 

Fig 4: Example of SHARAD radargram 

3 THE JUPITER SYSTEM AND ITS MISTERIES 

3.1 The JUICE mission and its challenges 

The JUICE (JUpiter ICy moons Explorer) is a mission of the European Space Agency (ESA)  
devoted to the study of the Jupiter system and, in particular, of its icy moons.  
The RIME spacecraft will initially perform fly-byes over Ganymede, Callisto and Europa (at 
a distance between 1000 km and about 300-400 km), and eventually enter orbit around 
Ganymede (at about 500 km of altitude with a possible optional phase with altitude at about 
200 km). Launch is planned by May 2022, followed by more than 7 years of cruise, with 
arrival to the Jupiter system at the beginning of 2030. 
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RIME will observe the icy-moons ice shells for geological context on hemispheric (thousands 
of km), regional (hundreds of km with multiple overlaps), and targeted (tens of km) scales 
appropriate for a variety of hypothesis testing. These observations will provide insight into the 
dynamic history of the satellites, test models of the formation of their surface features, and 
constrain the distribution of deformation in their ice shells as well as global and regional 
surface ages. RIME may also constrain the ice shell thicknesses and the role of convective 
processes by detecting the ice-ocean interface if the ice is thin (this is possible on Europa), 
and the brittle-ductile transition if the ice is thick. Moreover, the sounder can be used to map 
the existence of thermal structures in thick ice shells. Liquid water is expected to exist in all 
of the icy Galilean satellites as a subsurface ocean and possibly inside shallow reservoirs 
within the ice shells. RIME will search for present and past reservoirs of liquid water and 
relate the distribution of non-ice material to geological features and processes. 
For the above reasons, ESA has considered, from the beginning, to include in the JUICE 
payload a radar sounder to map the inner structure of the icy crust of the target moons.  
The RIME (Radar for Icy Moons Exploration) instrument, funded by the Italian Space 
Agency, is under the responsibility of the University of Trento, with Thales Alenia Space in 
Italy as industrial contractor, and contributions from NASA/JPL. 
One of the main difficulties of the JUICE mission is the extremely harsh radiation 
environment in the vicinity of Jupiter.  
Europa (the closest to Jupiter among the target moons) will be target of only two fly-byes 
during which a significant portion of the total radiation dose of the mission will be received. 

3.2 The RIME Instrument 

3.2.1 Instrument Parameters and Architecture 

The instrument main parameters are reported in table 3. The instrument is of single-string 
design (only the interface to the S/C are redounded). Responsibility for the instrument 
electronics lies on Thales Alenia Space in Italy (TAS-I), while the antenna is under the 
responsibility of the Spacecraft (Airbus Defense and Space, under contract of the European 
Space Agency). 

Centre frequency: Centre frequency: 

Type of signal: Linear Frequency Modulated (chirp) pulse 

Bandwidths: 2.8 MHz, 1 MHz 

Tx Power: 10 Wpeak radiated nominal (20Wpeak delivered to the antenna)* 

PRF: programmable, 100 Hz to 1 kHz 

Pulsewidth: programmable, 50 to 250 usec 

Quantization number of bits: Programmable, up to 8+8 (I+Q) 

Antenna (S/C responsibility): dipole, 16 m long 

*: power averaged within the pulse to account for the non-ideal pulse shape 

Table 3: RIME main parameters 

The instrument electronics is physically composed by: 
• The Receiver and Digital SubSystem (RDS), in turn composed by the Digital

Electronics Subsystem (DES), containing the instrument control and timing function,
the signal generation, the Rx data acquisition and processing and the
Telemetry/telecommand interface to the S/C, plus the RDS power supply (TAS-I
responsibility) and the Receiver Module, in charge of received signal amplification,
filtering, gain control, and provided by the Jet propulsion Laboratory (JPL).
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• The Transmitter (Tx), in charge of high power amplification and Tx/Rx duplexing,
under JPL responsibility.

• The Matching Network (MN), actually composed by 3 boxes (one central – CMN -
and two terminal matching networks – TMNs - located close to the antenna terminals),
a passive network in charge of impedance matching between Tx and the dipole
antenna. The matching network is also under JPL responsibility and is tested and
delivered to TAS-I together with the Transmitter.

A block diagram of the RIME instrument is shown in Fig. 5. 

Fig 5: RIME block diagram 

3.2.2 Instrument Operation 

The RIME approach (in accordance to ESA requirements for JUICE) is to minimize the 
number of operational modes. Actually, the instrument has only one nominal mode for 
science acquisition. 
• In OFF condition the power lines from S/C are not energized
• At power application the instrument enters INIT/STD-BY: only RDS is ON, boot SW

is running
• In Warm-Up the Application SW is running
• SCIENCE is the only operational mode. Tx is switched ON and the acquisition is

performed.
The instrument returns automatically  to Warm-Up upon completion of the programmed 
acquisition sequence 
Different acquisition modalities are handled as parameters of the SCIENCE mode 
In case of anomaly the instrument protects itself by going to SAFE mode (only RDS ON, 
rejects commands until unlocked by dedicated telecommand). A dedicated TEST mode has 
been included, its main use will be to support integration tests at S/C level. 

Basic acquisition is performed open-loop, requiring significant margins to be introduced in 
the SWL to account for the S/C navigation uncertainties. 
In closed-loop mode the surface echo position is detected and tracked.  
On the basis of the tracker output the sub-set of the sampled window where the echo is 
present is selected to be transmitted to the recorder, thus reducing the data volume. 
In case of loss-of-lock the acquisition is reverted to open-loop mode. 

3.2.3 Instrument On-board Processing 

Received signal is sampled directly on the carrier frequency with extraction of the I and Q 
components performed digitally (see Fig 6).  
A passband-sampling approach is used, sampling the signal at 12 Ms/sec, so it is translated to 
3 MHz (with reversed spectrum) (see Fig 6). 

2068 



RADAR SOUNDING: FROM MARS TO JUPITER  Olivieri, Bruzzone, Plaut, Bovolo,  
Croci, Nati, Richichi, Rippo 

I/Q components extraction is followed by lowpass filtering and decimation to optimize the 
data rate. 
Two different bandwidths are implemented, with the following decimation rate and final 
sample rates: 

• 2.8 MHz ! decimation by 4, rate 3 MS/sec

• 1.0 MHz ! decimation by 10, rate 1.2 MS/sec
Components extraction is followed by programmable coherent presumming to reduce data 
volume. 
The number of bits to be transferred to ground is programmable (from 1+1 to 8+8) on the 
basis of expected S/N. 

Fig 6: RIME Rx Processing Flow 

4 CONCLUSIONS 

The RIME instrument, conceived to work in Jovian system, continues the track of radar 
sounders like MARSIS and SHARAD which, developed in close cooperation between Italian 
Academia and Industry under the sponsorship of ASI, have provided important scientific 
results on Mars. 
A positive result of this new experiment could lead to think to use the same instrument to 
enrich results of future missions, i.e. Venus and/or the same Earth. 
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ABSTRACT 

A high order quasi-Linear Parameter Varying model is developed for XV-15 that combines 

discrete state-space models to provide a continuous model dynamics and trim characteristics 

during the conversion manoeuvre. Tracking control system based on gain scheduled linear 

quadratic tracker with integrator (LQTI) is designed in order to perform automatic conversion 

manoeuvre for XV-15 based on the qLPV model. 

Keywords: Tiltrotor, conversion manoeuvre, qLPV, LQTI 

1 INTRODUCTION 

Tiltrotors can operate over a broad flight envelope. They have the ability to hover like a 
helicopter and fly at relatively high cruise speeds and range like a fixed wing airplane. There 
are a lot of technical challenges associated with designing a tiltrotor aircraft to enable their 
extensive flight envelope and to perform satisfactorily over a broad range of flight 
configurations. 

Tiltrotor performs a conversion manoeuvre to transform from a helicopter mode to an 
airplane mode and vice versa. A safe conversion is performed within a constrained region in 
the airspeed versus nacelle angle graph, called the conversion corridor, shown in Figure 1 for 
the case of XV-15. Currently, the conversion manoeuvre is flown by the pilot and in general 
the pilot workload is higher than in other phases of flight. This situation may not be optimal in 
particular, considering the possibility to perform conversion manoeuvre in a civil tiltrotor 
aircraft while being guided by the Air Traffic Control (ATC). Moreover, conversion from 
helicopter to airplane configuration and vice versa is characterized by high structural loads, 
both on rotor and airframe [1, 2].  

In order to ensure safety by reducing pilot workload and limit the loads during the 
conversion manoeuvre, an automatic conversion system is required. Such systems are 
envisioned in the patents [4, 5]. An optimal conversion manoeuvre trajectory can be 
predetermined based on safe length from upper and lower boundaries of the conversion 
corridor, minimizing aeroelastic instabilities and structural loads etc. This optimal conversion 
manoeuvre is then either displayed to the pilot in order to assist in manual conversion and/or 
automatically performed by Flight Control System (FCS). An initial work on optimization of 
tiltrotor conversion manoeuvre is presented in Righetti et al. [6]. 
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Figure 1: XV-15 conversion corridor [3] 

In the current study, a quasi-Linear Parameter Varying (qLPV) or model stitching 
technique [7, 8] is employed for modelling the flight dynamics of a tiltrotor in the conversion 
corridor. In this technique, the aerodynamic stability and control derivatives and trim data at 
each discrete equilibrium point are stored in lookup tables as function of scheduling parameters. 
The corresponding trim data and derivatives are combined with nonlinear equations of motion 
and nonlinear gravitational force equations to obtain a continuous qLPV “stitched” model. A 
low order qLPV model for NASA’s LCTR2 (Large Civil Tiltrotor, 2nd generation) was 
developed in [9] for the purpose of handling quality analyses in hover and low speed. Most 
recently, qLPV models for a coaxial-pusher helicopter and a tiltrotor aircraft were developed 
by Berger et al. [10]. In both studies, linear state-space models were scheduled with two 
parameters only: velocity ! and nacelle angle "#. However, in the current research models are 
scheduled with four parameters: altitude ℎ, nacelle angle "#, wing flap angle %& and veclocity 
!. 

The paper is organized as follows: development of qLPV model is described in detail in 
section 2. In section 3, control synthesis of LQTI controller and results of an automatic 
conversion manoeuvre are presented. Lastly, a brief conclusion is presented in section 4. 

2 QUASI-LINEAR PARAMETER VARYING (QLPV) MODEL 

2.1 Theory 

Linear Parameter Varying (LPV) models are linear state-space models that depend on time 
varying scheduling parameters '()). In this approach, linear state-space models obtained at 
discrete trim points are interpolated through lookup tables as function of  scheduling 
parameters. The LPV model is defined as [7]: 

+̇()) = ./'())0+()) + 2/'())03()) (1) 

A particular case of LPV model is when subset of scheduling parameters is also state of the 
system, such models are called quasi-LPV. If the state vector +()) can be decomposed into 
scheduling states 4()) and non-scheduling states 5()), then the qLPV model is defined as: 
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An extension to the qLPV model is the stitched model [8], where LPV model is combined with 
nonlinear equations of motion including nonlinear gravitational forces. 

2.2 Linear Models 

In order to develop a continuous LPV model, discrete aeroelastic linear models of XV-15 are 
obtained using MASST (Modern Aeroservoelastic State Space Tools), developed at Politecnico 
di Milano [11, 12]. Rotor aeroelastic models in MASST are obtained from CAMRAD/JA [13] 
using data published in [14, 15]. 

Linear state-space models and corresponding trim data are obtained throughout the 
conversion corridor. Furthermore, models are obtained at four wing flap %& settings (%& =
	[0	20	40	75] deg.) and at two altitudes (ℎ	 = 	 [0	10000] ft). The grid of linear state-space 
models for a particular wing flap angle and altitude is shown in Figure 2. Rectangular regular 
grid is generated by clipping and keeping the edge models. 

Figure 2: XV-15 linear state-space models and conversion corridor 

The linear state-space models obtained through MASST contain 85 states including 
rigid body states (9), wing bending 1st mode (2), three blade bending modes in multi-blade 
coordinates for each rotor (36), two blade torsional modes in multi-blade coordinates for each 
rotor (24), two gimbal states for each rotor (8) and three inflow states for each rotor based on 
the Pit Peters model [16] (6). And 10 inputs including 6 rotor controls (collective pitch AB, 
longitudinal ACD and lateral ACE cyclic for each rotor) and 4 aerodynamic control surface 
deflections (wing flap %&, elevator %F, rudder %G and aileron %H). 

2.3 qLPV Model 

Linear state-space models are scheduled with '()) = [ℎ		"#		%&		!] to obtain a continuous qLPV 
model, shown in Figure 3. Two of the scheduling parameters, velocity ! and altitude ℎ, are 
dependent upon the states of linear system and hence making the system quasi-LPV. This state 
dependency may cause nonlinear feedback.  

Trim states, control inputs and stability and control derivatives are interpolated using 
the lookup table. The interpolated trim states and controls are subtracted from the current states 
and controls to obtain state and control perturbations. The state perturbations ∆+ = + −

+KG#L/'())0 and control perturbations ∆3 = 3 − 3KG#L/'())0 are multiplied by interpolated 
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Figure 3: qLPV model structure for XV-15 

rigid body stability and control derivatives, respectively and mass matrix to obtain perturbed 
aerodynamic forces and moments. Also, the state and control perturbations are multiplied by 
higher order state-space matrices to obtain higher order state derivatives. The interpolation of 
state-space matrices is based on low-pass filtered velocity !&#MKFGFN (with a cutoff frequency of 
O& = 0.2 rad/s) to ensure same state derivatives for short term. Nonlinear gravitational forces 
are added to the perturbed aerodynamic forces and moments and then the nonlinear equations 
of motion are implemented to obtain rigid body state derivatives. Aircraft states are obtained 
by integrating the rigid body state derivatives combined with the higher order state derivatives. 

Note that the Coriolis terms and linearized gravity terms are removed from state matrix 
., as these effects are added in the nonlinear gravitational force equations and nonlinear 
equations of motion. Moreover, because wing flap angle %& is one of the scheduling parameters, 
control derivatives associated with %& in control matrix 2 are set to zero. The effect of change 
in %& is preserved implicitly in the model by variation in trim states and controls. 

2.4 Actuator Dynamics 

A first order actuator dynamics model, Eq. 3, is implemented. Time constants and saturation 
limits (obtained from Marr et al. [17]) for each control input are presented in Table 1.  

QHEK(R) =
C

SDTC
(3)
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Actuator Type Control Time constant 
U [s] 

Saturation limit 
[deg.] Positive Deflection 

Rotor Controls 

Collective AB 

0.040 

[-5 49] Up 
Longitudinal cyclic 

ACD 
[-10 10] Forward 

Lateral cyclic ACE [-10 10] Right 

Aerodynamic 
surfaces 

Flap %& 0.500 [0 75] Trailing edge down 
Elevator %F 

0.077 

[-20 20] Trailing edge down 

Aileron %H [-13.8 23.8] Right trailing edge 
down 

Rudder %G [-20 20] Right 

Table 1: Actuator time constants and saturation limits 

2.5 Time Response Analysis 

Figures 4–6 show the Stability and Control Augmentation System (SCAS) OFF response to a 
longitudinal stick input in helicopter, airplane and conversion mode, respectively. Figures 4 and 
5, show the correlation of time histories with NASA’s Generic Tilt-Rotor Simulation (GTRS) 
model [18]. In Figure 6, the correlation is shown with the Flightlab model of XV-15 [19]. In all 
the figures, qLPV model shows fairly good agreement with GTRS and Flightlab models. The 
small differences can be explained by the fact that a slightly different gearing ratio for 
longitudinal stick to elevator VW is used, when generating the linear state-space models from 
CAMRAD/JA. VW = 4.735 deg/in. is used, however, in GTRS and Flightlab models VW = 4.16 
deg/in is used. 

Figure 4: Time history correlation of SCAS OFF pitch response in helicopter mode at 0 kts 

Figure 5: Time history correlation of SCAS OFF pitch response in airplane mode at 175 kts 
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Figure 6: Time history correlation of SCAS OFF pitch response in conversion mode ("# 	= 60B) at 
120 kts 

3 LINEAR QUADRATIC TRACKER WITH INTEGRATOR 

A gain scheduled linear quadratic tracker with integrator (LQTI) [20] is synthesized for XV-15 
to perform the automatic conversion manoeuvre. Block diagram of the LQTI controller for XV-
15 is shown in Figure 7. 

Consider a state vector +()) = [+G())		ZK())		∫ ZK()) \)]
], where +G()) ∈ ℜ` is the 

regulating state vector and ZK()) ∈ ℜM is the tracking error state vector, then the augmented 
linear state-space model is given as: 

a

+̇G())

ŻK())

ZK())
b = 6

c d
cHNN d

7 a

+G())

eK())

∫ ZK()) \)

b + f
g
d
h3()), cHNN = [d iM×C] (4) 

The performance index to be minimized is: 

k =
C

l
∫ {n]())on()) + p]())qp())}
s

B
\) (5) 

The control input of the LQTI controller that minimizes the performance index is:

3()) = −V+()) 
  V = [VG		VK		V#] (6) 

The control gain consists of regulating gain VG, tracking gain VK and integral gain V#. The LQTI 
controller is designed for each linear state-space model spanning the conversion corridor and is 
implemented with qLPV model by scheduling the control gain matrix V/'())0. In order to 
ensure global stability of the closed loop qLPV system [21], the control gain matrix is scheduled 
based on low-pass filtered velocity !&#MKFGFN, similar to c and g matrices as described in the 
previous section. 

3.1 Automatic Conversion Manoeuvre 

An automatic conversion manoeuvre is performed along the centre of conversion corridor at 
constant reference altitude of 0 ft. The tracking states are velocity and altitude +G = [!		ℎ]. 
These states are not part of the linear state-space models and are augmented into the original 
system by a coordinate transformation using trim pitch angle AKG#L and trim angle of attack 
tKG#L = tanxC

yKG#L
pKG#Lz : 
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Figure 7: Block diagram of LQTI controller 

ℎ̇()) = {('()))+]()) = [sin AKG#L('())) 		0		 −cos AKG#L('())) 		d]+
]()) 

    !()) = Ä('()))+]()) = [cos tKG#L('())) 		0		 −sin tKG#L('())) 		d]+
]()) (7) 

The linear transformation in above equation is only applied to augment the state matrix in order 
to design LQTI to track velocity and altitude. Nonlinear ! = √pl + yl and ℎ =
p sin A − y cos A are used as feedback. The LPV model in Eq. 1, combined with Eq. 4 and Eq. 
7, becomes: 

⎣
⎢
⎢
⎢
⎡
+̇())
Ö̇Ü
Ö̇á
ÖÜ
Öá ⎦

⎥
⎥
⎥
⎤

=

⎣
⎢
⎢
⎢
⎡
c('())) 0 0 0 0
{('())) 0 0 0 0
Ä('()))

d
d

0
1
0

0
0
1

0
0
0

0
0
0⎦
⎥
⎥
⎥
⎤

⎣
⎢
⎢
⎢
⎡
+())
ÖÜ
Öá

∫ ÖÜ \)

∫ Öá \)⎦
⎥
⎥
⎥
⎤

+

⎣
⎢
⎢
⎢
⎡
ã/'())0

0
0
0
0 ⎦

⎥
⎥
⎥
⎤

3()) (8) 

For each state-space model in the discrete grid of scheduling parameters åℎ × %& × "# × !ç, 
same state o and control q weighting matrices are used to compute the control gain matrix V. 
Diagonal elements of these weighting matrices are presented in Table 2. Conversion manoeuvre 
is essentially a longitudinal motion and hence very high weights are selected (less contribution) 
for lateral-directional states and controls. Similarly, as wing flap deflection is one of the 
scheduling parameters and is not used as input, the weight corresponding to wing flap deflection 
%& is also selected to be very high. Instead, wing flap deflection is scheduled with velocity [22] 
as shown in Figure 8.  

States o Control Inputs q 
p 0.1 ABé 25000 
w 0.1 ACEé 106 
è 95000 ACDé 25000 
A 95000 ABê 25000 

Lateral-Directional states 106 ACEé 106 
Wing bending and rotor states 20 ACDé 25000 
Wing bending and rotor states 

derivative 0 %& 106 

ÖÜ 0.5 %F 9000 
Öá 0.1 %H 106 

ëÖÜ \) 2.5 %G 106 

ëÖá \) 5 

Table 2: Diagonal elements of state and control weighting matrices 
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Figure 8: Wing flap deflection with velocity 

It should be noted that in XV-15 the gearing ratios from pilot stick inputs to rotor 
controls are function of nacelle angle, and the rotor controls are progressively phased out as the 
aircraft converts from helicopter to airplane mode. However, in the current study all control 
inputs are used throughout the conversion manoeuvre. 

The conversion manoeuvre is performed at a constant acceleration !̇ = 4 kts/s and at a 
nacelle angle conversion rate "̇ = 3 deg/s for nacelle angles greater than 75o and "̇ = 8 deg/s 
for nacelle angles less than 75o. 

Figure 9 presents the conversion trajectory. Time histories of velocity, nacelle angle and 
altitude are shown in Figure 10. The performance of LQTI controller is very good in following 
the reference velocity and keeping the altitude constant. The change in altitude during the 
complete conversion manoeuvre is within ±10 ft.  

Figure 11 presents the evolution of aircraft pitch rate and pitch angle during the 
conversion manoeuvre. The initial pitch down motion (maximum pitch angle of -20o) is similar 
to a helicopter pitch down, in order to accelerate from hover to 40 kts. Later, the acceleration is 
achieved by tilting the nacelle forward. 

Figure 9: Conversion manoeuvre along the centre of conversion corridor 
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Figure 10: Time histories of velocities, nacelle angle and altitude during centred conversion 
manoeuvre 

Figure 11: Aircraft pitch rate and pitch angle during centred conversion manoeuvre 

Figure 12 shows the variation of control inputs in order to perform centred conversion 
manoeuvre. As mentioned earlier, no rotor control input is phased out as a function of nacelle 
angle, rather all the controls are utilized during the conversion manoeuvre. The high demand 
on longitudinal cyclic ACD and elevator deflection %F (saturation) occurs when nacelle angle 
starts to tilt from "# = 60o to 0o. 

Figure 12: Control inputs to perform centred conversion manoeuvre 
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Lastly, the longitudinal and lateral gimbal deflections of right rotor are presented in 
Figure 13. Maximum longitudinal gimbal "ìE corresponds to maximum longitudinal cyclic 
input, see Figure 12. 

Figure 13: Right rotor gimbal during centred conversion manoeuvre 

4 CONCLUSION 

In this paper, a high order quasi-Linear Parameter Varying (qLPV) model is developed for XV-
15. The qLPV model is scheduled using four-dimensional lookup table: altitude, nacelle angle,
wing flap deflection and aircraft velocity. The flight dynamics model is also augmented with
actuator dynamics. A gain scheduled linear quadratic tracker with integrator (LQTI) controller
is synthesized to perform an automatic conversion manoeuvre.

In the current study, the only control task is to perform conversion manoeuvre i.e., 
follow a reference velocity while maintaining constant altitude. In the future, other control tasks 
can be added by utilizing the higher order states. For example, active control for load alleviation 
during conversion manoeuvre and other handling qualities critical manoeuvres.  

Control gain matrix along with the linear state-space models are scheduled using low-
pass filtered velocity in order to ensure global stability of qLPV model. However, a robust 
control approach needs to be developed for qLPV systems to ensure performance and global 
stability. Further, an effective control allocation technique must be defined in order to utilize 
the redundant control effectors effectively in all three configurations: helicopter, airplane and 
conversion mode. Future work will extend to the development of robust nonlinear control 
synthesis for qLPV systems and effective control allocation techniques for tiltrotor aircraft. 

5 ACKNOWLEDGEMENTS 

The NITROS (Network for Innovative Training on ROtorcraft Safety) project has received 
funding from the European Union’s Horizon 2020 research and innovation program under the 
Marie Skłodowska-Curie grant agreement # 721920. 

REFERENCES 

[1] D. W. King, C. Dabundo, R. L. Kisor, and A. Agnihotri. V-22 Load Limiting Control Law
Development. American Helicopter Society 49th Annual Forum, St. Loius, Missouri (1993).

[2] B. Manimala, G. D. Padfield, D. Walker, M. Naddei, L. Verde, U. Ciniglio, P. Rollet and
F. Sandri. Load Alleviation in Tilt Rotor Aircraft through Active Control; Modelling and
Control Concepts. The Aeronautical Journal, Vol. 108, (1082), pp. 169–184 (2004).

[3] M. Maisel. NASA/Army XV-15 Tilt Rotor Research Aircraft Familiarization Document.
NASA TM X–62,407 (1975).

0 5 10 15 20 25 30 35 40 45 50
-15

-10

-5

0

5

10

2079 



qLPV modelling for tiltrotor conversion Nabi, Quaranta 

[4] D. W. King and P. M. Shultz. Multi-Mode Tiltrotor Nacelle Control System with Integrated
Envelope Protection. US Patent No. 6644588 B2 (2003).

[5] J. Kowalski, I. Grill, and R. T. Seminole. Adaptable Automatic Nacelle Conversion for Tilt
Rotor Aircraft. US Patent No. 9377784 B2 (2016).

[6] A. Righetti, V. Muscarello and G. Quaranta. Linear Parameter Varying Models for the
Optimization of Tiltrotor Conversion Maneuver. American Helicopter Society 73rd Annual

Forum, Fort Worth, Texas (2017).
[7] A. Marcos and G. J. Balas. Development of Linear-Parameter-Varying Models for Aircraft.

Journal of Guidance, Control and Dynamics, Vol. 27, (2) pp. 218–228 (2004).
[8] E. L. Tobias and M. B. Tischler. A Model Stitching Architecture for Continuous Full Flight-

Envelope Simulation for Fixed-Wing Aircraft and Rotorcraft from Discrete-Point Linear
Models. U.S. Army AMRDEC SR RDMR–AF–16–01 (2016).

[9] B. Lawrence, C. A. Malpica, and C. R. Theodore. The Development of a Large Civil
Tiltrotor Simulation for Hover and Low-speed Handling Qualities Investigations. 36th

European Rotorcraft Forum, Paris, France (2010).
[10] T. Berger, O. Juhasz, M. J. S. Lopez, M. B. Tischler and J. F. Horn. Modeling and

Control of Lift Offset Coaxial and Tiltrotor Rotorcraft. 44th European Rotorcraft Forum,
Delft, The Netherlands (2018).

[11] P. Masarati, V. Muscarello, and G. Quaranta. Linearized Aeroservoelastic Analysis of
Rotor-Wing Aircraft. 36th European Rotorcraft Forum, Paris, France (2010).

[12] F. Colombo, V. Muscarello, G. Quaranta and P. Masarati. A Comprehensive
Aeroservoelastic Approach to Detect and Prevent Rotorcraft-Pilot Coupling Phenomena in
Tiltrotors. American Helicopter Society 74th Annual Forum, Pheonix, Arizona (2018).

[13] W. Johnson. CAMRAD/JA, A Comprehensive Analytical Model of Rotorcraft
Aerodynamics and Dynamics - Volume I: Theory Manual. Johnson Aeronautics Version
(1988).

[14] S. W. Ferguson. A Mathematical Model for Real Time Flight Simulation of a Generic
Tilt-Rotor Aircraft. NASA CR 166536 (1988).

[15] C. W. Acree. An Improved CAMRAD Model for Aeroelastic Stability Analysis of the
XV-15 with Advanced Technology Blades. NASA TM 4448 (1993).

[16] D. M. Pitt and D. A. Peters. Theoretical Prediction of Dynamic Inflow Derivatives. 6th

European Rotorcraft and Powered Lift Aircraft Forum, Bristol, England, (1980).
[17] R. L. Marr, J. M. Willis and G. B. Churchill. Flight Control System Development for

the XV-15 Tilt Rotor Aircraft. American Helicopter Society 32nd Annual Forum,
Washington, D.C. (1976).

[18] S. W. Ferguson. Development and Validation of a Simulation for a Generic Tilt-Rotor
Aircraft. NASA CR 166537 (1989).

[19] G. D. Padfield. “Helicopter Flight Dynamics: Including a Treatment of Tiltrotor
Aircraft”. John Wiley & Sons, West Sussex, UK, Vol. 3, pp. 633 & 670–672 (2018).

[20] J. Jeong, S. Kim, and J. Suk. Control System Design for a Ducted-Fan Unmanned Aerial
Vehicle Using Linear Quadratic Tracker. International Journal of Aerospace Engineering,
Vol. 2015 (2015).

2080 



qLPV modelling for tiltrotor conversion Nabi, Quaranta 

[21] R. Toth. “Modeling and Identification of Linear Parameter-Varying Systems”. Lecture
Notes in Control and Information Sciences, Springer-Verlag Berlin Heidelberg, pp. 93
(2010).

[22] S. Diaz, E. Mouterder and A. Desopper. Performance Code for Take-off and Landing
Tilt-Rotor Procedures Study. 30th European Rotorcraft Forum, Marseilles, France (2004).

2081 



Italian Association of Aeronautics and Astronautics 

XXV International Congress 

9-12 September 2019| Rome, Italy

UNINA INVOLVEMENT IN THE CS2 JU T-WING PROJECT 

A. D. Marano1, T. Polito1, M. Guida1, F. Marulo1

1 University of Naples Federico II - Department of Industrial Engineering, via Claudio 21, 
Napoli, Italy. 

Authors: 

Aniello Daniele Marano aniellodaniele.marano unina.it 
Tiziano Polito   tipolito unina.com 
Michele Guida   michele.guida unina.it 
Francesco Marulo francesco.marulo unina.it 

ABSTRACT 
H2020 Clean Sky 2 FRC IADP extGenCTR will be dedicated to the design, construction and flying of 
an innovative Civil Tiltrotor technology demonstrator, the configuration of which will go beyond current 
architectures for this type of aircraft. extGenCTR s demonstration activities, led by Leonardo 
Helicopters, will aim to validate its architecture, technologies systems and operational concepts, with 
significant improvement with respect to the current state-of-the-art Tiltrotors. 
T-WI G consortium is working on the composite wing of the GCTR-TD planned to be flying in 2023.
The consortium, led by the Italian Aerospace Research Center, is composed by industrial partners
Magnaghi Aeronautica and Salver (IT), SSM (IT), SMEs OMI (IT) and IB  Innovation (DE) and
Universit  degli Studi di apoli Federico II (IT). The task undertaken by the consortium is aimed at
designing, manufacturing, qualification and flight-testing of the wing and moveable surfaces of the

GCTR-TD.
T-WI G will manufacture a number of test articles of wing and moveable surfaces in order to achieve
ground qualification before flight.
The involvement of the University of aples in this ambitious plan will be on important topics, among
them the plan and execution of the wing dynamic tests of the T-WI G (both standalone and mounted on
the fuselage, blocked and free moveable surfaces, etc.) and the flight test campaign aimed at measuring
the noise levels and at validating numerical tools. As regards the study of the dynamic behaviour of the
wing, in order to check the robustness and the stability of the results, the modal parameters estimation
will be performed both using commercially available software and by using a in-house developed
Matlab toolbox named ModLab. Finally, U I A and CIRA will carry out studies on the scalability
potential of the proposed solutions for the exploitation of technologies on up-scaled aircraft, belonging
to the same Tilt-Rotor family.

Keywords: NGC Tilt-Rotor Composite Wing, GVT, In-flight Noise Measurements, Aeroelasticity. 

1 INTRODUCTION 
Tiltrotor is a fairly innovative concept in military aeronautical transport but its introduction in 
civil air transport sphere, with additional requirements on reliable and competitive mobility of 
passengers, goods and public services, can be considered an absolute cutting-edge technology. 
Tiltrotor is a hybrid aeronautical system due to its capability to take off and land like a helicopter 
and, by means a configuration change in flight, it acts like a turboprop aircraft with much higher 
cruise speed than an helicopter. The main difference between the two operating configurations 
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is essentially marked by the direction of the thrust generated by the rotors. When the rotors are 
in a vertical position tiltrotor operates like a helicopter and the rotor serves both to generate the 
lift and to control the aircraft. When the rotors are rotated downwards, the aircraft begins to 
accelerate and a part of lift is generated directly from the rotor while another part is provided 
from the wing. Finally, when the rotors are in the horizontal position, lift is generated by the 
wing and the control delivered to the traditional control surfaces (stabilator, ailerons and 
rudder). The main reason that led to the birth of Tiltrotor is essentially linked to the need to 
develop a Runway Independent Aircraft (RIA) i.e. an air transport vehicle able to operate 
independently of conventional runways and able to exploit unprepared area, heliport and small 
local airfield, in order to solve the congestion problem of modern airports and without the need 
to create new, large and expensive infrastructures of land. The vertical lift efficiency of a VTOL 
vehicle is not the only interesting capability of this aircraft. Tiltrotor has been designed to 
perform a cruise mission usually with definite speed and range requirements. The challenge has 
been to extend the capabilities of the standard helicopter to those of a conventional aircraft, in 
terms essentially of maximum cruising speed, range and autonomy. Indeed, the intrinsic 
characteristics of aerodynamics of the rotor limit both the maximum reachable speed from the 
helicopter (about 300 km/h), and the maximum altitude (about 3500 meters), as well as 
autonomy (less than an aircraft of equal payload and fuel capacity).   

1.1 CleanSky 2, Next Generation Civil Tiltrotor and T-Wing Consortium 
The Next-Generation Civil Tiltrotor (NGCTR) is a research and innovation project of Leonardo 
S.p.A company concerning the definition and development of an advanced tiltrotor aircraft
demonstrator. NGCTR proposals the best mixture of hover capability and cruise efficiency. An
artistic view of the NGCTR is shown in Figure 1.
The price you pay for its realization including flexibility and operational potential aircraft are
design and manufacturing complexity and cost. The same complicated aspects are found in the
design, manufacturing and testing of the Tiltrotor wing. T-WING project is focused on the
realization of the composite wing and control surfaces of the NGCTR-TD. The wing prototype
construction is planned for 2021–2022 while the real wing is planned to be flying in 2023. The
NGCTR wings are designed and manufactured by a consortium, that was selected in September
2017 and led by the Italian Aerospace Research Centre (CIRA). The project consortium is made
of three SMEs (IBK, SSM and OMI), two Italian aeronautical companies Magnaghi
Aeronautica (MA) and Salver and the University of Naples (UNINA) Federico II. T-wing
consortium took into account criteria as Eco-Design, Low Cost, High uality and Low Weight,
in full agreement with the main objectives CleanSky 2 (CS2) as part of Horizon 2020 Research
and Innovation Framework Program. The cost requirements concern a decrease in both direct
operating costs and recurring costs.
Some of the most innovative and challenging aspects of the wing which will have to cover, are:
x a high level of integration (e.g. fuel system, hydraulic system, electrical routing for

avionics, FCS, electrical systems, transmissions, nacelle) for lower complexity, weight and
cost;

x the adoption of architectural solutions for optimized accessibility, for easier inspections and
maintenance procedures;

x the investigation of composite thermoplastics and Out of autoclave technologies for
cheaper and faster manufacturing operations in order to reduce energy, environmental
impact and waste usage during the manufacturing phase.
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Figure 1: The Leonardo Next-Generation Civil Tiltrotor.

Two of the principal topics of concern in rotary wing structural dynamics are indeed vibrations 
and aeroelastic stability. In the wing design the instabilities must be well investigated and 
suppressed in all conceivable flight conditions of the tiltrotor. Noise is other important issue 
connected with structural dynamic and aeroelasticity. The involvement of the UNINA in this 
research plan will regard the study of the dynamic behaviour of the wing, the participation to 
dedicated flight campaigns aiming to measuring the noise levels and other activities related to 
the aeroelastic stability investigation.  

2 GROUND VIBRATION TESTING 
For Tiltrotor, compared to a conventional fixed wing aircraft [1]-[2], vibration is a major 
problem in all forward-flight conditions, both steady and maneuvering flight. The principal 
driver of the vibration problem is the basically unsteady aerodynamics of the large rotors even 
in steady forward flight. The rotating masses, such as the propeller, compressor and turbine, 
involve a series of rotation-related phenomena ie Coriolis forces, gyroscopic effects and 
nonlinear inertial loads. Furthermore, the propeller induces a complicated flow field that 
interferes with the nacelle and wing.  The vibration problems of tiltrotor wing could occur 
mainly in forward flight condition and at high advancement speed. However as GVT results are 
carried out prior to the first actual flight and as flight tests are expensive and time consuming 
to be executed, GVT are performed in a procedure that must simulate as faithfully as possible 
the appropriate dynamics of the airborne configuration, [3]. The main focus of UNINA will be 
to contribute to plan and set up wing dynamic tests in different conditions. In T-Wing project 
three complete tests are planned. Two tests will refer to the test article stand-alone and the final 
dynamic test will be carried out on the wing installed onto the vehicle. The first dynamic test 
refers to the wing structure in a green configuration, with empty wing box and without dummy 
masses to the ends. Dummy masses, representative of the nacelle-engine-rotor groups, will be 
added on both wingtips, for a sensitivity analysis on both frequencies and mode-shapes. Both 
tests will be performed simulating as most as possible free-free conditions (absence of boundary 
conditions in order to avoid uncertainties due to their numerical simulation). The driving 
principle is to check the correlation with numerical models in at least two different conditions 
and to get from these models information on sensors’ (namely accelerometers) and excitations’ 
locations. The second dynamic test refers to a complete structurally wing as realistic and 
adherent as possible to that of final assembly, in terms of loads, weights, etc. The aim is to 
appreciate a mass effect and checking the robustness and the stability of the modal parameters 
compared with analysis and previous tests. 
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At a first conceptual stage, the need to perform GVT involves a high degree of knowledge and 
compromise among different aspects such as test instrumentation, test set-up, data collection 
and assessment at an early stage. The last GVT campaign performed by the UniNa group has 
involved the Tecnam P2012 aircraft, shown in Figure 2. Tecnam P2012 is a high wing, 
unpressurized, twin-piston engine aircraft that can accommodate up to 11 seats, whose wing 
has dimensions quite comparable with NGCTR wing. 

The ability to analyse the tiltrotor wing for vibration involves a deep knowledge of the dynamic 
characteristics. Generally, the dynamic behaviour of the analysed structure is exhaustively 
described by natural frequencies, mode shapes and structural damping, [4]. 
As mentioned previously, dynamic tests will be performed in two fundamental steps: wing 
stand-alone and wing installed onto the vehicle. Inside to the wing stand-alone test, control 
surfaces will be physically tested individually i.e. on a dedicated test bench or mounted on the 
wing with a separate testing procedure. Other important aspect regards the use of dummy mass 
installed to the ends of the wing to simulated the mass of nacelle-engine-rotor group. In order 
to study the vibration problems and the self-excited aeroelastic instability phenomena, the 
require modal parameters can be obtained by means shake testing. This test consists of shaking 
the structure at discrete points using one or more electromagnetic shakers. These tools are able 
to provide appropriate excitation signal (stepped-sine, swept sine, impulse, random, etc.) to the 
test article. By means a sinusoidal linear motion of the plunger respect to the base of the shaker, 
the shaker can be easily controlled in amplitude and frequency. The conceptual process consists 
in the measuring both the excitations, with strain-gauge-instrumented load cells, and responses 
of the structure through several accelerometers, [5]. About the experimental setup, boundary 
conditions and mechanical setup are the first important aspects that we must consider. Dynamic 
tests will be carried out in a condition which simulates free-free conditions as most as possible. 
This boundary condition will be checked by lowering the natural frequencies of the suspension 
system which should not interfere with the elastic natural frequencies of the structure under 
investigation. One viable configuration could be accomplished by suspending the wing using 
bungee cords. The low spring rate of the bungee cords allows the wing to vibrate freely at very 
low frequency, reducing the interference with its elastic mode-shapes. A measurement grid of 
a certain number of accelerometers will be placed on the wing and on all control surfaces. The 
control will be locked during the test to prevent the control surfaces from twisting around the 
control fixtures. The measured responses of the structure under exam typically show a number 
of peaks revealing the resonance conditions, indicative of with the natural frequencies of the 
structure. Although the use of a single shaker implies a minimum effort and management 

Figure 2: Tecnam P2012 aircraft. Figure 3: Excitation point on the right wing of 
the Tecnam P2012.
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difficulty procedure, for large test structure, such as a wing, this approach could exhibit some 
strong limitation connected to the internal damping: the structure is able to dissipate the 
vibrational energy that shaker provide to it. Basically, the points nearest to the excitation absorb 
the most energy and this can distort the measurements and effect the engineering modal data. 
Moreover, for the single-point excitation testing, the forcing excites any mode that has a natural 
frequency nearby the excitation frequency, and so there will be a mixture of modal responses 
within the range of test frequencies. 
In order to adequately excite every mode of interest, a multipoint excitation approach or MIMO 
test, wherein a multiplicity of shakers works simultaneously, are chosen. Figure 4 shows the 
shakers that will be used for the tests (100 Lbf Modal Shop 2100E11 electrodynamic shakers). 
These tests will be conducted using multiple excitation types and levels to characterize the 
linearity of the wing model as well. 

Indeed, it is worthy of note that besides the purpose to obtain mode frequencies, mode shapes 
and damping information for the structure, the dynamic test will be performed with the aim to 
correlate the aeroelastic FE models of the wing, performed by IBK, with measured results from 
the real structure. In order to confirm the robustness and the stability of the experimental results, 
the modal parameters estimation will be performed both using commercially available software 
and by using a in-house developed Matlab toolbox named ModLab, [6]. 
ModLab is a toolbox for Experimental Modal Analysis, created with the intent to propose an 
easy-to-use’ software to investigate the dynamic behaviour of a given structure. 

3 IN-FLIGHT MEASUREMENT OF THE INTERIOR AND NEAR FIELD 
EXTERIOR NOISE 

The preliminary design concept of NGCTR in terms of performances was about a pressurized 
aircraft with a cruise speed of over 320 knots and with a range of over 350 nm, able to increase 
efficiency and operational capabilities compared to the current Tilt Rotor configurations. Due 
to its distinctive characteristics, the NGCTR is destined to become a viable means of intercity 
transport. 
As previously mentioned, the main purpose of the design and manufacturing of the wing for 
NGCTR is to increase reliability and safety and at the same time reduce weight and cost. 
However, one aspect that must be considered is the well-being’ of the passengers: the interior 
noise and vibration levels must be satisfactory to the general public as passengers, [7]. 
Therefore, an important step will be to develop a set of flight test in order to maximise comfort 
on board. Measurement and Analysis of noise is a powerful diagnostic tool in noise reduction 
for improving the quality of flights. The set of performance criteria in terms of noise that the 

Figure 4: Electrodynamic shakers. 
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NGCTR must satisfy are related to a conventional AW139 helicopter. In particular, the goal is 
for noise to be reduced by 30%. Structural-acoustic measurements will be taken aboard a similar 
existing tiltrotor aircraft. As regards the geometry, the NGCTR wingspan will be about 11 
meters, whereas the chord will be about 1.8 meters. Moreover, the wing will be provided with 
two control surfaces, flaperons for lifting and control, and another lowered used during vertical 
take offs. The flight conditions include tiltrotor in airplane mode in level flight in which a 
constant altitude is maintained and different flight speeds, [8]. The data will be also acquired to 
validate prediction codes capable of accurately predicting the exterior pressure on the fuselage. 
The investigations on interior noise prediction in the 'middle range' frequencies by means of 
FEM/SEA hybrid methods. Figure 5 shows a potential measurement setup to be installed (blue 
and red dots define locations for microphones and accelerometers, respectively, to be installed). 

The measurements will comprise exterior surface pressures, structural accelerations and interior 
pressures. The external pressure will be measured by surface pressure transducers placed in 
several points of the fuselage to form a "T", at the propeller during airplane mode. 
One external pressure sensors is shown in Figure 6. A tri-axial accelerometer is shown in Figure 
7 while a microphone system (microphone and preamplifier) is shown in Figure 8. 
A non-negligible aspect of flight test preparation regards the calibration of these sensors and 
test instrumentation in general. 
For Flight Tests, a test report will be prepared just after the test, giving a short overview of the 
results helping the improvement of prediction methods and measurements’ results, [9]. 

Figure 6 – Electret 
Surface Microphone 

Figure 7 – Tri-axial 
Accelerometer Figure 8 - Microphone 

4 SCALABILITY 
Leonardo Helicopters’ expectation is the development of a family of aircraft that would 
commercially debut in the 2030-2035 timeframe. The T-WING Scalability purpose is to 
perform studies on the potential application of the technological solutions proposed for the 
reference NGCTR, on larger aircrafts of the same Tilt Rotors family, so we can define it as up-
scaling process. Up-scaled tiltrotors design highly depends on the fruitful implementation of 

Figure 5: Potential sensors arrangement.
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NGCTR technologies but the gap between original design and new visions could come with 
high technological and financial risks and significant innovation problems. In addition to risk 
reduction, development time also has to be reduced.  
Due to the multidisciplinary nature of the concept of Scalability (Aeroelasticity, 
Crashworthiness, Manufacturing, Performances, Cost Estimating, etc.), some results could be 
affected more than others, [10]-[12]. A periodic evaluation and trade-off analyses of the 
investigated solutions are necessary. The feasibility analysis of Scalability and the scaling 
process of the T-WING technologies is a non-linear sensitivity analysis. By fixing main 
Operational Requirements, Performances and relevant data (e.g. weight, wing aerodynamic 
characteristics, mission, V-n diagram etc.) the scaling is intended as an iterative process. During 
this conceptual process, various possible solutions will be investigated, improved, abandoned 
or further developed. At the same time, various design sensitivities become apparent along the 
iteration, adding to the desired information base. Each of the promising or non-promising 
solution can be plotted in various diagrams and it will contribute to an increase in the degree of 
knowledge and guidelines of the up scaling problem. The first step is to individuate the principle 
area of investigation, for example Aeroelasticity, Crashworthiness, Manufacturing, Structures 
and Loads, etc. Therefore, we identify the input parameters and the most suitable approaches 
and skills on which to focus and by means which perform investigates in order to obtain outputs 
that define technologies, methods and concepts encouraging and non-encouraging ones for up-
scaling. For example, from the Aeroelastic point of view, it is necessary to carry out dedicated 
studies to evaluate the scalability of the proposed design solutions, by establishing aeroelastic 
criteria of similarity. Once the Material and the Loads have been fixed for up scaled tiltrotors, 
we can identify the geometric and design variables such as thicknesses and rolling sequence. 
Subsequently through architecture optimization methods and flutter analysis methods, the 
desirable result is the identification of the torsional and flexural stiffnesses and mass 
distribution set so that the up scaling wings will be Flutter Free. The Tiltrotor AW609 aircraft 
can accommodate a maximum of 9 people, plus 2 crew.  
Given the scalability of the design, LH could opt for an interior layout in the 18-25 passenger 
range. Currently, for the fuselage, LH will use a standard AW609 structure, seeing little benefit 
in developing an all-new part when the size of an eventual production aircraft may vary. 

5 CONCLUDING REMARKS 
The involvement of the UNINA in the CS2 JU T-Wing Project regards on the study of the 
dynamic behaviour of the innovative wing, the execution of the flight test campaign aimed at 
measuring the noise levels and other activities related to the aeroelastic stability and Scalability 
investigation. Regarding to testing, in order to study the dynamic behaviour of the wing, the 
vibration problems and the self-excited aeroelastic instability phenomena, the require modal 
parameters can be obtained by means a MIMO shake testing.  
About Flight Test, structural-acoustic measurements will be taken aboard a similar tiltrotor 
aircraft, in order to analyse the level of noise and validate codes for prediction of noise.  
Regarding the concept of scalability, starting from a model reference of tiltrotor, numerous 
parameters are resized in different step, thus describing an up-scaled aircraft with new 
characteristics, which, in turn, are subject to investigation. This iteration is guided by the 
objective of an aircraft design which optimally satisfies the initial requirements, e.g. Maximum 
Take-Off Weight or Loads. 
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ABSTRACT  
Aerofoil morphing, which enables the aerofoil level morphing, such as variable camber, can 
be achieved using compliant mechanisms. Density-based and load-path-based topology 
optimisation method are two main methods at this moment for synthesising a compliant 
morphing aerofoil, for instance, morphing leading edge and trailing edge, which deforms in a 
prescribed way when applying to both internal actuation and external load. The aim of this 
study is to show the feasibility and validity of the density-based approach compared with the 
load-path-based method. We implement both methods for designing the inner structure of 
various camber aerofoil. A short comparison between those two methods is given in the end. 

Keywords: Topology optimization, Morphing wing, Various camber aerofoil, Structure 

1 INTRODUCTION 
The word morph derives from the Greek word PRUMK��morphe), which means shape. 
Nowadays, morph in the aviation community indicates the ability to transform the shape of 
wings, that is the morphing wing. In general, the morphing wing can be classified into aerofoil-
level morphing and wing-level morphing [1]. The former includes variable camber and variable 
thickness.  Twist morphing, span morphing, folding wing, and variable-sweep wing are 
belonging to wing-level morphing[2]. 

Since the aerofoil is the fundamental part of the wing and aerofoil-level morphing 
promises higher reliability, researchers and engineers have been working on this topic for 
several decades. The morphing trailing edge obtains much attention. From the viewpoint of 
aerodynamic performance and aircraft manoeuvre, the trailing edge is the essential part of the 
aerofoil. A morphing trailing edge can be achieved using three different ways: conventional 
rigid-linked mechanisms [3], smart materials[4], and compliant mechanisms [5], [6]. 

Compliant mechanisms, mainly distributed compliant mechanisms, have potential to be 
used on morphing aircraft in the future. Different from those conventional rigid-linked 
mechanisms, a compliant mechanism is a monolithic structure, and the abilities to transmit 
motion are given by its elastic body rather than the presence of joints and pins. The advantages 
of compliant mechanisms are a reduction in the part number, gap-free and lighter weight. 

The standard design way of a compliant mechanism is very complicated when the 
designer does not have an idea about topology and shape to the structure. The structural 
topology optimization method may be a suitable way to design the initial topology of compliant 
mechanisms for the morphing structure. This method seeks the optimised distribution of 
material within a fixed design domain in order to minimise a specified objection function, and 
meanwhile satisfying the given constraints[7]. 

The load-path method and density-based method are two main methods for designing a 
morphing structure using compliant mechanisms. Lu and Kota firstly proposed the load-path 
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method[8]. In that method, a load-path network is defined prior manually or by an algorithm. 
Later, Two-level approach extended this method and combined with aerofoil geometry 
optimization in order to tackle the conflicting requirements[5], [9]. The density-based approach 
is wildly used in structural topology optimization[10]. Unlike the load-path method, density-
based continuum optimization approach, which belongs to large scale nonlinear optimization 
problems, does not require prior knowledge of the topology of the structure. However, it is 
traditionally believed that the density-based method is not well suitable for the optimization 
problem in which the objection function contains the Least Square Error (LSE, minimum 2-
norm error) between the deform shape and the target shape comparing to the load-path 
approach[11]. 

This paper aims to show the feasibility of the density-based approach for morphing 
structure design application and present a comparison study with the two-level approach. We 
first implement a density-based topology optimization method for morphing aerofoil design. 
The design domain is divided into elements by a polygonal mesh generator, and the design 
variables are the densities of elements. The objective function is the LSE between the marked 
points on the deformed aerofoil and the target points on the target aerofoil. The sensitivities of 
the objective and constraint functions are found with the adjoint method, and the optimization 
problem is solved using the Method of Moving Asymptotes (MMA)[12]. The load path 
representation coupled with genetic algorithm and non-linear finite element solver, presented 
in [5]. 

The paper is organised as follows. First, the operation conditions and the optimization 
design problem are described in Section 2. Subsequently, the density-based approach and two-
level approach version of load-path method are introduced in Section 3. Finally, Section 4 
discusses and concludes the numerical results.  

2 PROBLEM FORMULATIONS 
All the work in this paper is conducted on the conceptual un-deflected high aspect Common 
Research Model (uCRM-13.5), which is developed by Brooks and Kenway[13]. The aerofoil 
has a 1-meter chord, and the complaint trailing edge has 40% chord, which is shown 
schematically in Figure 1. The operating airspeed is 44 m/s, Reynold's number is 3e6, and the 
Angle of Attack equals to 0. A linear displacement actuator is used to actuate the trailing edge, 
with a max stroke 27 mm and max force 150 N. The material is Aluminium, which is a common 
aeronautical material, with Young's modulus of 70 GPa, Poisson's ratio of 0.3 and allowable 
stress of 220 MPa. More details about the operation conditions, structure, and actuator, are 
shown in Table 1. The upper skin is fixed to the rear beam, while the lower skin is directly 
actuated by a linear displacement actuator and it is free to move along lower skin contour.  

Aerodynamic shape optimization with structural constraints is performed before. The 
objective is the definition of the optimal morphing shape according to the structural 
requirements of the top and bottom skin; the constraint is set in terms of maximum strain 
computed as a function of curvature that assures the feasibility of the skin solution from a 
structural point of view. Figure 2 shows the optimal shapes coming from the shape optimization. 
A maximum deflection of 10° in both upward and downward direction is obtained. 

The concept of structural topology optimization is to find the optimal material 
distribution within a design domain, by removing and adding material in each element to 
minimise specified objective functions, satisfying given constraints. The behaviour of this 
physical system usually is represented by the solution to a boundary value problem[10]. The 
design target is to find the suitable material distribution, or furthermore, the internal structure 
of compliant mechanism, which can address the conflicting operation requirements, such as the 
high deformability required to change the aerofoil shape coupled to the load-carrying 
capability[9].  
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The design requirements can be divided into three by kinematic and load:  
1. Down kinematic requirement: minimization of LSE between the deformed shape and

the optimal shape reported in Figure 2(a), together with the corresponding aerodynamic
load applied to the skin when the compliant trailing edge is actuated;

2. Up kinematic requirement: minimization of LSE between the deformed shape and the
optimal shape reported Figure 2(b), together with the corresponding aerodynamic load
applied to the skin, when the compliant trailing edge is actuated;

3. Structural requirement: minimization of LSE between deformed shape, together with
the optimal shape when the skin is loaded, and the morphing mechanism is kept fixed.

Figure 1: Initial outer mould line (dark line) and target curve (solid red line.

(a) Down kinematic (b) Up kinematic
Figure 2: Optimal shapes and corresponding aerodynamic loads.

Part Description Value 

Aerodynamic Design Mach number 0.14 
Design speed 44 m/s 
Reynolds number 3e6 

Structure Design chord 1000mm 
Material Aluminium 
Young’s modulus 70 GPa 
Poisson’s ratio 0.3 
Allowable stress 220 MPa 
TE length 40% chord (400mm) 

Linear displacement actuator Stroke 27mm 
Rated force 150N 

Table 1: Aerodynamic, structure and actuator matrix. 
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3 METHODOLOGIES 

3.1 Density-based approach 
This section contains all relevant information required to reproduce the numerical results. It 
includes a brief description of the formulation as well as the details of the numerical 
implementation such as material interpolation scheme, the density filter, optimization method, 
the mesh generator, the finite element, the continuation approach in the optimization routine, 
and the initial guess of the design variables.  

A material interpolation scheme is essential in topology optimization to convert the 0-1 
optimization problem into a nonlinear continuous optimization problem. One of the most 
common approaches is the so-called Solid Isotropic Material with Penalization material 
interpolation scheme. In this scheme, the density ρ is replaced by a penalty factor p into ρp. In 
order to control the number of greyscales that appear in the optimal results, the Heaviside 
projection is used. It introduces an extra parameter β and provides nonlinear filtering. A density 
filter is considered in this optimization routine to eliminate the appearance of checkerboards 
problem. In this filter, the influence radius R indicates those elements for which the Euclid 
distance to element i  are less than the filter radius R will be affected by the density filter[14]. 

We use the LSE between the original marked points on the deform shape and the target 
points on the target curve to parametric the difference between two curves. Therefore, the 
objective function of this optimization problem becomes to minimise the LSE. To sum up, the 
topology optimization problem, which is formulated by the nested approach and defined with 
nonlinear objective function and nonlinear inequality constraints, is stated as follows: 
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Above problem is generally characterised as a non-convex problem. Where x  is the relative 
density vector, Vn is the volume of element n, μ is the volume fraction adjust value from 0 to 1, 
V* is the upper limit of the desired volume, M  is the number of marked points on the curve, 
u(x)out,m,i  is the coordinate of marked points when the trailing edge is deformed, u(x)*m,i  is the 
coordinate of  target points, αi is the weight ratio, Ri is the reaction force when applying the 
driver and Rmax is the rated force that the actuator can provide. η is a weight ratio, which is used 
in the initial optimization process to penalise the influence of these constraints. Moreover, two 
load cases are applied to this system individually. Where, i=1,2,3 indicate different load cases, 
which are down, up and structural kinematic requirement, as mentioned in Section 2. 
The first constraint allows defining the upper bound of the volume of the structure. In the 
homogeneous material, the maximum volume is no less than the maximum weight. The volume 
constraint is common in the density-based topology optimization routine. It may help us to 
control the quality of the compliant mechanisms. The second constraint is the upper and lower 
limit of the design variables, which is to avoid ill-conditioning when the density variable is 
equal to zero. The last constraint is concerning the ability of actuator.  Moreover, p(x)=K(x)u(x) 
is the structural equilibrium equation, in which K(x) is the global stiffness matrix, u(x) is the 
global displacement vector, and p(x) is the global load vector. 
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PolyMesher generates the polygonal finite elements mesh. Since the adjacent polygons 
always keep an edge in common with those elements having two connected vertices. The 
polygonal finite element meshes can eliminate the hinges problem, in which two elements 
connect with each by their vertices[14]. Subsequently, A linear Finite Element Method (FEM) 
is adopted into the optimization routine. MMA solver, which is a first-order method and well-
established in the topology optimization community, has been employed in the code to update 
the design variables of the topology optimization problem. 

Moreover, both the stability of the optimization processes and the topology optimization 
results depend on choices of optimization parameters and an initial guess. For the sake of 
avoiding those problems, a continuation method[15] is used for the control of the parameters 
and a special initial guess is pre-set. The continuation method tunes the penal factor p, β in 
Heaviside projection and other relevant parameters. Our experience is to select p=1 and β=1 
run the optimization problem until either convergence or reach the maximum iteration limit. At 
this moment, the result contains a pack of grey areas. After this, increase the penal factor in 
steps of 0.33 and β in steps of 2, and let the problem either converge or reach the maximum 
iteration limit until p=4. In the end, we get a high contrast result which can be easily 
manufactured. However, this method may increase the number of iterations as well as the total 
computation time. Figure 3 shows the flowchart of the code. 

Figure 3: Schematic flowchart for the program of density-based approach. 

(a) Density-based approach (b) Load path approach
Figure 4: (a) Initial guess and boundary conditions; (b) Initial load path model of the compliant trailing 
edge and the characteristic points. 

3.2 Load-path-based approach 
This section describes the design of the same morphing trailing edge device, performed using 
a different tool based on Genetic Algorithm (GA), coupled with a Load Path representation and 
a non-linear solver based on finite volume beam elements. More details about the design of 
compliant systems can be found in reference [5]. 
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In the load path representation method, there are three types of load paths: the path 
connecting actuation input points to output points, actuation inputs to constraint points, and 
constraint points to output points. This method helps reduce the size of the design space by pre-
selecting the load path network and hence guarantees physically correct of the structure.  

Since the load path representation is a binary optimization problem, which is suitable to 
be incorporated into a GA optimization program. The population of the design problem is 
constituted by several individuals, and each individual is composed of design variable that are 
the binary path existence variables, the path sequence and the path dimension (for example, the 
path cross-sectional dimension). A new generation is produced by a reproduction method, and 
the selected parent designs produce new offspring individuals through the genetic operations of 
crossover and mutation[16].  

4 RESULTS AND CONCLUSION 
We implemented both density-based topology optimization method and load-path-based 
approach for morphing aerofoil design in MATLAB. Figure 4 shows the initial guess and 
boundary conditions in the density-based approach and initial load path model of the compliant 
trailing edge and the characteristic points in the load-path-based approach. 

In the density-based approach result, the design domain was discretized into 4000 
elements, and the optimization program started from an initial guess, which is shown in Figure 
4(a). After 2864 iterations and 3 hours 17 minutes of computation time, the result directly 
showed in Figure 5(a). The iteration process, including the objective function, volume fraction 
and the absolute value of reaction, is shown in Figure 6(a). The final LES residual is 8.78 mm 
with 21.5 mm deflection measuring from the tip of trailing edge, with displacement actuation 
of 5 mm.  

In the load-path-based approach result, the optimization program started from an 
original population of 360 individuals and, after 632 generations and 48 minutes of process 
time, the multi-objective optimization produced the results in terms of Pareto Front represented 
by a three-dimensional surface. In Figure 6(b) all the optimal points included in the 3D Pareto 
Front are reported even if they are represented in the plane corresponding to the two kinematic 
requirements. The selected design point is characterized by an LSE value of 5.4 mm for 
downward deflections and 17.4 mm for upward deflections, and average LSE value of 11.4 
mm. This solution represented a single-piece adaptive rib with a span-wise thickness of 21 mm.

Figure 5 shows the corresponding optimal compliant structure of morphing trailing edge 
using the above two approaches. The resulting trailing edge configuration of the load-path-
based approach keeps a low level of axial stresses and does not suffer from instability problems. 
In both upward and downward cases, the normal stress field inside the machine is lower than 
the allowable stress, set to 220 MPa. And a detailed comparison between the density-based 
approach and the load-path-based approach can be found in Table 2. 

In conclusion, both approaches are well-qualified for designing the inner structure of 
the morphing trailing edge. In comparison, the load-path-based approach provides a more 
efficient tool, and the final result obtained by the load-path-based approach is more elegant and 
straightforward. The density-based approach, although which is using a gradient-based 
optimisation method, takes a long time to achieve a stable result due to the high complexity and 
nonlinearity of the design problem, and is sensitive to the initial guess. The merit of the load-
path-based approach is acquired by pre-selecting of the reasonable subspace. However, the LSE 
in density-based approach is relatively smaller, and the shape is smoother (without the sudden 
dimension change between two connecting elements). In the future, both methods can be 
combined in cascade. First, a density-based method is used to obtain an initial topology, within 
a larger design space, and then a discredited beam element network is generated using a method 
similar to the load-path-based approach, and the structure is further optimized. 
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(a) Density-based approach result (b) Load-path-based approach result
Figure 5: Design results. 

(a) The objective function, volume fraction and
the absolute value of reaction force change
with iteration.

(b) The Pareto Front related and the selected
design point in red.

Figure 6: Optimization process. 

Item Density-based approach Load-path-based approach 
Structure representation SIMP Beam lattice 
Design variable (DV) Elements’ relative densities  Path existence; Coordinates;  

Beam size  
Number of DV/individuals 4000 360 
FEM Linear Nonlinear 
Objective function Sum of weighted LSE Pareto Front LSE 
Optimization solver Gradient-based MMA Genetic Algorithm (GA) 
Max stress constraints No Yes 
Reaction force constraints  Yes No 
Iteration number/generations 2864 632 
Solving FEM times 2864 - 
Total time/seconds 11850 (3 h 17 m) 2880 (0 h 48 m) 
Final LSE residual/mm 8.78 11.4 
(0.5*up+0.5*down) 
Volume fraction (weight) 0.3 - 
Deflection* (mm)  44 50 
* measuring from the tip of Trailing Edge, with displacement actuation 11 mm

Table 2 Comparison between density-based approach and load-path-based approach 
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ABSTRACT 
The aerodynamic characterization of the new Vega C space launcher has been carried out by 
CIRA in collaboration with AVIO. The aerodynamic database is an important input for the 
flight dynamics and the structural design. The Vega C behaviour has been studied through wind 
tunnel tests in the range of Mach 0.5 and 3.5 and through numerical simulations for the entire 
atmospheric flight envelope. A large test matrix was considered, covering four stages and three 
stages configurations, with and without protrusions, including plume, canted nozzle, wind 
tunnel sting and Reynolds number from flight to wind tunnel conditions. The paper describes 
the experimental and numerical activities, considering global aerodynamic coefficients and 
pressure distributions, together with flow visualizations.  

Keywords: VEGA-C, Space Launcher, Aerodynamic, EXP/CFD characterization. 

1 INTRODUCTION 
In 1957, the Soviet Union launched Sputnik 1, the first artificial satellite, a sphere of 58 cm in 
diameter and weighing about 84 kg, equipped with four antennas and two radio transmitters. 
This event started the race for space exploration and its commercial and strategic exploitation. 
Since then, an enormous development has been achieved in many fields as communications, 
electronics, computing science, numerical simulation, environmental measurement techniques, 
sensors, image and spectral detection systems that has allowed the creation of ever more 
sophisticated and efficient satellites compared to the founder Sputnik 1. These allowed the 
creation of a worldwide telecommunications network, geo-navigation systems, earth 
monitoring systems, meteorological satellites and a great improvement in the scientific research 
of our planet and the space that surrounds us. All this has required and continues to require 
efficient and reliable transport systems for the launch of new satellites families or space 
vehicles.  
In this context, the European Space Agency (ESA) offers a fleet of launch vehicles (LV): 
Ariane, Soyuz and Vega. Thanks to their complementarities, they cover all commercial and 
governmental missions’ requirements, providing access to the different types of orbit from Low 
Earth Orbit (LEO) to Geostationary Transfer Orbit (GTO), and even to interplanetary 
destinations. The Vega solution complements the Ariane 5 and Soyuz offers for small to 
medium payloads, for Sun-Synchronous (SSO) and Low-Earth (LEO) Orbits. Vega is a four 
stages launcher vehicle (LV), operative since 2012. The Italian company AVIO is in charge of 
the Vega LV development and production.  
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Following the decisions taken during the December 2014 and December 2016 ESA Ministerial 
Councils, ESA and European industry are currently developing Vega C, an upgraded and more 
powerful version of Vega. The main objective is to increase the launcher performance and the 
flexibility for multiple payloads missions. The published user manuals ([1] and [2]) indicate a 
performance improvement of about 65% with respect to Vega.  
The Vega C configuration foresees the development of a new and more powerful Solid Rocket 
Motor (SRM), named P120c, for the 1st stage, which will also be used as a strap-on booster for 
the Ariane 6-2 (2 boosters) and Ariane 6-4 (4 boosters) configurations. The 2nd stage is up-
graded using the more powerful SRM Zefiro 40 (Z40). The 3rd stage SRM remains almost 
unchanged with the Z9 SRM. The 4th stage provides an improved AVUM+ with 30% more 
propellant. A new fairing allows the accommodation of larger and heavier pay loads (Figure 1). 
The Vega evolution involves considerable differences in the external geometry. The main ones 
are larger first and second stages, new interstage components, larger payload fairing, different 
external protrusions both in terms of position and quantity. In Figure 2, Vega and Vega C 
geometries are superimposed to highlight the differences. These changes require an in-depth 
study of the launcher's new aerodynamics in order to guarantee the correct balance in terms of 
weight, thrust and aerodynamic forces, the absence of potentially destructive aerodynamic 
instability phenomena as the buffeting [3] and the correct structural design providing the 
distribution of aerodynamic loads on the various components of the launcher.   

Figure 1: Vega C configuration, (figure 1.4.1 of Vega C user’s manual [2] . 

Figure 2: Vega C (grey colour) vs Vega (light blue colour) geometry. 

CIRA and AVIO, in close collaboration, conducted a numerical / experimental investigation 
aimed at defining the launcher's aerodynamic behaviour in all its flight phases. The article deals 
with the numerical and experimental activities aimed to characterise the aerodynamic behaviour 
at different Mach and Reynolds number. A dedicated scaled model has been designed, 
manufactured and subsequently tested in the trisonic INCAS wind tunnel. The paper briefly 
describes the experimental and numerical activities and discuss part of the obtained results. 

2 EXPERIMENTAL SET UP 
The experimental test campaign was conducted at INCAS trisonic blowdown wind tunnel. The 
pressurised circuit and the test section sizes (1.2m x 1.2m ) allow to reach high Reynolds 
number values. The facility operates in the Mach range between M=0.5 to M=3.5. Two test 
sections are available: one with solid walls for subsonic and supersonic speed regimes the 
second one with perforated walls for transonic flow. A complete description of the facility is 
reported in Munteanu [4]. A modular 1:30 scaled model was designed and manufactured in 

1st stage (P120c) 2nd stage (Z40) 3rd stage (Z9) 4th stage 
(AVUM+) 

Fairing 
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order to withstand the severe aerodynamic conditions and allowing the investigation of multiple 
configurations. The model replicates, with and without the external protrusions, both the 3 
stages and the 4 stages configurations.  
The model was equipped with: a six-component strain gauge balance model TASK 2” (main 
features are summarised in Table 1), 57 pressure ports (PTS) distributed along two azimuth 
planes at \ = 120° and \ = 300° respectively (Figure 3) and an array of 24 dynamic pressure 
sensors along the plane at \ = 0°.   

Fz [N] Fy [N] Fx [N] Mx [Nm] My [Nm] Mz [Nm] 
Full Scale 17800 17800 2670 339 1638 1356 
Accuracy 35.6 35.6 5.34 0.678 3.276 2.712 

Table 1: TASK 2 balance characteristics. 

Figure 3: Pressure Ports location on model : a) front view, b) rear view, c) iso-view (right). 

In the fairing, two Scaninvalve ZOC22B/32px pressure transducers with full scale range of ±
25 psi and ±50 psi respectively and accuracy of 0.02% of F.S. were installed and connected to 
the pressure ports. Furthermore, an electronic inclinometer was mounted in the fairing in order 
to evaluate possible model/sting deformation at high incidence angles and permits post 
processing data correction. Two accelerometers were installed on the fairing and on the 
launcher base to monitor the start and shutdown wind tunnel shocks. A motorised rear sting 
supported the model, allowing a sweep angle between α =-10° to α =10° with an accuracy of 
0.1°.  

Figure 4: Protrusion description and positions: a) front view, b-c) top view, d) side view 

On the model several protrusion were installed reproducing the shape of the following systems: 
four Horizontal Separation Systems (HSS) located on the 4th stage at \=0° and every 90°; two 
Roll and Attitude Control Systems (RACS) located just downstream of the “hammerhead”, at 
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\ =90° and \ =270°; four wiring tunnels mounted on the 3rd and 2nd stage respectively at \ 
=90° and \ =270°; eight dummy fairings for the ullage motors on the 1/2 interstage at \ =15°, 
45°, 135°, 165°, 195°, 225°, 315° and 345°; and two wiring tunnels mounted on the 1st stage 
placed at \ =80° and \=280°. Figure 4 provides an overview of the location of each protrusion 
on the model. Hereinafter, the clean model configuration is named as baseline, while the 
configuration with the external fairings installed is indicated as protrusion. 

3 NUMERICAL SIMULATIONS 
The objectives of the CFD activities were to produce a numerical data base of global and local 
aerodynamic coefficients [5], together with distributed loads, to cover the complete range of 
the launcher atmospheric flight and to allow for extrapolation of wind tunnel data to flight 
conditions. It is worth to note that wind tunnel measurements were carried out without engine 
plume, at low Reynolds number and limited Mach number range, and they did not provide 
information suitable to compute distributed loads. In particular, CFD results were required in 
the Mach number range above 3.5, since no data was available from the WT test. 
A large test matrix was considered, covering 4 stages and three stages configurations, with and 
without protrusions, including plume, canted nozzle, wind tunnel sting and Reynolds number 
from flight to wind tunnel conditions. 
Computations from subsonic to supersonic regimes were carried out using the multiblock 
structured flow solver ZEN, for steady and unsteady RANS equations, which has been 
developed at CIRA for more than two decades [6], [7]. It was used in the past for analysis of 
VEGA configuration both in flight and in wind tunnel conditions, demonstrating good 
agreement in the complete range of Mach and Reynolds numbers considered [8], [9]. Present 
results were obtained with k-  TNT turbulence model.  
Aerothermodynamic analysis in hypersonic range were carried out using the CIRA NExT code 
[10], that solves, on a multi-block structured grid, the RANS equations in a density-based 
approach. 
Several computational grids were produced in order to perform the flow simulations: 4 stages 
clean configuration with nozzle and with wind tunnel sting for subsonic and transonic flows 
(free stream Mach from 0.5 to 1.2); 4 stages for supersonic flow (from M=1.7 to M=2.0), axi-
symmetric, with 6 degrees canted nozzle and with wind tunnel sting; 4 stages for hypersonic 
flow (from M=3.5 to M=6.0) and 3 stages for hypersonic flow (from M=4.0 to M=7.0). Finally, 
a grid for complete 4 stages configuration with protrusions for transonic and supersonic flow. 
17 different Mach numbers in the range between M=0.5 to M=7.0 were simulated, at three 
different angles of attack (α=0°, 5° and 10°) for 4 stages and 3 stages configurations.  

Figure 5: Complete configuration with protrusions. Left: Blocks boundaries on the surface. Right: 
Detail of the surface mesh in the boat-tail region. 
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Furthermore the effect of the canted nozzle thrust vectoring was examined in flight conditions 
at M=1.7 and M=2.0. Particular care was taken to examine the Reynolds effect by simulating 
the two wind tunnel Reynolds number conditions in addition to the flight Reynolds number and 
an intermediate value between the experiments and the flight condition. The 4 stages 
configuration with protrusion was investigated in WT and flight Reynolds conditions at fixed 
incidence angle of α=5° for different Mach (M=0.95, 1.8 and 5.0) and varying the roll angle. 

4 WIND TUNNEL TEST PLAN 
The experimental test campaign covered a variety of speed conditions from M=0.5 to M=3.5 
investigating the 4 stages configuration with and without protrusions. Each WT run was carried 
out varying the model incidence angle in the range between α=-10° to α=10° in sweep mode 
with an angle resolution of 0.5 degree for the force and moment measurement and a better angle 
resolution of 0.1 degree for the pressure measurements. All runs were conducted to the 
maximum achievable Reynolds number (Re=8x106), except some ones (M=0.95, 1.05, 1.2, 1.8 
and 2.0) that were also performed at the minimum Reynolds (Re=2.5x106) to be exploited for 
extrapolation to flight. Each polar was repeated varying the model roll angle, from I=-30° to 
I=150° with step of 30° in order to measure the pressure distribution on different azimuthal 
planes. Same procedure was used for the configuration with protrusions in order to evaluate the 
effect of the external fairings on the lateral stability.  

5 RESULTS 
The extensive numerical and experimental test campaign provided a complete aerodynamic 
database. The baseline configuration has been investigated varying Mach, Reynolds and 
incidence angle. The WT test allowed to investigate a limited range of Mach and Reynolds 
number with respect the flight envelope but provided the aerodynamic loads for the complete 
range of the incidence angle between α=-10° to 10° with a step of 0.5°. Figure 6 shows the 
experimental and numerical aerodynamic coefficients versus α, at M=0.95 and M=1.8 
respectively. The diagrams show a good agreement between experiments and CFD for lift and 
pitching moment whereas larger difference occurs for CD. The reason is partly due to the 
malfunctioning of the balance and partly to the adopted correction procedure to remove the 
contribution from the base. This difference is taken into account by the accuracy of the 
aerodynamic database. Varying the flow speed from M=0.5 to M=1.2 the drag coefficient 
reaches a maximum value induced by the shock wave in front of the vehicle nose. By further 
increasing the free stream velocity (up to M=7), the drag coefficient shows a continuous 
reduction. Experimental and numerical results have the same trend even when the angle of 
attack varies. The experimental results show a negative shift with respect to the CFD due to the 
lack of the base contribution. Drag difference becomes negligible at M = 3.5, due to the 
reduction of the base pressure contribution with respect to the total drag.  

Figure 6: EXP and CFD forebody results: CD, CL and CMy behaviour versus α at Mach 0.95 and 1.8. 
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At α=5°, launcher lift coefficient increases up to M=2, and then it remains constant. The 
absolute value of the pitching moment shows a similar trend. At α=10°, the CL and CMy have 
a different behaviour with respect to α=5°, with the CL increasing up to M=3.5 and then 
decreasing, similar behavious shows the absolute value of the CMy. Both CL and CMy are 
characterised by a peak at sonic conditions (Figure 7).  
The Reynolds effect presents a decrease of the drag and lift coefficient as the Reynolds number 
increases. Trend is confirmed by both experimental and numerical results (Figure 8). The 
pressure measurements provided a remarkable agreement with the CFD simulation confirming 
the reliability of the obtained results (Figure 9). 

Figure 7: CD, CL and CMy versus Mach number for CFD and EXP respectively. 

Figure 8: CD and CL versus Reynolds number at Mach 0.95 and α=5° for CFD and EXP data.

Figure 9: a) CFD Cp distribution colour maps, b) CFD & EXP Cp distribution comparison at <=90°, 
Mach 1.8, α=10° and Re=8 x106 and flight respectively. 

The numerical simulation provided a detailed description of the external flow field behaviour 
detecting the location of the shock wave and the detachment of the longitudinal vortices. At the 
same time, the oil flow visualization (Figure 10-a) results confirmed the goodness of the CFD 

Top View 

Side View 

Bottom View 
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skin friction lines (Figure 10-b) showing similar flow pattern. Just the location of the boat tail 
vortex is slightly mismatched due to the different Reynolds number. The flight Reynolds CFD 
simulation locates the shock wave on the boat tail more downstream with respect to the oil flow 
image taken at Reynolds of 5x106. Figure 10-c shows the external flow field in terms of iso-
level of the -criterion surfaces. The iso-view and the cross planes clearly show the longitudinal 
vortex on the upper surface and the shock waves occurring on the boat tail and on the 2/3 and 
1/2 interstages.  
The contribution of the external fairings induces a substantial increment of the drag coefficient 
and almost negligible contribution on the lift and the pithing moment (Figure 11-a). Varying 
the roll angle, a clear effect of the protrusions on the rolling moment is observed. (Figure 11-
b). The roll angle position induces positive and negative rolling moment depending on the 
relative position of the wiring tunnels.  

Figure 10: a) Oil flow visualization, b) CFD skin friction lines, c) Iso-level -criterion surface at 
Mach:1.8 and α=10° 

Figure 11: Protrusion effects am M=1.8: a) CD, CL and CMy vs α, b) CMz vs I at α=5°. 

6 CONCLUDING REMARKS 
An extensive numerical and experimental investigation was carried out in order to build up the 
Vega C aerodynamic database. A successful wind tunnel test campaign was performed at 
INCAS trisonic wind tunnel on a 1:30 scaled model integrated by a large number of numerical 
simulations to cover the complete range of atmospheric flight conditions. Main effect of the 
Reynolds, Mach, incidence angle, roll angle, protrusions on 3 and 4 stages configuration were 
addressed. Good agreement between numerical results and experimental measurements in wind 
tunnel conditions give confidence about the accuracy of data extrapolated in flight conditions.  

a) 

b) 

c) 

b) a) 
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ABSTRACT 
Pulsar-based avigation is an emerging technique to help deep space positioning. The idea, 
alike G SS, is to make use of beacons in well-known locations to compute the kinematic state 
of a space vehicle equipped with suitable receivers. Opposite to G SS, these sources of signal 
are not man-made while found in nature, and offered by peculiar stars offering a typical, 
extremely precise emission pattern, i.e. the -ray pulsars. The paper quickly recalls the 
fundamental concepts for this technique, then reports some interesting relations allowing to 
select the better sources and to evaluate the attainable accuracy. After presenting the fixing 
procedure, some more original discussion about the geometric dilution of precision is 
included, together with results useful for a preliminary analysis. 

Keywords: Autonomous Navigation, Deep-Space Navigation, XNAV, Pulsar Navigation 

1 INTRODUCTION 
Orbit determination, within accuracy requirements related to the specific case, is a main 
requirement for every space mission. Orbit determination in deep space is a critical issue, 
currently mainly solved by well-prepared, challenging operations from peculiar ground 
segments as the NASA DESCANSO [1]. While such a solution recently worked even in the 
extraordinary case of Voyager – i.e. at the border or just beyond the solar system – the 
performance of Earth-based systems necessarily decreases with the distance, together with a 
remarkable increase in the operations’ complexity and overall uncertainty. In addition, the 
relevant cost, the expertise needed, the possible requirement to have a navigation fix directly 
available onboard are elements promoting technological advances. An interesting option 
could be represented by the use of peculiar stars called pulsars, emitting - as a result of the 
misalignment between their spin axis and the axis of their extremely strong magnetic field - a 
quasi-periodic signal, like beacons. Their accurate-enough timely emission can be exploited 
the same way Global Navigation Satellite Systems (GNSS, including GPS, Galileo, 
GLONASS, Beidou) do with signals purposely emitted from spacecraft constellations [2], 
obtaining time-of-arrival (TOA) measurements in the Earth service volume. Due to the large 
number of pulsars, the technique would work – even at the cost of a poorer, yet still useful 
and accepted accuracy – everywhere, in the solar system volume or beyond, enabling 
autonomous onboard navigation.  

While pulsars emit in a broad region of the electromagnetic spectrum – radio 
frequencies, visible, X- and gamma rays - the focus for navigation purposes is mainly limited 
to the X-rays portion. In fact, such a range makes possible to gather a significant amount of 
energy, and current technology allows for detectors compatible with on-board operations. 
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Even more important, due to the huge distance of the sources and indeed to their faint signal, 
the propagation noise and the number of interfering sources at these frequencies are limited, 
making the interval [3 1016 – 3 1017] Hz (in wavelength 1-10 nm) the best trade-off. Among 
these pulsating sources, having different natures (neutron stars - either single ones or binary 
systems, accreting stars, other sources), main interest stays with millisecond pulsars (MSP), 
which stability in the emission can attain the level of atomic clocks. Previous, in-depth 
characterization of the emission itself is however required, as irregularities are often present.  

Significant steps in advancing the XNAV technique have been attained in recent years. 
Supported by the continuous effort of large research projects devoted to fundamental physics, 
the sources’ catalogue is enriched, and emissions’ details added. Many measurements are 
being directly collected in space, easing the difficult analysis of the noisy data gathered at the 
Earth surface. First full XNAV experiments also started. In June 2017 NASA accommodated 
onboard the International Space Station (ISS) a compact yet powerful X-rays 
detector/spectroscope (Neutron-star Interior Composition Explorer or NICER), investigating 
the 200-1200eV energy band with a 100ns timing accuracy.  In November 2017, exploiting 
NICER detector, the NASA Station Explorer for X-ray Timing and Navigation Technology 
(SEXTANT) experiment has been able to obtain the first, real time, onboard XNAV fix for a 
spacecraft (the ISS), with an accuracy better than 10 km [3]. China also started an XNAV 
program, with the launch in 2016 of a satellite (XPNAV-1, [4]) devoted to test new detectors 
and investigate pulsars’ emissions. The promising results obtained [5] should support the 
expected follow-on with other spacecraft exploiting the navigation technique. Despite these 
successful steps, significant research and engineering work is still needed in order to improve 
all steps of the process, both the ones required a priori, as the availability of an accurate 
catalogue of correctly time-referenced pulse shapes, as well as the ones to be exploited in real 
time, as the analysis of the gathered signal. In addition, the real asset in orbit determination 
based on sporadic measurements deals with an effective use of estimators, bridging among 
sparse measurements. Such a capability, built on the smooth and easy-to-model dynamical 
environment (as already exploited for GNSS navigation in very high orbits [6]) becomes 
instrumental in XNAV as it is difficult to foresee several  detectors available onboard to point 
– for significant duration to collect a useful signal  –  different stars at the same time: indeed,
scheduling and repointing will be mandatory during the measurement campaign.

Leaving to in-depth analyses [7, 8] for additional information, we shortly recall in the 
following the overall navigation fix process, providing some details for the steps involving the 
error terms to be taken into account and the measurements’ attainable accuracy, to discuss 
then a more original part related to the geometry of the fix and the dilution of precision. 

2 XNAV TEC NI UE PROCESS 
XNAV is a navigation technique that uses periodic signals emitted from milli-second pulsars 
to compute the kinematic state of a spacecraft. Different types of XNAV have been 
envisaged: 
a) standard XNAV, providing absolute positioning with respect to an inertial coordinate

system centred at the Solar System Barycentre (SSB);
b) incremental XNAV, offering the change in position of the spacecraft between two TOAs

measurement updates, of some interest if a very good guess of the spacecraft position
should be available;

c) relative XNAV between two spacecraft, attainable even with a poorer knowledge of the
pulsar model (i.e. only the frequency components of the pulses are required, not their
accurate timing model).

In the following we will consider the standard technique, which is the basic option that 
current, worldwide research activities are targeting. A short reminder of the process, as 
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understood at the Guidance and Navigation Lab of Sapienza Universit  di Roma, from the 
analysis of the existing literature, can be roughly summarized as: 
1) preparation of the observation schedule, taking into account the availability of strong-

enough sources, their location in the field of view and the possible interfering conditions;
2) attitude manoeuvre to orient the detector towards the first selected pulsar, and to maintain

the attained pointing all along the observation (up to tens of minutes);
3) collection of the signal emitted from the pulsar, i.e. of the photons, with accurate (order

of 50 μs for single pulse, up to 1 μs processing several pulses) time-tagging of their TOA)
4) according to the resolution provided by the detector electronics and to the capabilities of

the clocks, partition of the photons’ arrival events among time bins;
5) by cumulating a huge number of arrival events, reconstruction - via the folding technique

[9] - of a credible, accurate enough time profile of the received pulsating signal;
6) transfer of the readings (i.e. their time tags) at the Solar System Barycentre (SSB)

coordinate system: the reference to a truly (almost) inertial reference system, with origin
at rest, is needed to manage the corrections in TOA evaluation;

7) analysis in the frequency domain of the energy content of the signal: the Fourier
transform allows to identify main contributions defining the pulse behaviour;

8) comparison of the pulse shape with the predicted one (from previous, in-depth
characterization of the specific source) that should be received at the SSB: assuming that
the two signals have same characteristics, the components (harmonics) from Fourier
transform allows to relatively – and precisely - synchronize the components of the signal;

9) exact computation of the time interval between signal’s TOA at the spacecraft and at the
SSB: notice that such a computation will be defined as a fraction of the signal period, and
will remain ambiguous for the amount of (additional) full periods - or wavelengths -
included in the SSB to spacecraft distance (see Figure 1);

10) definition of the ambiguity issue, and evaluation of the actual component of the SSB to
spacecraft distance along the pulsar line-of-sight;

11) optional  analysis of the Doppler frequency shift of the received signal at the spacecraft
with respect to the one at SSB to gather information about velocity

12) inclusion of the computed information in the trajectory estimation, likely a recursive
filter involving a model for dynamics and suitable characterization of process and
observation noises;

13) move to the next pulsar identified in the observation schedule and restart from step (2).

Figure 1: Geometry of the phase observation (note the possible ambiguity in the number of cycles) 

3 EVALUATION OF T E TIME OF ARRIVAL (TOA) 

3.1 Selection of the sources 
The selection of the satellites to be included in the schedule depends on the allowed accuracy 
(i.e. a function of their characteristics) as well as in their location, to be discussed in the 
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following section 4). Table 1 reports some characteristics of the five sources selected for the 
simulations of this paper. 

Pulsar Identifier Pulsar Type RA (J2000) DEC (J2000) 

B1957+20 Rotation 299.90321 20.80420 

B1937+21 Rotation 294.91066 21.80420 

B0531+21 Rotation 83.63322 22.01446 

B1821-24 (Crab) Rotation 276.13337 -24.86975

XTE J1751-305 Accretion 142.33408 -30.61569

Table 1a: nature and location of the pulsars considered in the simulation exercise. 

Source ID Period    
(s) 

Flux (2-10 KeV) 
erg/cm2/s 

Pulsed Fraction 
% 

Pulse Width(FWHM*) 
(s) 

B1957+20 0.00160 5.38 x 10-13 60 8.0 x 10-5 

B1937+21 0.00156 4.10 x 10-13 86 2.1 x 10-5 

B0531+21 0.0335 9.93 x 10-9 70 1.7 x 10-3 

B1821-24 (Crab) 0.00305 1.25 x 10-12 98 5.5 x 10-5 

XTE J1751-305 0.00230 1.17 x 10-9 5.5 5.7 x 10-4 

Table 2b: Emission characteristics of the pulsars considered in simulation exercise              
(*FWHM : full-width-half-maximum of the main pulse). 

3.2 Assessing measurements  accuracy 
The accuracy of the pulse time of arrival of measurement depends on a number of factors 
including pulsar period, pulse width, intensity of the radiation emitted by the pulsar (photon 
flux), size of the detector’s antenna and observation time. Background radiation from bright 
objects such as sun also contributes to the increase of noise in the observed measurements. 
The above terms can be expressed in terms of SNR (Signal to Noise Ratio) for each pulsar 
and pulsars with high rotation speed have significantly high signal to noise ratio. The SNR 
can be evaluated as (from [7]) 

S R= 𝐹𝑥𝐴𝑝𝑓𝑡 

√[𝐵𝑥+𝐹𝑥(1−𝑝𝑓)](𝐴∗𝑡∗𝑑)+ 𝐹𝑥𝐴𝑝𝑓𝑡 
(1)

where Fx is the photon flux, A the detector’s antenna area, pf the fraction of the pulsar signal 
which is actually pulsed, t the observation time, Bx the background radiation flux, d the duty 
cycle (pulse width to pulse period ratio). The following two relations offering the accuracy on 
the time-of-arrival and on the ranging measurement hold (W is the pulse width): 

𝜎𝑇𝑂𝐴 = 0.5 ∗ 𝑊/𝑆𝑁𝑅     𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔 = 𝜎𝑇𝑂𝐴 ∗ 𝑐           (2a-b) 

Shorter pulse width provides better accuracy, as it can be also seen by recasting Eqs.(1-2) in 

𝜎𝑇𝑂𝐴 ∝ 1/√𝑁                                                               (3) 

to report that a certain number of observe pulses is required to stabilize the recovered pulse 
profile and indeed to increase the TOA accuracy. Moreover, the sharper shape of short pulses 
eases measurements. Table 2 provides TOA and range accuracies for the pulsars listed in 
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Table 1, considering 1m2 caption area (additional data reported in Figure 2), integration time 
of 1000s and   299792458m/s value for c. For sake of comparison Bx is assumed as constant 
for all cases and equal to 3*10-11 erg/cm2/s in the 2-10 keV band, while peculiar observation 
geometry could affect this choice. Notice that pulsars B1937+21 and B1821+24, having far 
worse S R compared to the Crab pulsar, end up being better in accuracy due to their much 
narrower pulse widths.  

Pulsar SNR 𝜎𝑇𝑂𝐴(𝜇𝑠) 𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔(𝑚) 

B1937+21 11.3257 .92709 278.1577 

B0531+21 2305.15 .36874 110.6336 

B1957+20 6.6632 6.0031 1801.139 

B1821-24 25.7622 1.0675 320.2718 

XTE J1751-305 96.7242 2.9465 884.0529 

Table 2:  S R and attainable accuracy of the pulsars considered in simulation exercise. 

Figure 2: Attainable accuracy ( Ranging) as function of the length of the observation for Table 1 pulsars. 

4 COMPUTING T E NAVIGATION SOLUTION 
The ultimate goal of the received pulsar signal processing is the evaluation of the spacecraft 
kinematic state. The goal could be attained by clocking the arrival time of the signal 
(frequency 𝜈) at the spacecraft and at a suitable reference point, which is conveniently 
selected to be at rest as well as the origin of a relevant suitable, inertial-like reference system 
(SSB). Notice that while coordinates with respect to SSB origin are of interest, there is no 
hope to accurately evaluate the far huge pulsar-spacecraft distance. The TOA at the spacecraft 
should be tagged in the SSB-related timescale, called Barycentric Dynamical Time (TDB). 
Aside from a simple linear translation of the time of arrival clocked at the spacecraft, the 
transformation includes the correction of some errors, as per the following relation and 
meaning: 

𝑡𝑇𝑂𝐴_𝑆𝐶(𝑇𝐷𝐵)=𝑡𝑇𝑂𝐴_𝑆𝐶(𝑆𝐶) − 𝑡𝑑𝑖𝑠𝑝 + 𝑡𝑆ℎ𝑎𝑝 + 𝑡𝑝𝑎𝑟 (4)
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- the dispersion delay (tdisp) is caused by the electromagnetic radiation passing through a
region of electrons or other charged particles and, due to the interaction, be subjected to an
oscillation that slightly slows down the propagation. Higher energy, i.e. higher frequency,
radiation is less affected. The delay is modelled as linear with the electron density, or the
number of free electron e per unit area along the pulsar-to-spacecraft path (d). The resulting
expression, evaluated in ms, is

𝑡𝑑𝑖𝑠𝑝 = 𝑁𝑒𝑑 (2.41 10−4 𝜈2⁄ ) (5)

- the Shapiro delay(tShap) is generated by the bending of spacetime around objects with
massive mass such as stars, leading to electromagnetic waves taking slightly longer to travel.
The delay is given by

𝑡𝑆ℎ𝑎𝑝 = −2∑ 𝐺𝑀𝑖
𝑐3𝑖  𝑙𝑛[�̂� ∙ 𝑟𝑖⃗⃗ + |𝑟𝑖|] + 𝛥𝑆2  (6) 

with G the gravitational constant, Mi the mass of body i, from the Observer to the SSB, c the 
speed of light, 𝑟 𝑖 and �̂� the vector and the unit vector from the spacecraft to respectively the 
body i and the pulsar,  S2 a second-order correction term. The sum in i should be extended to 
all the bodies in the solar system but since the Sun accounts for 99.8% of total mass of the 
solar system it is usually common to neglect the effects of other planets. The largest possible 
time delay is when the Sun is in exact the line of sight between pulsar and the observer, 
resulting in a Shapiro delay of 6.829 μs (in rare cases there could be an additional Shapiro 
delay due to large clusters of stars in the line of sight between the pulsar and the Earth). 

- the parallax effect (tpar) - negligible for far-away pulsars, and less than 1.2 μs even for the
closest ones - is measured by the curvature of the pulsar-emitted electromagnetic waves when
reaching for different positions of the orbit of the Earth, and expressed by

𝑡𝑝𝑎𝑟 = 1
2𝑐𝑑

(𝑟𝑖⃗⃗⃗⃗ × �̂�)2       (7) 

Notice that these effects should be seen as differential ones, i.e. also present at the SSB 
location: however, as the TOA at SSB is just modelled and not actually measured, errors at a 
potential SSB receiver can be taken as considered. Once the TOA at the spacecraft has been 
reported to the SSB time scale, the difference between the receiving time of the two signals - 
sometimes labelled Roemer delay - is due only to the different path (according to Figure 1), as 

    𝑡𝑇𝑂𝐴_𝑆𝐶(𝑇𝐷𝐵) = 𝑡𝑇𝑂𝐴_𝑆𝑆𝐵(𝑇𝐷𝐵) + 𝑟.⃗⃗⃗ �̂�
𝑐     (8) 

A comparison between the received pulse profile and the companion predicted template 
captured at the SSB allows indeed to evaluate the unknown spacecraft position 𝑟  with respect 
to SSB. Such a comparison is usually carried on in the frequency domain, and the phase of the 
pulse is actually considered. In order to improve the accuracy, the slow spin-down of the 
pulsar (derivatives in time computed by the a priori analysis) is included. The phase shift 
between the two signals will be expressed as a fraction of the 2  interval, leaving undefined 
the integer number of cycles possibly occurring along the difference between the path to the 
two receivers (Figure 1). A classical ambiguity problem appears, that can be solved following 
several approaches with a trade-off between required time, computational cost and confidence 
in the findings [2]. To be noticed that the use of pulsars with largely different periods and the 
minute wavelengths proper to X-rays enable effective (i.e. recursive multiple wavelength) and 
accurate solution for the unknown SSB to spacecraft distance. The unknown, rewriting the 
equation in terms of phase observable 𝜙, can be read in the term τ, linear with the spacecraft’s 
distance from SSB: 
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𝜙𝑆/𝐶(𝑡) =  𝜙𝑆𝑆𝐵(𝑡) + (𝜏 ∗ 𝜐) − 𝑚 + 𝑊𝜙          (9) 

where m is the ambiguity (integer number of cycles) and W  is the Gaussian noise – quite 
different for each pulsar – associated with the measurements. Reporting the information at 
SSB at a reference epoch, and multiplying by the pulsar’s spin frequency  : 

𝜐−1(𝜙𝑆/𝐶(𝑡) − 𝜙𝑆𝑆𝐵(𝑡0) = 𝜆 = (− 𝑟 .�̂�
𝑐

+ 𝑡 − 𝑡0) − 𝑚 ∗ 𝜐−1 + 𝑊𝜙 ∗ 𝜐−1 (10) 

By collecting the data for a number n of pulsars, and introducing the relevant matrices for the 
line-of-sight and for the frequencies,  

U  1
𝑐
[�̂�1  �̂�2  �̂�3  . .  . .  �̂�𝑛]𝑇,   V=[

𝜐1
−1 0 0
0 . 0
0 0 𝜐𝑛

−1
],   𝑊𝜆 = 𝑉 [𝑊𝜙1  𝑊𝜙2  𝑊𝜙3  . .  . .  𝑊𝜙𝑛]

𝑇
 (11) 

it is possible to obtain the full solving system (introducing  A = [1 − 𝑈],   t, 𝑟  ) 

𝜆 = [1 − 𝑈] [𝑡𝑟 ] − 𝑉𝑚 + 𝑊𝜆 = 𝐴𝑋 − 𝑉𝑚 + 𝑊𝜆               (12) 

The expression for position estimate 𝑋 ̃can be expressed as a closed form expression with a 
covariance matrix given by  

�̃� = [𝐴𝑇𝑅𝜆
−1𝐴]−1𝐴𝑇𝑅𝜆

−1(𝜆 − 𝑉𝑚) (13) 

where �̃� is the position estimate and R  is the diagonal covariance matrix of phase estimation. 

CONSIDERATIONS ABOUT GEOMETRIC DILUTION OF PRECISION 
The final accuracy of the solution is affected by source-observer relative geometry, according 
to the geometric dilution of precision (GDOP) concept [2]. The key element in evaluating the 
GDOP is represented by the covariance matrix (C) of the ranging measurements: 

C E  𝑟 ∙ 𝑟𝑇   ,        𝐶 = [(𝑈𝑇𝑈)−1𝑈𝑇] 𝐶𝑅𝑎𝑛𝑔𝑖𝑛𝑔 [(𝑈𝑇𝑈)−1𝑈𝑇]𝑇             (15) 

with U, as per (11), is the matrix containing unit position vectors for each pulsar and 

CRanging = diag (𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔 1
2 , 𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔 2

2 … . . , 𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔 𝑛
2 ) (16) 

where 𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔 𝑖
2   are the variances of each pulsar’s measurements considered in previous 

section. While CRanging can be assumed as diagonal due to the uncorrelated nature of the errors 
among pulsars, the 𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔 𝑖

2  are, in general, significantly different. Indeed, the approach to 
compute GDOP typical of GNSS systems is not valid anymore, and the following formula is 
only a coarse approximation, to be carefully handled in the selection of the sources: 

𝐺𝐷𝑂𝑃 = √𝜎𝑥
2 + 𝜎𝑦

2 + 𝜎𝑧
2 ≈ √𝑡𝑟𝑎𝑐𝑒(𝐶) /  𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ (17) 

where  𝜎𝑅𝑎𝑛𝑔𝑖𝑛𝑔̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ is an average among the measurements’ accuracies of the different pulsars.             
As an example, a GDOP of 2.4 is obtained while using the above pulsars with 1000s 
observation time and using a 1m2 detector, assuming a precise clock at the receiver. Figure 3 
reports the GDOP behavior for different observation times and detector areas in a possible fix 
using the 5 pulsars listed in Table 2 (measurements’ duration is assumed fixed and equal to 
1000 s in leftmost plot, area detector is assumed fixed and equal to 1 m2 in the rightmost one). 
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Figure 3: GDOP as function of the detector area and of the duration of the observation phase. 

CONCLUDING REMARKS 
Pulsar-based navigation is attracting increasing effort as a viable solution to deep space 
navigation by considering fairly regular, periodic emissions from stars as signal sources. 
Recent in-space experiments definitely proofed the validity of the concept and its attainability 
with current technology, yet significant activities still are needed to obtain a really usable 
product. This paper reports the understanding of the problem gained at the Guidance and 
Navigation Lab, and presents some initial analysis on the effect of the geometric distribution 
of the pulsars, leading to the GDOP concept similar to the one largely adopted in GNSS. 
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ABSTRACT 
An approach to position and size control surfaces on a given aircraft configuration is presented 
in this paper. The approach is hybrid in nature, as it blends methods of different fidelity to 
reduce computational time while preserving models representativeness. A high-fidelity method 
is used to obtain an accurate aerodynamic database, while a semi-empirical method is used to 
express the database as a function of the control surfaces position. The sizing procedure uses 
an aircraft Flight Mechanics Model to perform simulations and evaluate the outcome of 
Handling and Flying Qualities tests. On this basis, design choices are taken to iteratively alter 
the position and span width of control surfaces, and consequently alter the aerodynamic 
database. The approach can be applied to any aircraft configuration. In the present work, it is 
applied to a commercial transport version of the PrandtlPlane, an innovative box-wing aircraft 
configuration, currently under investigation in the framework of the Horizon 2020 project 
PARSIFAL. Results show that the method converges from a conservative first guess control 
surface arrangement. Control effectiveness calculated with the proposed method in the final 
control surface arrangement presents an average 35% relative error w.r.t. the one calculated 
with the high-fidelity method. The reduction in computational time and effort is unquantifiable, 
as the application of the semi-empirical method is instantaneous and effortless. 

Keywords: Flight Mechanics, Knowledge Based Engineering, Control Surfaces, Box Wing. 

1 INTRODUCTION 
According to forecasts, the number of people using commercial air transportation will nearly 
double in the next two decades, resulting in a massive growth of air traffic [1] [2]. In order to 
meet the demands of a saturated market and comply with the increasingly stringent regulations 
on aircraft environmental impact, researchers are developing innovative and disruptive aircraft 
configurations. The PrandtlPlane (PrP) is an unconventional aircraft configuration which 
employs Prandtl’s box-wing concept for minimum induced drag [3][4]. This concept is 
integrated in an innovative aircraft design, with the purpose of obtaining higher payload 
capacity and better aerodynamic efficiency for a given wingspan, as compared to conventional 
single-wing aircraft [5]. 

The double wing system of the PrP offers the possibility to accommodate a large number of 
Control Surfaces (CSs). These can potentially allow for Direct Lift Control, improved dynamic 
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response to gust and turbulence, and improved comfort and safety on board. The CS redundancy 
poses an interesting design challenge, as it is not trivial to determine the optimum position and 
size of a given set of CSs. A preliminary approach to this problem has already been presented 
in [6]. For a given aircraft planform configuration, the problem has been formulated to retrieve 
the optimal arrangement of movables that achieves desired Handling and Flying ualities 
(HF s) levels.  

In order to perform non-linear Flight Mechanics simulations for the accurate estimation of 
HF s, an extensive aerodynamic database is needed to reproduce the aircraft dynamic 
behaviour in different regions of the flight envelope. This database contains the dependency of 
the aerodynamic forces on angle of attack, angle of sideslip, speed, altitude, CSs deflections 
and aircraft configuration (landing, cruise, etc.). The time required to generate it depends on 
the level of fidelity of the aerodynamic analyses used: possible examples are panel methods,  
Reynolds Averaged Navier-Stokes (RANS) equations, Large Eddy Simulation (LES) and wind-
tunnel test campaigns. Ideally, the aerodynamic database generation is embedded in the design 
process, enabling the characterization of each aircraft planform configuration and CS 
arrangement generated in the design loop. In practice, irrespective of the fidelity level, the large 
number of aerodynamic analyses needed (from several hundreds to a few thousands) makes the 
computational effort a critical bottleneck. A feasible approach consists in generating a set of 
aerodynamic databases off-line, i.e. before the design loop, and then interpolating them on-line, 
i.e. during the design loop [6]. Although speeding up the design process, this approach still
requires significant computational time for the generation of many aerodynamic datasets.
Alternatively, semi-empirical methods can be used. These do not take any computational time,
but use statistical data that is unreliable, or not existent, for straightforward applications to
unconventional aircraft configurations.

If the wing planform is considered frozen, the aircraft inherent static and dynamic stability 
characteristics are not affected by the CS sizing process, and their impact on HF s is therefore 
constant, assuming that modifications in mass and inertia can be neglected and that the trim 
condition has only minor effect on the stability. Only the controllability characteristics are 
directly affected by the CS sizing.  In this case, a collection of aerodynamic datasets can be 
generated off-line, and then interpolated on-line, for arbitrarily selected combinations of the CS 
positions [6]. Such an approach is not feasibly scalable if any aircraft planform parameter enters 
the design loop.  

In this paper, an iterative method is proposed for preliminary positioning and sizing of CSs on 
both conventional and unconventional aircraft configurations. This approach is hybrid in nature, 
as it integrates a non-linear aerodynamic analysis method with a selected semi-empirical 
method. The non-linear aerodynamic analysis is expected  to capture the essential details of the 
aircraft aerodynamics. The selected semi-empirical method allows to express the CS-dependent 
subset of the aerodynamic database as a function of each CS position and size [7]. This function 
is derived from statistical and experimental data on swept and tapered wings, and requires 
classic wing planform characteristics as aspect ratio 𝐴𝑅, sweep angle 𝛬, and taper ratio 𝜆. This 
method makes it possible to modify the movables-dependent aerodynamic dataset at each sizing 
iteration, without the need to recalculate it.  

The adopted design approach is aircraft configuration agnostic and can be used for both 
conventional and unconventional aircraft designs, with any given number of movable surfaces. 
It applies to a fixed aircraft planform and therefore does not involve variations in the aircraft  
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static stability characteristics. The main application case discussed in this paper is the CS 
positioning and sizing of a 300 passenger commercial transport version of the PrP, developed  
within the Horizon 2020 project PARSIFAL. A visualization of the aircraft, with a first-guess 
CS arrangement is shown in Figure 1. 

In the remainder of the article, Section 2 provides an overview presentation of the tools and 
methods adopted for the current study. The CS sizing approach is illustrated in more detail in 
Section 3, while Section 4 reports and compares results for different test cases. Finally, 
conclusions and recommendations for future work are presented in Section 5. 

2 OPERATIONAL FRAMEWORK 
As mentioned in Section 1, an aerodynamic database is necessary to evaluate the HF s 
performance of a given aircraft design. The first step in generating such a database is to select  
the type of aerodynamic solver that must be used. In this paper, a 3D Panel Method (3DPM) is 
used because it offers an attractive trade-off between the analysis time and the accuracy of the 
solver [8]. In order to use 3DPM, a discretized aircraft geometry (i.e. mesh) and wake 
information must be provided as input to the solver. As a first step, the aircraft geometry model 
has to be generated on the basis of conceptual design information (wing-span, twist and taper 
distribution, fuselage length and section shapes, etc.). The different steps required for the 
generation of an aircraft aerodynamic database from conceptual design information to the 
estimation of HF s are shown in Figure 2. 
For the present work, the aircraft geometry, including moveable surfaces, is automatically 
modelled and meshed by the Multi Model Generator (MMG) tool, a Knowledge Based 
Engineering (KBE) application developed in-house using the KBE system ParaPy1 [8]. The 
non-linear aerodynamic analysis is performed with the commercial 3D panel method software 
VSAERO2 [9] and updated along the sizing loop with a selected semi-empirical method [7]. 
The HF s are assessed with the in-house Performance, Handling ualities and Load Analysis 
Toolbox (PHALANX) for flight dynamics simulation and Flight Mechanics analysis [10] [11]. 
These tools and methods are described in the following subsections. 

1 www.parapy.nl 
2 https://starkaerospace.com/products-services/ami/software/ 

Figure 1: Geometry model of the reference PrP aircraft, with deflected movable surfaces in a first 
guess arrangement. 
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Figure 2: From aircraft conceptual design, through geometry generation and meshing, to numerical 
aerodynamic analysis. 

2.1 Aircraft geometry 

2.1.1 Modelling 
During conceptual and preliminary design phases, aircraft geometry models are not mature and 
detailed enough to support medium- or high-fidelity aerodynamic analyses. Nevertheless, an 
aircraft geometry model has to be generated with the available information, with the aim of 
refining it for future use in higher fidelity analyses. To this end, the MMG facilitates aircraft 
designers in modelling diverse aircraft configurations and their variants, and in preparing 
discipline specific models to feed to the various analysis tools involved in the multi-disciplinary 
design process. As illustrated in Figure 3, some capabilities of the MMG include: aircraft 
geometry generation, mesh generation, STP file generation, VSAERO input file generation and 
PHALANX input file generation. 

In order to generate the aircraft geometry, conceptual design information must be provided to 
the MMG in the form of numerical values. This can be done in one of the following three 
formats (Figure 3): 

1) A Common Parametric Aircraft Configuration Schema (CPACS) based representation
of the aircraft [12].

2) A JSON input format generated specifically to capture relevant conceptual design
information necessary for geometry generation.

3) A MATLAB  output file generated by the Initiator, an in-house, MATLAB  based
conceptual aircraft design tool. The Initiator is used to synthetize conventional or
unconventional aircraft designs, including the PrP configuration, from Top Level
Aircraft Requirements [13] [14].

Conceptual design data is read by the MMG, and the geometric model of different 
components is created using pre-defined, high-level primitives [15], such as: 

1. Wings: swept and tapered wings, with or without kinks, trapezoidal wings and
connecting wings, like side-wings in box-wing configurations.

2. Fuselage: either with or without wing fairings, depending on the level of detail of the
available conceptual design data.

3. Movables: the MMG can generate a movable surface and deflect it, as necessary for
different aerodynamic solvers on any type of wing described above. In the current state,
only plain movables are modelled.

After each component is created, their geometry models are fused together on the basis of 
conceptual design information. With such a bottom-up approach, the MMG can generate the 
geometry of practically any aircraft configuration. This configuration-agnostic behaviour  
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makes the use of the tool extremely beneficial in the conceptual design phase of unconventional 
aircraft. 

2.1.2 Meshing 
The aircraft geometry model must be provided to aerodynamic solvers in the form of a mesh. 
In particular, a structured mesh may be preferred, like in the case of VSAERO  [9]. In all cases, 
the aircraft geometry model must be treated accordingly. To this end, an algorithm to split the 
aircraft geometry into four sided faces is developed and incorporated in the MMG. During the 
geometry generation phase, the MMG creates an ontology of aircraft topology which allows it 
to discern the relationship between geometry primitives, such as faces and edges, to their 
corresponding functional elements, such as the fuselage, wings etc. The MMG then uses this 
ontology to perform splitting and meshing operations. The split aircraft geometry is then used 
to automatically generate a structured mesh by placing equal number of nodes on the opposite 
edges of all quadrilateral faces. The whole  splitting and meshing process is independent of the 
actual geometry of the aircraft, and can therefore be used to perform meshing irrespective of 
the aircraft configuration. An example of surface mesh automatically generated by the MMG 
is shown in Figure 4. 

In addition to the mesh model, a discretized wake model is necessary to perform aerodynamic 
analysis using 3DPMs. For example, after the movables are generated and deflected, a gap is 
created between the movable surface of the wing and the fixed part of the wing. Such a gap can 
become problematic when resolving the wake behind the wing. In order to solve this, the MMG 
automatically constructs transition surfaces, as shown in Figure 5. The MMG can automatically 
generate both flexible and rigid wake model, on the basis of the mesh model and of the ontology 
of the aircraft topology (fixed and movable trailing edges, wing-fuselage intersections, etc.). 

Figure 3: input, output and main capabilities of the MMG.
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Figure 4: Example of surface mesh of the PrP geometry, automatically generated by the MMG. 

Figure 5: Automatic generation of transition surfaces in movables gaps to support aerodynamic 
analysis using 3DPMs. 

2.2 Aerodynamic analysis 

2.2.1 VSAERO 3D panel method 
Once the mesh and wake information is generated, the MMG automatically compiles it in the 
format required by VSAERO, the selected 3DPM for the present work. An aerodynamic 
analysis simulation can then easily be run. 

3DPMs calculate the potential flow external to a body or internal to a duct when normal velocity 
on the surfaces bounding the flow is specified. The velocity potential can be used to evaluate 
the velocity of the flow at different locations and thereby the pressures, forces and moments 
acting on the body. In order to calculate the velocity potential, the body and its wake are 
discretized using a quadrilateral or triangular panels mesh. Series of singularities such as 
sources and doublets are associated with each mesh panel. The strength of each of the 
singularities is calculated by applying the Neumann condition to the Laplace equation [9]. 
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VSAERO determines the forces and moments acting on any given body. Furthermore, it 
corrects for boundary layer effects using integral boundary layer equations, and corrects for 
compressibility effects using the Karman-Tsien rule or the Prandtl-Glauert equation [9]. Results 
from a VSAERO simulation, using the input file provided by the MMG model of the PrP, are 
shown in Figure 6. 

Figure 6: Visualization of VSAERO simulation results for the PrP, using aircraft geometry and wake 
models generated by the MMG. Clean aircraft configuration, steady simulation with 
𝛼 = 3 deg, 𝛽 = 0 deg, 𝑀 = 0.3. 

2.2.2 ESDU semi-empirical method 
The VSAERO input generation and output parsing process is wrapped, through the MMG 
capabilities, in an outer loop. This serves the purpose of automating the launch of a large 
ordered set of aerodynamic analyses that can easily be parsed for the creation of an aerodynamic 
database for Flight Mechanics simulation. Although highly automated and efficient, this 
process can still take relevant amount of computational time, especially for aircraft 
configurations with a high number of movables. In the scope of a design or sizing loop, it needs 
to be aided by a faster methods, like an analytical or semi-empirical one. 

Based on lifting line calculations, the selected semi-empirical method is validated with 
experimental data for applications on straight and tapered wings with plain flaps of constant 
chord ratio [7]. The method provides a simple way to obtain the ratio between  

• the change in lift Δ𝐶𝐿,𝜂 due to the deflection of a CS spanning from 𝜂𝑖𝑛 to 𝜂𝑜𝑢𝑡, and
• the change in lift Δ𝐶𝐿,𝑓𝑢𝑙𝑙 due to the deflection of a CS spanning across the entire trailing

edge of the wing, i.e. from 𝜂𝑖𝑛 = 0 to 𝜂𝑜𝑢𝑡 = 1.

This is done through the chart reported in Figure 7 [7], where 

Δ𝐶𝐿,𝜂

Δ𝐶𝐿,𝑓𝑢𝑙𝑙
= Φ(𝜂𝑜𝑢𝑡) − Φ(𝜂𝑖𝑛) = ΔΦ(𝜂𝑖𝑛, 𝜂𝑜𝑢𝑡). (1)
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This relation can be used to express the CS-dependent part of an aerodynamic database as a 
function of the CSs position and span width. In the same way, it can be exploited to alter it. The 
way this method is implemented in the present approach is explained in more detail in 
Section 3.2. 

Figure 7: Lift variation ratio between partial and full span CSs [6]. 

2.3 Flight mechanics simulation 
Once generated and parsed, the aerodynamic database has to be imported in PHALANX, where 
it constitutes only one of the many parts of a Flight Mechanics Model (FMM). Developed in 
MATLAB /Simulink, PHALANX is a modular toolbox for non-linear, 6 Degrees Of Freedom 
(DOF) flight simulation and analysis. In addition to the aerodynamics module, an engine 
module, mass and inertia data, a Flight Control System (FCS) and pilot module are connected 
to perform Flight Mechanics simulations. The fidelity of each module depends on its underlying 
model and dataset, making the tool data-driven: look-up tables, non-linear analytical functions 
and an array of classic semi-empirical methods can be accommodated for both the 
aerodynamics and propulsion modules. Alternatively, aircraft data can be input through the 
CPACS standard representation [12]. Models from various aeronautical disciplines are 
synthesized to assemble the global aircraft FMM. The dynamics simulation is performed by 
making use of the Simscape Multibody Dynamics library. This allows to simulate systems 
dynamics without the need to explicitly write the analytical equations of motion. In this way, it 
is possible to model complex phenomena like relative motion of aircraft parts (e.g. centre of 
gravity due to fuel consumption) or wing flexibility, and measure local flight parameters at 
specific aircraft locations. The fidelity of the resulting Flight Mechanics analyses will depend 
on the fidelity of the input models.  
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The flexible structure and the capability to operate regardless of the aircraft configuration allow 
PHALANX to operate consistently at different stages of the design process and to make fair 
comparisons among application cases. The toolbox has been used in previous works for studies 
on novel aircraft configurations, like the Blended Wing Body [16] or the Delft University 
Unconventional Configuration (DUUC) [11], and on the preliminary study of HF s of full- and 
sub-scale PrPs [8] [10]. A block-scheme overview of PHALANX is shown in Figure 8. A more 
detailed insight in the aerodynamic and propulsive model adopted in the scope of this work is 
given in the following subsections. 

2.3.1 Aerodynamic model 
For the present study, the aerodynamic model is generated using the 3D panel method illustrated 
in Section 2.2.1. The complete aerodynamic database consists of three sub-datasets, expressing: 

• the aerodynamic actions as a function of angle of attack α, angle of sideslip β, and Mach
number 𝑀, for the clean aircraft configuration, with no CS deflected.

• the differential aerodynamic actions with respect to the clean aircraft configuration
obtained through the deflection of CSs.

• the dynamic derivatives of the aerodynamic actions with respect to the roll, pitch and
yaw angular rates 𝑝, 𝑞, 𝑟 as a function of α, β and 𝑀.

In short, each aerodynamic action 𝐹 is expressed in the form of look-up tables as 

𝐹(α, β, 𝑀, 𝑝, 𝑞, 𝑟, δ𝑖) =  𝐹(α, β, 𝑀, 𝑝 = 0, 𝑞 = 0, 𝑟 = 0, δ𝑖 = 0) + 

+  Δ𝐹(α, β, 𝑀, 𝑝 = 0, 𝑞 = 0, 𝑟 = 0, δ𝑖)  + (2) 

 + ∑
𝜕𝐹
𝜕𝜔 (α, β, 𝑀, δ𝑖 = 0) 𝜔.

𝜔 = 𝑝,𝑞,𝑟

 

This model assumes linear dependence of the aerodynamic actions on the angular rates, and 
neglects the effects of aerodynamic interaction among CSs. The ability to detach the CS-
dependent dataset from the clean configuration dataset is the key feature which has made it 
possible to implement the semi-empirical method introduced in Section 2.2.2 [17]. As 
explained in Section 2.1, movable surfaces are modelled in the MMG as plain flaps, and their 
deflection obtained by geometry deformation. This approach has to be augmented when the 
movable surfaces does not represent a CS, but rather a high-lift device, such as a flap. In this 
case, classic semi-empirical methods are implemented for the drag and lift increase for various 
types of slotted and fowler flaps [18]. 

2.3.2 Propulsive model 

The propulsive model is generated by an in-house, physics-based method for turbofan engine 
sizing, referred to as GTpy. This method takes the required thrust, design flight condition and 
engine design variables as input. It builds up on the gas turbine performance simulation method 
GSP [19] and  a design methodology based on thermodynamic cycle calculations [20]. Moving 
from the reference flight condition, regarded as the engine design point, GTpy generates engine 
thrust and fuel flow maps in off-design conditions, as a function of altitude, Mach number and 
corrected fan speed 𝑁𝑓.The dependency on the latter parameter is then mapped to a normalized 
excursion of the pilot throttle command. 
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Figure 8: PHALANX top-level conceptual scheme. 

3 METHOD AND APPLICATION 
In this section, a more detailed explanation of the CS sizing method is given. Section 3.1 focuses 
on how the CS arrangement is modelled and controlled throughout the sizing loop. Section 3.2 
presents how the semi-empirical method presented in Section 2.2.2 is exploited for the present 
application. Section 3.3 gives an overview of the HF s simulations used to test the 
controllability of the aircraft FMM. Lastly, the search strategy used to iterate through the sizing 
loop is illustrated in Section 3.4. A brief summary is given in Section 3.5, where the problem 
formulation is formalized using the classic optimization problems notation. 

3.1 Control surface arrangement 
For a given aircraft configuration, a first guess positioning and sizing of the CSs is chosen 
arbitrarily or on the basis of some other estimation method. Each CS, indicated with an index 
𝑖 = 1,2, … , 𝑛𝐶𝑆, is identified by its chord ratio (𝑐𝐶𝑆 𝑐)⁄ 𝑖, and its spanwise inner and outer 
stations 𝜂𝑖𝑛,𝑖 and 𝜂𝑜𝑢𝑡,𝑖. If the aircraft can be assumed symmetric, the CS arrangement can be 
expressed in terms of only the CSs lying on the starboard side of the aircraft. 

As it is formulated in the present study, the CS sizing problem consists in determining the 
optimal spanwise position of the inner and outer stations of each CS. The chord ratio is given 
as an input to the problem, as dictated, for example, by requirements on the internal structure 
of the wing, and assumed fixed throughout the sizing loop. For a correct definition of a CS 
arrangement, the parameters 𝜂𝑖𝑛,𝑖 and 𝜂𝑜𝑢𝑡,𝑖 must comply with various types of constraints: 

• Degeneracy constraints ensure that each CS has a non-negative span

|𝜂𝑖𝑛,𝑖| ≤ |𝜂𝑜𝑢𝑡,𝑖|  ∀𝑖 = 1,2, … , 𝑛𝐶𝑆 (3)

• Compenetration constraints ensure that multiple CSs on the same wing do not overlap

|𝜼𝒐𝒖𝒕,𝒊| ≤ |𝜼𝒊𝒏,𝒊+𝟏|  ∀𝒊 = 𝟏, 𝟐, … , 𝒏𝑪𝑺 − 𝟏 (𝟒) 

• Hard constraints, if any, limit the position of the CS by taking into account interferences
with other aircraft components (fuselage, vertical tail, etc.) or simply implement
additional design criteria:

    |𝜂𝑖𝑛,𝑖| ≥  |𝜂𝑖𝑛,𝑙𝑖𝑚,𝑖|
 |𝜂𝑜𝑢𝑡,𝑖| ≤ |𝜂𝑜𝑢𝑡,𝑙𝑖𝑚,𝑖|

 ∀𝑖 = 1,2, … , 𝑛𝐶𝑆. (5)
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For the present application, the sizing method has been applied to the CSs lying on the main 
wings of the selected PrP aircraft. Following the guidelines identified in previous works, an 
inner and outer CS has been placed on each semi-wing [6], for a total of eight control surfaces 
on the two wings. In pairs, these serve as elevators and ailerons, respectively. Control surfaces 
lying on the two vertical tails and on the two side wings are considered frozen as in the initial 
arrangement. They serve as rudders and side-force generators, respectively. 

Between the PrP front wing inner and outer CSs, an additional movable surface has been 
positioned with the intention of providing high-lift capabilities. This movable acts therefore as 
a flap and not a control device. The rear wing does not feature any high-lift device, due to the 
much higher pitch moment that their deflection would cause about the aircraft CG. As explained 
in Section 3.4, flaps are not an active part of the CS sizing process, since they do not affect 
aircraft controllability directly. Their spanwise position is calculated a posteriori at every sizing 
loop iteration, so to satisfy Equations 3 – 5 and hence comply with the updated CS arrangement. 

Once an initial arrangement is well defined, a full (non-linear, in general) aerodynamic database 
is generated as a starting point of the sizing process. The database ideally expresses 
aerodynamic forces and moments on the aircraft as a function of flight parameters and control 
parameters, like CSs deflections and/or thrust setting.  

3.2 Aerodynamic model scaling 
With every iteration of the CS sizing loop comes a new arrangement of the CSs. The new 
movables arrangement would require to recalculate the full aerodynamic dataset, or at least the 
part of it which depends on control surfaces, which is usually the largest one. Using a high- or 
mid-fidelity aerodynamic analysis method in the loop would result in a great amount of 
computational time per iteration. With the proposed hybrid approach, the number of 
aerodynamic analyses is reduced drastically, and thereby the required computational time. 

The approach builds up on the semi-empirical method illustrated in Section 2.2.2. At every 
sizing loop iteration 𝑘, the position (𝜂𝑖𝑛,𝑖, 𝜂𝑜𝑢𝑡,𝑖) of each CS 𝑖 is known. This allows to use 
Equation 1, to calculate the ratio between the variation in lift due to the deflection of a partial 
span CS and a full span CS: 

Δ𝐶𝐿,𝜂
𝑘

Δ𝐶𝐿,𝑓𝑢𝑙𝑙
= Φ(𝜂𝑜𝑢𝑡

𝑘 ) − Φ(𝜂𝑖𝑛
𝑘 ) = ΔΦ(𝜂𝑖𝑛

𝑘 , 𝜂𝑜𝑢𝑡
𝑘 ) = ΔΦ𝑘  ∀𝑘. (6)

The variation in lift due to the deflection of the full span CS, i.e. the denominator on the left-
hand side of Equation 6, does not depend on the position and span width of the same CS at each 
iteration 𝑘. By making use of this fact, it is possible to obtain a simple equation which relates 
the variation in lift due to the partial span CS at any two iterations 𝑗 and 𝑘: 

Δ𝐶𝐿,𝑓𝑢𝑙𝑙 =
Δ𝐶𝐿,𝜂

𝑗

ΔΦ𝑗 =
Δ𝐶𝐿,𝜂

𝑘

ΔΦ𝑘 ⟹     Δ𝐶𝐿,𝜂
𝑘 =

ΔΦ𝑘

ΔΦ𝑗 Δ𝐶𝐿,𝜂
𝑗   ∀𝑗, 𝑘. (7)

By choosing 𝑗 = 0, Δ𝐶𝐿,𝜂
0  can be assumed as the CS-dependent lift of the aerodynamic database 

generated with high-fidelity aerodynamic methods, as modelled in Equation  2, for the first 
guess CS arrangement.  
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The quantity 

ΔΦ𝑘

ΔΦ0 = 𝐾𝑘 (8)

is a scale factor which depends on the sizing loop iteration, and can be used to alter the original 
database as the position of each CS is updated. For the way it is defined, the initial value of the 
scale factor is 

𝐾0 = 1. (9)

At every sizing loop iteration, the original, high-fidelity CS-dependent lift is scaled as 

Δ𝐶𝐿,𝜂
𝑘 = 𝐾𝑘Δ𝐶𝐿,𝜂

0 ,         with 𝐾0 = 1. (10)

As prescribed by the semi-empirical method, the scaling factor is applied only to the lift force 
generated by each CS. This, of course, also affects the transport moment that the CS generated 
about the aircraft Centre of Gravity (CG). The remaining aerodynamic actions are left unaltered 
throughout the sizing loop. 

As the alteration of the original database is just a scaling, it is reasonable to assume that the 
main characteristics of the aircraft aerodynamics, like interactions and non-linear behaviours, 
are overall preserved. 

3.3 Handling and Flying Qualities analysis 
The aircraft FMM is created by linking the aerodynamic model to propulsion, inertial and 
control models.  No Automatic Flight Control System (AFCS) is implemented for this study. 
The objective is in fact to study the inherent controllability of the aircraft, with no form of 
augmentation. A mechanical gearing system is modelled to link the pilot stick commands to the 
control effectors and to gang the CSs together as described in the following:  

• Inner wing CSs react to a longitudinal pilot stick command. The two on the front wing
are constrained to have the same deflection angle and therefore act as a single elevator.
The same holds for the two on the rear wing. Moreover, the pair on the front wing is
constrained to have an opposite deflection angle with respect to the pair on the rear
wing. This is close to the traditional way of controlling aircraft longitudinal motion, i.e.
by introducing a pitch moment about the CG.

• Outer wing CSs react to a lateral pilot stick command. The two on the front wing are
constrained to have opposite deflection angles and therefore act as a pair of ailerons.
The same holds for the two on the rear wing. The pair on the starboard side, as well as
the pair on the port side, are constrained to have the same deflection angle.

• Rudders and side-force generators react to a pilot pedal command. They are all
constrained to have the same deflection angle, in both magnitude and sign.

This classic mechanical gearing architecture has been chosen for it allowed a clear formulation 
of the search strategy, as shown in Section 3.4. Once the FMM is assembled, a set of HF s 
tests is performed in order to assess the aircraft controllability in various regions of the flight 
envelope. For the present study, the selected tests include: 

1. Trim in straight and level flight: the aircraft is required to fly in steady horizontal flight
at a given altitude and Mach number.
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2. Steady turn: the aircraft is required to sustain a steady, corrected, turn at a given altitude
and Mach number. The prescribed turn rate is 3 deg/s, and corresponds to the most
common manoeuvre for alignment with the airfield, during approach and landing
operations.

3. Pull/push normal load factor: the aircraft is required to achieve minimum prescribed
values of the normal load factor 𝑛𝑧 as a consequence of a full-stick pull and a full-stick
push pilot command [21].

4. Time to bank: the aircraft is required to achieve a 30 deg bank angle roll attitude within
a prescribed amount of time.

5. Trim with One Engine Out (OEO): the aircraft is required to fly in steady horizontal
flight at a given altitude and Mach number, with the most critical engine being not
operative.

Various combinations of these tests are run for a cruise flight condition (ℎ = 11 km, 𝑀 = 0.79) 
and an approach flight condition (ℎ = 0 km, 𝑀 ≈ 0.26), in still air and side-wind conditions. 
The prescribed approach speed is extracted from aircraft operations regulations for Category D 
aircraft (large jets) [22]. The prescribed side-wind magnitude, 𝑉𝑤 = 25 kts ≈ 12.8 m/s, is 
extracted from current regulations for commercial transport aircraft [23]. For both cruise and 
approach flight conditions, the aircraft weight is 115 tons, i.e. the sum of its Zero Fuel Weight 
(ZFW) and 75% of its Fuel Weight (FW) capacity. The position of the CG is set to obtain a 
10% static margin. The HF s test matrix is summarized in Table 1. 

Table 1: Handling and Flying ualities test matrix used in the control surface sizing loop. For the 
reference PrP, all tests are performed with aircraft weight 𝑊 = 115 tons and static 
margin 𝑆𝑀 = 10%. 

Cruise 
ℎ = 11 km, 𝑀 = 0.79 

Approach 
ℎ = 0 km, 𝑀 = 0.26 

No side wind 
 (𝛽 = 0)

Straight and level 
Push/pull 

Time to bank 

Straight and level 
Steady turn 
Push/pull 

Time to bank 
OEO 

Side-wind 
(𝛽 ≠ 0) 

Straight and level 
Push/pull 

Straight and level 
Push/pull 

OEO 

Tests 1, 2, 3 and 5, in the above list, are evaluated as either successful or not successful. Test 4 
is evaluated on an integer scale from Level 1 to Level 4, according to currently available HF s 
criteria [21]. The sufficient level for the test being successful is assumed as Level 2. As shown 
in Section 3.5, the HF s tests represent constraints in the CSs sizing loop: the highly discrete 
nature of their output makes it impossible to use gradient-based optimizers for this process. The 
CSs position and size have to be updated, on the basis of the HF s tests results, according to a 
chosen search strategy. 

3.4 Search strategy 
At each iteration of the CS sizing loop, the tests are run sequentially. If a test is not successful, 
meaning that the aircraft model is not able to have sufficient HF s criteria performing the 
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specific manoeuvre in the reference flight conditions, the iteration is stopped immediately. If 
all tests are successful, meaning that the aircraft is capable of achieving sufficient HF s for all 
prescribed manoeuvres in the reference flight conditions, the CS sizing iteration is completed. 
In either case, at the end of the iteration, a decision is taken about how to update the CS 
arrangement. The decision table adopted for the search strategy is reported in Table 2. 

Each of the HF s tests reported in Table 1 is classified as either longitudinal, lateral, or coupled
dynamics. HF s tests that are classified as longitudinal affect only the CSs in the inner part of 
the wings. HF s tests that are classified as lateral affect only the CSs in the outer part of the 
wings. Lastly, HF s tests that are classified as coupled affect the CSs in both the inner and 
outer part of the wings.  

At every iteration, if a set of CSs must undergo an increase in span width according to the search 
logic, only the smallest CS of set is enlarged. Analogously, if a set of CSs must undergo a 
decrease in span width, only the widest CS of the set is reduced. This logic prevents large 
unbalance in the spanwise dimension of CSs. After CSs span wise positions are updated, the 
remaining movable surfaces classified as flaps are updated accordingly, to comply with 
constraints reported in Equations 3 – 5. 

The fixed iteration step is chosen in this work as Δηstep = 0.01. The total CS span width, i.e. 
the sum of each CS span width, is monitored though the loop: 

Δ𝜂𝑡𝑜𝑡  =  ∑|𝜂𝑜𝑢𝑡,𝑖 − 𝜂𝑖𝑛,𝑖|
𝑛𝐶𝑆

𝑖=1

. (11)

The sizing loop is terminated when Δ𝜂𝑡𝑜𝑡 for the latest successful iteration is larger than Δ𝜂𝑡𝑜𝑡 
achieved in a previous successful iteration. At the end of the sizing process, the successful CS 
arrangements can be compared and an optimum one can be extracted, on the basis of a chosen 
design criterion. In the present work, in case of multiple successful CS arrangements with 
equal Δ𝜂𝑡𝑜𝑡, the one with minimum span width of the inner CSs is chosen. 

Table 2: Decision table for the adopted search strategy. 

Previous sizing decision HFQs test outcome Current sizing decision 

+Δηstep ✔ do not alter 
+Δηstep ✘ +Δηstep 

do not alter ✔ −Δηstep 
do not alter ✘ +Δηstep 

−Δηstep ✔ do not alter 
−Δηstep ✘ +Δηstep 
−Δηstep all ✔ −Δηstep

3.5 Summary 
The CSs sizing problem, as introduced in the previous sections, can be formulated as the 
following optimization problem: 
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min Δ𝜂𝑡𝑜𝑡  =  ∑ |𝜂𝑜𝑢𝑡,𝑖 − 𝜂𝑖𝑛,𝑖|
𝑛𝐶𝑆
𝑖=1

s.t. |𝜂𝑖𝑛,𝑖| ≤ |𝜂𝑜𝑢𝑡,𝑖| ∀𝑖 = 1,2, … , 𝑛𝐶𝑆

|𝜂𝑜𝑢𝑡,𝑖| ≤ |𝜂𝑖𝑛,𝑖+1| ∀𝑖 = 1,2, … , 𝑛𝐶𝑆 − 1
   |𝜂𝑖𝑛,𝑖| ≥ |𝜂𝑖𝑛,𝑙𝑖𝑚,𝑖| ∀𝑖 = 1,2, … , 𝑛𝐶𝑆

 |𝜂𝑜𝑢𝑡,𝑖| ≤ |𝜂𝑜𝑢𝑡,𝑙𝑖𝑚,𝑖| ∀𝑖 = 1,2, … , 𝑛𝐶𝑆
𝐻𝑗(𝜂𝑖, 𝑖 = 1,2, … , 𝑛𝐶𝑆) = 1 ∀ 𝑗 

        

Where 𝐻𝑗 is a function returning the boolean outcome of the 𝑗-th HF s test. The solving 
algorithm is represented by the search strategy outlined in Section 3.4. Once this problem is 
solved, in case of multiple equivalent optimal solutions, a secondary optimization problem can 
be formulated to select a preferred CS arrangement. The whole CS sizing loop, from the 
generation of the aircraft geometry model for aerodynamic analysis, to the implementation of 
the search logic making use of the HF s tests results, is illustrated schematically in Figure 9. 

Figure 9: Overview scheme of the control surface sizing loop. 

4 RESULTS 
The first-guess CSs arrangement for the reference application case has been assigned arbitrarily 
by taking a very conservative choice, i.e. large CSs. Beyond enforcing the consistency and 
compenetration constraints reported in Equations 3 and 4, some hard constraints have been 
implemented as well. Namely, the inner edge of each inner CS has been constrained to its initial 
position, leaving the outer edge as the only variable to be optimized. Analogously, the outer 
edge of each outer CS has been fixed. Lastly, the outer edge of the inner rear CS has been 
constrained so to prevent intersections with the vertical tail.  
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The results of the sizing loop are shown in Figure 10, with the optimum CS arrangement 
appearing at iteration 21. In the figure, it can be seen that the total CSs span width is 
monotonically decreasing for 18 iterations, before the first HF s test fails due to the lack of 
control power. Both the initial and optimum spanwise CSs positions are reported in Table 3, 
together with positional constraints, and shown in Figure 11, for quantitative and qualitative 
comparison. At the end of the sizing loop, a 61% reduction in total CS span width has been 
achieved.  

A comparison between available control effectiveness in the initial and optimum CS 
arrangement is shown in Figure 12. Curves extracted from three datasets are here reported: 
those obtained by means of VSAERO analyses for the first-guess CS arrangement; those 
obtained by scaling the latter down to the optimum arrangement by means of the presented 
semi-empirical method; and lastly those from the VSAERO database obtained for the optimum 
CS arrangement. If compared to the higher fidelity VSAERO aerodynamic analysis methods, 
scaling the original aerodynamic database using the procedure outlined in Section 3.2 results in 
slightly overestimating the change in control effectiveness due to the resizing of the CS. The 
average relative error, between the scaled and re-computed databases, in the estimation of lift 
control effectiveness 𝜕Δ𝐶𝐿/𝜕𝛿 for the optimum CS arrangement is 34%. On the other hand, the 
computation time gain is unquantifiable: a VSAERO database with more than 1800 cases 
requires from one to three days CPU time (depending on available resources), while the 
application of the semi-empirical method is instantaneous and effortless.  

It is remarked that, due to the iterative nature of the solver, this approach is only able to find 
local optima, and the optimum CSs arrangement is dependent on the initial choice for the CS 
arrangement. Initializing the CS sizing loop at multiple stages with high-fidelity aerodynamic 
databases is expected to reduce the accuracy error, while increasing the computation time. It is 
also noted that mesh settings, like span wise grid resolution, may need to be updated at every 
initialization according to the updated CSs parameters. This operation might require manual 
intervention, especially in the case of small CSs.  

5 CONCLUSIONS 
A new approach for aircraft control surface sizing has been shown in this paper. It has been 
formulated to be applicable to any given aircraft configuration, with any given number of 
control surfaces. The method employs high-fidelity analysis to generate the aircraft 
aerodynamic model, and a selected semi-empirical method to alter it throughout the sizing loop. 
The approach has been applied to a PrandtlPlane aircraft configuration, achieving acceptable 
results with contained computational effort. The accuracy of the method has been quantified 
and recommendations have been made to improve it. Future work will focus on formalizing a 
more general, multi-fidelity, optimization based approach, by replacing the mechanical gearing 
of control surfaces with a control allocation algorithm. This will require the definition of a new 
search strategy. 
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Figure 10: control surface sizing loop results for the reference PrP. 
All HF s tests successful At least one HF s test unsuccessful. 

Table 3: Summary of initial and optimum control surface arrangements, with positional constraints. 
Positions are given as 𝜂𝑖𝑛, 𝜂𝑜𝑢𝑡 pairs, span width as 𝛥𝜂. 

Control 
Surface 

Initial 
position 

Initial 
span width 

Hard 
constraints 

Optimum 
position 

Optimum 
span width 

Inner Front 0.20, 0.50 0.30 0.20, 1.00 0.20, 0.32 0.12 

Outer Front 0.80, 0.95 0.15 0.00, 0.95 0.89, 0.95 0.06 

Inner Rear 0.01, 0.20 0.19 0.01, 0.20 0.01, 0.11 0.10 

Outer Rear 0.70, 0.95 0.25 0.00, 0.95 0.88, 0.95 0.07 

Figure 11: Initial and optimum control surface arrangement superimposed on the reference PrP top view. 
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Figure 12: Comparison of control surfaces lift curves with respect to deflection angle (above), and 
mean lift control effectiveness (below). Results from the VSAERO analysis on the first 
guess arrangement and on the optimum arrangement, and the ESDU scaled dataset for the 
optimum arrangement are shown for the 𝛼 = 0 deg, 𝛽 = 0 deg, 𝑀 = 0.3 dataset 
breakpoints. 
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