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The synergic combination of smart soft composites with kirigami/origami principles leads to self-deployable
systems. To date, the development of soft deployable structures has largely been an empirical process. Focusing
on the recently developed shape memory alloy (SMA)-based soft deployable structures, this paper describes
an analytical model and a finite element (FE) numerical scheme to investigate deformation and deployment
performance of this system. The study provides insights into the working principles of these soft deployable
structures by understanding how the system deforms as a function of the SMA recovery strain for a number of
geometrical parameters. The FE method was further used to simulate the fabrication and deployment process
of three types of kirigami/origami reflectors. The realization of a two-step scheme, i.e., predeformation of the
deployable frame and then the concurrent deformation of both frame and kirigami/origami films, is detailed
herein. This makes our simulation capable of capturing the features of SMA-based soft deployable structures
observed in experiments, and also renders the prediction versatile and manufacturing-oriented. We expect the
work would enhance the understanding of soft deployable structures, and may open the door for design and

fabrication of soft robotics and machines.

1. Introduction

Kirigami/origami - the ancient art of paper cutting and folding -
has been a surge in research interests from physicists, mathematicians
and engineers, as it not only enables the design of functional materi-
als with novel properties, including negative and tunable Poisson’s ra-
tio [1], programmable shape [2,3], and mechanical response [4], and
multistability [5], but also leads to the development of novel structures
with applications in the fields of soft robotics [6,7] and aerospace engi-
neering [8,9]. A key feature of these kirigami/origami-inspired materi-
als and structures is that they are conveniently cut or folded when flat
and then deformation-driven pattern transformation can be exploited to
create complex 3D configurations. The core challenge in the design of
kirigami/origami-inspired structures is where and how to assign cuts
and creases to obtain a predefined pattern that deploys/folds into a
given 3D shape. Unsurprisingly, many methods have been proposed for
performing this task such as the tuck-folding method for origami [10-
13] and the inverse design method for kirigami [2,14] which allows for
design of both convex and non-convex kirigami/origami surfaces.

Kirigami/origami techniques offer an elegant approach to design re-
configurable and deployable reflectors with potential use in aerospace
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and other industries, for example, Liu et al. proposed a design of an
origami reconfigurable quadrifilar helical antenna with a foldable re-
flector that could operate over the K, Ka, and extremely high-frequency
bands [15]. However, this type of structure typically requires an ex-
ternal mechanical force to trigger transformation of configurations and
a particular type of traditional external systems that be used to de-
ploy origami reflectors is the inflatable booms [16,17]. Interestingly,
it has also been shown that the integration of smart soft composites
into kirigami/origami techniques - thus giving rise to self-deployable
systems - helps to reduce the mechanical complexity and implemen-
tation requirements involved in triggering the pattern transformation.
One particular type of smart soft composite structures is derived from
the combination of smart materials with soft elastomeric materials. This
synergic combination results in systems that are soft, self-deployable,
and programmable. Current strategies include the use of stimuli respon-
sive hydrogels [18,19], liquid crystal elastomers [20-22], and shape
memory materials [23-26]. Among them, fabrication and actuation of
SMA-based smart soft composites is simpler and more controllable and
have the advantage of high power density [27,28]. A variety of soft
actuators that capable of complex deformation (i.e., bending, twist-
ing, or a bend/twist coupled motion) have been demonstrated by em-
bedding SMA wires into a soft matrix [29-32]. Very recently, Wang
et al. successfully fabricated self-deployable mirrors that reflect sun-
light by integrating SMA-enabled soft deployable structures as a frame
with kirigami/origami-inspired foldable reflective films [33-35]. Note
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that compared with existing geometrically complex self-folding active
origami reflector designs with bellows [12,13,36,37], the integrating
self-deployable reflector systems proposed by Wang et al. [34] and stud-
ied in this manuscript could be more controllable as it avoids actuating
a number of origami hinges but need only one applied current to deform
the SMA-based frame.

While empirical approaches have highlighted the exciting potentials
of SMA-based deployable structures [33-35,38,39], the lack of robust
models for the system renders design of SMA-based deployable struc-
tures a time-consuming process and can only be realized in a trial-and-
error way. Due to the nonlinear response of SMAs, predicting the per-
formance of soft deployable structures integrated with kirigami/origami
materials is nontrivial by just using an analytical approach; numerical
simulation is supplementary to the analytical approach to model and
design the SMA-based self-deployable systems prior to manufacturing.
Over the past decades, a substantial number of 3D constitutive models
and finite element modeling techniques have been developed to simu-
late the thermomechanical behavior of SMAs (see the review paper of
Cisse et al. [40]). Among them, the Boyd-Lagoudas model [41,42] has
been widely used in engineering problems, for the simple assumptions
and compatibility with finite element computation. By coding the free
energy function and its derivatives into commercially available finite
element software in the form of user defined subroutine, the Boyd-
Lagoudas model has been widely recognized by the research community
and was successfully applied to performance analysis of various SMA-
based smart devices, i.e., origami-inspired active structures [37,43],
aerospace structues [44] and soft morphing actuators [45-47].

In this study, we propose both analytical and numerical models that
predict the performance of SMA-enabled soft deployable structures. In
our simulations, the previously developed user subroutine of SMA based
on Boyd-Lagoudas model [48] was adopted to correlate the deformation
and the phase transition of SMA and the recovery strains were extracted
from the simulation. We first study the response of individual bending
segments and soft deployable units under various SMA recovery strains.
The effects of geometric parameters on the bending or deploying pro-
cess are explored in details. We then show that by using the soft de-
ployable structure as a frame to stretch kirigami/origami films, we can
numerically reproduce the experimentally observed deployment process
of kirigami/origami reflectors reported in [34]. To closely follow the
experimental fabrication procedure, we also detail here the implemen-
tation of numerical simulation by utilizing a function, "model change”,
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provided in the software to model the predeformation of frame and then
the concurrent deformation of both frame and films.

The main contribution of this manuscript is to provide an extensive
numerical study of the self-deployable reflector systems proposed by
Wang et al. [34] and reveal the effect of geometric design parameters
on performance of these structures. Our numerical strategy will also aid
the design and optimization of these self-deployable kirigami/origami
systems and provide crucial insights into the working principles of these
systems.

2. Soft deployable structure

The soft deployable structure studied in this work, which was pro-
posed in [34], consists of a series of unit cells, as schematized in
Fig. 1(a). Each unit cell is composed of multiple repeating base elements
which are arranged in an alternative way and connected together using
soft joints [see Fig. 1(b)]. The design of a typical base element, which
we refer to as a “bending segment”, is made of smart soft composites
consisting of a thin SMA wire that is embedded inside a Polydimethyl-
siloxane (PDMS) matrix with a 3D printed reinforcement made of Acry-
lonitrile butadiene styrene (ABS) [see Fig. 1(c). More details about the
fabrication process can be found in [34]]. The SMA wire is used as an
active layer to provide the actuating force to the structure. The ABS rein-
forcement, serving as a strain-limiting layer, allows the use of a thinner
matrix while obtaining larger deformation and a faster recovery speed.
The PDMS matrix is used to firmly combine the SMA wire and ABS re-
inforcement, and control the stiffness of the overall structure. The soft
joints are also made from PDMS polymer and are used to connect adja-
cent deployable unit cells. Note that the SMA wire is prestretched when
embedded into the PDMS, and the stretching results in a pseudoelastic
deformation of the SMA wire, caused by a detwinning of the martensite
phase. Then the SMA wire is going to recover its original shape when
the temperature is increased over its austenite phase transition temper-
ature. Therefore, as the SMA wire is heated, it contracts in length while
the ABS reinforcement restrains any contraction. To accommodate this
mismatch between the SMA wire and ABS reinforcement, the segments
bend, and then the unit cell opens due to the alternating eccentricity of
the bending segments, and therefore, the full structure exhibits a pat-
tern switch from its original flat shape to a diamond-like configuration.
To get deeper insight into the deployment process of the system and be
able to efficiently design application-specific soft deployable structures,

Fig. 1. Schematic of the soft deployable struc-
ture. (a) A finite-size deployable structure con-
sists of a series of unit cells. (b) The unit cell
consists of multiple repeating base elements
(which we refer to as ’bending segments’) con-
nected in an alternative way. (c) A bending seg-
ment is fabricated by embedding a SMA wire
(colored in red) and an ABS reinforcement (col-
ored in beige) in PDMS matrix (colored in light
blue). As the SMA wire is heated, it contracts
in length while the ABS reinforcement restrains
any contraction, causing the bending of the seg-
ment. (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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Fig. 2. Geometry of a single bending segment in (a) the initial state and (b) the
actuated state.

an analytical model as well as a finite element method (FEM) model are
developed in this contribution.

3. Theory and methodology
3.1. Analytical modeling

1) Model for Single Bending Segment: To begin with, we present a sim-
ple analytical model to describe the explicit relationship between the
recovery strain of SMA wire and the bending curvature of a single seg-
ment.

As we can see in Fig. 2(a), upon heated, the SMA wire contracts,
shortening the length of the actuating layer:

I=L(1-¢) (@))]

where L is the initial length in lateral direction of both the actuating
layer and the strain-limiting layer, [ is the length in lateral direction of
the actuating layer upon heated, and ¢ is the recovery strain of the SMA
wire.
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While the elastic modulus of ABS is much larger than that of PDMS,
then the length of strain-limiting layer can be considered to be un-
changed during the bending deformation. Therefore, from Fig. 2 the
following geometrical relations are derived when the segment bends
from initial [see Fig. 2(a)] to actuated state [see Fig. 2(b)]:

I=0(r— %) @)
L=00+ %) 3)

where 6 is the bending angle, r is the radius of curvature of the middle
layer, which is located in the middle of the actuating and strain-limiting
layer, and t represents the distance between the actuating and strain-
limiting layer.

The combination of Egs. 1, 2 and 3 yields an explicit analytical ex-
pression for the bending curvature x = 1/r of the middle layer, i.e.:

£ 2
S @

Eq. 4 indicates that the bending curvature « is independent of the
initial length of the segment L, and for a specific structure with thickness
t, the bending curvature « is entirely determined by the recovery strain
of the SMA wire ¢.

2) Model for a Deployable Unit Cell: We then derive an expression for
the finite macroscopic strains ,, and £, of a deployed unit cell by ex-
tending the analytical model previously developed for the single bend-
ing segment. As shown in Fig. 3, the macroscopic strains of a deployed
unit cell are defined by:

_ L - L
E= — i - )
and
L' — L
— y y
Ey=—7 (6)

where L, =2L and L, = 4t + 2h are the initial length of the unit cell in
x and y directions, respectively. Note that h is the thickness of the soft
joints. Moreover, the current length of the deployed unit cell L/ and L’y
can be calculated as [see Fig. 3(b)]:

t, .6
L; =4(r— E)smi 7)

(b)

Soft Joint

Fig. 3. Geometry of a deployable unit cell in (a) the initial state and (b) the actuated state.
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and
L= 40— 51 = cos?y + 41+ 2n ®)
v 2 2

where 6 can be determined by combing Eqs. 3 and 4.

3.2. Finite element method modeling

1) Constitutive model of SMAs: The SMA constitutive model, which
was derived by Lagoudas et al. [41,42,48] based on the assumed form
of the total Gibbs free energy of a polycrystalline, is used to predict the
thermomechanical behavior of SMA in this article.

The total Gibbs free energy is given by:

G(o,T, & e = —%I]—)a i S:io- %a [T = Ty) + €'

T )
+c[(T - Ty) — Tln(T—O)] = soT +ug+ f(&)

where o, €, & T and T, are the Cauchy stress tensor, transformation
strain tensor, martensitic volume fraction, current temperature and ref-
erence temperature, respectively. The material constants S, «, p, ¢, s
and u, are the effective compliance tensor, effective thermal expan-
sion tensor, density, effective specific heat, effective entropy at refer-
ence state and effective specific internal energy at reference state. The
function f(¢) is the transformation hardening function.
The total strain ¢ is given by

e=S:0o+a(T-Ty+¢ 10)

The relation between the transformation strain tensor &' and the
martensitic volume fraction ¢ is expressed by

e = Aé an

where A is the transformation tensor which determines the transforma-
tion strain direction.

{ IgY, éso,
A={203 ¢ 12)
H E-’__” f <0
H is the maximum uniaxial transformation strain, '~ is the transforma-
tion strain at the reversal of the transformation.

An additional constraint is obtained in the form of an inequality by

the second lat of thermodynamics as
O(,T,5) <0 13)

where ® is a transformation function that is defined in terms of the
thermodynamic force = and controls the onset of forward and reverse
transformation.

_fr-Y*, é>0,

where Y* is the measure of internal dissipation due to the phase trans-
formation. When ® < 0 the material response is elastic and the marten-

(a)
ot
Ey
oM -
E,
JA o i 7
I/ [
87
H
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Table 1

Material parameters of Flexinol SMA.
Material Parameter Value
Austenitic Young’s modulus E, 75 GPa
Martensitic Young’s modulus Ey, 28 GPa
Poisson’s ratio (equal for both phases) v 0.33
Coefficient of thermal expansion for the austenite * 22.0E-6 K!
Coefficient of thermal expansion for the martensite «™  22.0E-6 K~!
Martensitic start temperature M; 350 K
Martensitic finish temperature My 315K
Austenite start temperature Ag 354 K
Austenite finish temperature Ay 379 K
Maximum transformation strain H 0.065
Stress influence coefficient for austenite pAsA -0.35 MPa K-!
Stress influence coefficient for martensite pAs? -0.35 MPa K™!

site volume fraction will remain constant (¢ = 0). During the forward
and reverse transformations (¢ # 0) the state of stress, temperature, and
martensite volume fraction will remain on the transformation surface,
which is characterized by @ = 0.

2) FEM Implementation: The constitutive model described above
can be implemented into commercial finite element program
Abaqus/Standard 2017 through a user defined subroutine UMAT
to simulate the thermomechanical response of SMAs for various loading
modes. In this study, a previously developed Abaqus SMA_UM subrou-
tine [48] is used. The material parameters required by the SMA_UM
subroutine are Young’s modulus of both austenite and martensite (E,
and E,;); the martensite start and finish and the austenite start and
finish temperatures (M, M, A, and Ag, respectively); the maximum
transformation strain (H); and the asutenite and martensite stress
influence coefficients (pAs? and pAs™, respectively). These parameters
were taken from [34] and [48] and summarized in Table 1 and Fig. 4.
Moreover, both the ABS reinforcement and the PDMS matrix were mod-
eled as linear elastic materials. In particular, the Young’s modulus and
Poisson’s ratio are E = 2.6 GPa and v = 0.35 for the ABS reinforcement
and E = 1.8 MPa and v = 0.495 for the PDMS matrix.

The response of the soft composites was simulated by conducting
dynamic implicit simulations (*Dynamic module in Abaqus) and quasi-
static conditions were ensured by monitoring the kinetic energy. The
temperature loading was applied in an incremental manner and large
displacement formulation was used to capture the nonlinear large de-
formation (NLGEOM = YES in Abaqus) [49]. All the components of the
composites were modeled using solid linear reduced-integration hexa-
hedral elements (Abaqus element type C3D8R) with enhanced hourglass
control and the accuracy of the mesh was ascertained through a mesh
refinement study. The soft deployable structures were modeled in two
manners: (1) considering an unit cell of the domain with appropriate
periodic boundary conditions and (2) considering the full finite-size de-
ployable structure.

(C)REN

100

% Martensite

»
| 2

My M, As Af T

Fig. 4. Definition of the material parameters of Flexinol SMA in (a) an uniaxial pseudoelastic test and (b) thermally-induced phase transformation diagram.



N. An, M. Li and J. Zhou

(2)

e
o
X

e o 2
o © o
S E &
1 ' 1 s 1 >

&}
T

Analytical

o o o
S O QO
O =

Bending Curvature, x [mm™!]

70.00 0.01 0.02 0.03 0.04 0.05 0.06
Recovery Strain, €

(©) Analytlcal

Length, L [mm]
]

0.50.60.70809101.11213 1415
Thickness, t [mm]

International Journal of Mechanical Sciences 180 (2020) 105753

(b)

0.06
aEEEEEEEEEEEEE
t=1.0 2" 0000000000000004
0‘05 - l..
L o 0000600060604
0.04F 22{:"’ 4444441

B L=16 mmFEM
o« ® L =24 mm FEM

Recovery Strain, €
o
e
[\ w
] v 1
*

0.0 o L =32 mm FEM
: . v L =40 mm FEM
0.01F o @ L - 48 mm FEM
«* <4 L =56 mm FEM

PP TN B P B N |

360 370 380 390 400 410 420
Temperature [K]

mm'] (q)

0.040
0.035
0.030
0.025
0.020

0.015

0.010

Fig. 5. Bending deformation of individual segments. (a) Evolution of bending curvature « as a function of the SMA recovery strain ¢. Analytical predictions (solid
lines) are compared to FEM simulation results (markers). (b) Evolution of SMA recovery strain ¢ as a function of temperature. (c¢) Contour plots showing effect of
thickness t and length L on the bending curvature x at e = 0.02. (d) FEM snapshots showing detailed mesh of a single bending segment characterized by L = 40 mm

and 1 = 1.0 mm at ¢ = 0 and 0.04.

4. Results and discussions
4.1. Bending segment

We began by investigating the bending deformation of individual
segments characterized by L € [16,56] mm and t € [0.5,1.5] mm. In
these simulations, the individual segments were under free-free bound-
ary conditions, and a temperature load ranging from T =353 K to
T = 420 K was applied to the SMA wires. As temperature increases, the
SMA wire contracts and the individual segment bends. During bending,
at every 1 K increment, we acquired coordinates of nodes located at
the SMA line and those located at the middle line from the deformed
configuration (the definition of the SMA and middle line is shown in
Fig. 2). The SMA nodes coordinates were used to calculate the current
length and then the recovery strain ¢ of the SMA wire through Eq. 1;
the middle nodes coordinates were used to determine the radius r of the
circle that best fits its bent shape [50], and then the bending curvature
was given as x = 1/r. This deformation and recovery strain correlation
technique captures the main physics of SMA phase transition and sim-

plifies the analysis process, and will be used repeatedly in the following
simulation of deployable structures and reflectors.

In Fig. 5(a) we report the evolution of bending curvature « as a func-
tion of the SMA recovery strain ¢, as predicted by Eq. 4 (solid lines).
The analytical results indicate that the curvature increases as recovery
strain increases. In Fig. 5(a) the analytical predictions are also compared
to FEM results (markers), showing a good agreement and therefore val-
idating our FEM model, and Fig. 5(b) plots the SMA recovery strain
versus temperature relation obtained from FEM simulations. We then
investigated the effect of geometry (i.e., thickness t and length L) on the
bending curvature by fixing recover strain at ¢ = 0.02. The analytical re-
sults, as predicted by Eq. 4 and shown in Fig. 5(c) (top panel), indicate
that the bending curvature of the segment is independent on the length
and is determined solely by the thickness t of the segment; while the
FEM results shown in Fig. 5(c) (bottom panel) indicate that the bending
curvature depends highly on thickness t and also depends slightly on
length L. This discrepancy between analytical and FEM results is due
to boundary effect, which is not accounted for in the analytical model.
We report as an example in Fig. 5(d) the initial state and the actuated
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Fig. 6. Deformation of the soft deployable structure. Evolution of macroscopic strain in x (a) and y (b) direction as a function of the SMA recovery strain ¢. (c) FEM
snapshots of a finite-size deployable structure characterized by L = 48 mm and ¢ = 1.0 mm at different levels of SMA recovery strain, ¢ = 0.01, 0.02, 0.03, and 0.04.

state of a single segment with L = 40 mm and # = 1.0 mm at € = 0.04, in
together with the detailed mesh used in this study.

4.2. Deployable structure

We then move on to explore the deformation of soft deployable struc-
tures. A soft deployable structure consists of 8 unit cells and each unit
cell is composed of 4 bending segments which are arranged alternatively
and connected together using soft joints. As each comprising segment
bends under actuation, the unit cell opens with a contraction in x direc-
tion and an expansion in y direction. In Figs. 6(a) and 6(b) we report
the evolution of macroscopic strains, €., Eyy, as a function of the SMA
recovery strain ¢ for a number of deployable structures characterized by
L =48 mm and 7 = 0.9, 1.2, 1.5 mm. Note that the height of soft joints
is fixed as A = 3.0 mm throughout this manuscript. The absolute value
of €,, and ¢, increases monotonously as the SMA recovers and ¢, < 0
indicates a contraction in x direction. Fig. 6(c) presents the FEM snap-
shots of a finite-size soft deployable structure at various recover strains
e =0.01, 0.02, 0.03, and 0.04. The geometry of each segment for this
finite-size structure was fixed as L = 48 mm and 7 = 1.0 mm.

To reduce the computation cost and ensure the response is not af-
fected by boundary effects, we also consider infinite periodic structures
using representative unit cells with suitable periodic boundary condi-
tions. As shown in Figs. 6(a) and 6(b), we find good agreement between
the analytical results predicted by the combination of Eqs. 5-8 and the
FEM results obtained from both finite-size and unit cell simulations. To
better understand the effect of geometry on the deployment process, we
then exploit unit cell simulations to fully explore the design space and
simulate the response of deployable structures in which each compris-
ing segment is characterized by L € [16,56] mm and t € [0.5,1.5] mm.
In Fig. 7 we report as contour plots the macroscopic strain in x and y
directions of deformed soft deployable structures at £ = 0.02. The ana-

lytical and FEM results shown in Fig. 7 confirm that by tuning t and L
we can alter the deployment of the structure. Specifically, we find that
a lower value of t or a larger value of L leads to a larger absolute value
of g, and g,,.

4.3. Kirigami/origami reflectors

Having demonstrated the structural design and the continuous and
controllable deployment process of the soft deployable structures, we
now show that the soft deployable structures can be exploited to de-
sign kirigami/origami-based self-deployable reflectors. The method is
to integrate kirigami/origami reflective films with a soft deployable
structure and use the soft deployable structure as a frame to stretch
kirigami/origami films [34]. In real fabrication and application, in or-
der to maximize the deployed/stowed size ratio, the deployable sys-
tem should be fabricated to be as compact as possible when stowed as
large as possible when deployed. This imposes difficulties for deployable
kirigami reflectors and also explains the difference between kirigami
and origami reflectors. For kirigami designs, the kirigami films should
maintain a finite area in the undeformed state due to the stretchability
limit of the film material. Therefore, in real fabrication and experiment
in [34], the SMA deployable frame was deformed a little bit to accom-
modate the initial size of the kirigami films, prior to the assembly of the
frame/film system. This predeformation of the frame and the follow-
ing concurrent deformation of the frame/film system should be handled
properly in simulation. In contrast, for origami designs proposed herein,
the predeformation of the SMA actuated frame is unnecessary since the
origami film can be compressed compactly with negligible size or vol-
ume and inserted and connected to the frame directly.

It is not straightforward to model the above-mentioned sequential
deformation of kirigami reflector design where the frame and film are as-
sembled together but undergo different deformations. In addition, both
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Fig. 7. Effect of geometry (i.e., thickness ¢ and length L of comprising individual segments) on the macroscopic strain in x and y direction, respectively. (a) and (b)
Analytical results. (¢) and (d) FEM results.
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Fig. 8. Design and deformation of self-deployable reflector units under various SMA recovery strains. (a) Deployment of a kirigami reflector unit with linear cut
pattern. (b) Deployment of a kirigami reflector unit with triangular cut pattern. (c) Deployment of a origami reflector unit.
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Fig. 9. Deformation snapshots of the finite-size self-deployable reflectors at the initial and deformed state, numerically reproducing the experiments reported in [34].
The distribution of the normalized out-of-plane displacement u, is also given in the deformed configuration.

the meshings of the frame and the kirigami films should be generated
simultaneously before the running of the whole simulation. Fortunately,
this problem can be circumvented by making use of the features avail-
able in the software through the following two-step scheme. (i) Both
the frame and the kirigami films are assembled and meshed. The in-
teraction between the two parts is deactivated and the kirigami mesh
is removed with the function, “model change, remove”. Upon heating,
only the SMA actuated frame deforms and retains a small predeforma-
tion strain, say € = 0.01, while the kirigami film remains inert and in a
stress-free state; (ii) The interaction between the two parts is activated
and the kirigami film mesh is added with the function, “model change,
add”. From this point, the two parts are tied together and further open-
ing of the soft deployable structure therefore actuate the deformation
of the kirigami film. Differently, the origami reflector can be simulated
straightforwardly because the origami film is folded to match the initial
shape of the soft deployable structure where £ = 0.

The cuts in the kirigami films are modeled as thin rectangular slits
with a thickness of 0.2 mm and an imperfection is introduced. This is
done by applying two opposing small bias forces normal to the kirigami
film plane at the longer side of each cut during the initial increment of
this step to trigger the out-of-plane buckling deformation [4]. For the
simulation of origami reflectors, the above two-step scheme is unneces-
sary and the simulation can be performed readily as long as the creases
in origami films are properly treated. The creases were modeled using
pin constraints to connect every pair of neighboring nodes on neigh-
boring plates. A torsional spring constraint was applied to each pair
of nodes, using spring-dashpot objects. The spring stiffness assigned to
each pair of nodes, k, was set to be 0.001 N/rad in this study [51,52].
In all of our simulations, the kirigami/origami films are discretized us-
ing 4-node rectangular shell elements with reduced integration (Abaqus
element type S4R).

Fig. 8 shows the cut shape and folding pattern of the
kirigami/origami films together with the deployment process of a
reflector unit and Fig. 9 shows the deformation snapshots of finite-
size self-deployable reflectors in the initial and deformed state with

distribution of out-of-plane displacement, quantitatively imitating the
experiments reported in [34]. Two different kirigami patterns (i.e.,
linear pattern and triangular pattern) and one origami folding pattern
are proposed to demonstrate the robustness of the numerical strategy.
It should be pointed out that only kirigami/origami reflectors with
linear pattern were proposed and experimentally demonstrated in [34].
Our contribution not only provides insights into the working principles
and the deployment process of these kirigami/origami reflectors, but
also gives new designs, such as the kirigami reflectors with triangular
pattern designs in the columns of Fig. 8(b) and Fig. 9(b). This clearly
shows that simulation could aid design and optimize this system and
may also exploit new possibilities.

5. Concluding remarks

Marrying the ideas of smart soft composite-enabled deployable struc-
tures and kirigami/origami principles leads to self-deployable reflectors
that can fold and deploy on demand. To date, the development of such
self-deployable systems remains largely an empirical process. To enable
the research community to deterministically design and optimize new
soft deployable structures and provide information on their performance
prior to manufacturing, in this study, an analytical model as well as a
FEM based numerical model are developed for modeling a specific class
of soft deployable structures, i.e., the SMA-based soft deployable struc-
tures. The FEM models provide the ability to analyze the performance of
these SMA-enabled deployable structures and highlight the effect of geo-
metric design parameters on the deployment process. Alternatively, the
simplified analytical model offers a means of predicting the deployment
process with explicit/implicit relationships between the recovery strain
of SMA wires, bending curvature of individual segments, and macro-
scopic strains of deployable structures. More specifically, our results in-
dicate that:

(i) The bending curvature of each individual segment is strongly af-
fected by the segment thickness but is only marginally affected by the
segment length, and for a given value of applied SMA recovery strain ¢,
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a decrease in segment thickness t results in a larger bending curvature
k for individual segments; while (ii) the macroscopic strains of each de-
ployable unit cell are affected by both the segment thickness and the
segment length. For a given value of applied SMA recovery strain ¢, a
decrease in segment thickness t or an increase in segment length L leads
to a larger absolute value of £, and €, which indicates a wider opening
of the deployable unit cell.

We also note that the design concept of integrating soft deploy-
able frames with kirigami/origami films is realized numerically through
three types of self-deployable kirigami/origami reflectors. Both reflec-
tor units as well as finite-size reflector structures are demonstrated suc-
cessfully. We expect our work to open the door for further simulation-
based studies of self-deployable systems with multimodal functionali-
ties. In particular, the proposed numerical strategy may serve as a plat-
form to accelerate the design of devices such as mechanical metamate-
rials [4,6,53], soft deployable structures-based robots [35], soft honey-
comb actuators [54], and space solar power initiative [55-57].
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