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Abstract

Many of the subsystems equipping space vehicles are made up of structures requiring
large dimensions to provide performance compatible with the mission requirements. A
typical example is the drag sail, a membrane structure capable of reentry vehicles into the
atmosphere at the end of their operational lifetime and responding to the growing inter-
est in orbital space debris mitigation. The surface of the sail necessary to complete the
de-orbiting within the times dictated by the new international regulations must be huge,
therefore the design of an appropriate deployment system is of great interest. Among the
various strategies proposed, those that guarantee the sail’s autonomous deployment from
the packed to the operational configuration stand out. Smart materials such as shape
memory alloys can deform when heated above the phase transformation temperature.
Therefore, the possibility of meeting the requirement of self-deployment by inserting Niti-
nol wires along the folds of the origami cells is investigated. Preliminary mission analysis
is initially conducted to determine the sail size needed to de-orbit the satellite from LEO
orbits: the two-body problem orbital model is implemented in MATLAB for this purpose
and then validated using the Ansys STK Premium Space software. This step is followed
by the thermal analysis of the system to verify the operating temperatures of the sail
during the mission and the analytical modeling of the constitutive law of shape memory
alloy. The sail is finally modeled in MATLAB as a multi-body system, and the deploy-
ment dynamics are analyzed by co-simulation between ADAMS and Simulink software.

The results show that the shape memory alloys can exert sufficient force to bring the sail
from the stowed to the operational configuration. Potential future applications are not
only limited to the one-way deployment of structures of this type but also to control the

shape morphing of the structure according to operational needs.

Keywords: drag sail, space debris, origami, passive deployment, shape memory alloys,

multi-body dynamic simulation
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Abstract in lingua italiana

Molti dei sottosistemi che equipaggiano i veicoli spaziali si compongono di strutture che
richiedono grandi dimensioni per poter fornire prestazioni compatibili con i requisiti della
missione. Un tipico esempio sono le drag sails, strutture a membrana in grado di far
rientrare i veicoli in atmosfera al termine del loro ciclo di vita operativo e che rispon-
dono quindi al crescente interesse verso la problematica relativa all’accumulo dei detriti
spaziali in orbita. La superficie della vela necessaria a completare il de-orbiting entro i
tempi dettati dalle nuove regolamentazioni internazionali dev’essere molto estesa, percio
la progettazione di un opportuno sistema di dispiegamento ¢ di grande interesse. Tra
le varie strategie proposte, spiccano quelle che garantiscono lo sviluppo autonomo della
vela dalla posizione impaccata a quella operativa. Materiali intelligenti come le leghe a
memoria di forma sono in grado di deformarsi se riscaldate al di sopra della temperatura di
trasformazione di fase, percio viene indagata la possibilita di soddisfare il requisito di disp-
iegamento autonomo attraverso l'inserimento di fili di Nitinol tra le pieghe dell’origami.
Un’analisi preliminare della missione ¢ inizialmente condotta per determinare le dimen-
sioni della vela necessarie a far de-orbitare il satellite da orbite LEO. Per fare cio, viene
implementato in MATLAB il modello orbitale two-body problem che ¢ poi validato per
mezzo del software STK Premium Space di Ansys. Seguono 'analisi termica del sistema
per verificare le temperature operative della vela durante la missione e la modellazione
analitica della legge costitutiva delle leghe a memoria di forma. La vela ¢ stata infine
modellata su MATLAB come sistema multi-corpo e la dinamica del dispiegamento viene
analizzata per mezzo della co-simulazione tra i software ADAMS e Simulink.

I risultati mostrano come le leghe a memoria di forma siano in grado di esercitare suffi-
ciente forza da portare la vela dalla configurazione stivata a quella operativa. Potenziali
applicazioni future non si limitano soltanto al dispiegamento a una via di strutture di
questo tipo, ma anche al controllo della modifica della forma della struttura in base alle

necessita operative.

Parole chiave: drag sail, detriti spaziali, origami, dispiegamento passivo, leghe a memo-

ria di forma, simulazione multicorpo
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Introduction

The adoption of large structures has always been a concern in the design of satellites
and spacecraft since the performances of elements such as solar panels, sails, or antennas
depend on their size. However, space vehicles are required to restrict their volume within
the limited space available in the launcher. Such a requirement can be tough to meet
when large structures must be employed. In this framework, gossamer structures allow
equipping spacecraft with large deployable components by reducing costs and weight com-
pared with traditional mechanical deployment systems.

Gossamer structures are exible, deployable membranes used in a planar or curved con-
guration with a high ratio of unfolded surface to folded volume [17]. The interest in this
technology dates back to the early space projects. However, no satellites equipped with
these structures were launched until 1996, when NASA tested IAE (In atable Antenna
Experiment) in the space environment (Figure 1).

(a) IAE in orbit picture. (b) IAE deployment sequence.

Figure 1: In atable Antenna Experiment [26]

The research about gossamer structures mainly concerns the minimization of packed vol-
ume and the deployment strategy. Considerable progress has been made on the rst,
leading to ever-larger structures. However, the greater the dimensions, the more di cult
it is to design a suitable deployment mechanism.

In the last years, origami's application in space engineering is playing a pivotal role in
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research on reducing the space lled up by the membrane structures inside the satellite.
Furthermore, the origami structure guarantees simple and e ective deployment strategies
being easily controlled during the actuation phase. The ancient art of paper folding is
thus the most promising technology for the future design of gossamer structures.

Figure 2: James Webb Space Telescope: sunshield deployment phase.

As regards the deployment, once the vehicle reaches space the gossamer structure starts
unfolding, usually driven by electric motors or by the release of strain energy. The research
is increasingly oriented toward the use of actuation systems not requiring the supply of
energy from the satellite (passive deployment). In this context, shape memory materials
(alloys or polymers) respond to the requirement of a passive actuation system. The shape
memory e ect consists of the recovery of a pre-strain by simply rising the temperature
above the transformation temperature limit. The process can be controlled by the Joule
e ect or it can be passively actuated by exposure to Sun's radiation.

Among the countless possible applications, gossamer structures based on origami patterns
can be exploited to design drag sails. This extremely light propulsive system takes advan-
tage of solar pressure and air drag to decelerate the spacecraft until its reentry into the
atmosphere by unfolding a huge sail from inside the satellite. The actuation system is a
primary concern in the design of such a de-orbiting device and smart materials actuators
are suited for the purpose of realizing a passive deployment.

Figure 3: Drag sail de-orbit device.



Aim of the thesis

The thesis aims to design a passive actuation system for space eld origami deployable
structures and verify that this is compatible with the satellite coupling requirements. The
design is based on a particular case study, that of a drag sail for the de-orbiting of Cube-
Sats in LEO.

The design will focus on one of two critical aspects of gossamer structure research and
development: the deployment. This phase must be totally passive, therefore capable of
deploying the sail without being supplied with electricity or energy from the satellite. In
order to do this, the structure is equipped with hinges in SMA material (Nitinol) which,
irradiated by the Sun, heat up and recover their initial prestrain.

The study of the deployment is carried out by analyzing the multi-body dynamics of
the sail, considering each face of the origami as a rigid body. Given the subsystem re-
quirements, the design requires three distinct types of analysis prior to actual deployment
simulation: sail geometry study, system thermal analysis, and Nitinol wire actuation force
modeling.

The geometry is designed using software for the integration of the orbital motion of the
satellite, able to determine the size of the sail necessary for de-orbiting, and another for
optimizing the ratio between stowed volume and surface area deployed.

Once the information on the geometry has been obtained, the thermal analysis makes it
possible to verify the system's temperature irradiated by the Sun during the deployment
phase, focusing on the variation of the absorbed energy as the bend angle varies.
Finally, the shape memory alloy's constitutive model returns the Nitinol wire's perfor-
mance aligned along the origami fold lines.

The simulation of multi-body dynamics considers all these aspects and aims to verify
the e ectiveness of the system conceived. The con guration of the wires should exert a
uniform force on the whole structure and guarantee a controlled and gradual deployment
despite being completely passive.

This deployment system also allows, if properly implemented, to have a non-passive but,
on the contrary, reversible and controllable implementation system.






1 ‘ Space debris mitigation

The rst chapter presents an overview of space debris mitigation. A brief introduction
to space debris and de-orbit competitive technologies anticipates a more detailed focus
on drag sails and their applications. The aim is to contextualize the analysis of the
deployment system of an origami sail described in the following chapters.

1.1. Space debris

Today more than ever people are space users. Everyday life strongly depends on the
contribution given by satellites orbiting the Earth, from internet connection to geolocal-
ization via Earth observation for environmental forecasts or military applications. The
intensive exploitation of space technologies and the birth of ever-new solutions (like satel-
lite constellations) make space around the Earth more and more crowded. In agreement
with this, the picture below illustrates the evolution of space usage through the years,
with a distinction between space objects (Figure 1.1). It is evident the steady rise in the
number of payloads (PL) launched in a year, with a consequent and almost uncontrolled
increase in the number of payload debris (PF, PD,PM) and rocket debris (RF).

Figure 1.1: Space objects evolutions in all orbits. Report by ESA [28].
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Among the orbits around the Earth, Low Earth Orbits (LEO) are the most a ected by
this overcrowding phenomenon since they are the most accessible and less expensive orbits
to be reached. Moreover, the proximity to the Earth is favorable for many technological
applications such as Earth observation or communication, with the recent advent of the
constellation missions being an additional and relevant source of overpopulation. Satellite
clusters are in fact sets of space objects working in synergy to provide global coverage of the
service, thus requiring a large number of satellites that communicate with each other. The
main example is Starlink, by SpaceX, an internet connection constellation with the target
of providing global internet access. With the maiden launch dated February 22, 2018,
SpaceX planned to complete the service with the deployment of about 12000 satellites
(extendable to 42000), a consistent impact on the density of arti cial objects in LEO.

In addition to operative satellites, LEO hosts myriads of defunct spacecraft and debris
that contribute to the increase in the multitude of space objects around the Earth. This
picture is worrying from the point of view of collisions since the so-called "space junk”
can hit operative space vehicles and endanger the proper functioning of the subsystems or
even the mission accomplishment. An example is reported in Figure 1.2b, which shows the
image acquired by the board camera of Copernicus Sentinel-1A detecting a small damage
on the solar array: an impact with a particle caused a small power reduction in the array
and a slight change in the attitude of the satellite.

(a) Impact crater. (b) Copernicus Sentinel-1A satellite.

Figure 1.2: Space debris impact damages on spacecrafts.

In order to account for the impact of debris, the analysis of the potential collisions is
carried out both during design and while the satellite operates in orbit. This analysis is
achieved with the aid of statistical monitoring systems for the computation of the debris
risk [50]. An example of such software is ORDEM 3.2 developed by NASA's Orbital De-
bris Program O ce, providing precise knowledge of the orbital environment [54].

The table below shows the impact probability of a satellite orbiting in LEO. An impact
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with sub-millimeter-size debris can cause small damages and produces craters in the en-
velope of the satellite, while in membrane structures like gossamers the damage results in
real holes. A debris larger than 1mm can even destroy subsystems, while a 10cm object
collision entails a catastrophic destruction of the spacecratft.

Particle dimension|| >0.1mm >1mm >10mm

Micrometeorite 0.68 days| 3.43 years| 34000 years
Debris 0.49 days| 0.53 years| 4000 years

Table 1.1: Time elapsed between two successive collisions [18].

The orbital overpopulation is getting more and more a concern for space users: the more
objects around Earth, the more the probability of registering bumps between satellites,
resulting in the scattering of fragments in orbit which increase the collision probability
even more [57]. This chain e ect is named the Kessler E ect. To counteract this syndrome,
Federal Communications Commission (FCC) established the "25-Year Rule", asserting
that any no longer usable object orbiting around the Earth, called space debris, must
de-orbit within 25 years of the end of its operative life. The "25-Year Rule" turned into
the more recent "5-Year Rule" in September 2022 to keep up with the rapid space race
[12]. The FCC rules have relevant consequences on the design of the satellites: if before
the advent of the legislation there was no need to think of a way to take the satellite out
of orbit, now debris removal missions or de-orbiting devices equipping satellites must be
designed.

1.2. De-orbiting technologies: state of the art

The rate of decay of satellites orbiting in LEO depends on several factors. The main
in uence is given by the altitude above Earth's surface, since the higher the orbit, the
lower the density of the atmosphere. Below about 400 km the air drag is signi cant
enough to make the satellite reenter the atmosphere in less than 5 years as stated by
FCC. Contrary to the previous case, a de-orbiting system is required for satellites above
400km altitude.

The rst trend that aims at clearing the space around the Earth is the debris removal
mission. It consists of a spacecraft having advanced guidance, navigation, and control
systems capable of approaching and capturing the debris. After orbital capture, the
debris is slowed down and returned to the atmosphere. A noteworthy mission of this
kind is ClearSpace-1 by ESA [27] (Figure 1.3a), whose launch is scheduled for 2026. The
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spacecraft equipped with robotic arms will capture and de-orbit Vespa (Vega Secondary
Payload Adapter) from a disposal orbit of about 801-664 km altitude.

The rendezvous with the debris is one of the most critical aspects of the mission, so deep
research in this eld is carried out with the aid of on-orbit tests. An example is the
ELSA-d mission [5, 23] by Astroscale, launched on March 22, 2021. The mission consists
of two satellites, a servicer and a client, with masses of about 175kg and 17kg respectively.
The two modules demonstrated the capability of nding and docking potential debris by
continuously releasing the client from the servicer. Other mission concepts make use of
nets to collect one or multiple pieces of debris at a time, as shown in Figure 1.3b.

(a) Concept of ClearSpace-1 mission by ESA. (b) Satellite capture with net.

Figure 1.3: Debris removal mission concepts.

The missions just described are suitable just for the return of space objects not equipped
with their own de-orbiting subsystem. In fact, an autonomously de-orbiting satellite
would not require specially designed recovery missions to be sent into space, with a sig-
ni cant saving on the cost of recovery. It is thus convenient to supply future satellites
with subsystems capable of reducing the in-orbit lifetime by exploiting the thrust of a
propulsion system in the opposite direction to the orbital velocity.

The thrust needed to slow down and de-orbit the spacecraft can be provided both actively
and passively. In the rst case, satellites are equipped with propellant thrusters or electric
thrusters. This solution is the most e ective because of the large thrust they can provide,
allowing a simple accomplishment of the 5-year requirement dictated by FCC. On the
other hand, the volume and the mass of the subsystem including tanks, feeding lines, and
the motor is critical, above all on CubeSats.

Several companies are investing in active deorbit systems and they already produced
technology demonstration missions. These systems are usually associated with spacecraft-
based deorbiting systems, but they can even equip satellites granting autonomous reentry.
An example of the application of this technology is provided by Momentus company with
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the Vigoride vehicle [53]. The spacecraft was launched on May 25, 2022, with the aim of
deploying three satellites on their respective orbits. Once the mission was accomplished,
the vehicle slowed down and de-orbited thanks to the water plasma propulsion system with
which it was equipped ( gure 1.4a). Another interesting technology is the one proposed
by D-orbit with the D-Orbit Decommissioning Device (D3) [14]. This smart motor opti-
mized for decommissioning maneuvers easily removes satellites from their orbits thanks
to a powerful solid motor booster equipped with thrust vector control ( gure 1.4b).

(a) Vigoride spacecraft servicer. [53] (b) D3 propulsive system.

Figure 1.4: Active de-orbiting systems.

The counterpart of active propulsion de-orbiting modules are passive propulsion subsys-
tems. They consist of large membrane structures (known as gossamer structures [17])
capable of exploiting the acceleration due to solar radiation pressure (SRP) and air drag
to gradually reenter the atmosphere. The design requires just a main thin structure (usu-
ally a sail) supported by a rigidization system, which unfolds from a stowed arrangement
to a large-surface deployed con guration. The classi cation of the passive systems is
based on the altitude of the orbit and, as a consequence, on the source of acceleration.
In the case of high-altitude orbits, the only acceleration acting on the membrane is the
one due to solar activity: the photons colliding on the sail exchange momentum with
the satellite, providing an acceleration (Chapter 2.2.1). This kind of passive system is
called solar sail. The application is not only limited to the de-orbit accomplishment, but

is extended to any application requiring slight and constant propulsion, like orbital ma-
neuvers and interplanetary missions. A relevant mission equipped with solar sail is the
one involved in the LightSail program [25, 59]. The mission designed by the Planetary
Society was launched in 2015 with the aim of demonstrating solar sail deployment and
control ight (Figure 1.5). A huge sail of 32n? surface was stored in a small CubeSat
and successfully deployed at 800km altitude. The sail was able to increase the apogee
of the orbit and escape the slight air drag acting on the satellite at high altitudes. This
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