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Abstract
Since the beginning of the space era humankind began to release in orbit parts of launch-

ers or satellites with no operative purpose, initially, this didn’t constitute a problem but

as the years went by they increased in number seriously raising the danger of impacts

with operative satellites. For this reason, the most recent guidelines impose that the

satellites of the new generation must have a disposal plan, which could be actuated by

using a drag sail. Considering the massive dimensions of these kinds of devices, they

must be designed to occupy the smallest possible volume when folded and then extend

when becoming operative. To do this, the membranes constituting the sails are folded

like origami, and their characteristics must be studied to determine their behaviour. In

this thesis samples of Dupont™Kapton HN are creased, tested and analysed using the

elastica theory to determine the local mechanical properties of the creases and build a

constitutive model. A good linear correlation is found between the fold angle and the

crease moment, which can be expressed through a parameter k, describing the crease as

a torsional spring. The k parameter is determined for more samples and using materials

with two different thicknesses (50.8 adn 76.2 „m), and the results are analysed using a

t-student distribution. Then the viscoelastic properties of the material are characterised

through a creep test to model numerically its behaviour. Finally, the tests are simulated

numerically on Abaqus, modelling the creases with a partition of material with proper-

ties that take into account both the stiffness of the crease and the properties of the virgin

material, concluding that creases can be modelled using this method, but considering

that some incongruences between tests and simulations can be present, caused by the

geometrical irregularities of the used material.

Keywords: drag sail, origami, polymeric membranes, creases, viscoelasticity, simula-

tions





Abstract in lingua italiana
Sin dall’inizio dell’era spaziale l’uomo ha iniziato a rilasciare in orbita delle parti di lan-

ciatori o satelliti che non avevano nessuno scopo operativo, inizialmente questo non era

un problema, ma col passare degli anni sono aumentati di numero alzando seriamente

il pericolo di impatti con satelliti operativi. Per questo motivo, le più recenti linee guida

impongono ai satelliti di ultima generazione di avere un piano di smaltimento, che può

essere attuato utilizzando delle drag sail. Viste le grandi dimensioni di questo tipo di

dispositivi, è necessario che siano progettate in modo da occupare lo spazio più piccolo

possibile da piegate, per poi estendersi una volta operative. Per poter fare ciò le mem-

brane che le costituiscono vengono piegate come degli origami, e le loro caratteristiche

devono essere note in modo da poterne simulare il comportamento. In questa tesi dei

provini di Kapton HN Dupont™vengono piegati, testati ed analizzati utilizzando la teo-

ria della linea elastica in modo da determinare le proprietà meccaniche localizzate nelle

pieghe e poterle rappresentare in dei modelli numerici. Viene trovata una buona corre-

lazione lineare tra l’angolo di piega e il momento esercitato da essa, che può quindi essere

descritta tramite un parametro k, andando a descrivere la piega come una molla torsion-

ale. Il parametro k viene determinato per più campioni ed utilizzando materiali con due

diversi valori di spessore (50.8 e 76.2 „m), e i risultati vengono analizzati tramite una

distribuzione t-student. Vengono poi caratterizzate le proprietà viscoelastiche del mate-

riale tramite creep test al fine di modellarne numericamente il comportamento. Infine

i test vengono simulati numericamente su Abaqus modellando le pieghe con una par-

tizione di materiale avente proprietà che tengano conto sia della rigidità della piega che

delle proprietà del materiale vergine.

Parole chiave: drag sail, origami, membrane polimeriche, pieghe, viscoelasticità, simu-

lazioni
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1| Introduction

Provide ships or sails adapted to the heavenly breezes,

and there will be some who will brave even that void.

This phrase was written in 1610 by Johannes Kepler in a letter to Galileo [1], and it

was probably a preamble of a theory that was studied and published several years later,

in which he studied the shape of the tail of the comets. He observed that the comet

tails always point away from the Sun, suggesting that this effect was caused by the star,

founding the basis that led scholars, in the following centuries, to further analyse the

phenomena, where an important step was taken by James Clerk Maxwell, which pub-

lished his theory of electromagnetic �elds and radiation in 1864, showing that light has

momentum and that it can exert pressure on objects. In the following years, the concept

of solar sail was explored both from the scienti�c point of view and also in science �ction

due to its charm. Nowadays this technology is considered a realistic technical solution to

solve the limitations in the quantity of energy that a spacecraft can bring into space for

propulsion purposes, where classical thrusters require a de�nite mass of fuel to accom-

plish their mission, limited by the maximum weight transportable in the launch phase,

a problem that wouldn't arise by using solar sails, where all the needed propellant is

the light emitted by the Sun. Solar sails can be applied in various kinds of missions,

from exploration missions oriented towards deep space to the control of the trajectories

of satellites orbiting Earth, to the deorbiting, and it's in this last �eld that this thesis

�nds its application, carrying on the design of a drag sail with the purpose of achieving

the deorbit of satellites operating in Low Earth Orbit (LEO). A drag sail is a device that

exploits both the solar radiation pressure, like for solar sails, and also the effect of atmo-

spheric drag to generate a force and achieve the deorbiting. The deorbiting of spacecrafts

that have completed their mission is particularly important in this century: the presence

and the danger that space debris put new satellites in made humanity understand that

deactivated satellites need to be disposed of, and the use of a solar sail could help in

reaching this goal reducing the impact on the spacecraft's mass, even though this tech-

nology is still immature. Furthermore, considering the important dimensions that these

devices need to have to generate a force, and the need for structures as light as possible,
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the concept of origami engineering is applied to the design of the sail, permitting it to be

stored occupying a limited volume, and to be deployed when needed. This thesis is the

�fth chapter of a bigger project begun by Martino Fossati [2], who explored the possible

origami con�gurations to manufacture the deployable sail, and carried on by Tommaso

Sironi [3], who performed a preliminary mission analysis and simulated the unfolding

of the sail, Nadir Charoub [4], who performed an experimental campaign to de�ne the

actuation method using Shape Memory Alloys, and Antonio Pastore [5], who studied how

to model numerically the phenomena implied in the unfolding. In this thesis will be con-

ducted the characterisation of the properties of creases in thin Kapton sheets used to

build the sail, followed by a set of numerical simulations to validate the acquired data.

The thesis is divided in this way:

- Chapter 2 contains the literature review treating the problem of space debris, the

origami technology and its applications, deployment methods for space structures

and a focus on shape memory alloys, the chosen deployment method for the current

project.

- Chapter 3 de�nes the properties of creases, explains the activities carried out in the

fabrication of the samples and their use in the tests performed to characterise the

required properties, as long as the processing of the acquired data.

- Chapter 4 describes the characterisation of the viscoelastic properties of Kapton

and the choice of the model used for the numerical representation of its behaviour.

- Chapter 5 reports the numerical simulations performed to validate the character-

isation carried out in the previous chapters and an analysis of the output on the

variation of the parameters.

- Chapter 6 reports the conclusions of the work conducted in this thesis and some

possible future developments.
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2.1. The Space Debris problem

In 1957 the �rst man-made object was sent in orbit around Earth, from there the number

of objects in orbit around Earth is constantly increasing due to the continuous launches

performed by both national and private companies. Since the start of the �rst arti�cial

Earth satellite, space operations have inevitably produced some debris, also called `space

debris' or `orbital debris', and left them in near-Earth space. During each launch, only

a small fraction of the total mass brought into space consists of the active payload. By

far the largest part of the launched mass becomes space debris within a few minutes [6],

and may take a long time to deorbit, if it does at all. Objects that stay below 600 km of

altitude are expected to remain in orbit for a period comprised between some months and

some years, objects between 600 and 800 km of altitude may stay in orbit for decades,

while over that height they are expected to survive for hundreds of years or even for an

inde�nite time due to the absence of agents, such as atmospheric drag, that slow down

the object and consequently reduce its height.

2.1.1. What are Space Debris

The term Space Debris was de�ned for the �rst time by the International Academy of

Astronautics (IAA) in 1993 as 'any man-made object which is non-functional, with no rea-

sonable expectation of assuming or resuming its intended function, or any other function

for which it is or can be expected to be authorized, including fragments and parts'. From

this de�nition, it can be evinced that Space Debris don't comprehend only deactivated

spacecrafts, but also parts of launchers and payloads. European Spatial Agency (ESA)

over the years catalogued more than 35000 Space Debris, along with their cause and

mother spacecraft or launcher, classi�ed as reported in Figure 2.1, where the growth of

the phenomena over the years is clearly visible [7, 8]. Space Debris also comprehend par-

ticles with dimensions on the order of a few micrometres that can be caused, for example

by the deterioration of paints due to the action of UV radiation and atomic oxygen found

in the upper layers of the Earth's atmosphere [6].
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Figure 2.1: Space Debris released in orbit around Earth [7]

2.1.2. Dangers of Space Debris

The dimensions of Space debris can go from an order of magnitude of micrometres to a few

meters such as full parts of launchers that could remain in orbit after having concluded

the launch sequence. Considering that these bodies travel with a velocity on the order of

a few kilometres per second it can be evinced that the energy of a possible impact with

an operating spacecraft, other than being fatal for the latter, can also disperse a quantity

of other debris that could impact, in turn, with other spacecrafts. In general, the position

and orbit of big debris are known, and avoidance manoeuvres can be achieved, at the

expense of some fuel, but the detection of smaller bodies is more challenging and cannot

always be achieved. Considering also that small debris are present in higher quantities,

the impact probability with them is higher than for big debris. Even if at �rst glance

the dangers connected to smaller debris can seem negligible, when manned missions are

considered the phenomenon takes more gravity and importance: debris with a size on the

order of 0.1 millimetres have enough energy to perforate the EVA suits of astronauts. For

this reason, during missions on the Space Shuttle, in some cases, the vehicle was used as

a shield to cover the astronauts from the direction of the most expected quantity of debris

[6].

The �rst guidelines relative to the mitigation of Space Debris were de�ned in 2001 by the

Inter-Agency Space Debris Coordination Committee (IADC) [9], which sentenced that

spacecrafts and stages that operated in LEO shall be disposed of in a maximum of 25
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years from the end of their mission, however in 2022 this limit was reduced to 5 years

by the Federal Communications Commission (FCC) [10, 11], in con�rmation of the great

importance of the phenomenon.

2.1.3. Removal of Space Debris

Since the just-mentioned guidelines were written in a historical period where several

debris were already present in orbit, investigations were made to assess the feasibility

of space debris removal techniques for big debris, such as deactivated satellites or parts

of rockets [10, 12]. The removal can be done using a 'chaser' satellite, that reaches the

target and then proceeds to the direct, contactless removal, or by connecting physically to

the target to then deorbit with it. The physical connection between chaser and target can

be made by exploiting stiff systems, such as robotic arms or tentacles, or through �exible

systems, such as nets or tethers. The main drawback of these systems is their complexity,

along with the complex control algorithm needed to accomplish the rendez-vous with

the objective, considering the possibility that the objective could be a non-collaborating

and fastly rotating body, and a minimal error could cause the rupture of the capturing

system. The direct removal can be done principally by exploiting the aerodynamic drag

by increasing the area/mass ratio. This can be done for example by using a foam that is

sprayed by the chaser and covers entirely the objective, exploiting the porosity and low

density of foam to increase the Area/mass (A/m) ratio. Another way to execute a removal

is by exploiting the Earth's magnetic �eld: electromagnetic tethers are systems that can

make the debris deorbit by exploiting the Lorentz force.

The dif�culties related to the removal of already-in-orbit space debris are many and also

include costs and low Technology Readiness Level (TRL) levels. To respect the 5 years

limit imposed by international regulations the best practice to be applied is the one of

including the deorbiting devices on the spacecraft from the beginning of the mission. In

this case, the two main options to be considered are to use a classical propulsion method,

bringing in orbit the fuel needed for the manoeuvre and raising sensitively the weight

of the spacecraft, or to exploit emerging technologies such as the use of solar sails, thin

membranes that exploit the solar wind for propulsion and which thrust capacity doesn't

depend on the quantity of propellant brought into orbit but only on the A/m ratio, and

that can be used also for orbital manoeuvres without restrictions on the velocity change

that can be imparted on the spacecraft. The main dif�culty concerned with the launch of

solar sails is with the dimensions that these structures should have to operate: the space

onboard a lunch vehicle is limited, and the sail has to be folded in order to �t in. Reliable

unfolding methods are necessary for the realization of such systems.
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2.2. Origami Engineering

The term origami refers to the ancient art of paper folding, this technique is of interest in

the engineering �eld, particularly for space applications, for the good packing character-

istic of these structures, that can be folded to occupy a small tridimensional space to then

be deployed when needed to form large planar structures. An origami can be de�ned by

its crease pattern, which can be further described by using creases, vertexes and facets.

A crease is a line along which a fold takes place, a vertex is a point where creases inter-

sect and a facet is a region bounded by creases [13]. The vertex degree can be de�ned as

the number of creases that converge in a vertex, while a fold is a crease with an assigned

fold angle, de�ned as the deviation from the �at state of the intersection between the

paper and a plane perpendicular to the fold. If the paper is looked at always from the

same direction a division can be made between mountain folds, which have a fold angle

between 0° and 180°, and valley folds, with angles between -180° and 0°. In Figure 2.2 is

reported the shape of a Miura-ori as an example of origami con�guration.

Figure 2.2: Illustration of a Miura-ori [14]

2.2.1. Characteristics of origami

In the engineering �eld origami are used for the possibility that they present to exploit

in the best way possible their many characteristics [13]. Researchers have explored and

developed many key aspects of these particular structures:

- Deployability: is the capability to deploy a structure from an initial 2D/3D con�g-

uration to a �nal 3D state. It's of particular interest in the space �eld due to the

limited space present on the launchers.

- Scalability: origami designs can be implemented from the micro to the metre scale

without restrictions.
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- Self-Actuation: is the capability of origami-based designs to actuate their deploy-

ment without external actuators. It is of particular interest in different �elds, such

as in the realisation of metamaterials.

- Recon�gurability: capability of origami to change their shape according to speci�c

constraints, presenting more than one stable con�guration.

- Tunability: the capability to be tailored for a speci�c task changing their geometri-

cal properties. This property is particularly interesting when applied to metamate-

rials.

- Easiness in manufacturing: in comparison with conventional designs the manufac-

turing process can be faster and simpler for the possibility to produce them in a 2D

con�guration and then to be used in a 3D con�guration.

2.2.2. Applications in Space Engineering

Some examples of space applications will be described in this section. Some of the pre-

sented examples are just concepts that haven't yet seen sunlight, while others were

demonstrative missions. The aim is to demonstrate how origami structures can be ap-

plied in the space industry, how they can in�uence its future, and why they are so impor-

tant.

Starshade

One of the applications under development at National Aeronautics and Space Admin-

istration (NASA)'s JPL is Starshade. The goal of the mission is to detect and observe

exoplanets. This activity has been performed for more than 15 years, but taking a picture

of an exoplanet is a highly challenging task due to the quantity of light that is emitted

by the stars which makes it dif�cult to detect astronomical bodies that are far less bright

[15]. The Starshade project originates from the need to shield the space telescope used

to observe exoplanets from the light of the stars, increasing the possibility of detection

of new exoplanets. The �ower-like shield is composed of an internal stiff ring on which

the origami structure is folded: the �rst part is composed of a full circular shield with a

diameter of 20 m, folded using a simpli�ed �asher con�guration, and the second part is

composed of petals and reaches a diameter of 34 m [16, 17]. The simpli�ed �asher con-

�guration was done to reduce the radius of the stowed structure, which was the biggest

concern of the designer in terms of space considering its dimensions, using fewer folds

compared to the classical �asher con�gurations (in Figure 2.5) to reduce its thickness.

The actuation of the internal part is done through an electric motor that operates on the



8 2| Deployable space structures

internal ribs system. It was designed with a �ower shape because the petals, when seen

from far away, create a softer edge that causes less bending of light waves, being that the

shield can operate at a distance of 45000 km from the telescope. Different con�gurations

of Starshade can be seen in Figure 2.3.

(a) Deployed con�guration (b) Stowed con�guration (c) Cross section

Figure 2.3: Starshade in different con�gurations [16]

Pridwen

An interesting project that could see the light in the next years is the one proposed by

Space Forge [18], Pridwen. The name recalls the legendary shield of King Arthur [19] and

for its potential is considered a possible game-changing in the future of the space indus-

try, taking a step forward for what concerns the reusability of space vehicles and satel-

lites. This thermal shield is designed to survive the atmospheric reentry phase thanks to

its large extension, which consents to uniformly distribute the incoming heat, and thanks

to its constitution of high-temperature resistant materials. Also in this application, the

use of origami structures consents to pack the shield in a reduced volume during the

launch to deploy it then when needed at the end of the mission. Pridwen has undergone

a series of drop tests with a maximum height of 17 km and is waiting to be tried in space

for the �rst time. The launch date is not well de�ned: the heat shield was supposed to

be launched on the ForgeStar-1A satellite by a Falcon 9 rocket in early 2024 [20, 21], but

there isn't any recent news relative to the launch. A rendering of Pridwen can be seen in

Figure 2.4.

HanaFlex

Its name comes from 'Hana', the Japanese word for �ower, and Flex, to indicate the �exi-

ble substrate that composes the origami. Similarly to Starshade, HanaFlex is a structure

arranged with a �asher origami pattern, however, its goal is not to shield a spacecraft

from solar radiation but to collect as much sunlight as possible. Indeed, HanaFlex is a
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Figure 2.4: Rendering of the Pridwen heat shield

deployment system for a solar panel designed to transport in space a large solar panel

with a medium-lift launch vehicle [22]. HanaFlex, in Figure 2.5, when deployed, occupies

a circular space with a diameter equal to ten times the diameter of the stowed con�gura-

tion, reaching a 25-metre �nal diameter. A solar array of this size is expected to produce a

power of 150 kW. To make a comparison, all the solar arrays present on the International

Space Station produce 75-90 kW. Devices like this could support manned missions with

a smaller impact on the launch phase with respect to classical solutions. The main dif�-

culties connected to this design are related to the cables needed to link all the different

panels of the structure: their presence complicates the design of the origami.

NASA's Miura-ori radiator

Another possible application of the folding and unfolding properties of origami is in the

regulation of the heat �ux passing through a radiator. NASA is studying the possibility

of using a Miura-ori, reported in Figure 2.6, as an advanced radiator, able to adapt its

external area to the temperature of the spacecraft thanks to the use of smart materials

such as Shape Memory Alloys (SMAs). A device with these characteristics should be able

to simplify the thermal control of small satellites and CubeSats, where common radiators,

due to their weight, make the task complicated [23].
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Figure 2.5: Model of Hana�ex [22] Figure 2.6: Miura-ori radiator [23]

RaInCube

The name RaInCube stands for Radar In a CubeSat and was a NASA technology demon-

stration mission that operated between 2018 and 2020 [24]. The goal of the mission was

to demonstrate the feasibility of applying to low-cost platforms, in this case a 6U CubeSat

with dimensions of 10X20X30 cm, the Radar technology. The objective was achieved with

the design of KaRPDA (Ka-band Atmospheric Radar for CubeSats), a parabolic antenna

that before deployment occupies a space of 1.5 U, and after deployment has a diameter

of 0.5 m. The antenna, whose deployment sequence is reported in Figure 2.7, is deployed

thanks to 30 ribs that give rigidity to the payload.

Figure 2.7: Deployment sequence of KaRPDA [24]
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Ikaros

Ikaros is a demonstrative mission launched in 2010 by the Japan Aerospace Exploration

Agency (JAXA) [25]. The goal of the mission was to demonstrate that the solar wind can

be used for the propulsion of a spacecraft through the use of a square solar sail with sides

14 metres long. The sail was composed of a membrane 7.5 micrometres thick, folded with

origami techniques in the main body of the spacecraft, which has a cylindrical shape. The

deployment of the sail, visible in Figure 2.8, exploits the centrifugal force applied on four

weights placed on each corner of the sail caused by the spinning of the spacecraft. After

the deployment, Ikaros has to continue its spinning to keep the sail deployed, since no

rigidization systems are present.

Figure 2.8: Deployment of Ikaros [25]

2.3. Deployment of space structures

Deployable space structures are mechanisms that have to respond to different require-

ments in terms of ef�ciency in packaging and accuracy in deployment. Still, not always

it's possible to achieve both these objectives. In these cases is necessary to choose well

the deployment method considering what are the goals of the deployable structure and

the effect that the deployment can have on the spacecraft and on the mission. Along with

the requirements in terms of packaging and accuracy, there is also to consider the relia-
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bility of the deployment method, the speed of the process, the amount of vibrations that

may be generated in the process and the need for rigidization or locking systems [26].

Also, the amount of energy used for the deployment can be considered in the design: a

passive system doesn't require the use of electrical energy to power an actuator but may

be less controllable than an electric motor that drives the deployment. The most estab-

lished space deployable structures are usually characterised into three categories: panto-

graphic structures, elastically deformed deployable structures and in�atable deployable

structures [27].

2.3.1. Pantographic deployable structures

Pantographic deployable structures use a series of mechanical folding and unfolding

structures with good controllability and rigidity and are mainly driven by motor systems.

Being well established they have a high TRL, but their composition leads to high weights

and consequently complicates their applicability to large structures. These structures

have a large variety of mechanisms and can be further classi�ed.

Telescopic structures

Telescopic structures are generally composed of coaxial circular tubes with different di-

ameters that can slide one on the other to form long straight arms. The deployments

achieved with this method are performed step by step and are stable and repeatable.

The deployed structure, in its �nal con�guration, has good rigidity also when carrying

a large load. The deployment classically works through the use of motor-driven screws,

which are used with nuts constrained to the body of the telescopic structure to achieve

the coupling of the axial and rotational movements, but other concepts were studied in

the last few years. In Figure 2.9a is shown the concept of a new mast design that uses

a spiral-shaped rack to couple the rotational and axial movement of the telescopic mast

[28].

Truss structures

Truss structures are deployed by the rotation of the rods that compose the structure

around hinges used to link them, and have good rigidity. These structures can be also

actuated using cables, they are lighter in weight and more versatile than telescopic struc-

tures since they can be customized and constructed into various con�gurations to meet

different deployment requirements, although they tend to be more complex and the de-

ployment is not repeatable. They can be combined in tandem or in parallel:
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- Tandem structures are developed to meet requirements in terms of deployable dis-

tance. Typical mechanisms that compose these structures are scissor-type struc-

tures, composed of two rods connected with a hinge at a point, called pivot, that can

be or not at the centre of the rod. Rotating the rods on the hinge the structure gets

deployed. Mast-type structures can also be manufactured with tandem structures:

they are composed of longitudinal trusses and cables connected to a rigid plane;

the structural elements are unfolded one by one using motors or rotational springs,

which make the longitudinal rods rotate around hinges until they reach an upright

state. The device shown in Figure 2.9b is a mast designed to deploy a telescope,

deployed with a passive spring system that remains blocked during the launch and

early operations phase [29], and permits weight savings with respect to classical

optical telescope con�gurations.

- Parallel truss structures can be used when a large deployed area or volume must

be achieved. Like tandem structures, they can use scissor units but arranged in

more complex mechanisms that permit the deployment of tridimensional struc-

tures. Parallel mechanisms include Z-folding methods, used to deploy structures

that are composed of rectangular planes, that in the folded con�guration are paral-

lel one to the other and after the unfolding are all aligned on the same plane, like

for the solar panels of Dongfanghong-4 Bus [30] in Figure 2.9c. The cons of this last

method is that to deploy structures that require big areas, such as solar panels, the

total length of the structure could cause an excessive bending moment at the root of

the structure. For this reason, new trends tend towards the design of multidimen-

sional deployment systems. Polyhedron-based deploying mechanisms can be used

to form complex shapes with good precision, connecting polyhedral shapes through

hinges. They work particularly well with spherical or parabolic shapes, that can be

formed by using triangular elements. Parallel truss structures can also be applied

in the deployment of �ower-like structures, such as Hana�ex, shown in Figure 2.5,

and can be driven by elastically coiled springs or by motors.

Tensegrity structures

Tensile-integrity structures are grid mechanisms composed of groups of discontinuous

compression units (rods) and groups of continuous tension units (cables), self-balancing

and deformable. This technology makes unfolding possible without using mechanical

joints and can be used to produce masts or antennas, but is low in TRL for its insuf�cient

lateral stiffness, complex design, high precision requirements and dif�cult numerical

analysis. A mast composed of a tensegrity structure [31], deployed with the help of a rod
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at its centre, is shown in Figure 2.9d.

(a) Telescopic mast [28] (b) Mast for an optical
telescope [29]

(c) Dongfanghong-4 Bus solar arrays [30] (d) Tensegrity structure
mast deployment [31]

Figure 2.9: Examples of pantographic deployable structures

2.3.2. Elastically deformed deployable structures

The incrementing use of composite materials and thin structures has driven the devel-

opment of these deployment techniques. Thin-walled elastic elements are able to deform

and recover, when the load is released, staying in their elastic region, making it possi-

ble to further reduce weight, complexity and number of elements that compose the space

structures. Elastic structures can be used for both actuation and support of the deploy-

able devices and can be divided into articulated and thin-walled tubular structures.
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Articulated deployable structures

Articulated deployable structures are composed of elastic rods and are good in terms

of continuous deployment, controllability and self-deployment, but they don't have high

precision in the �nal con�guration and are not suited to cover long distances. They can

be divided into three categories:

- Free deployment mechanisms are driven only by strain energy that is stored in the

deformed (compressed and folded) con�guration of the elastic rods that compose the

structure. These mechanisms are easy to design but the process is not controllable

and highly dynamic, and the �nal con�guration has a low structural rigidity.

- Cable-based deployment methods are built upon the free deployment mechanisms

but their deployment is controlled through a cable, that uses a damper or a motor

to slow down the deployment. Due to the dependency on the unfolding of the cable,

these techniques are limited in applications. In Figure 2.10a is shown a cable-

based mast. This con�guration is commonly used for its low energy request and

simplicity [32]. The coiled mast is �xed at the bottom and rotates as the cable is

extracted. A mechanism of this sort was used in missions such as ST8 Sailmast,

GOES Astromast and Akebono Satellite Simplex Mast.

- Nut-base deployments are applied to masts, which deployment is driven by the

rotation of a nut sleeve. The working principle is similar to the cable-based mech-

anisms, but nut-based are superior in terms of driving force and strength, the only

weak point is that they are heavier than the former.

Thin-walled tubular deployable structures

Thin-walled structures use the elastic deformation of thin-walled metallic or composite

cylindrical units to deploy. They are composed of materials with high speci�c strength,

toughness and elasticity and a low thermal expansion coef�cient, such as copper beryl-

lium alloys or carbon �bre-reinforced materials.

The simplest con�guration of this kind of structure is the Split Tube Extendable Mem-

ber (STEM), visible in Figure 2.10b, that can be deployed and retracted using electrical

motors. Starting from this con�guration other variants were designed, with the goal of

achieving the possibility to deploy longer booms and with more stability and precision.

An example of these designs is the Triangular Rollable And Collapsible (TRAC) boom,

whose section is visible in Figure 2.10c, which can be manufactured with thicker, stiffer

and stronger materials than for STEM and, having a bigger moment of inertia, can sup-

port higher bending loads. TRAC boom can be used also on CubeSats for its good packag-
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ing characteristics and was used to deploy the NanoSail-D solar sail [33], whose mission

was to deorbit a CubeSat. Elastic deployable structures were also applied to membrane

antenna structures such as the one shown in Figure 2.10d. The deployment works in

two phases: �rst, the elastic ribs, spiralled on the central hub and kept in position with a

rope, which is cut in this �rst phase, release their stored energy and stretch out to become

straight lines, then hinges drive the ribs to deploy radially like an umbrella [34]. The re-

�ector in the Figure is composed of 12 ribs and has a deployed diameter of 1.5 m, deployed

with a 2 mm precision Root Mean Square (RMS). Another application of tubular struc-

tures is in the deployment of devices such as the Roll-Out Solar Array (ROSA), which

used two bistable booms made with Composite Tape-Spring (CTS) structures, placed at

the two sides of a composite mandrel to deploy a rolled solar array [35]. ROSA, shown in

Figure 2.10e, was tested on the International Space Station (ISS) and used in the DART

mission. The bistability property consists in being stable in more than one con�guration,

in the case of CTS the two stable con�gurations are the rolled and the deployed ones.

(a) Cable-based de-
ployable mast [32]

(b) STEM deployable structure [27] (c) TRAC boom pro�le [33]

(d) Deployed re�ector [34] (e) ROSA deployment [35]

Figure 2.10: Elastically deformed deployable structures

Summing up, thin-walled structures are bene�cial for their ability to perform self de-
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ployments but the release of the strain energy is generally uncontrolled and can lead to

excessive vibrations and damage to the mechanism or the spacecraft, and they are to

be carefully designed and �nely tested. Furthermore, they have low impact resistance

and are less rigid than truss structures, making them not applicable to excessively large

structures.

2.3.3. In�atable deployable structures

In�atable structures are used when requirements of high precision are not present and

there is the need to implement a deployment with a particularly high packaging ratio

or for particularly big structures. They are mainly constituted of thin and �exible �lms

with closed parts that are designed to contain a gas in pressure, responsible for the de-

ployment of the structure. While for the kinds of structures previously described the

deployment mechanism highly affected the weight computation, in in�atable structures

the main weight comes from the �lm that constitutes them, making them particularly

light systems. Before deployment, in�atable structures are compactly folded, and in

this state, stress concentrations are hardly avoided. This could lead to the occurrence

of plastic deformations, changing the properties of the deployed structure. In extreme

cases, this could lead also to air leakage and to the consequent failure of the deployment.

Other dif�culties are related to the packaging method, which affects the gas circula-

tion in the structure, which in general is not controllable and also hardly numerically

predictable. Furthermore, after the deployment, in order to keep the deployed struc-

ture in the wanted con�guration with high accuracy, rigidization is necessary, and this

operation can be performed by exploiting the characteristics of materials that harden

through heating, cooling, exposure to UV rays or by exploiting a plastic deformation [36].

Nonetheless, considering the advantages that this deployment technique could bring, it

is being actively studied to increase its level of reliability. One of the most relevant ex-

periments done concerning in�atable structures is the one carried out by NASA in 1996,

the In�atable Antenna Experiment, which �ew onboard the Spartan 207 spacecraft and

was deployed in the space shuttle STS 77 mission [37]. The deployed structure was a

parabolic antenna with a 14 m diameter and its goal was to demonstrate the feasibil-

ity of this technology, with an expected precision of the deployment of 1 mm RMS. The

deployment of the antenna, shown in Figure 2.11, was intended to be sequential, but it

ended up being completely unpredictable due to residual air that remained in the stowed

structure and to signi�cant strain energy released by the external torus structure. This

also caused an unpredicted spinning behaviour of the Spartan. Also if the process didn't

occur as expected, the �nal result was satisfactory.
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Figure 2.11: Large In�atable Antenna Experiment [36]

2.3.4. Smart deployment driving

Smart driving strategies are promising technologies under quick development and may

overcome the disadvantages that characterize the classical deployment techniques. The

advantages that they carry are related to their lightweight, limitation in the structural

complexity, good controllability, precision and stability in the unfolding process. Being

relatively new techniques they still have low driving forces and the displacements are

limited, but researchers are working to obtain better performances. The smart materials

on which researchers are more focused are piezoelectrics, Shape Memory Alloys (SMAs)

and Shape Memory Polymers (SMPs).

Piezoelectric materials

Piezoelectric materials can work at high frequencies but have limited displacements, so

they are more used in devices for vibration control rather than for actuation. Figure 2.12a

shows a toroidal in�atable structure with a 1.8 m torus diameter and 15 cm tube diameter

done in Kapton that uses macro-�bre composite piezoelectric elements for sensing and

reduction of the vibrations of the structure [38]. During the experimental study, it was

proved that this technology can suppress the vibrations and also reduce the number of

system components.

Shape Memory Materials

Shape Memory Materials (SMM) exploit the dependence of their molecular structure with

their temperature to return to a predetermined shape after being deformed. More partic-

ulars on how they work will be discussed in Section 2.4. Thanks to their properties they

can be used as actuators for deployable structures. The prototype in Figure 2.12c uses

two SMA springs in antagonistic con�guration to control an aperture which could �nd
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application in the regulation of the temperature of a solar reactor through the control of

the entering light [39]. Figure 2.12b shows a truss designed for the deployment of large

tip masses. It is actuated thanks to carbon �bre reinforced cyanate-based SMP composite

that reaches its glass transition temperature at 195°C [40].

(a) Piezoelectric elements on in�at-
able structure [38]

(b) SMP truss [40]

(c) SMA spring actuator [39]

Figure 2.12: Smart structures

2.3.5. Centrifugal force

Another possible mean of deploying a structure, not classi�ed in reference [27], is by ex-

ploiting the centrifugal force generated by the spinning of a spacecraft on its axis [25, 26].

This technique requires particular care in the folding process of the deployable structure,

which shall be composed of a �exible membrane. An example of this deployment method
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is the one performed by Ikaros, described in Section 2.2.2.

2.4. Shape Memory Materials

Shape Memory Materials (SMM) are stimuli-responsive materials, that convert stimuli

of different nature to the tendency to take a predetermined shape. Various kinds of

materials can reproduce this behaviour, such as metals, polymers, gels and ceramics [41].

In this section, the focus is set on the thermally-induced shape memory effect, which is

caused by a temperature change in the material, in particular, will be discussed the

already mentioned Shape Memory Polymers (SMPs) and Shape Memory Alloys (SMAs).

2.4.1. Shape Memory Polymers

The shape memory effect in polymers is dependent not only on the materials the polymer

is composed of but also on its structure and morphology, along with the programming

that is performed by giving a permanent shape to the polymer with conventional manu-

facturing processes. Then, it's deformed in its temporary shape, which needs to be �xed,

and lastly, at the moment of activation, the polymer regains its permanent shape. The

recovery of the permanent shape can be performed with high precision, more than 99%,

making them suitable for applications where high accuracy is required. An example of

SMP is the polyethylene [41], its permanent shape is �xed by covalent cross-links and the

switch from temporary to permanent shape is controlled by the melting temperature of

its crystallites. The shape memory effect on a polyethylene wire is shown in Figure 2.13.

SMPs have at least two separated phases:

- The �rst phase is the one that shows the highest thermal transition temperature,

T perm , which is the temperature above which the most resistant phase of the poly-

mer melts, making it possible to be worked with conventional techniques, consent-

ing to change or set the permanent shape of the material.

- The second phase serves as a molecular switch, and enables the �xing of the tem-

porary shape. Representative of this phase is the transition temperature, T tran .

Above T tran the polymer can be deformed and set in its temporary shape, and cool-

ing below T tran the shape is �xed.

When heating the material above T tran it's important to stay below T perm , otherwise,

the permanent shape will be affected. The transition temperature can be either a glass

transition temperature or a melting temperature of one of the phases that constitute the

polymer. After the programming of the SMP, the activation is done by heating it above
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the transition temperature.

Figure 2.13: Example of shape memory effect on a polymer [41]

Thermodynamic aspects of polymers

When a polymer is in its glassy state all the movements of the polymer segments are

frozen. When the transition to a rubber-elastic state takes place through thermal ac-

tivation, the rotation around the segment bonds becomes increasingly unimpeded. In

this state, if external tensile forces are applied, the polymer can stretch in the direction

of the force but it returns to its original size if the force is released after a short time.

If the stress is applied for a longer period, a permanent and irreversible deformation

takes place since the molecules of the polymer have the time to arrange in a different

con�guration and change shape permanently. Similarly, heating above the glass transi-

tion temperature of a polymer favours higher segment mobility, consenting to deform the

polymer with a lower mechanical stress.

The slipping of polymer chains under the effect of loads can be stopped by cross-linking

the polymeric chains in some particular points of the material, making the polymers

elastomers. Performing this process, which can be physical or chemical, a permanent

shape can be �xed in the polymer, which remains memorised until the T perm previously

described is not exceeded. Elastomers have particular characteristics: they warm up

when stretched, the elastic modulus increases with heating and the coef�cient of thermal

expansion is negative above the glass transition temperature.

Behaviour and characterization

As previously mentioned, there are two main temperatures which have particular impor-

tance in the behaviour of a SMP. The polymer is formed of different phases, and each of

them has a different thermal transition temperature. What rules the shape memory be-
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haviour is the phase which has the highest thermal transition temperature, which will be

called T perm because exceeding this temperature will make all the polymeric chains free

to rearrange and the permanent shape to be lost. The other characteristic temperature

is the T tran , above which the chain segments are �exible and can be deformed, but not

permanently. A polymer can be considered as a SMP only if the transition temperature

is present in a suitable range considering the particular environment the polymer will

work in.

For the complete characterisation of the behaviour of a SMP, tests need to be done by

studying three variables: stress, strain and temperature, indicated with ¾, " and T in

Figure 2.14. In a typical test, the polymer is �rst heated to a temperature above the

switching temperature ( T tran ) and stretched above the maximum strain, at " m . Keeping

the strain at " m the piece is cooled down below T tran , �xing the temporary shape, and

then the load is released. After this, the piece is warmed over the transition temperature

and returns to its original shape. The test is repeated for more cycles since the behaviour

in the �rst cycles doesn't repeat exactly in the same way but there are some variations

between two consecutive cycles, that reduce when the number of cycles rises. These

variations are studied during the test along with the elastic modules at the two extreme

temperatures reached during the test and the transition temperature.

Figure 2.14: Behaviour of a SMP [41]

The variations between cycles are studied through three indexes: the strain recovery

rate, R r , the total strain recovery rate, R r ,tot , and the strain �xity rate, R f , computed as

shown in Equation 2.1 and Equation 2.2, where N is the number of the performed cycle

and the strain values found in the Equations are the ones visible in Figure 2.14.

R r (N ) Æ
" m ¡ " p(N )

" m ¡ " p(N ¡ 1)
R r ,tot (N ) Æ

" m ¡ " p(N )

" m
(2.1)

The strain recovery rate quanti�es the ability of the material to memorize the permanent
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shape between two cycles, while the total recovery rate refers to the original shape of the

test sample.

R f (N ) Æ
" u (N )

" m
(2.2)

The strain �xity rate describes the ability, after the cooling, to �x the mechanical defor-

mation applied during the programming process.

After the tensile strength test also the capability to recover from a rotation is analysed:

the sample is bent to an angle µi at a temperature above the transition temperature and

is then cooled down preserving the inclination. Then the sample is warmed up above

T tran and the deformation angle, µ f , is measured. The recovery rate is computed as

shown in Equation 2.3.

Rb Æ
µi ¡ µ f

µi
(2.3)

Pros and cons

SMPs generally have good accuracy in the recovery of the permanent shape, they are

cheap, the programming is less complicated than for other SMM and they can be de-

formed way more than SMAs, with the maximum measured elongation of 1100%. The

main cons of SMPs are related to the low stress they can exert, long-term storage of sam-

ples in temporary shape is dif�cult because a modi�cation of the permanent shape may

occur and, being polymers, they could have problems related to the degradation caused

by the space environment.

2.4.2. Shape Memory Alloys

Shape Memory Alloys (SMAs), similarly to SMP, exploit the transition of their phase, ob-

tained with a temperature change, to recover a memorised shape. They exist in different

alloys, based on iron, copper or other metals, but the best properties are found in nickel

and titanium alloys, commonly called NiTinol [42] (Nickel-Titanium Naval Ordinance

Laboratory), where the quantities of the two metals are generally present at roughly 50%

each in mass, due to rapid changing of activation temperatures as shown in Figure 2.15,

depending on the speci�c application. The nonlinear behaviour of SMAs plays an impor-

tant role in the dumping of vibrations and in its capability of deformation recovery, while

its hysteresis behaviour helps to dissipate the absorbed energy. Due to their dif�culty

in transferring rapidly the heat, they can work at most at a frequency of 3 Hz, and only

with small actuators. These materials can memorise one or even two shapes, depending

on the performed treatments. The One Way Shape Memory Effect (OWSME) will be ex-
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tensively discussed in this section, while the Twin Way Shape Memory Effect (TWSME)

will be omitted since it is not of interest for this thesis.

Figure 2.15: Effect of the quantity on Nickel in the Martensite start temperature [43]

Transformations in Shape Memory Alloys and OWSME

The Shape Memory Alloys can be found in two different phases: [44]

- Austenite (A) has a cubic lattice structure (B2) and is present only above the Austen-

ite start temperature ( As), which will be later described. It's the phase with the

better mechanical properties: it's more resistant and has a higher elastic modulus.

It's responsible for the pseudoelastic properties of the material.

- Martensite (M) has a monoclinic lattice structure (B19), is present in twinned ( M T )

and detwinned ( M D ) con�gurations, and is stable at lower temperatures, but in

some conditions can also be present at higher temperatures. It's the less resistant

phase, responsible for the capability of SMAs to undergo high strains, typically 6-

8% at most, without experiencing plastic deformation.

In Figure 2.16 are reported the transformations typically done to pass from one phase to

the other [45, 46]. Pretending to undergo a complete cycle, where all the transformations

are performed completely, the transformations will be explained following this list of

operations, starting from a sample unloaded and at low temperature, that has a twinned

martensite lattice structure:

(1) The sample is loaded and, passing between the detwinning start stress ( ¾s) and the

detwinning �nish stress ( ¾f ), the twinned martensite structure changes orientation

depending on the direction of the applied load, making all the lattice cells take

the same orientation, and transforming into detwinned martensite, giving to the
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sample a new stable shape

(2) After the load is released, the temperature is raised, and, passing between the

austenite start temperature ( As) and the austenite �nish temperature ( A f ), the

lattice structure goes to the austenitic phase, regaining the initial shape, that the

sample had before transformation (1)

(3) If a high enough load is applied to the austenitic phase, the lattice structure will

return to detwinned martensite, deforming again, and can then return to the initial

shape by following again transformation (2) if the load is released

(4) Starting from the unloaded austenitic phase, the sample is cooled down and it re-

turns to the original martensitic detwinned structure when passing between the

martensite start temperature ( M s) and the martensite �nish temperature ( M f ),

without changing its shape

(5) By heating up again the sample without applying loads, the lattice structure re-

turns to austenite

(a) Phases in SMA [45] (b) Temperature-stress diagram of SMA transfor-
mations [46]

Figure 2.16: Transformations between phases in Shape Memory Alloys

Pseudoelasticity

The effect of pseudoelasticity acts in a Shape Memory Alloy when it works at tempera-

tures higher than A f . Referring to Figure 2.16b, loading the material the stress rises

and, if high enough, crosses the martensitic transformation region and stress-induced

detwinned martensite forms. Working in this temperature region the SMA can work

elastically in a wide strain range, permitting to reach strains up to 6-8%, depending on

the speci�c used alloy. A typical load pro�le that shows the pseudoelastic effect can be
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