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Abstract

The CubeSat project is an innovative approach to design, manufacture and launch

satellites into space, allowing small companies and universities to reach the Low

Earth Orbit at a fraction of the cost and complexity of a normal satellite. One of

the critical components of a CubeSat is the antenna, fundamental for bidirectional

communication with the ground stations. This kind of space structure needs to be

folded and deployed once it reaches the orbit, possibly without active actuation that

would increase the total weight of the satellite. Moreover, space is a very complicated

environment that pushes requirements on materials' performances to its outermost

limits: high/low temperature cycles, high vacuum, solar radiation, debris and atomic

oxygen are only a few of the challenges that need to be overcome in order for a space

structure to survive for the expected service life of �ve years. In this thesis, the

mechanical design of an antenna for this application is studied, focusing on passive

deployment mechanisms obtained through 3- and 4-D printing. After trying multiple

designs, the �nal choice is a quadri�lar helical antenna, manufactured with 4D

printing and folded through a programming phase allowing for temperature change.

In this way, once in orbit and upon heat application, the deployment can happen.

Testing was performed to assess the mechanical properties of the design, and the

main limitation to the feasibility of such a project is connected to manufacturing

and materials palette. This �rst proof of concept explores the in�nite possibilities of

4D Printing, which will lead to innovative approaches for design and manufacturing

in the close future.
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Sommario

Il progetto CubeSat ha permesso un approccio innovativo alla progettazione, pro-

duzione e lancio in orbita di satelliti prodotti da piccole imprese o universit�a ad un

prezzo molto ridotto rispetto a quelli di un satellite tradizionale. Uno dei componenti

pi�u importanti di un satellite �e l'antenna, fondamentale nelle comunicazioni da/con

la base a terra. Questo tipo di strutture spaziali deve poter essere riposto all'interno

del satellite e aperto una volta raggiunta l'orbita, preferendo un'attuazione passiva

per evitare di aggiungere ulteriore peso ed ingombro. Inoltre, l'ambiente spaziale �e

uno di quelli pi�u di�cili in cui un materiale possa trovarsi a causa di temperature

estreme, detriti spaziali, alto vuoto, radiazione solare e altri fattori, che possono

portare la vita di servizio a meno di cinque anni (durata media del programma). In

questa tesi viene studiato la progettazione meccanica di un'antenna, concentrandosi

su meccanismi di attivazione passivi ottenuti tramite stampa 3D e 4D. Dopo aver

studiato numerosi design, la scelta �nale ricade su di un'antenna ad elica quadri�lare,

prodotta tramite stampa 4D e ripiegata attraverso un processo di programmazione

grazie ad una variazione di temperatura. In questo modo, una volta che il satellite

raggiunge l'orbita l'antenna pu�o essere aperta grazie ad un aumento di temperatura.

Per valutare le propriet�a del progetto �nale sono stati svolti dei test meccanici, anche

se la limitazione di questo progetto �e risultata essere principalmente legata al pro-

cesso di produzione e alla scelta di materiali disponibili. Questo studio preliminare

apre ad innumerevoli possibilit�a legate alla stampa 4D che pu�o portare ad approcci

innovativi per il design e la produzione nel prossimo futuro.
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Active 3D-Printed Mechanisms for Antennas in CubeSats

Estratto in lingua italiana

Introduzione Il progresso nei processi di produzione e nello studio dei materiali

ha portato ad una miniaturizzazione generale di apparecchiature e strumentazioni.

Questo vale a maggior ragione per applicazioni ad alta tecnologia ed alto costo quali

quelle connesse all'esplorazione spaziale, come ad esempio i satelliti (Tabella 1).

A partire dal 1999, il progetto CubeSat si occupa della standardizzazione di pico-

satelliti (volume 10 x 10 x 10 cm3) [1]; questa innovazione ha dato la possibilit�a a

piccole aziende e universit�a di portare in orbita piccoli carichi a prezzi contenuti, in

un'ottica di avvicinamento di una pi�u ampia platea all'utilizzo dello Spazio.

Tabella 1: Tipologie di satelliti [2]

Tipologia
Massa

[kg]

Costo

[US$]

Tempo di sviluppo

[anni]

Satelliti convenzionali > 1000 0.1 - 2 miliardi > 5

Satelliti medi 500-1000 50 - 100 milioni 4

Mini-satelliti 100-500 10 - 50 milioni 3

Micro-satelliti 10-100 2 - 10 milioni 1

Nano-satelliti 1-10 0.2 - 2 milioni 1

Pico-satelliti (CubeSats) < 1 20 000 - 200 000 < 1

Femto-satelliti < 0.1 100 - 20 000 < 1

xv



Active 3D-Printed Mechanisms for Antennas in CubeSats

Una delle componenti principali di un satellite �e l'antenna, che permette le co-

municazioni con il suolo: negli ultimi venti anni, una variet�a di tipologie di antenne

sono state usate nei CubeSat, permettendo di avere emissioni a diverse frequenze.

Lo scopo di questa tesi �e lo sviluppo di un'antenna con frequenza di emissione nel

range delle UHF, tra 0.3 and 3 GHz, per favorire le telecomunicazioni in paesi in via

di sviluppo. Le antenne pi�u promettenti per questo tipo di applicazione sono quelle

elicoidali e le cosiddette \a tromba".

Uno studio sulle propriet�a dei materiali, basato sull'utilizzo di CES Edupack, �e

stato eseguito e introdotto nel Capitolo 3. Date le piccole dimensioni del CubeSat �e

infatti essenziale che la struttura dell'antenna possa essere ripiegata all'interno del

corpo del satellite, in attesa di essere aperta una volta raggiunta la bassa orbita

terrestre. Per questo motivo, i materiali a memoria di forma sembrano avere del

potenziale in questo campo di applicazione. Per quanto riguarda la produzione,

la metodologia da utilizzare �e sicuramente la stampa 3D: in particolare, a partire

dal 2014 Tibbits [3] ha de�nito la stampa 4D come un processo di stampa 3D che

cambia nel tempo grazie all'applicazione di uno stimolo, generalmente una variazione

di temperatura.

Nel Capitolo 4 l'antenna pi�u adeguata al progetto viene selezionata, considerando

sia i problemi di stoccaggio in fase di lancio che l'adeguato range di emissione. Il

design e la produzione di diversi prototipi vengono studiati nel Capitolo 5, cercando

di sfruttare al meglio i vantaggi della manifattura additiva e dei polimeri a memoria

di forma; in particolare, nel prototipo a doppia elica �e stata utilizzata una stampante

3D multimateriale che permette alla struttura di avere parti 
essibili costruite in par-

allelo a parti strutturali, massimizzando la resistenza alle interfaccia e permettendo

un ripiegamento ottimale.

In�ne, nel Capitolo 6 le due strutture pi�u promettenti vengono analizzate e com-

parate. In primo luogo, uno studio sul dispiegamento �e portato a termine sul pro-

totipo interamente stampato in 4D, e in secondo luogo un'analisi sulle vibrazioni.
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Per quanto riguarda le vibrazioni vengono comparati i risultati di un test sperimen-

tale e quelli del corrispondente modello agli elementi �niti.

Analisi dei materiali Nel Capitolo 3, viene analizzato l'ambiente spaziale in cui

sar�a lanciato il satellite e di conseguenza tutti i rischi che vanno ad accorciare la vita

di servizio dell'antenna stessa. Ancora oggi, il metodo pi�u attendibile per lo studio

del comportamento dei materiali �e che vengano esposti direttamente all'atmosfera

spaziale con esperimenti sulla stazione spaziale internazionale [4]; questo ambiente

infatti �e cos�� aggressivo che risulta complicato ideare delle apparecchiature in grado

di combinare tutti gli e�etti degradanti simultaneamente.

Il primo problema riscontrato nell'orbita terrestre bassa �e legato ai cicli termici,

con una temperatura che varia da� 125 a 125� C e sono particolarmente dannosi

per i polimeri poich�e l'antenna ha bisogno di stabilit�a e le propriet�a del materiale

selezionato devono essere costanti in tutto l'intervallo delle temperature. I cicli ter-

mici e il vuoto sono i due e�etti pi�u studiati in modo combinato, come dimostra il

lavoro di Torralba and Aranda [5] in cui una camera termica sottovuoto viene utiliz-

zata. Il problema principale del vuoto �e determinato dall'outgassing del materiale,

ovvero dal rilascio di sostanze volatili quando sottoposto a basse pressioni/vuoto.

Per mitigare l'infragilimento del materiale �e possibile ricorrere a cicli di outgassing a

livelli di pressione inferiori a quelli che si andranno ad incontrare nella bassa orbita

terrestre (alto vuoto, �no a 10� 3 Pa).

Un altro problema rilevante �e causato dalla radiazione ultravioletta emessa dal

Sole, che danneggia in modo grave i materiali (in particolare, �e responsabile della

rottura dei legami organici come C-C e C-O [6]).

Nella Tabella 2, �e possibile vedere un riassunto dei problemi analizzati (da ++

migliore a +/- peggiore).
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Tabella 2: Problemi dei materiali nell'orbita terrestre bassa

Outgassing UV Cicli termici Comportamento

Metalli ++ ++ ++ Stabile

Termoindurenti + + + Stabile

Termoplastici +/- +/- +/- Variabile

Alcuni di questi e�etti sono stati inoltre analizzati con l'aiuto del software commer-

ciale CES EduPack, in cui sono disponibili dati su oltre 3900 materiali; ovviamente,

questo �e uno studio preliminare e non pu�o sostituire i test ideati caso per caso.

Questo software �e in grado di paragonare le propriet�a dei materiali di una determi-

nata classe, e permette di selezionare limiti massimi o minimi sulla base dei requisiti

di progetto. In questa tesi sono stati presi in considerazione metalli e polimeri:

un limite minimo di 1 GPa �e stato assegnato al modulo di Young, per permettere

alla struttura dell'antenna di essere abbastanza rigida per questa applicazione. Per

quanto riguarda i polimeri, sono state considerate la temperatura di transizione

vetrosa, la resistenza alla radiazione UV e la massima temperatura di esercizio in

funzione del modulo di Young (critico per i polimeri, essendo meno rigidi dei met-

alli). Per i metalli sono stati selezionati il modulo di Young, la massima temperatura

di esercizio e la resistenza agli UV in funzione della densit�a (la grandezza critica per

i metalli, visto il limite di peso del CubeSat).

I gra�ci sono disponibili nelle Sezione 3.2; in Figura 1 e' possibile vedere il gra�co

dei polimeri per quanto riguarda la temperatura di transizione vetrosa rispetto al

modulo di Young. Un minimo di 150� C �e stato selezionato come limite minimo, per

assicurare una continuit�a nelle propriet�a della struttura in orbita. Le zone colorate

rappresentano i polimeri che sono risultati idonei alla selezione.
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Figura 1: Polimeri - Tglass vs. modulo di Young

Per una panoramica dei materiali analizzati si rimanda alla Tabella 3.2, dove sono

raccolti i dati delle grandezze descritte in questo capitolo.

In Figura 2, �e possibile vedere uno schema che racchiude tutte le propriet�a che

dovrebbe avere il materiale per essere considerato il perfetto candidato per questa

applicazione.

Figura 2: Requisiti per la progettazione dell'antenna
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A questo punto i metalli vengono messi da parte, perch�e per quanto riguarda il 4D

printing il processo non �e ancora stato perfezionato. Ci sono infatti degli studi sulla

stampa SLM di leghe di Nickel e Titanio (Nitinol, lega a memoria di forma), ma

le parti �nali risultano troppo porose e quindi la programmazione non �e ottimale

([7, 8]). Inoltre, lo scopo di questa tesi �e quello di produrre un prototipo, e le

stampanti per la produzione di plastiche sono pi�u di�use e il processo meno costoso.

Per questo motivo la scelta pi�u intelligente per l'antenna che verr�a prodotta in

futuro ricade su polimeri testati e approvati da NASA o ESA come il Windform

XT 2.0 [9]. Purtroppo, la disponibilit�a di materiali per la stampa 4D ad oggi �e

ancora molto limitata, ma trattasi di un campo molto innovativo e pertanto al

centro dell'attenzione per quanto riguarda la comunit�a scienti�ca.

Selezione dell'antenna Vengono ora introdotte le caratteristiche fondamentali

che un'antenna deve avere per emettere un'onda elettromagnetica dallo spazio, e in

modo tale da e�ettuare una scelta ponderata sulla tipologia di antenna da progettare

e produrre.

Le grandezze fondamentali per un'antenna montata su un satellite sono il guadagno,

la polarizzazione e la direzionalit�a; per una spiegazione accurata si faccia riferimento

alla sezione 4.1. Tenendo conto di queste grandezze elettromagnetiche e degli altri

requisiti di peso e volume dettati dal concetto del CubeSat, i requisiti per l'antenna

per questo progetto sono riportati in Tabella 3.
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Tabella 3: Requisiti di progetto per l'antenna

Requisiti

Compartimento di stoccaggio 95 x 95 x 95 mm3

Massa < 400 g

Frequenza di emissione 300 MHz - 3000 MHz

Minimo guadagno > 10 dBi

Polarizzazione Circolare

Rigidezza della struttura aperta > 1 Hz

Temperatura di utilizzo � 120� C +120 � C

Volume della camera di stampa 490 x 390 x 200 mm3

La rigidezza �e qui riportata in hertz perch�e si riferisce alla minima frequenza del

pi�u basso modo di vibrazione della struttura sviluppata, ovviamente nella con�gu-

razione aperta.

A questo punto �e opportuno portare a termine uno studio che considera i parametri

de�niti e le tipologie di possibili antenne; per fare ci�o, tutti i requisiti sono analizzati

uno ad uno e le antenne che non soddisfano uno o pi�u di essi vengono eliminate,

come �e possibile leggere nella sezione 4.3.1. Alla �ne, sono rimaste solo le antenne

elicoidale e a tromba, ma poich�e l'antenna elicoidale �e meno ingombrante e o�re

la possibilit�a di avere guadagni adeguati grazie alla sua conformazione quadri�lare,

questa ultima verr�a analizzata nel capitolo della progettazione.

Progettazione e produzione del prototipo In questo capitolo, due tipologie di

design che permettono il ripiegamento e l'apertura di un'antenna ad elica quadri�lare

sono analizzate. Prima di questo studio, �e stato creato uno script su MatLab per

trovare numericamente alcuni parametri dimensionali come il raggio e l'altezza, in
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funzione della frequenza di utilizzo.

Il primo design utilizza una struttura modulare a cubi, che serve da rinforzo per

garantire al conduttore metallico la giusta rigidezza, fondamentale per una trasmis-

sione del segnale continua e senza interferenze; �e possibile vedere l'idea di proget-

tazione in Figura 3.

Figura 3: Rendering della struttura preliminare a cubi

Dopo alcuni tentativi di design, questo prototipo �e stato prodotto stampando in

3D delle basi a sezione quadrata (parti bianche in Figura 4, stampate in ABS), e

utilizzando un metro da cantiere tagliato per creare gli spigoli del cubo (parti gialle

in Figura 4). Questo tipo di geometria ha infatti propriet�a meccaniche molto in-

teressanti, e una volta ripiegato riesce a tornare alla forma originale senza generare

deformazioni permanenti (ha solo componente di deformazione elastica). Sfortu-

natamente, per questo tipo di struttura la stampa 4D �e ancora impossibile, e si

pertanto �e ricorso all'assemblaggio.
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Figura 4: Rendering of prototype C3

L'idea per la seconda famiglia di design deriva dalla considerazione che la struttura

ad elica quadri�lare sia gi�a abbastanza rigida da sostenere il proprio peso. Questa

struttura �e stata progettata per essere stampata in 4D, ovvero utilizzando una stam-

pante 3D e procedendo con il processo di programmazione. In questo caso �e stato

utilizzata una stampante 3D multimateriale (Stratasys Connex3), che ha permesso

di ottenere una struttura con la propriet�a di poter diminuire l'angolo alla base al

minimo durante il ripiegamento grazie all'utilizzo di un materiale elastomerico nei

pressi della giunzione tra i bracci elicoidali e la base, come �e possibile vedere in

Figura 5.
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Figura 5: Rendering del prototipo H3

Nella rappresentazione �e mostrato il prototipo �nale, composto da una struttura

elicoidale sviluppata in senso orario e di una in senso antiorario, per dare rigidezza

e garantire un buon comportamento.

Test e risultati I due prototipi appena descritti sono quelli analizzati nel Capitolo

6. Per prima cosa, il prototipo a doppia elica �e stato programmato usando una suc-

cessione di procedure di riscaldamento e ra�reddamento, che ha permesso di ottenere

un rapporto di recupero della forma (da stivata ad estesa) di circa il 90%. Successi-

vamente, un modello agli elementi �niti �e stato sviluppato per simulare le frequenze

naturali di vibrazione, che sono state poi confermate sperimentalmente mediante

valutazioni video ad alta velocit�a. Ci�o ha permesso di confermare la correttezza del

design per quanto riguarda i requisiti imposti dalla NASA sulla rigidezza, e con-

siderando gli altri numerosi vantaggi dati dalla stampa 4D si pu�o dire che questa

tesi introduca dei metodi innovativi nello sviluppo di soluzioni a basso costo e peso

per la realizzazione di strutture spaziali a memoria di forma.
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Chapter 1

Introduction

Telecommunications in third-world countries are nowadays still a big challenge: huge

distances, lack of political stability and low budget available are only some of the

problems connected to the implementation of an e�cient network infrastructure,

which would require high initial investments and maintenance costs. An answer

to this problem has been possibly found in the development of a low-cost satellite,

entirely designed at the Engineering Design and Computing laboratory (EDAC) of

the Swiss Federal Institute of Technology in Zurich and the Swiss company Orbitare.

Satellites developed following the CubeSat guidelines are small, characterized by

simple design and lower launching costs compared to conventional ones, but also

o�ering a limited payload. For this reason, most of the mechanisms that are needed

for operations need to be folded during launch and unfolded only when the satellite

reaches its orbit.

The development of the CubeSat is thus divided into three subprojects:

{ Deployment of solar array for power;

{ Mechanical opening of the lid;

{ Deployment of the antenna for telecommunications.

The �rst two subprojects were developed in other master thesis, and scope of this

work is to target the last one. In particular, by harnessing the peculiarities of 3D
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printing applied to self-actuating structures, the concept of 4D printing is explored

for space applications.

After a brief introduction on the state of the art of commercial and scienti�c lit-

erature about space antennas and satellites, the materials' requirements for such an

application are studied in Chapter 3. Afterwards, di�erent types of antenna are pre-

sented and the parameters for the project are de�ned in Chapter 4. The �nal choice

on the design can thus be made, and the �rst prototypes build using a 3D printer

in Chapter 5. In particular, a study on the design of the prototypes is performed: a

MatLab script is used to establish the best dimensions' combination as a function of

the antenna frequency. Finally, in Chapter 6 \programming" and mechanical testing

of the produced antenna structures are performed: in fact, sti�ness requirement are

particularly critical for reaching the expected service life of the antenna, and thus

a vibration analysis, both simulated and experimental, is essential for the design

phase.

2



Chapter 2

Theoretical background

In this chapter, an overview of the available literature is explored; at the beginning

the focus will be on the satellites, in particular on CubeSats. Afterwards, the most

common antennas used for this satellite are considered to better understand the

state of the art of the topic. At the end, manufacturing techniques and materials

related to 3D and 4D Printing will be analyzed.

At the beginning of space exploration, satellites were small. During years, since

the functions became more complex, they increased in weight and size. Small satel-

lites are a new generation of satellites which are smaller, cheaper and very reliable.

These could develop thanks to technological advancements such as miniaturization,

integrated circuits, solid state memories and advanced manufacturing processes [2].

The small satellites era began in 1981 with the launch of UoSAT-1, built by

university students and radio amateurs; it was the �rst satellite to have an on-

board computer and it weighted around 50 kg. The remarkable feature about these

satellites is that anyone with a basic engineering knowledge can build one using

o�-the-shelf devices rather than space-quali�ed components [10].

In Table 2.1, several types of satellites are presented. In recent years there has been

a general migration towards small devices, which remarks the technology general

improvement. A smaller device means also lower costs and faster manufacturing

time [10, 11].
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Table 2.1: Types of satellites [2]

Type
Mass

[kg]

Cost

[US$]

Development time

[years]

Conventional Large satellite > 1000 0.1 - 2 billion > 5

Medium satellite 500-1000 50 - 100 million 4

Minisatellite 100-500 10 - 50 million 3

Microsatellite 10-100 2 - 10 million 1

Nanosatellite 1-10 0.2 - 2 million 1

Picosatellite (CubeSat) < 1 20 000 - 200 000 < 1

Femtosatellite < 0.1 100 - 20 000 < 1

The possibility to build satellites was warmly welcomed by unconventional institu-

tions, and one of the �rst CubeSat was developed by the California Polytechnic State

University and Stanford University in 1999. Then, the CubeSat program developed

a picosatellite standard still used nowadays, starting from the satellites developed

for Stanford's Opal mission; this project involved a multidisciplinary team of engi-

neering undergraduate students. In particular, CubeSats can serve as facilities for

in-space experimentation, as well as a means of space-qualifying future small-satellite

hardware [11].

To sum up, a CubeSat is a simpli�ed satellite in which one unit has a 10 x 10 x

10 cm3 volume. The main drawback is that these apparatuses are power limited,

because the energy available only comes from arrays of solar cells which in general

have a low e�ciency. Therefore, they can only be sent into Low Earth Orbit (LEO

- 200 to 1000 km from the Earth surface).

4



Active 3D-Printed Mechanisms for Antennas in CubeSats

2.1 Antennas in CubeSats

The combination of small volumes and simple antenna designs makes di�cult to

optimize the signal, especially when trying to reduce the project's price at minimum.

In the next section, some of the most common antennas adapted for CubeSats are

presented to give an idea of the available options.

2.1.1 Monopole and dipole antenna

Monopole and dipole antennas are widely spread for wireless communication thanks

to their simple geometry. They are wire radiators which consist of a linear wire fed

at one extremity or at the centre (monopole or dipole), as in Figure 2.1 [12].

Figure 2.1: Dipole antenna [12]

These antennas have been widely used in space exploration for low-gain Teleme-

try, Tracking and Command (TT&C); they have been the only antennas in the

�rst generation of low Earth orbit satellites due to their omni-directional radiation

pattern, which made control from the ground easier [2].

Both OPAL satellite and PolySat missions used dipole antennas in the late 90's.

The engineers decided to use it because the antenna could be built with spring tape

available at any hardware shop. The CubeSat had four independent dipole antennas

folded on one face of the box; the design of the branches is 
exible and it holds in

shape during the deployment. To open the antennas, it is enough to make a current


ow through the nichrome wire, which will heat and release the branches (Figure

2.2) [13].
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Figure 2.2: Deployed antennas in PolySat satellite [13]

2.1.2 Microstrip antenna

Nowadays, these antennas are widely available on the market. They are made of

a metallic patch element printed on a thin insulating layer above a ground plane;

usually the patch has a rectangular or circular geometry. The research on this topic

has been prosperous in the last decade, and it provides many fast improvements

and new applications. Microstrip technology is very 
exible, it is thus possible to

adapt the shape to di�erent geometry and materials; moreover, these antennas can

be low-cost. The main limitation is in the narrow bandwidth, and so the overall

e�ciency (gain) is much lower than the one of other antennas [2].

In 2015, Islam et al. [14] developed a circularly polarized microstrip antenna to be

mounted on the 3-modules CubeSat HORYU-IV. The antenna was mounted on the

external surface of the satellite, thus it did not need any deployment mechanism. In

Figure 2.3, it is possible to see the prototype mounted on the aluminum chassis of

the CubeSat (antenna highlighted in the red circle).
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Figure 2.3: Top view of the microstrip antenna [14]

In 2011, Nascetti et al. [15] also developed a patch antenna which was circularly

polarized. This polarization is needed in CubeSats to alleviate orientation-related

issues of the receiving base antennas. In both works, the maximum gain achieved

was 7:3 dBi.

In the two works just cited, it is possible to notice that the S-band is a common

frequency range for CubeSats, as it is one of the international amateur satellite

frequency ranges. It ranges from 2 to 4 GHz [16].

2.1.3 Conical log-spiral antenna

These antennas were common in early spacecrafts, for example in the �rst Russian

Venus probes Venera, designed to study Venus surface between 1961 and 1983. Later,

in the mission Mars 3, a couple of these antennas were used for TT&C (Telemetry,

Tracking and Command) purposes combined with a big parabolic re
ector for the

transmission of data (Figure 2.4) [2].
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Figure 2.4: Antennas of Mars 3 [2]

In 2016, Olson et al. [17] did a study on di�erent deployable helical antennas for

CubeSats. The conical log-spiral antenna (CLSA) appeared to be a good choice for

a wideband antenna operating in the Ultra High Frequency range (UHF, between

0.3 and 3 GHz [16]).

Regarding the manufacturing of this type of antenna, Sakovsky et al. [18] com-

bined the dual matrix composites to the deployable booms, in which the hinges

allow the boom 
attening and folding. The deployment scheme proposed to make

the antenna �t the small volume was based on the z-deployment (Figure 2.5). This

kind of folding is constrained by the elastic limit of the structure itself; the simplest

example of storable tubular extendable member (STEM) was used in space since

1988.
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Figure 2.5: CLSA z-deployment [18]

Another example of folding mechanism for this antenna was proposed by the

same research group and is based on the origami scheme. The shell is 
attened with

two creases and then the triangular shape obtained is folded following the Miura-Ori

pattern; this pattern uses fold lines to couple lateral and transverse reduction, thus

it is possible to open the structure by just pulling two diagonally opposed corners.

To clarify the concept, the scheme is presented in Figure 2.6 [19].

Figure 2.6: Folding mechanism: Miura-Ori [19]

2.1.4 Parabolic re
ector

These antennas are the most employed in missions since the beginning of space

exploration; they can reach very high gains and directivity. During years, these

antennas evolved in shape and number of feeds, and nowadays they can be used in

most of the frequency ranges.
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One of the �rst satellite with this antenna was the NASA ATS-6, launched in

1974; the diameter of the re
ector was 9:12 m, it had 48 ribs and it weighed 60 kg

[2].

From 1999, Northrop Grumman Corporation is developing the so called As-

troMesh, which is a mesh re
ector for large aperture space antennas. Compared

to the previous bulky systems, these re
ectors are low weight, cheap and can be

stored in a small volume. This corporation developed for twelve years seven gen-

erations of re
ectors from 2.5 to 12.25 m with over 350 tested ground deployments

without any failure. The AstroMesh re
ectors are still available on market and sold

to the public (Figure 2.7) [20, 21].

Figure 2.7: 6:5 m AstroMesh [21]

2.1.5 Single and multiple helical antenna

Helical antennas are circular polarized and can emit in wide-band. The simplest

form possible is the single helix one, in which a conducting wire is wound around

a central axis. This antenna has di�erent modes of radiation, the normal mode

(broadside) and the axial mode. In normal mode its behaviour is similar to a short

dipole one, radiating normal to its axis, while in the axial mode (end-�re) the result

is a main lobe directed along its axis as in Figure 2.8. To operate in the latter mode,

both the helix diameter and the pitch need to be large fractions of the wavelength.

Usually, it is common to have a ground plane, but in the absence of it the antenna

will have the main lobe in the back�re direction (towards 180� ).
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If the dimensions or the number of wires are changed, it is possible to control the

radiation characteristic; this is why bi�lar and quadri�lar helical antenna, respec-

tively with two and four wires, are widely used in TT&C nowadays [2].

Figure 2.8: Gain pattern of a helical antenna in axial mode [2]

Since the dimensions of this kind of antenna are quite large with respect to the

limited space available in a CubeSat, there is a lot of ongoing research regarding

e�cient deployment solutions. The research group lead by Sergio Pellegrino at the

California Institute of Technology explored many ways to deploy helical antennas

both axially and radially. In 2012, they did a study about the geometry and hin-

drance of di�erent antenna types at the undeployed state, to understand which

antennas were feasible to emit in the UHF range. Regarding quadri�lar helical an-

tenna (QHA), the �rst concept analyzed for a deployment in both radial and axial

direction was the one of an expanding circular pantograph. The main problems with

this design are the complicated mechanical structures with many connections and

the limited capacity to self-deploy [19].
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Figure 2.9: Undeployed and deployed QHE [19]

In 2013, the German Aerospace Centre developed a self-deployable helical an-

tenna. The helical design is interesting as it can be combined with the mechanical

properties of a spring, which on the other hand is di�cult to fold. The project

intended to deploy a spring compressed in 10 cm up to a 4 m length, so it focused

on the axial unfolding. The structure was manufactured using a carbon �bre core

coated with a conductive membrane and it was tested at zero G during a parabolic


ight. To ensure an acceptable linear unfolding, some stabilizing cords were added,

as in Figure 2.10 [22].

Figure 2.10: Simulated deployment [22]

In 2015, a creative way to fold an antenna along both radial and axial directions
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was developed at the Northrop Grumman Aerospace Systems. As it can be seen in

Figure 2.11, the structure is 
exible and can be folded and rolled [23].

Figure 2.11: Deployed antenna and unfolding sequence [23]

A totally di�erent approach was introduced at the Georgia Institute of Technol-

ogy, exploiting the high conductivity of some liquid metal alloys and micro-
uidics

(Figure 2.12). Thanks to the new advancements in the 3D printing of soft materials,

a \tree" capable of integrating di�erent types of antennas was build, and recon�g-

uration of frequency, radiation pattern and polarization was possible thanks to the

�lling/un�lling of the liquid metal alloy that can fold/unfold the origami sca�old-

ing structure in which the antennas are embedded. As an example, a helical and

a zigzag antenna were built in the sca�old and they were studied, obtaining good

results in the S band [24].

Figure 2.12: Micro
uididcs-based antenna [24]
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2.2 Materials for space antennas

Space is a very harsh environment, therefore the selection of materials is always chal-

lenging. Moreover, antennas are always in direct contact with the space atmosphere

being external appendages, and the choice in this situation is even more di�cult.

Sun radiation, debris, temperature e�ects and thermal cycling are only some of the

environmental threats that the spacecraft would face. For this reasons, each mission

sets its own variables such as mission length, orbital parameters and solar events to

ensure the best performance.

Nowadays, the most important categories of materials for deployable antennas are

metal alloys, in particular the Shape Memory Alloys (SMAs), and shape memory

polymer composites SMPCs). On the latter there is a lot of ongoing research,

because it ensures lower costs, lower weight and a wider range of possibilities; in fact,

SMAs have been discovered in 1930s while the shape memory behaviour of polymers

is a relatively new thread, and it has been exploited in some recent manufacturing

technologies.

2.2.1 Metals and Alloys

As introduced earlier, the shape memory behaviour of alloys is exploited to create

antennas that can deploy upon a stimulus, and therefore being stored in small

compartments (i.e. CubeSats); this behaviour was �rst reported in the 1930s with

an Au-Cd alloy.

Shape memory alloys undergo a phase transformation from austenite to martensite

due to a change in temperature and/or a mechanical load; the functionality of these

alloys depends on both the transformation temperatures (function of the material)

and the operational temperature. Figure 2.13 shows a schematic of the phenomenon;

austenite has only one possible lattice orientation, while martensite has multiple

ones. Upon heating, the phase structures of the martensite must revert to the

unique austenite orientation (memory e�ect) and the material recovers its original

shape [25].
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Figure 2.13: SMA behaviour scheme [25]

In 1968, the research on Ti-Ni alloys (e.g. Nitinol) was already at a good point

[26]. In a study on the 55-Nitinol (55% w/t Ni), an example of a self-deploying

disc-on-rod antenna was described; by beating up the structure above the transition

temperature (150� C), the structure recovered its original unfolded shape (Figure

2.14).

Figure 2.14: 55-Nitinol disk-on-rod antenna [26]

More recently, the company Helical Communication Technologies (HCT) devel-

oped a deployable QHA for a CubeSat. To achieve the small size, Nitinol properties

were again exploited; wire �lars were manufactured with this material and a small
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circuit was attached to heat them after the launch and make them recover their

original shape. The mechanism is highlighted in Figure 2.15. These antennas are

nowadays available on the market for more than 10 000 $ [27].

Figure 2.15: HCT quadri�lar helical antenna [27]

2.2.2 Polymers and composites

Nowadays, the polymer matrix composites are the most used category of materials

for the space antenna manufacturing. They show an excellent sti�ness-to-mass ratio

and they can be tailored for every application, which is of big relevance for antennas

due to polarization and interference issues. To perform well in the space environ-

ment, polymers have to face some challenges such as the thermal stability, which

is taken for granted in the case of metallic materials. Among the space-certi�ed

polymers, we can quote PE (Polyethylene, commercial Mylar), PI (Polyimide, com-

mercial Kapton). As composites, we usually have matrices as epoxy and cyanate

ester resins combined with unidirectional laminae or charges [2].

As a research example, the composite material studied by a group at Amrita

university is reported. Polyetherimide (PEI, commercial Ultem) is a thermoplastic

polymer with excellent thermal properties (Tglass = 217 � C) and low coe�cient of

thermal expansion, and it is widely employed for aerospace applications. Moreover,

it shows excellent 
uidity characteristics that makes it a good candidate for injection
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moulding, extrusion and foaming, and once dried-powdered it can be combined with

functionalized multi-walled carbon nanotubes (MWCNT), as it is possible to see in

the schematics in Figure 2.16. Thanks to these functionalization, the experimental

behavior in presence of atomic oxygen improves signi�cantly and the resistance to

gamma radiation increases thanks to the delocalized� -electrons in the chemical

structure [28].

Figure 2.16: MWCNT acidic functionalization [28]

As for metals, also polymers can show some memory e�ect even if the two concepts

are totally di�erent. In the last two decades, shape memory polymers have been

widely studied in many di�erent �elds such as the biomedical one for drug release,

or aerospace technology. Polymers do not show shape-memory e�ect intrinsically,

but this is a result of a combination between their morphology and the processing

with which they are functionalized. For example, if a polymer is processed with

extruding or injection moulding, it gets to its permanent shape B (Figure 2.17).

After processing, there is a programming step during which our part is deformed

and �xed in a temporary shape A, and upon application of a stimulus it can recover

the B shape (Figure 2.17). The cycle can also be repeated several times, giving

di�erent temporary shapes. With respect to SMAs, the cycle of programming and

recovery is faster, and polymers allow a higher deformation between the two shapes.

Anyways, in both cases the reverse transformation during heating is entropy driven

[29].
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Figure 2.17: Molecular mechanism of the induced shape memory e�ect [29]

Shape Memory Polymers (SMPs) can be either thermosets or thermoplastics, but

they both have some common features such as chemical (covalent bonds) or physical

(inter-molecular interactions) cross-linking and stimuli-sensitive switching segments.

In general, thermoset polymers are chemically cross-linked, while thermoplastic ones

are physically cross-linked and therefore easier to reshape. It is possible to explain

the memory e�ect of SMPs by considering the thermodynamics of the polymer

chains. Thermoplastic SMPs are usually block copolymers (at least two segregated

domains) in which the dispersed hard phase acts as cross-linking point due to its

strongly coiled conformation, and it is related to the highest thermal transition

temperature (TP erm ). The other domains act as switches, therefore they are called

switching segments and are related to the second highest transition temperature

(TT rans ). When the copolymer is heated at a temperature greater that the glass

one for switching domains, they behave as entropic elastomers and can be greatly

stretched. After achieving the desired shape, the temperature may be lowered and

the chains will stabilize in the new con�guration, as in Figure 2.17 [29, 30].

In Figure 2.18, three complete programming cycles of a SMP are shown in di�erent

colors, therefore it is possible to see the evolution of strain, stress and temperature

during the thermomechanical cyclings and the repeatability of this process [31].
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Figure 2.18: Thermodynamics of a SMP system [31]

The two properties that can de�ne the capability of a shape memory polymer to

be used in reality are the shape �xing (or �xity) and the shape recovery. The shape

�xing is the capability of the polymer to keep a temporary state and store energy

while being kept below the transformation temperature. From a thermodynamic

point of view, the �xity is the result of a transition between two states, the �rst one

dominated by conformational entropy and the second one by limited mobility of the

chains. This quantity can be de�ned by:

Rf =
� u

� m
; (2.1)

where � u refers to the strain after unloading and� m to the temporary strain after

the deformation. Rf is dependent on the number of loading cycles and on the way

the constituent chains of the polymer has been designed (e.g. when they vitrify or

crystallize at a given temperature).

On the other hand, the shape recovery is the evolution of stress and strain over

time and temperature. Free recovery is recovery without the application of a me-
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chanical load, and it is widely used to characterize the usability of a shape memory

polymer. The most common expression of the shape recovery is de�ned in:

Rr =
� u � � p

� m � � p
; (2.2)

where� u, � p and � m are respectively the strains after unloading, heat-induced recov-

ery and temporary after deformation.

In 2008, NASA developed a composite truss structure that could be folded ex-

ceeding a 11:1 ratio. The material used is a shape memory composite made of a

charged thermoset resin; at room temperature the composite has traditional prop-

erties and can support itself and potential loads, but aboveTg the matrix becomes


exible as an elastomer and the structure can be compressed axially. In �gure 2.19

the activation sequence is shown, and it takes approximately a minute to full deploy;

the truss structure goes from a minimum of 6 cm to more than 72 cm in the deployed

con�guration. This concept has been tested on several prototypes and it has been

demonstrated to be repeatable [32].

Figure 2.19: Deployment mechanism of a truss structure [32]

2.3 3D Printing

Additive Manufacturing is a widespread technique that was born in the 1980s and

developed rapidly in the last decade; by de�nition, it is the \process of joining mate-

rials to make parts from 3D model data, usually layer upon layer, as opposed to sub-

tractive manufacturing and formative manufacturing methodologies" (ISO/ASTM
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52900:2015 [33]). Among the di�erent techniques in this family there are Fused

Deposition Modelling (FDM) and Material Jetting (MJ), which are of relevant im-

portance for this thesis.

In the late 1980s, the company Stratasys started to develop Fused Deposition

Modelling, a process that involves a polymeric fused �lament to be deposited on a

substrate or platform, by means of a moving head. The working mechanism is very

easy, and it consists in using the solid polymer �lament as a piston inside the hot-

end (the element in the machine that allows melting) in order to push the melted

polymer down the nozzle and towards the substrate. This process is schematised in

Figure 2.20.

Figure 2.20: Basics of FDM Printing [34]

The fast cooling after deposition allows building multiple layers one upon each

other; the most common con�guration consists of moving extruder in the XY plane

while the substrate moves along Z. To limit shrinking, it is possible to have a heated

substrate in order to slow the cooling down and not to have residual stresses in

the printed parts. Nowadays there are cheap printers on the market which pro-

duce very precise parts without need for post-processing operations (such as surface

smoothing).
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