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ABSTRACT2

In this article, a self-reconfiguring OrigamiSat concept is presented. The reconfiguration of the3
proposed OrigamiSat is triggered by combining the effect of 4D material (i.e. origami’s edges) and4
changes in the local surface optical properties (i.e. origami’s facets) to harness the solar radiation5
pressure acceleration. The proposed OrigamiSat uses the principle of solar sailing to enhance6
the effect of the Sun radiation to generate momentum on the Aluminised Kapton (Al-Kapton)7
origami surface by transitioning from mirror-like to diffusely reflecting optical properties of each8
individual facet. Numerical simulations have demonstrated that local changes in the optical9
properties can trigger reconfiguration. A minimum of 1-meter edge size facet is required for a10
thick-origami Al-Kapton origami to generate enough forces from the Sun radiation. The thick-11
origami pattern is 3D-printed directly on a thin Al-Kapton film (the solar sail substrate which is12
highly reflective). An elastic filament (thermoplastic polyurethane TPU) showed best performance13
when printing directly on the Al-Kapton and the Acrylonitrile Butadiene Styrene with carbon14
fiber reinforcement (ABS/cc) is added to augment the origami mechanical properties. The 4D15
material (shape memory polymer) is integrated only at specific edges to achieve self-deployment16
by applying heat. Two different folding mechanisms were studied: (1) the cartilage-like , where17
the hinge is made combining the TPU and the 4D material which make the mounts or valleys18
fully stretchable, and (2) the mechanical hinge, where simple hinges are made solely of ABS/cc.19
Numerical simulations have demonstrated that the cartilage-like hinge is the most suitable design20
for light-weight reconfigurable OrigamiSat when using the solar radiation pressure acceleration.21
We have used build-in electric board to heat up the 4D material and trigger the folding. We22
envisage embedding the heat wire within the 4D hinge in the future.23

Keywords: solar sails, 3D printing, additive manufacturing, shape memory polymers, reconfigurable structures, origami24
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1 INTRODUCTION

Conventional spacecraft designs generally comprise of a central spacecraft bus that mounts multiple25
deployable structures (e.g. antennas and solar arrays). Deployables are used to minimise the packed volume26
in the launch vehicle and to provide on-orbit configurations which aim to extend the surface area of the27
spacecraft. These devices are generally large structures deployed in-space utilising origami-based designs28
(Larson and Wertz, 1992). The benefits of origami-based designs for these deployable structures include29
a reduction in stowed volume, and an ability to deploy the structure with minimal actuation and few30
moving parts (Peraza Hernandez et al., 2019). Morgan et al. (2016) give an overview of the advantages of31
origami designs specifically for aerospace applications, and demonstrates the wide range of potential uses,32
including: protective bellows for Martian rovers, expandable habitats for the ISS, and deployable antennas.33
The most well-known example of origami used in spaceflight engineering is the Miura fold (Nishiyama,34
2012), which allows a structure composed by rigid panels to be folded compactly and then unfolded in35
one motion, and has been used for deployable solar panel arrays. A design procedure for reversible rigid36
origami solar panels has been proposed and demonstrated through the realization of a 3D printed prototype37
of mechanical hinges (Russo, 2020).38

Spacecraft deployables tend to be lightweight to reduce launch costs. These large appendages can cause39
the spacecraft to experience disturbance torques due to the Solar Radiation Pressure (SRP) acceleration,40
which must then be counteracted by the attitude control system. Conversely, solar sails are highly reflective41
deployable structures (i.e., “space mirrors”) specifically designed to enhance the effect of the Sun’s radiation42
as a primary form of fuel-free propulsion with the advantage of a longer mission lifetime. Solar sails are43
large (e.g. 200 m2 (Ono et al., 2013)) and two-dimensional lightweight membrane structures (e.g., 7.544
�m thickness (Ono et al., 2013)) folded using origami based design to fit within the launcher’s volume.45
Natori et al. (2015) discusses the use of origami-based design for deployable membrane spacecraft, giving46
a number of examples of deployable fold patterns for this application.47

Most of these structures (deployable devices and solar sails) are currently designed to maintain a48
fixed-shape once deployed, and a single spacecraft usually mounts multiple deployables for different49
purposes. We propose a spacecraft design which integrates solar sailing capabilities with functionality50
which would traditionally require deployable structures, through the use of a reconfigurable origami satellite51
or “OrigamiSat”. Such a shape-changing spacecraft could open a new paradigm in spacecraft design, where52
a “flat” OrigamiSat could be folded into several shape configurations, each performing different functions.53
In this new paradigm, solar sailing could be one of the operational modes of a multi-functional OrigamiSat,54
moving away from the conventional view of SRP as a disturbing force for deployables. When flat, an55
OrigamiSat could operate as a solar sail, providing fuel-free propulsion or attitude control. The OrigamiSat56
could then be reconfigured and operate, for example, as a parabolic reflector (Borggrafe et al., 2015),57
thereafter switching between operational modes as required. Furthermore, it is possible that the shape58
reconfiguration itself could be at least partially controlled through the use of SRP and surface reflectivity59
modulation (SRM), in a fashion similar to the use of Reflectivity Control Devices (RCDs) for the attitude60
control of solar sails. This could be achieved by mounting RCDs on different facets of the origami61
design. By modulating the reflectivity of each facet, the force due to SRP could be controlled and shape-62
reconfiguration achieved by subjecting the OrigamiSat to the forces required to perform the desired “folds”63
of its underlying origami pattern.64

The active shape control of solar sails has previously been considered for some specific applications,65
though the degree of shape reconfiguration required by a multi-functional OrigamiSat would be more66
extensive than any of the following proposed concepts. Reconfiguring the shape of a solar sail modifies67
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the area-to-mass ratio of the spacecraft, allowing orbit control and enabling new missions. For example,68

Soldini et al. (2019) show that instantaneous changes of the area-to-mass ratio of a spacecraft can be used69

to perform fuel-free transfers between Lissajous orbits in the Sun-Earth system, suggesting this could be70

achieved through the use of foldable “�aps” being deployed or stowed as required. Farrés et al. (2019) have71

explored solar sails transfer for L4 and L5 lagrangian points while Soldini et al. (2016) have investigated72

the use of shape-changing solar sails for end-of-life disposal of large spacecraft in the L2 Lagrangian point.73

Ceriotti et al. (2014) introduce a quasi-rhombic pyramidal solar sail design in which the sail geometry is74

actively controlled via extendable booms, enabling orbit control. Takao (2020) investigates the active-shape75

control of spinning solar sails, demonstrating effective shape control can be achieved using either tethers76

or RCD devices. Borggrafe et al. (2015) demonstrate that a parabolic shape can be produced in a slack77

re�ective membrane by varying the surface re�ectivity across the membrane surface. This concept is similar78

to suggestion that the shape-recon�guration of an OrigamiSat could be triggered by SRP and differences79

in local surface re�ectivity, though the mechanics of an origami pattern folding are quite different to the80

membrane dynamics considered in this example.81

The local surface re�ectivity of the proposed OrigamiSat could be controlled via RCDs. RCDs are82

proven technology for solar sails, as demonstrated by the IKAROS mission which used such devices83

to generate attitude control torques Ono et al. (2013). For tuning the torque acting on the sail Ma et al.84

(2016) describes the use of an RCD based on a polymer dispersed liquid crystal (PDLC), which enables85

propellant-less attitude control through re�ectivity modulation via an applied voltage. In Lai et al. (2019),86

a 3D-printed corner cube retro-re�ector was manufactured which is tunable through the PDLC, cutting87

costs related to the manufacturing process. Such devices would be an ef�cient means of achieving shape88

control for an OrigamiSat, as they do not require propellant, have low mass, and could be integrated into89

the re�ective membrane of an OrigamiSat's facets during manufacture through the use of contemporary90

additive manufacturing techniques.91

In this work we use multibody dynamics simulations to model the in-space folding behaviour of an92

OrigamiSat with variable local re�ectivity. As origami-based design is so frequently found in the area93

of space�ight engineering, there is a need to accurately model the behaviour of these origami structures94

in orbit. McPherson and Kauffman (2019) give a review of research on the dynamics and estimation of95

origami space structures, highlighting the importance of accurate dynamic models, particularly during the96

deployment phase. Examples given by McPherson and Kauffman (2019) include the work of Miyazaki97

and Iwai (2004), where a spring mass model is used to model the membrane dynamics of a six panel solar98

sail. Zhang and Zhou (2017) present a simpli�ed model of a spinning solar sail during deployment, and99

perform an ABAQUS simulation of the origami fold pattern deploying. Although there is some literature100

on modelling the deployment dynamics of solar sails, the deployment of these sails is most often enacted101

by centrifugal means as the central hub spins and the sail unfolds (Takao, 2020), and the sail itself is102

considered to be a �exible membrane. The OrigamiSat proposed in our work consists of recon�gurable103

rigid panels (the OrigamiSat facets), acted upon by SRP acceleration, therefore the mathematical modelling104

presented in this article is quite different to the cases found in literature.105

Manufacturing is an important consideration for future OrigamiSat development. The manufacturing106

process of traditional solar sails is complex, requiring the manual folding of the thin sail membrane107

(Stohlman et al., 2020). In the second part of this paper, we consider the manufacturing of an OrigamiSat,108

and in particular how additive manufacturing (AM) would be particularly suitable for this application. The109

design and manufacturing �exibility offered by AM techniques, together with its capability of combining110

multiple materials (structural, photo-voltaic, conductive etc) in a single pass (Okaro et al., 2019), will111
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enable new and more effective solar sail designs such as the OrigamiSat. We use additive manufacturing to112

explore the design of an OrigamiSat folding mechanism and for the rapid prototyping of a self-recon�guring113

solar sail. The use of AM and rapid prototyping has also allowed us to investigate a variety of candidate114

materials for the OrigamiSat folding mechanism and membrane, with results discussed in the latter part of115

this paper.116

We also consider the use of Shape Memory Polymers (SMPs) �lament (commercially know as 4D117

material) as an additional actuator for OrigamiSat folding, and have incorporated these materials in our118

prototyping. Here, we propose incorporating SMP material in the hinge mechanism of the OrigamiSat,119

such that when heat is applied to the SMP, folding around the hinge is effected. Such materials have120

recently been of great interest in the space�ight community due to their novel properties and wide-ranging121

applications. Wu et al. (2018) proposes a self-folding polymer membrane based on space-quali�ed materials122

and is potentially mass-producible by industrial roll-to-roll processes. Different studies have been made123

which harness the properties of “smart materials” such as Shape Memory Alloys (SMAs) or SMPs. One124

example is the work of Karmakar and Mishra (2021), where an SMA-based linear actuator has been used125

for controlling the deployment of a Light Sail. Bovesecchi et al. (2019) explore the self-deployment of a126

solar sail through the construction of three different prototypes, demonstrating the utility of SMAs for such127

applications. SMAs have also been used by Inglesias (2020) for the development of a self-folding hinge128

architecture for origami-inspired thin architecture, which is suitable for space applications. An example of129

an external force being used to effect the self-folding and spontaneous buckling of a thin sheet of SMP is130

presented in Zhang et al. (2017), and is particularly relevant to our work in that this external force could131

represent SRP in the case of an OrigamiSat.132

This paper is organised as follows. In Section 2, a brief summary of the long-term vision is given,133

describing the aims and scope of the work. Section 3 contains mathematical modelling and the results of134

numerical simulation, used to investigate the feasibility of SRP triggered recon�guration of OrigamiSats,135

while section 4 focuses on OrigamiSat manufacturing, in which we investigate the use of AM techniques136

for rapid-prototyping purpose.137

2 ORIGAMISAT MISSION APPLICATION

In this article, a new paradigm towards space mission design has been proposed where a swarm of shape-138

changing OrigamiSats are employed for achieving multi-operational mission goals. A new concept of139

origami solar sail's membranes is here explored which makes use of 3D printable materials on a high140

re�ectivity material (a thin Al-Kapton �lm). The optical properties of the facets is assumed to be controlled141

by Re�ective Control Devices (RCDs) while the edges are assumed to be actuated by embedded heaters,142

which will activate the shape memory polymer (4D material). Thus, our design evaluates the use of hybrid143

thermo-optical properties to enable recon�gurability of an OrigamiSat. Figure 1 shows an illustration of a144

simple OrigamiSat made of triangular facets(black rectangle). The central facet is assumed to have body145

mounted solar cells on the front and hardware on the back. The other facets are connected to the central one146

through 4D-printed edges. The optical properties of the other facets are assumed to be controlled by RCDs.147

The system is considered to be fully integrated and the edges are directly printed on the Kapton membrane.148

When the RCD is “ON” the facet is specular re�ective (i.e., dark orange in Fig. (1)) while when “OFF” the149

facet's optical property changes to diffuse re�ection (i.e., light yellow in Fig. (1)). Local changes in the150

optical properties of the facet triggers recon�guration due to the different modulation in the solar radiation151

pressure acceleration. Figure (1) shows our vision for the use of shape-changing OrigamiSats. A swarm of152

OrigamiSats is initially stowed in the launcher (1), each single OrigamiSat is deployed and the actuation153
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can be achieved by actuating the 4D edges. Once the swarm of OrigamiSats is fully deployed, the next154

step is to assembly On-orbit to form a large Solar Sail (3). This allows for fuel-free transfer of a swarm of155

OrigamiSats at its �nal destination (4). Finally, the OrgamiSats can individually reshape by harnessing156

SRP and change the local re�ectity of each facet as shown in Fig. (1) for a lander (5). In this section, an157

overview of OrigamiSats idea and possible application is proposed. However, in this article we focus on158

the thermo-optical properties of a single OrigamiSat and its manufacturing process. Section 2 investigates159

the effectiveness of harnessing SRP through local optical changes of the facet via multi-body dynamics160

numerical simulations while Section 3 is devoted to the manufacturing process and the prototyping of the161

4D-printed OrigamiSat. The simple design shown here is one of the OrigamiSat shape investigated in both162

Section 2-3 and used for comparison. Several origami folding sequences and manufacturing processes of163

the edges have been investigated in Section 2 and 3 respectively.164

Figure 1. Illustration of a swarm OrigamiSat mission scenario (1), Launch con�guration (2) Deployment
of a single OrigamiSat by using 4D-printed edges (3) On-rbit assembly of a swarm of OrigamiSats (4)
Fuel-free propulsion during the transfer phase and (5) Changes in the facet optical properties to trigger
shape-changing.

3 MULTIBODY ORIGAMI FOLDING DYNAMICS

In this section mathematical models of an OrigamiSat are developed and used to demonstrate that folding165

can be triggered by changing the local optical properties. First, a simpli�ed, planar model of a single166

facet folding is used to derive some approximate scaling laws, and then a 2D model of linked facets167

is used to demonstrate the principle of SRP triggered shape recon�guration. Finally a 3D multibody168

dynamics formulation is used to derive the equations of motion for arbitrary OrigamiSat fold patterns.169

These simulations have demonstrated that the momentum imparted to the facets by SRP is suf�cient to170

trigger the self-folding of an origami solar sail. Simulations are then used to investigate the use of SRP171

and local SRM, whereby the surface re�ectivity of individual facets of the OrigamiSat can be controlled,172
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to perform active shape-recon�guration of the sail. The effect of SRP is proportional to the area-to-mass173

ratio of each facet. Thus, it was possible to determine the minimum size required for each facet to generate174

enough ”folding” momentum.175

3.1 Folding Time of a Rigid Re�ective OrigamiSat Facet176

Here, the feasibility of using SRP to actuate the folding of high area-to-mass ratio, rigid facets is177

demonstrated using a simpli�ed planar model of a rigid panel with a �xed edge constraint. This rigid panel178

represents a single facet of an OrigamiSat. The bending resistance from the hinge material of an OrigamiSat179

is estimated by assuming that the panel can be treated as a centre-loaded cantilever beam (Malka et al.,180

2014), and scaling laws for the hinge resistance torque and SRP force are developed.181

a) b)

Figure 2. Re�ective origami facet with �xed edge constraint (a) and change in facet folding time with
length-scale, considering the bending stiffness of a7:5 � m thick �exure hinge (b)

Figure 2a illustrates a rigid, re�ective, square facet with a �xed support at one edge and exposed to182

incoming radiation. The facet has sidelengthl, and the unit vectorsn ant de�ne the surface normal and183

transverse vectors respectively. The transverse direction is de�ned to be the vector perpendicular ton and184

lying within the plane spanned byn andu i , which is the direction of the incident radiation. Considering185

only specular re�ection and absorption of the incident radiation, for a Lambertian surface located one186

astronomical unit (AU) from the sun, the force acting on the facet is given by:187

FSRP= PA(1 + � ) cos2 � n + PA(1 � � ) cos� sin� t (1)

where� , the re�ectivity, is the fraction of the incident radiation that is re�ected,P = 4:563� 10� 6 N m� 2188

is the SRP constant 1 AU from the Sun, andA = l2 is the facet area (McInnes, 1999).189

The surface is further assumed to be perfectly re�ective, in which case� = 1 and Eq. 1 reduces to190

FSRP= 2PA cos2 � n . We now derive an expression for the time required for the facet to complete a fold191

through�= 2 radians. If the facet has no bending resistance, and so is free to rotate around the �xed edge,192
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the angular acceleration of the facet around they-axis is given by:193

•� =
�
I y

=
3P cos2 �

�l
(2)

where� = P l3 cos2 � is the magnitude of the torque produced by the SRP force (FSRP), acting through the194

centre of the facet, andI y = 1
3�l 4 is the mass moment of inertia of the facet around they-axis, expressed195

in terms of the areal mass density� . Equation 2 is then linearised in the range� = [0; �= 2] by making the196

approximationcos2 � � (1 � 2
� � ). Following the aforementioned linearisation, an approximate solution197

for � (t) can be derived when setting_� (0) = � (0) = 0 :198

� (t) =
�
2

"

1 � cos

 r
6P
��l

!#

(3)

The time taken for the facet to complete a rotation of�= 2 rad is found by integrating Eq. 3 between199

� = 0 and�= 2, which gives:200

t �= 2 =
�
2

r
��l
6P

(4)

Equation 4 is illustrated in Fig. 2b, for areal mass densities ranging from10g/m2 (dotted red line in Fig.201

2b), that of near term solar sails, to two orders of magnitude higher (dashed red line in Fig. 2b). These202

greater areal mass densities are considered to take into account the fact that the analysis assumes a rigid203

facet, and the structural mass required to guarantee suf�cient rigidity may increase the areal mass density204

above that of conventional solar sails. (The black curves in Fig. 2 represent the folding time when hinge205

resistance is taken into account, expressions for which are derived in the following section.) As shown in206

Fig. 2b, if the mass density is low enough the time required to fold the facet remains on minute time-scales,207

for length-scales up to 100 m. This suggests that rapid, active shape re-con�guration of low density origami208

solar sail could be feasible using SRP.209

3.1.1 Bending Resistance210

In the previous section, we adopted a formulation where the rigid facet was free to rotate around the �xed211

edge in Fig. 2a. We now introduce a more realistic model where the resistance to the facet's rotation due212

to the hinge material is taken into account. The hinge is only required to constrain the OrigamiSat edges213

together, allowing relative rotation, and so one solution would be to use the sail material itself as a �exure214

hinge. The hinge stress due to the inertial forces of the rotating facets would need to be considered in the215

sail design process, but at this stage it is assumed that the hinge can be thin enough that a �exure hinge of216

sail material would be the solution offering the lowest bending resistance. In other words, it is assumed217

that the resistance of the hinge can be modelled as a linear torsion spring, where the resistance to rotation218

comes from the bending stiffness of the hinge material, rather than the resistance coming from the friction219

in a hinge or bearing.220

The rotational bending stiffness is de�ned (Malka et al., 2014) by:221

k =
EI yA

l
=

Ed3w
12L

(5)
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whereE is the Young's modulus,I yA the second moment of area of the hinge cross-section, andw, d and222

l the width, thickness and length of the hinge respectively. Details of the hinge geometry and labelling223

convention can be found in Malka et al. (2014). It is assumed that the hinge material is thin enough that the224

curvature can be ignored, i.e. that the de�ection discontinuously increases from 0 to� at the hinge root,225

where� is the hinge angle. This assumption was also made by Okuizumi and Yamamoto (2009) when226

modelling creases in a7:5� m solar sail �lm and found to be accurate through non-linear �nite element227

analysis, and through comparison with experiment. With this assumption, the bending resistance of the228

square facet illustrated in Fig. 2a is given by:229

k =
Ed3

12
(6)

which is found by taking Eq. 5 and settingw = L = l. The bending resistance does not depend onl230

because although the length of the fold root, and thus second moment of area increases proportional tol,231

the lever arm of the applied force also increases at the same rate. We now derive an expression for the time232

taken for a square facet subjected to SRP and with bending resistance to fold�= 2 radians. With bending233

resistance, Eq. 2 becomes:234

•� =
P l3 cos2 � � k�

1
3�l 4

(7)

Again approximatingcos2� � (1 � 2
� � ), a solution for� (t) is:235

� (t) = �P l 3

0

@1 � cos

2

4

s
6P l3 + 1

4E�d 3

��l 4

3

5

1

A (8)

and the time taken to reach a fold angle of�= 2 rad is now given by:236

t �= 2 =

s
�l 4�

6l3P + 1
4E�d 3

cos� 1
�
�

�Ed 3

24l3P

�
(9)

Equation 9 only has a solution if:237

l > d
�

�E
24P

� 1
3

(10)

If the inequality in Eq. 10 is not satis�ed, physically this means that the facet does not complete a rotation238

of �= 2 radians, as the bending stiffness is too large compared to the SRP torque. Ifl is equal to the right239

hand side of the inequality then the facet just reaches�= 2 radians, but will oscillate between� = 0 and240

�= 2. For largerl , the facet will exceed this angle. Equation 10 then gives the minimum facet length scale241

required to fold a facet using SRP for a given �exure hinge thickness. Using parameters of the IKAROS242

base membrane as a example (Okuizumi and Yamamoto, 2009),d = 7:5 � m andE = 3:2 GPa, Eq. 9 is243

shown in Fig. 2b, along with the zero bending resistance case. Forl < 0:34m, there is no solution, while244

for l > 0:34m the curve rapidly approaches the no bending resistance case, and the hinge resistance can245

effectively be ignored.246

This analysis shows that, for a simpli�ed, rigid facet model, it should be possible to rapidly fold an247

OrigamiSat using SRP. When the effect of the hinge bending resistance was considered, assuming the248

hinge is a thin �exure hinge of comparable thickness to the sail membrane itself, there is a minimum length249

This is a provisional �le, not the �nal typeset article 8
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scale required for the facet to be able to overcome the bending resistance and fold, but for length scales250

greater than this the bending resistance can essentially be ignored.251

3.2 Planar Model of Linked, Re�ective Facets252

Having considered a simpli�ed, single facet model in the previous analysis, we now extend our analysis253

to investigate the multibody dynamics of an OrigamiSat with multiple facets. To this end, a planar model of254

linked rigid bars has been developed, and is presented in this section. The aim of this work is to �rst verify255

results relating to folding-times obtained via the simpli�ed single facet model of the previous section, and256

to assess the feasibility of using SRP to trigger the OrigamiSat folding when there are multiple rigid facets257

rotating relative to one another, and when the entire system is in free-space with no �xed supports.258

3.2.1 Model Description259

Here, the equations of motion for a multibody system consisting ofN linked, rigid bars are presented.260

The generalised coordinates of the system are thex and y coordinates of each bar's centre-of-mass,261

and the angle� each bar makes to thex-axis. These coordinates are contained in the state vectorq =262

[x1; y1; � 1; :::; xN ; yN ; � N ]. The system dynamics are found using the Lagrangian multipliers formulation,263

as described by, for example, Baraff (1996). The constraints are satis�ed by �rst solving:264

JM � 1JT � = � _J _q � JM � 1Qa (11)

for the vector of Lagrange multipliers� , and then �nding the constraint forces with:265

Qc = JT � (12)

whereJ is the Jacobian, de�ned byJ = @C =@q for the constraint equation vectorC . Qa is the vector of266

applied forces.M is the mass matrix, which is diagonal with elements[m1; m1; I 1; :::mN ; mN ; I N ], where267

mi , I i = 1
12mi L2

i are the mass and mass moment of inertia of thei th bar, respectively, for bar lengthL i .268

The constraint equations are given by �rst �nding the position vector of the end of each bar, and enforcing269

that the ends of connected bars are coincident, such that:270

C =

0

B
B
B
B
B
@

x1 + 1
2L1 cos� 1 � x2 + 1

2L2 cos� 2

y1 + 1
2L1 sin� 1 � y2 + 1

2L2 sin� 2
...

xN � 1 + 1
2LN � 1 cos� N � 1 � xN + 1

2LN cos� N

yN � 1 + 1
2LN � 1 sin� N � 1 � xN + 1

2LN sin� N

1

C
C
C
C
C
A

= 0 (13)

The equations of motion are then given by:271

•q = M (Qa + Qc) (14)

which may be numerically integrated to evaluate the time-evolution of the system. The applied force vector272

Qa is the force due to SRP on each bar, and is found by evaluating Eq. 1 for each bar, for a given radiation273

incidence direction and the re�ectivity� i of each facet, and again assuming square facets such thatA i = L2
i .274

The bending stiffness of the edges is not considered at this stage, since the previous analysis found this275

force to be negligible compared to the force due to SRP for large enough facets.276
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3.2.2 Results of Simulation277

The planar multibody model is now used to investigate the dynamics of linked rigid, re�ective facets in278

free space, subject to SRP. The equations of motion given in the previous section are numerically integrated279

with a Runge-Kutta 4th order integration scheme, and a simulation timestep of 1 s. The bar elements280

are given a length of 1 m, and the mass is calculated assuming an areal mass density of 10 g/m2. The281

incident radiation is directed along the positivey-axis. In the �rst simulation, two linked bars with perfect282

re�ectivity � = 1 are considered. If initially,� 1 = � 2 = 0 rad, there is no relative rotation of the bars, as283

the SRP force is normal to both surfaces and thus in the same direction, so is experienced by the system as284

rigid body motion. A small initial relative angle is introduced, by setting� 1 = � 0:01rad and� 2 = 0:01285

rad. This means that the SRP acts to fold the facets together as there is a small difference in the direction286

of the force on each facet. Through simulation, it was found that the two facets fold together in a time of287

412 s. This is greater than the time suggested by Fig. 2b for facets of this size. This is because there is no288

�xed support at the edge and each facet is free to accelerate in they-direction when the force is applied.289

However, once the rotation begins it rapidly accelerates, as a greater portion of the SRP torque acts in290

opposing directions on the two facets, and the majority of the fold is completed within approximately 50 s291

which is more in line with the expected folding times given in Fig. 2b.292

By controlling the surface re�ectivity of each facet, through the use of RCDs for example, folding can293

be induced without the need for an initial relative angular displacement, as was required in the previous294

simulation. This is because, as a consequence of Eq. 1, a facet of equal area with higher re�ectivity will295

experience a greater force, and thus accelerate relative to a less re�ective facet, resulting in a rotation296

around the joint between them.297

A simulation was performed of a three facet system, with re�ectivities given by[1; 0; 1] for facets one298

to three respectively, and all initial angles zero. These re�ectivities represent an idealised case, though in299

practice the difference in re�ectivity that could be achieved with RCDs will most likely be much smaller.300

Due to the difference in surface re�ectivity between the facets, a fold is induced. Three facets are used here301

such that the symmetry prevents the overall system rotating, and so only the outer facets fold in while the302

centre facet remains �at. The facets are found to complete a fold of�= 2 radians in 100 s. This is twice303

the value expected in from the �xed edge analysis in Fig. 2b forl = 1 m, because unlike the �xed edge304

case the centre facet here is also accelerating in the positivey-direction. Since the force on the perfectly305

absorbing centre facet is exactly half that on the outer facets (initially), in the centre-of-mass frame the306

angular acceleration is half that which would be found for the �xed edge case. The system is shown in Fig.307

3a att = 40 s, showing the outer facets have begun to fold inwards, away from the incident radiation. In308

Fig. 3, grey facets are perfectly re�ective while black facets are perfectly absorbing.309

By inverting the surface re�ectivity, the fold direction can be reversed, as shown in Fig. 3b. The facets310

again fold inwards in the exact same time as the previous case but this time in the opposite direction. Note311

that in the previous simulations, the facets are free to pass through each other, and do not shadow other312

facets from the incoming radiation. This causes the facet's rotation to slow as they approach an angle of�313

rad, as the SRP passes through the centre facet and acts to decelerate them. The effects of self re�ection314

and shadowing are considered in later modelling.315

A planar model of linked rigid facets has been used to demonstrate that SRP can be used to fold rigid316

re�ective facets in free space, although the time taken to fold the facets may be higher than was suggested317

by the previous analysis. This is due to the rotation axis of the fold also undergoing transverse acceleration,318

whereas the previous analysis was for a facet with a �xed edge. Considering the relative motion of the319
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a) b)

c)

Figure 3. Results of simulations of a planar multibody system, consisting of linked rigid bars and subjected
to SRP. Black represents a perfectly absorbing facet, while gray is perfectly re�ecting.

facet edges, it was found that folding times were a minimum of a factor of two times greater than for320

the �xed edge case. It was also found that controlling the local surface re�ectivity of the facets could be321
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used to induce folding of facets, both towards and away from the incident radiation. However, symmetric322

con�gurations were used here to avoid rotation of the overall system relative to the radiation direction.323

For more complicated geometries, the planar model is not a suitable model of an OrigamiSat, because it324

only represents a chain of facets each connected to their adjacent facets, whereas a 3D origami fold pattern325

would have multiple facets mutually connected. In the planar model, each new facet added to the system326

introduces a new degree of freedom, as that facet is free to rotate. For 3D origami patterns the number of327

degrees of freedom are reduced, since multiple facets are interconnected and so restrict the overall motion.328

A system with a greater number of facets has been simulated with results of simulation shown in Fig. 3c,329

which shows the system at selected time steps. The outer facets are seen to rotate inwards �rst, and then330

the inner facets consecutively fold inwards while the centre facet remains �at, due to the symmetry of the331

system. This simulation is included to demonstrate that a linked facet system, modelled by the planar model332

here, behaves like a long �exible chain for large numbers of facets. Although the parabolic shape achieved333

in Fig. 3c could conceivably be used as a re�ector or receiver, this would be formed of a long chain of334

facets and so may have limited utility. This concept is similar to the work of Borggrafe et al. (2015), which335

shows that SRP can be used to produce a parabola by modulating the re�ectivity across a slack membrane,336

though this strategy required a rigid supporting hoop to achieve the desired shape. It is unclear whether the337

shape of a facet chain without this type of supporting rigid structure could be effectively controlled solely338

through the use of SRM, though this was not investigated further here.339

3.3 3D Multibody Dynamics of Rigid Origami340

Having examined the planar dynamics of linked rigid facets, a model is now presented for simulating the341

spatial dynamics of 3D rigid origami patterns, subjected to SRP. The aim of this section is to use this model342

to demonstrate that 3D origami patterns can be folded using SRP, when the reduced degrees of freedom of343

3D fold patterns and the limited direction of the applied force due to SRP are taken into account. A general344

expression for the multibody dynamics of rigid origami patterns is presented, and a ray-tracing module for345

the calculation of SRP force that has been developed for this work is included and veri�ed. The model is346

then used to demonstrate through simulation that SRM can be used to recon�gure a Miura fold OrigamiSat,347

and then to demonstrate the active shape control of a pyramidal OrigamiSat design.348

3.3.1 Model Description349

In this section, the procedure for generating the equations of motion of a multibody system consisting350

of linked, �at, rigid facets is presented. The formulation allows the multibody equations of motion to be351

generated for different origami designs, which are speci�ed as collection of polygons. The dynamics of the352

multibody system are described using the well-known “augmented formulation”, described by Shabana353

(2010):354 �
M J T

J 0

� �
•q
�

�
=

�
Qa + Qv

Qc

�
(15)

whereM is the system mass matrix,q the state vector of body coordinates andJ = @C =@q is again the355

constraint Jacobian, for the vector of system constraint equationsC . � is a vector of Lagrange multipliers,356

used to solve for the constraint forcesQc, while Qa andQv are the applied and inertial force vectors357

respectively.358

The OrigamiSat is modelled as a system of �at, rigid facets, constrained by spherical joints at overlapping359

vertices of the facets. The state vectorq contains the Cartesian coordinates of each facet's centre-of-mass,360

r i , and the threeZY 0X 00Euler angles, ; �; � describing its orientation relative to the inertialxyz frame.361
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Figure 4a) shows the reference frames, Euler angles and sequence of rotations for thei th facet. The state362

vectorq is then ordered such thatq = [ x1; y1; z1;  1; � 1; � 1; :::; xN ; yN ; zN ;  N ; � N ; � N ]T , whereN is363

the total number of facets. The mass matrixM is composed diagonally by[m1I 3� 3; I 1; :::; mN I 3� 3; I N ]364

whereI 3� 3 is the three by three identity matrix, andmi andI i are the mass and inertia tensor (in the body365

frame) of thei th facet respectively.366

The origami fold pattern is de�ned as a set ofN polygons, which are themselves a set ofni vertex367

coordinates, such that the vector of all vertex positions isV = [ v11; :::; v1n1 ; :::; vN 1; :::; vNn N ]T . An368

example fold pattern is shown in Fig. 4 for a nine (b) and four (c) facet structure, showing the fold lines,369

numbered polygons and vertices, and a graph illustrating the vertex connectivity.370

The constraint equations are found by �rst generating an adjacency matrixA , which is a squareNv � Nv371

matrix, whereNv is the total number of vertices, given byNv =
P N

i=1 ni . The adjacency matrix elements372

are equal to one if the vertices overlap, and zero otherwise, i.e.A ij = 1 if Vi = Vj ; 0 otherwise. The373

constraint equations are given by:374

A CV = C = 0 (16)

whereA C is the constraint adjacency matrix, de�ned by:375

A C;ij =

8
><

>:

P NV
j 0= j A ij 0 if A ij 0 = 0 8 j 0< j andA ij = 1

� 1 if A ij 0 6= 0 8 j 0< j andA ij = 1

0 otherwise

(17)

with all zero rows removed, resulting in anNv � Nc matrix, whereNc is the number of constraints. For376

example, if verticesi; j andk are coincident, Eq. 16 leads to the constraint equation2v i � v j � vk = 0377

appearing in the constraint vectorC . This procedure allows the multibody dynamics to be formulated for378

arbitrary fold patterns, where the pattern is de�ned as a collection of polygons. For an initial state vector379

q and applied force vectorQa, the differential algebraic system of equations in Eq. 15 is solved for the380

Lagrange multipliers� , and the accelerations•q, which are then numerically integrated to simulate the381

system dynamics.382

Although the notation of this section is somewhat cumbersome this approach has proved convenient for383

implementing within a mathematical programming environment, as the functions required to generate the384

required expressions are included in standard libraries and the origami design can be simply input as a list385

of points.386

3.3.2 Ray-Tracing for SRP Calculation387

To take into account self-shadowing and re�ection of light between facets, ray-tracing is used to calculate388

the path of the incident and re�ected radiation, and to then evaluate the resultant force due to SRP on each389

facet. Ray-tracing is commonly used in computer graphics for accurate rendering of 3D models (Glassner390

and Jovanovich, 1989). In space�ight engineering, ray-tracing is used for precise orbit determination when391

the SRP force needs to be known within a tolerance such that the variation in the optical properties of the392

spacecraft's surface lead to unacceptable errors when estimating the orbital position (Darugna et al., 2018).393

For an origami spacecraft, it is possible that in a certain con�guration the entire incident radiation on a394

perfectly re�ective facet could be re�ected onto another facet, effectively doubling the force due to SRP on395

that facet and greatly affecting the system dynamics. Ray-tracing gives a computationally ef�cient method396
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a)

b)

c)

Figure 4. a) Sequence of rotations between the inertial framexyz and thei th facet body framex1i y1i z1i .
Polygon and vertex numbering scheme, and a graph showing the vertex connectivity for a Miura fold
pattern (b) and a pyramidal sail pattern (c)

of calculating these inter-facet re�ections and shadowing, and a description of the module is given in this397

section.398

The ray-tracing procedure begins by de�ning anNR � NR grid of points, evenly distributed within a399

square region that has a surface normal aligned with the incident radiation direction, and directed at the400

centre-of-mass of the multibody system. The square region has a spatial dimensionDR large enough to401
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completely contain the projected area of the sail within theDR � DR square. Rays are then cast from402

these points and the resultant force is found by determining whether each ray intercepts a sail facet. These403

collision calculations are performed using a MATLAB wrapper (Vijayan, 2021) for the OPCODE collision404

detection library (Terdiman, 2003), which makes use of bounding volume hierarchies. If a ray intercepts a405

sail facet, the ray is then specularly re�ected from the facet's surface, and the collision detection repeated406

to determine whether the ray intercepts a further facet. This process is repeated until no further re�ections407

are found. Throughout the ray-tracing calculation, the location of rays which intercept each facet are408

stored, and the resultant force and torque on each facet is found by summation of the contribution of every409

intercepted ray, according to Eq. 18, which gives the total force on faceti due to SRP:410

F SRP
i = P

X

j

sign(u j � n )
�

DR

NR

� 2
"

Y

c

� j
c

#

((1 + � i ) cos� n + (1 � � i ) sin � t ) (18)

Equation 18 is derived by evaluating Eq. 1 for every incident ray on faceti . The facet areaA in Eq. 1 is411

replaced withD2
R=N2

R
Q

c � p
c=cos� , where� is the angle between the incident ray and the facet normal,412

which ensures that the total intensity of light from all rays sums to the total �ux through aDR � DR square.413

The term
Q

c � j
c is the product of the re�ectivity of all facets previously intercepted by rayj , which takes414

into account the reduced intensity of a re�ected ray due to imperfect surface re�ectivity. The torque is also415

found by summation over each ray's contribution, and this may be nonzero now as the centre-of-pressure416

will not coincide with the centre-of-mass for a partially illuminated facet. The torque is given by:417

� SRP
i =

X

j

r ij � f SRP
j (19)

wherer ij is the position vector of the incidence point of rayj from the centre-of-mass of faceti , and418

f SRP
j is the expression within the summation of Eq. 18. The ray-tracing procedure is illustrated in Fig.419

5a, showing the ray paths for a three facet system. The light blue facets are perfectly re�ecting, while the420

dark blue facet is perfectly absorbing. Figure 5a shows the incident rays being re�ected from the outer421

facets then absorbed by the centre facet, thus increasing the force on the centre facet in this con�guration.422

The ray-tracing module was veri�ed by comparing the force applied to a simple structure consisting of423

three square facets, as illustrated in Fig. 5a. Simulations were performed with the facets facing the incident424

a) b) c)

Figure 5. Illustration of ray-tracing for an example three-facet OrigamiSat (a), force error (b) and
computation time (c) of the ray-tracing module against the number of rays.
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radiation, and facet re�ectivities given by [1,0,1], i.e. a 3D implementation of the planar model shown425

in Fig. 3a-b. The simulation was performed until the two outer facets folded to the vertical position, and426

the total impulse experienced by all facets throughout the simulation was calculated by summation of the427

contribution of each incident ray on each timestep. During the simulation, the difference between the force428

calculated using the ray-tracing module, and the exact value given by evaluation of Eq. 1 is calculated on429

each time step. The summation of this force difference over the entire simulation then gives the ray-tracing430

error impulse,� R . This is divided by the total impulse for a simulation in which the exact SRP force of431

Eq. 1 is used,� A , to give a relative value for the overall force error when using ray-tracing. This process432

was repeated with different resolutions used in the ray-tracing, with results shown in Fig. 5b. The results433

show that the difference between the ray-tracing and exact SRP impulse is less than 0.1% of the total exact434

impulse when more than104 rays are used in the simulation. Figure 5c shows the computation time for a435

single timestep of the simulation against the number of rays used, which increases linearly from a value of436

0.01 s for a number of rays greater than104. Overall, ray-tracing using the opcode library for collision437

detection is found to be an accurate and computationally fast method for calculating the SRP force on438

origami spacecraft.439

3.4 Simulations of Self-Recon�guring OrigamiSats440

The multibody dynamics formulation presented in the previous section is now used to demonstrate441

through simulation that SRP and local SRM can be used to control the shape recon�guration of rigid442

origami structures. In addition to demonstrating the basic principle of SRP triggered shape recon�guration,443

these simulations are used to illustrate the limitations of the strategy and to highlight some considerations444

for the future development of control algorithms for the active shape control of OrigamiSats.445

3.4.1 Miura Fold Pattern446

The �rst simulation is of a Miura fold pattern, consisting of a 4� 4 grid of rhombic unit cells. As447

discussed previously, the Miura fold is well known to have only one degree of freedom in folding, making448

it particularly useful for deploying planar structures as the unfolding requires minimal actuation. The sail is449

1 � 1 m, with an areal mass density of 10 g/m2, considering the areal mass density of near-term solar sails.450

Reference to Fig. 2b suggests that at this length scale, the time to complete a fold should be on the order of451

minutes. Additionally, Fig. 2b shows that at this length scale the effect of bending resistance for a thin �lm452

hinge is insigni�cant and as such is not considered in the following simulations. The simulation timestep453

was chosen to be 0.1 s, and the system given in Eq. 15 solved numerically in MATLAB using theode45454

solver, where the applied forcesQa are calculated using the ray-tracing module and the evaluation of Eq.455

18 and 19. For simplicity, the structure is assumed to be at rest in free space with no other external forces456

acting upon it. The structure is initially �at and lying in thexy plane, and incident radiation is directed in457

the� z direction. To ensure the structure folds correctly, the correct pattern of valley/mountain folds for the458

Miura pattern must be initiated. This is achieved by applying a torque of� 1 � 10� 8 Nm to alternating459

facets, integrating the equations of motion for one timestep, and then setting the facet velocities and forces460

to zero before beginning the simulation. This results in a slight angular displacement of the facets which461

achieves the desired mountain/valley folds and allows the main simulation to proceed. Note that in reality,462

the correct pattern of mountain and valley folds would be preserved by either the plastic deformation of463

the creases in the hinge material, or by a physical mechanism. This “fold initiation” is only a concern464

for the simulation here because the “exactly” �at condition can lead to numerical instability. First, the465

outer columns of facets are set to be perfectly re�ective with� = 1, while the middle two columns are466
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perfectly absorbing with� = 0. Re�ective/absorbing facets are illustrated in all �gures as light/dark blue467

respectively.468

The simulation was run for a duration of 100 s and results are shown in Fig. 6a, which shows the469

spacecraft drawn in the centre-of-mass frame at selected timesteps. The spacecraft is seen to completely470

fold inwards in this time, due to the relatively larger force acting on the outer, re�ecting facets. This force471

acts in the correct direction to effectively fold the single-degree-of-freedom Miura fold pattern. As in the472

planar simulations, it was thought that by reversing the re�ectivity pattern that the folding action could also473

be reversed. The simulation was repeated, this time with the inner facets perfectly re�ective, with results474

shown in Fig. 6b. The folding direction is indeed found to have reversed here. However, after t=80 s, the475

folding ceases and the sail instead begins to open and return to the �at con�guration. This is due to the476

inter-facet re�ections, as incident radiation is re�ected from the central facets and is then absorbed by the477

outer facets. This increases the force acting on the outer facets enough to reopen the sail. It was found that478

the sail could still be folded completely if the re�ectivity of the central facets is set to zero after a time of479

approximately 30 s, as the remaining momentum of the facets is enough to complete the fold and there are480

then no inter-facet re�ections to prevent the motion.481

3.4.2 PD Shape Control of a Pyramidal OrigamiSat482

If the re�ectivity of each facet can be individually controlled using RCDs, it would be possible to actively483

control the shape recon�guration of an OrigamiSat. This is demonstrated here through simulation of a484

pyramidal sail design, in which the facet re�ectivities can be individually controlled continuously between485

values of� = 0 and 1, again assuming some ideal form of RCD. In attempting to perform this simulation,486

it was found that the sail's overall attitude was unstable and it would begin to rotate relative to the incident487

radiation direction. For simplicity, this instability was removed by constraining thex; y coordinates of488

the centre facet's vertices, such that this facet always faced the incoming radiation. This constraint was489

imposed here to simplify the dynamics for this demonstration of shape control, but in practice control490

algorithms will be required which combine shape and attitude control requirements.491

A triangular sail design is selected, consisting of four triangular facets. The facet and vertex numbering492

and connectivity, used to generate the equations of motion, are shown in Fig. 4c. The areal mass density is493

again selected as 10 g/m2, and the sidelength of each triangular facet is set to 1 m, again assuming that494

this scale will give folding times on the order of minutes and that the hinge bending resistance can be495

ignored. Shape control is achieved through the use of a proportional derivative (PD) controller, where the496

variables being controlled are the hinge angles of the outer facets, contained in the vector� = [ � 1; � 3; � 4].497

The hinge angles are de�ned as� = 0 for a facet lying in thexy plane, and positive when the facet folds498

downwards in the� z direction. It is assumed that the re�ectivity of each facet can be continuously varied499

between zero and one. A PD control law is implemented to determine the required re�ectivity values of the500

outer facets [1,3,4], given by:501

� 1;3;4 = � kp� e � kd� 0
e (20)

where the values are constrained to the range [0,1].kp andkd are the proportional and derivative control502

gains respectively, and� e = � � � ref is the vector of angle errors, given by the difference between the503

current facet angles and the target angles. The derivative term� 0
e is estimated using a backwards difference504

formula, using the values at the previous timestep of the simulation. The re�ectivity of the centre facet,� 2505

is found by summation of the outer facet re�ectivities and subtraction from one,� 2 = 1 �
P

i =1 ;3;4 � i .506

This gives the required difference in re�ectivity for the facets to fold in either direction, as illustrated in507

Fig. 3a-b for the planar case.508
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Figure 6. a) Recon�guration of a Miura fold pattern using SRP. Light blue facets are perfectly re�ective
and dark blue are perfectly absorbing. b) Reversing the folding direction by reversing the re�ectivity pattern.
After 80 s, inter-facet re�ections cause the sail to reopen.
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Figure 7. Relative angle of outer facets during PD control simulation moving between the three target
con�gurations.

The simulation is run for a duration of 600 s, with the target angles set to -1 rad for the �rst 200 s, 1 rad509

for the next 200 s, and 0 for the �nal 200 s. The controller was tuned manually, resulting in control gains510

of kp = 50 andkd = 1200. Results of the simulation are shown in Fig. 7, showing a plot of the angles of511

the outer facets, and in Fig. 8, which shows the system plotted at 5 s intervals for the �rst 300 s of the512

simulation, showing the transition between the �rst two target con�gurations. The controller successfully513

recon�gures the spacecraft between the two target shapes, before returning to the �at position. As seen in514

Fig. 7, there is a slight discrepancy between the angle of facet 4 and the other outer facets, which is thought515

to be due to a rounding error in the numerical simulation. As the shape is triangular, the vertex coordinates516

cannot all be integers. This slight difference in the facet coordinates is then carried through the simulation517

and the effect ampli�ed by the feedback controller, since each facet is controlled individually.518

Overall, the simulation has demonstrated that PD control of shape recon�guration through the use of local519

SRM is possible, but some limitations have been encountered. Firstly, we again note that the orientation of520

the central facet was constrained to remain facing the direction of the incident SRP. This constraint was521

imposed because it was found that otherwise the spacecraft began to tumble. This highlights the need for522

either an integrated attitude/shape control algorithm, or for a separate attitude control system to maintain523

attitude stability while shape recon�guration is performed. A further note is that some knowledge of the524

shape recon�guration was assumed a priori when implementing the PD control equation. Speci�cally,525

it was assumed that re�ectivity patterns of� = [1; 0; 1; 1] and� = [0; 1; 0; 0] would result in folding526

in the positive and negative directions respectively. While this was an obvious assumption for this sail527

design, for more complex origami structures with coupled degrees-of-freedom in folding, the relationship528

between facet re�ectivity patterns and folding behaviour may be dif�cult to predict. For more complicated529

origami designs, this relationship could potentially be deduced through simulation by creating a lookup530

table of possible re�ectivity patterns and observing the resulting dynamics, or it may be possible to �nd531

analytic expressions for the resulting motion of speci�c re�ectivity patterns. A further level of complexity532

is introduced here by the fact that the system will have different folding behaviour for a given re�ectivity533
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Figure 8. Pyramid OrigamiSat plotted at 5 s intervals for the �rst 300 s of PD control simulation, showing
the transition between the �rst two target con�gurations. The re�ectivity of each facet represented by shade
of blue interpolated for values between 0 and 1.

pattern depending on the direction of incoming radiation, i.e. the coupling of the attitude/recon�guration534

dynamics further complicates the development of potential control strategies. For this reason it is assumed535

This is a provisional �le, not the �nal typeset article 20



Sample et al. Running Title

that an additional attitude control system may be desired for spacecraft of this type, which is capable of536

maintaining a �xed orientation relative to the Sun vector while the re�ective facets are used to enact shape537

recon�guration.538

A further challenge encountered is that the extent of the shape recon�guration that can be achieved with539

this strategy is limited. There is an obvious limit in that, if the outer facets fold over past the vertical540

position, they then occlude the centre facet and SRP can not be used to return to a �at position. In practice, it541

was found through simulation that the achievable angle was less than�= 2 rad, with the controller struggling542

to not overshoot and lose control effectiveness for target angles greater than approximately 1 rad, hence the543

target value selected for the simulations here. This limit means that for some OrigamiSats, reversible shape544

recon�guration would require further actuation in addition to the RCDs. For example, SMPs or SMAs545

could be used in the hinges of such a spaceraft to actuate the deployment, while SRM could then be used546

for shape recon�guration within the achievable angles during normal operation. Of note however is that547

this limitation depends on the origami folding pattern, as for the Miura pattern of the previous simulation548

reversible folding was achieved through the use of SRP alone. The need for additional hinge actuation549

will depend upon the folding degrees-of-freedom of the origami design, and also on whether inter-facet550

shadowing or re�ections break the symmetry of the folding process, as was observed for the Miura fold.551

4 MANUFACTURING

In this section a detailed description on a small prototype manufacturing process is presented. The realised552

structure does not contain all the hardware needed for the full deployment (such the RCDs integration,553

power generators and the required PCB), which will be integrated in the future. All the critical aspects554

about the assembly and additive manufacturing processes are here described.555

The proposed structure is capable of changing its shape by acting on the origami edges giving a different556

angular displacement of two adjacent facets. Moreover, many constraints were considered for the design557

process as: the Ultimaker S5 and MakerGear printers will enforce the maximum printable volume and the558

printable materials selection. On ground testing of the OrigamiSat folding were perform using an external559

heather while in space it is expected that embedded heaters between the Al-Kapton membrane and the560

smart material edges will trigger the folding in conjunction with optical changes capability of the facets561

(i.e., RCDs devices) Here the trade-off analysis to manufacture the origamiSat's facets is discussed: the562

main body is made of Al-Kapton, a high re�ective material, whose structure is reinforced by printing on top563

the �nal origami pattern triangles and hexagons. An elastic �lament, the thermoplastic polyurethane (TPU),564

remained always attached after being printed directly on the Al-Kapton. The Acrylonitrile Butadiene565

Styrene is carbon �bre (ABS-cc) is added to augment mechanical properties for the folding procedure.566

Two different patterns have been studied: the ”cartilage-like” pattern, where the hinge is composed only of567

of TPU (which is the only material directly attached to the Al-Kapton, due to its chemical compatibility)568

and a Shape Memory Polymer (4D �lament) integrated on its top which makes the mounts or valleys569

fully stretchable; the other is the mechanical pattern, where rotational hinges are made of ABS-cc. The570

cartilage-like pattern was selected due to its superior printed accuracy and to enhance the utilization571

of the Shape Memory Polymer, which guarantee the complete autonomous unfolding movement; the572

�nal con�guration has the framed structure is realized by combining the TPU and ABS-CC. For the 4D573

activation a thin �lm heater and RCDs are embedded for the completely autonomous folding and unfolding574

procedure.575
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4.1 Design process576

The OrigamiSat prototype design is initiated by conducting a compatibility material trade-off. The chosen577

adjacent facets for achieving the aforementioned purpose are just two simple equilateral triangles with the578

same thickness: as shown in Figure 9, the �rst design proposal has no mechanical hinges and it designs to579

be stretchable and bends as ”cartilage”. Indeed, the edge, where the crease occurs, is fabricated of TPU580

95A elastic material as well as the �rst layer directly attached on the high re�ective material.Different581

structural materials have been considered such as PLA, ABS and Nylon with the Carbon Fiber (CC)582

reinforcement to strengthen the structure and maintain the �nal deployed shape. The whole height of583

the printed material is 1mm. The second design proposal considers mechanical hinges on the edges, for

Figure 9. Triangles basic pattern for deployment mechanism trade-off

584
connecting two facets. They have two separate parts, which rotate relative to each other: due to the small585

scale thickness, the parts resulted in being wholly melted while printed. The result is lousy and the same586

�atness of the previous design con�guration is not achieved while folded. The pyramid represents the587
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�nal and selected con�guration in Figure 9 since it is the most straightforward 3D shape that is possible588

to achieve from equilateral triangles. It combines the TPU 95A, the same structural material mentioned589

for the previous patterns, and the printable Shape Memory Polymer (SMP) (esu, 2020) along the edges.590

This material has demonstrated to recover the printed shape by applying external heating at the activation591

temperature of 75� C . This con�guration could facilitate embedding RCDs devices on the external facets592

and the implementation of a thin solar cell in the central triangle for powering purposes 3.4.2.For the SMP593

activation, a customised thin-�lm heater can be inserted between it and the re�ective surface material.594

4.2 Materials595

The cartilage pattern is used to evaluate the overall mass and the attachment compatibility and for the596

re�ective surface material trade-off, which for this application are Mylar and Al-Kapton. Al-Kapton has597

been preferred due to its lower mass and nominal thickness of 25.5�m . The mass evaluation is presented in598

Table 1, therefore embedding the 4D material with the TPU and the ABS/cc showed to be the best mass599

evaluation.600

Type Mass [g]

ABS/cc +TPU Triangles 0.864
ABS/cc +TPU+ Triangles 0.888
ABS/cc +TPU+Mylar Triangles 0.983
Nylon/cc +TPU+Mylar Triangles 1.094
Nylon/cc +TPU+ Triangles 0.968
PLA+TPU+ Triangles 0.918
Nylon/cc +TPU+Mylar Triangles 1.007
4D material + TPU + ABS/cc Triangles+ 0.816

Table 1. Cartilage pattern mass evaluation

PLA has been discarded since it displayed of permanent deformation as a result of the heating process601

once printed. We compared the pros and cons of using ABS vs Nylon with CC. The ABS/cc is advantageous602

for its tensile modulus of 2700 MPa (ISO 527). It is also less fragile and more stable than standard ABS603

since it has a lower thermal expansion than standard ABS. Moreover, ABS/cc glass transition temperature604

is 120� C. The main disadvantage of ABS/cc is in its bed temperature around 90� C which can cause605

detachments while embedding other materials and it is prone to warping failure. Nylon/cc presents a tensile606

modulus of 500 MPa (ISO 527) and it is a durable material. It is ideal for making parts that require stress.607

It is bene�cial for its high thermal and chemical resistance and low thermal expansion. Moreover, it shows608

little warping and greater hardness. The main disadvantage of Nylon/cc is in lower moisture absorption609

than standard nylon and high absorption of humidity. Indeed, the humidity absorption represents a crucial610

phenomenon, making ABS/cc preferable together with the excellent temperature changes resistance.611

All the printed samples have been showed warping, which decreases once the sample is heated up. This612

phenomenon occurs due to the printer bed warming during the printing phase and the coef�cient of thermal613

expansion, since it is directly attached to the bed with tape where air bubbles are completely removed. TPU614

95A is chosen as the �rst layer directly deposited on the Al-Kapton which shows a well-suited macroscopic615

attachment even after 10 cycles of heating process for the activation of the 4D edge. The ABS/cc is grooved616

inside the TPU 95A structure and not only deposited to prevent delamination in the heating and changing617

shape processes.618
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