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This study explores the enhancement of high-strain composite flexures by interleaving carbon fiber composite
with thermoplastic materials. The flexure significantly loses its stiffness when heated beyond the glass transition
temperature of the interleaf material, and it is easily deformed. Upon cooling, the flexure retains its deformed
configuration and can recover its original shape upon reheating. Despite the constituent materials lacking inherent
shape memory, this shape memory behavior, combined with substantial damping capacity, makes these flexures
promising candidates for deployable structures in space applications, where controlled and gentle deployment
with minimal risk is essential. A comprehensive finite element modeling and analysis procedure is developed
to simulate the behavior of these high-strain composite flexures. The modeling process includes all the phases,
stowage, freezing, and deployment, while incorporating the viscoelastic properties of the materials. Experimental
tests confirmed the accuracy of the FE model in predicting the behavior of these flexures under different

conditions.

1. Introduction

Deployable space mechanisms are crucial systems that enable large
structures, like solar panels and sensors, to be folded and stowed within
a spacecraft. This reduces the overall volume of the spacecraft, making
it possible to fit it inside the limited volume of a launch vehicle fair-
ing. When the spacecraft is in orbit, these mechanisms can deploy the
stowed structures to their final operational position. The utilization of
high-strain composite (HSC) flexures is a key advancement in spacecraft
technology, enabling the efficient stowing and deployment of spacecraft
structures [1-5]. HSC flexures are constructed from ultra-thin compos-
ite materials, allowing them to be folded to a large curvature, and upon
release, deploy and recover their initial shape [6-12].

HSC flexures are an attractive choice for spacecraft design and space
missions for deploying structures due to their lightweight materials, ease
of manufacturing, reliability, and precise pointing accuracy [13-15].
However, they have limited damping capabilities, which may cause
problems during deployment. When strain energy is suddenly released,
it can generate shock loads or lead to inconsistent deployment, increas-
ing the risk of failed deployment, particularly when HSC structures are
stiffer [16]. For example, solar panels may overshoot their final posi-
tion and collide with the spacecraft bus structure, which can harm the
solar cells on the deployable panel and lead to space mission failure

[17]. Despite this, it is essential to design stiffer HSC flexure to provide
the necessary support against micro-vibration and thermoelastic effects
after deployment.

Research has been conducted to investigate the deployment process
of structures made of high-strain composite materials, with the primary
goal of preventing shock loads and excessive displacement during de-
ployment. The objective is to obtain a high-stiffness structure while
ensuring controlled, damped, and full deployment. One approach to
achieve this goal is using carbon fiber-reinforced shape memory polymer
materials (SMP) [18]. They remember their original shape and return
to it after deforming. In addition, they possess damping capabilities,
making them excellent at dissipating mechanical energy and dampen-
ing kinetic energy [19-25]. However, these SMP composite hinges may
fail under a large stowage curvature because of using stiff SMP, which
causes the composite hinge to damage at high strain [26,20,27]. To ad-
dress this, Composite Technology Development, Inc. (CTD) has created
composite material TEMBO® [20], which is made of a thermoset SMP. It
is used to develop a composite hinge known as the elastic memory com-
posite (EMC) hinge that has the ability to bend to a large curvature
with over 5% strain limit without getting damaged [28]. They have
effectively demonstrated the development of space structures like so-
lar panels and antennas using EMC materials [16,20,29]. However, the
design and analysis of EMC materials must be carefully considered to
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prevent damage from elastic micro-buckling beyond its limit. There is
still a limited understanding of the nonlinear behavior of micro-buckling
in elastic polymer fibers [26,30]. Another technique that can eliminate
shock load during deployment is a hybrid hinge [17,31,32]. This tech-
nique considers designing a hinge using multiple parts of HSC flexure
and shape memory polymer or alloy materials. While the HSC parts pro-
vide the required stiffness for deployment, the shape memory materials
act as a damper [31,33,17].

Finite element (FE) modeling is well-suited for analyzing and de-
signing deployable hinges and flexures in foldable composite systems
[34-37]. Ahmed et al. developed a multiscale FE model to simulate the
folding and deployment behavior of origami-inspired dual-matrix com-
posites, incorporating elasticity, plasticity, viscoelasticity, and hypere-
lasticity [38]. Din et al. proposed an FE modeling approach to predict
changes in the electrical resistance of rGO-coated fabric sensors embed-
ded in origami-style composite structures, using the UMATHT subrou-
tine in ABAQUS [39]. In a separate study, Ahmed et al. utilized X-ray
micro-computed tomography (XCT) to assess the mechanical properties
of ultra-thin composite materials designed for origami-inspired deploy-
able structures. The properties obtained from XCT were subsequently
applied in finite element modeling to analyze the folding and deploy-
ment of the origami structure [40].

This paper introduces the use of carbon fiber composites with ther-
moplastic interleaf materials, referred to as Controllable Stiffness Com-
posite Materials (CSCM), to develop high-strain composite flexures.
These flexures aim to mitigate risks associated with shock loads and ex-
cessive movement during deployment. CSCM offers flexures with shape
memory capability and considerable damping, which make them at-
tractive for developing deployable flexures with controlled and smooth
deployment. The constituent materials used in CSCM do not inherently
have shape memory. However, incorporating a thermoplastic material
layer into a carbon fiber composite flexure enables it to exhibit this
ability. This distinguishes CSCM from SMP composites, where the shape
memory originates from the polymer matrix [41,42]. The term “shape
memory” is used here in a general sense to refer to the ability of the
CSCM structure to return to its original shape after thermally induced
deformation and release, rather than to imply the use of conventional
shape-memory alloys or shape-memory polymers.

A similar structural concept to the CSCM structure was developed
by Gandhi et al. [43,44]. They created a beam of multiple aluminum
layers, and between each two aluminum layers, a layer of polymer was
placed and attached to them with adhesive. The beam starts to lose its
flexural stiffness upon heating, whilst its damping increases. An initial
investigation study of the shape memory of CSCM was carried out by
researchers at Imperial College London [45]. Since then, more studies
on CSCM structure have been conducted.

Maples et al. [46] examined the storage modulus of carbon fiber com-
posites interleaved with polystyrene at an elevated temperature. They
conducted flexural tests using a DMTA machine on various configura-
tions of these composites. The samples were heated from 20 °C to 120 °C
during the tests, and as the temperature increased, their stiffness de-
creased. However, when the samples were cooled down to 20 °C, they
fully recovered their initial stiffness. Depending on the layup, the re-
duction in flexural stiffness at 120 °C was shown to be up to 98% of the
stiffness at 20 °C. Furthermore, microscopic photos showed relative slid-
ing between the carbon fiber layers under loading at 120 °C, indicating
decoupling between these layers. Zhang et al. [47] explored the influ-
ence of the interleaf material viscoelasticity on the load while reshaping
a CSCM structure. Their findings indicate that lowering the loading rate
reduces the bending load needed for the stowage process because a
significant relaxation occurs in the modulus of the interleaf material.
Robinson et al. [41] conducted experiments on CSCM specimens with
angled cross-sections to demonstrate their shape memory capability.
Some specimens were initially shaped into a U-shaped geometry with
parallel sides, while others were reshaped into a flat geometry. In both
cases, the specimens successfully returned to their original shapes. The
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specimens were composed of thick composite carbon fiber layers with
a high fiber volume fraction. Thus, microscopic images revealed breaks
in some CF layers, although the specimens did not exceed a 45° on ei-
ther side. Also, Maples et al. [48] conducted experiments to investigate
the shape memory of a CSCM spring. The findings indicated that it can
be easily reshaped with a small load and recovered 99.5% of its original
shape when heated. In addition, Murali [49] proposed using a stainless
steel layer as a heater positioned between two layers as a heat source for
the CSCM structure. This method is considered more efficient and poses
a lower risk than attaching a heater to the surface of the CSCM structure
using an adhesive, which can separate at very low temperatures due to
differences in thermal expansion. However, this approach may reduce
the achievable stowage radius with HSC flexure by increasing stiffness
and adding mass to the flexure.

Prior research [46,50,45,41,47-49] has focused mainly on examin-
ing the main characteristics and mechanical behavior of CSCM struc-
tures through experiments, with less attention given to modeling and
analysis methods. For instance, Robinson et al. [41] calculate the spring
back of a CSCM structure using classical laminate theory. Similarly,
Zhang [51] obtained the spring-back of CSCM beams using finite ele-
ment analysis. However, these studies have not addressed the modeling
of recovery and deployment of CSCM structure, nor have they explored
the impact of viscoelasticity on the recovery process. Their primary
focus was on calculating the spring back after stowage. Besides, the
modeling and experiments in these studies have been limited to thick
and stiff laminates that cannot withstand high strain without failure,
thereby constraining their stowage curvature. A large stowage curvature
in CSCM structures introduces geometric and material nonlinearities,
making the modeling process more complex. This also leads to high
shear strains on the interleaf material, which can cause distortion in
the finite element mesh and affect how well the analysis converges. Ad-
dressing these issues is crucial for achieving reliable predictions and
performance for CSCM structures during deployment and recovery.

To address these issues, this paper proposes a modeling framework
that employs the FE method using ABAQUS to simulate and analyze
CSCM structures. The emphasis is specifically on the deployment of
CSCM flexures designed for space-deployable structures. The study in-
cludes experimental validation to evaluate the proposed FE modeling
technique in predicting the mechanical behavior of CSCM flexure. It
also demonstrates the potential of the CSCM structure as a deployable
high-strain composite flexure with damping and shape memory capa-
bility. The developed modeling and analysis approach incorporates the
viscoelastic behavior of both the carbon fiber composite and interleaved
polymer layers, with a focus on their influence during the deployment
phases of the CSCM flexure as it returns to its original geometry.

The paper is arranged as follows. In Section 2, the FE modeling and
analysis procedure of CSCM flexure is presented. The validation pro-
cess of the finite element methodology is outlined and examined in
Section 3. Thus, the numerical results obtained through implementing
the FE procedure are compared with the experimental results, highlight-
ing their correlation. Section 4 includes the conclusion and summary of
the paper, where the key findings and insights are summarized, and the
implications of the research are discussed. Finally, Appendix A presents
the characterization of materials required for the FE simulation, detail-
ing the viscoelastic and elastic properties of both the carbon fiber and
interleaf materials. These properties are essential inputs for numerical
simulations and experimental validation.

2. CSCM modeling and analysis

Designing a CSCM flexure for use as a deployment mechanism for
space applications required developing a reliable modeling and analysis
methodology. Thus, it is essential to understand how a CSMC flexure
behaves during reshaping and deployment and how it recovers its initial
shape.
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Fig. 1. A CSCM beam, consisting of unidirectional carbon fiber prepreg layers separated by an interleaved polymer layer, undergoes a reshaping and recovery cycle.

Fig. 1 illustrates a beam with two carbon fiber (CF) layers and a
layer of thermoplastic material interleaved between them. The stowage
process of this CSCM beam begins by heating it at T > T, of the thermo-
plastic layer, where T, is the glass transition temperature. The heating
process would cause the interleaf to lose its stiffness, so it becomes less
effective in transferring load between the CF layers and effectively caus-
ing their mechanical behaviors to decouple. Consequently, the CF layers
under loading experience relative displacement to each other, generat-
ing high shear strain within the interleaf layer, and the load required
for stowage is reduced compared to when T' < T,. Furthermore, the
stress distribution across each CF layer becomes more uniform, with
slight variations due to differences in curvature. This behavior, as dis-
played in Fig. 1, highlights the existence of decoupling between the two
layers, with stress values ranging from maximum tensile to maximum
compressive.

Once the CSCM beam is in its stowed configuration, it is cooled below
the T, of the interleaf thermoplastic layer. The cooling process causes
phase changes in the thermoplastic from a rubbery to a glassy phase,
which decreases the mobility of the molecular chains and locks in its
deformation. Hence, the thermoplastic layer will lock the beam in the
stowage configuration and counteract the strain energy stored within
the CF layers, which would try to retrieve the initial form of the beam.
However, spring-back can exist based on the amount of strain energy
within the CF layers and how the thermoplastic interleaf material is
stiff after the cooling process.

If the CSCM beam is reheated again at a temperature above T, of
the interleaf material, the shape memory effect will be activated. The
interleaf material loses its stiffness, allowing the CSCM beam to gradu-
ally return to its original geometry, driven by the strain energy stored
within the CF layers.

2.1. Finite element modeling of a flat CSCM flexure

The finite element procedure for CSCM flexure presented here can be
generally applied. However, to describe and validate the FE procedure,
a specific CSCM structure is focused on: a flat beam with a rectangu-
lar cross-section. By utilizing this particular structure, the presentation
of the FE procedure is facilitated, its effectiveness experimentally val-
idated, and the potential of using the CSCM flat structure for space
deployment applications is demonstrated. The CSCM flexure under ex-
amination has multiple CF layers separated by thermoplastic layers.

The CSCM flexure has three phases: stowage, freezing, and de-
ployment, and they are modeled and analyzed using the FE software

ABAQUS 2018. Fig. 2 shows the complete simulation process schemat-
ically. Viscoelasticity of the thermoplastic interleaf impacts the CSCM
flexure. For example, during the stowage phase, the relaxation of the
interleaf modulus as its temperature increases significantly reduces the
total stiffness of the CSCM flexure. During the deployment, the interleaf
viscoelasticity would slow the CSCM flexure. Also, the viscoelasticity of
the CF layers might affect the precision of regaining the initial flat con-
figuration. Accordingly, it is essential to consider the viscoelasticity of
the constituent materials when analyzing CSCM flexure.

2.1.1. Flat-flexure stowage phase modeling

The CSCM carbon fiber groups are modeled using the element (S4R),
a shell element with four nodes and reduced integration. Additionally,
each lamina within a CF layer includes three integration points across
its thickness. The interleaf material is modeled using the linear solid
element (C3D8), which has eight nodes. Each interleaf layer is meshed
with six elements through the thickness to capture the high strain within
them effectively, and full integration is applied to prevent the hour-
glass phenomenon in the elements. The mesh tie constraint technique
*TIE is utilized to connect the shell elements with solid elements. This
technique assumes perfect bonding and high interlaminar shear strength
between the carbon fiber and interleaved layers. The face size of the in-
terleaved solid element is adjusted to match the size of the carbon fiber
layer shell element, ensuring perfect bonding.

To reshape the CSCM flexure into its fully-stowed configuration, a
punch and a die with two rigid structures are utilized, as illustrated in
Fig. 3a. The punch and die are meshed with rigid elements (R3D4). The
rigid components of the die are positioned 30 mm apart at the bottom
edges to ensure that, when fully stowed, the flexure conforms to an outer
radius of 15 mm. Each rigid structure of the die has a reference point at
the center of its bottom edge, as illustrated in Fig. 3b. Fixed boundary
conditions are applied to these reference points to fix the die structure
during the stowage process. In addition to applying the boundary condi-
tions on the punch, a reference point is used at the center of its curved
section, as displayed in Fig. 3b. At this reference point, the punch is
constrained except for movement in the Y-direction. To complete the
reshaping process, the punch must travel 133 mm in the negative Y-
direction. Additionally, to model the friction forces on the surfaces of
the CSCM flexure in ABAQUS, a surface-to-surface contact approach is
utilized to handle the interaction between the punch, the two rigid struc-
tures of the die, and the flat CSCM flexure. The coefficient of friction is
0.01, and it applies to all contact surfaces.
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Fig. 2. Flow chart of CSCM structure analysis.

The relaxation in the modulus of the interleaf material during the
stowage phase is considered in the analysis. In ABAQUS, the relaxation
of the interleaf material is included in the analysis using a Prony series.
The Prony series representation of the relaxed modulus with time is
given as:

n
Eppn® = Eppy | 1= Y E (1= e7/) 6h)
i=1
where E;,, is the instantaneous modulus, 7; are the relaxation times,
and E,,, are Prony series coefficients [42].

At high temperatures, the matrix material within the carbon fiber
layers undergoes relaxation and lowers the effective modulus of the CF
layers. Specifically, there are negligible changes in the modulus along
the fiber direction E|; but noticeable variations in the modulus perpen-
dicular to the fibers E,, and the shear modulus G,,. In a symmetric
cross-ply layup, these viscoelastic effects of the matrix have an insignif-
icant influence on the bending stiffness D;;, which is predominantly
influenced by E|,. Consequently, the stresses in flexure under bending
are relatively insensitive to the matrix relaxation. Therefore, in the anal-
ysis of the stowage process, the relaxation of the carbon fiber matrix is
neglected, with the stresses in the carbon fiber layers of the CSCM flex-
ure being calculated based on the modulus at room temperature. This
assumption could affect the accuracy of spring-back predictions, po-
tentially leading to overestimating the stored strain energy. However,
previous research [41,51] has shown that neglecting matrix relaxation
during the stowage process has an insignificant effect on the calculated
spring-back when using classical laminate theory compared to experi-
mental results.

During stowage, the interleaf layers experience significant shear
strain, which becomes more pronounced with the increased stiffness
of the carbon fiber layers. This strain causes substantial distortion in
the solid elements of the interleaf layers, making it challenging to
achieve solution convergence. Additionally, using a high-density mesh

for the interleaved polymer layers is computationally expensive and
time-consuming, especially when the stowage modeling results are used
for subsequent freezing and deployment simulations.

To address these challenges, a technique involving multiple succes-
sive finite element simulations is employed. This method breaks down
the stowage process into several stages, each simulated with a separate
finite element model. This approach helps prevent excessive distortion
within the interleaf elements and reduces the computational resources
needed for the simulation. This technique requires assuming the ele-
ments of the interleaved layers are stress-free as initial conditions in
each simulation model.

In each simulation stage, the deformed shape of the previous finite
element model is transferred to the new FE model through the *IM-
PORT command. When dealing with the carbon fibre layers, the stresses
from the previous FE model are mapped onto the shell elements of the
layers in the new FE model. This process is carried out using the *INI-
TIAL CONDITIONS command, which connects the shell elements in the
new FE model with their original geometric shape from the previous FE
model.

The stowage simulation is divided into multiple models because the
excessive distortion in the solid elements of the interleaf makes it chal-
lenging to achieve convergence in the solution. This division requires as-
suming the interleaf solid elements are stress-free as initial conditions in
every finite element model of the stowage. The stress-free assumption in
the solid elements that represent the interleaved layers is assumed based
on the stress relaxation in polymer materials. When heating a polymer
material above its T, the polymer chains become mobile, allowing them
to move and rearrange freely about each other. This mobility enables the
material to adjust its internal structure to dissipate external forces, lead-
ing to stress relaxation. However, when the temperature drops below 7,
the mobility of the polymer chains is lost, and the material becomes stiff
and locked in a new configuration with residual stresses. Despite this,
these residual stresses may be disregarded [52,53,51,49,54].
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Fig. 3. Schematic of the modeling of the CSCM flexure storage process, where the flexure is composed of unidirectional (UD) epoxy-based carbon fiber prepreg layers

(SkyFlex K51) separated by interleaved polystyrene layers.

2.1.2. Freezing phase model

The spring-back in the CSCM flexure occurs after it is reshaped into
the stowage configuration, and then its temperature drops below the T,
of the interleaf material. If the spring-back is large, it can be harmful as
the rebound may result in an unwanted shock load. Additionally, it can
cause failure and damage to the interleaved layers, leading to separation
between them and the CF layers. How much the CSCM flexure springs
back depends on the energy stored in the CF groups during stowage and
on the rigidity the interleaved layers attain once cooled. An FE model,
namely the freezing FE model, is developed in this section to determine
the spring-back amount.

The CSCM flexure is secured between two rigid structures after the
stowage process, while its temperature drops to room temperature. As
the temperature decreases below the T, of the interleaf material, it tran-
sitions from a rubbery to a glassy phase, and its modulus increases until
it is fully recovered at room temperature. Additionally, the molecular
chains within the interleaf become significantly less mobile, locking the
material into the deformed shape and causing it to maintain the stowage
configuration. Moreover, the residual stresses within the interleaf are
expected to be minimal. Accordingly, the thermoplastic interleaved lay-
ers are considered stress-free after cooling, provided that the flexure
remains constrained within the die. This constraint ensures the die coun-
teracts the forces generated by the strain energy stored in the CF groups
during stowage. Once the CSCM flexure is taken out from the die, the
strain energy in the CF groups drives the flexure toward its original flat
shape, but the stiffened interleaf resists this movement. Eventually, the
strain energy overcomes the interleaf’s stiffness, leading to a spring-back
effect.

The amount of spring-back is calculated using the freezing finite el-
ement model in ABAQUS. To do this, the *IMPORT command is used to
import stowage geometry from the final stowage finite element model
into a new model. This command only imports the meshed elements of
the stowed geometry without the stresses or strains, and the imported
geometry has no connection to the original flat geometry of the flexure.
This disconnected geometry is ideal for the polymer interleaf layers be-
cause changing the phase from rubbery to glassy creates a new state in
the interleaved layer with zero stress. However, the imported geome-
try must be connected to the original flat geometry for the carbon fibre
layers. This implies that the freezing FE model must consider that the
carbon fiber layers were flat and have been deformed into the stowage
configuration. To achieve this, the *INITIAL CONDITIONS command is

used. This command maps the stresses of the shell elements from the fi-
nal stowage FE model onto the same elements in the freezing FE model.
There are no boundary conditions applied in this FE model.

Considering the recovery in modulus due to the cooling to room tem-
perature, the material properties of carbon fiber and interleaf materials
at room temperature are used in the analysis. Therefore, only the elastic
behavior is considered, while the minimal impact of viscoelastic behav-
ior on long-term spring-back is disregarded. Thus, the modulus of the
interleaf is

Eipm(t) = Eels (2)

where E, is the elastic modulus at room temperature after recovery.
The nonlinear dynamic implicit analysis technique is employed in this
FE model. The modeling process to obtain the spring back in the CSCM

flexure is illustrated in Fig. 2.

2.1.3. Flexure deployment phase model

The CSCM flexure undergoes a two-step deployment process. Ini-
tially, the flexure is released from its stowed configuration while the
interleaved thermoplastic material is in its glassy phase. This release
causes one side of the CSCM flexure to spring back while the other side
remains fixed due to the applied boundary conditions. Following this,
the flexure is fully deployed by heating it to a temperature that exceeds
the T, of the interleaf material. The deployment FE model assumes the
flexure reaches the deployment temperature instantaneously.

In the release step, we assume the interleaf material is in the glassy
phase, so the modulus at room temperature is used. Additionally, the
initial stresses in the interleaved thermoplastic layers are set to zero.
However, these initial stresses rise sharply due to the spring-back effect,
driven by the strain energy in the CF layers as they attempt to return to
their original shape.

In the deployment step, the viscoelasticity of the thermoplastic in-
terleaf is included in the analysis, and its relaxed modulus is calculated
using the equation (1). The deployment temperature is assumed to ex-
ceed the T, of the interleaf material, so the viscoelastic properties are
determined at the deployment temperature. The FE analysis also in-
cludes the viscoelastic behavior of the CF layers, modeled using a UMAT
subroutine. This subroutine provides a more accurate representation of
the deployment process by capturing both modulus and stress relaxation
of the CF layers over time.
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Fig. 4. ABAQUS CAE, UMAT subroutine, and SIGINI subroutine integration flow chart for CSCM flexure stress relaxation.

To develop the deployment FE model, the *IMPORT command is
used to transfer the geometry from the final stowage FE model to a new
FE model in ABAQUS. Stresses from the shell elements in the stowage
geometry are mapped onto the corresponding elements in the deploy-
ment model using the SIGINI subroutine, which initializes the stresses
in the CF layers. The UMAT subroutine is subsequently utilized to estab-
lish the stress—strain behavior of the composite lamina and to compute
the corresponding stress values.

[e(]=[CO][e®)] 3

where [o(?)] is the stress, [C(¢)] is the stiffness matrix, and [&(¢)] is the
strain.

To simplify the stress-strain relationship for a thin structure, the
plane-stress assumption is used here, so o3(t), 73(t), and 7 5(t) are set
to zero. Thus, the stress-strain relationship in the UMAT subroutine is
given as

oy (?) 0,(1) O, 0 £1(1)

oy(1) |=] Q21 (1) O(D) 0 &,(1) )
T15(7) 0 0 Oes®) || 7120
where
E, (1 EH(t
0,,n= #() 01,1 =0,(1)= ‘/12—22()
I=vpvy I=vpvy
0n=—20 o =60 ®)
I=vpvy

The modulus of elasticity and the shear modulus of the carbon fiber
layers are expressed in the UMAT subroutine as Prony series expressions

Ex(t)=En, <1 =D Ep(-e Tf)) 6
i=1

Gi() =Gy, (1 =Y Gy (1 —e_’/T")> )

i=1

Boundary conditions on the
edge of the outer CF group:
UX=UY=UZ=0
RX =RY =RZ=0

Fig. 5. The outermost CF group has boundary conditions imposed on its edge.

where Ey, ,and Gy,  are the instantaneous value of the Young modulus
and the shear modulus of the carbon fiber layer. In addition, z;, E22,»’
and G|, are Prony series constants determined by experiment. Because
the relaxation source in the carbon fiber composite comes from the ma-
trix and is not from the fiber, E;;(¢) is assumed constant with time. The
application of the UMAT and SIGINI subroutines in ABAQUS is illus-
trated in Fig. 4. Additionally, Fig. 2 shows the modeling and analysis
process for the deployment of the CSCM flexure.

The simulation of deployment was carried out using nonlinear dy-
namic implicit analysis. In this simulation, specific boundary conditions
were applied to the flexure: one side of the flexure was constrained,
and the other remained free. At the constrained end, the edge of the
outermost CF group had fixed nodes, creating a rigid support that pre-
vented any rotation or movement at this end. As a result, the other CF
groups were able to slide relative to the outer CF group during deploy-
ment. The boundary conditions applied during the deployment process
are illustrated in Fig. 5.
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3. Numerical and experimental results

This section uses a numerical example to evaluate the proposed FE
modeling and analysis procedure for CSCM flexure analysis. This nu-
merical example compares the results obtained using the FE procedure
with experimental results for validation. Thus, these numerical and ex-
perimental studies consider a CSCM flexure with a size of 15020 mm.

3.1. Fabrication of the flat CSCM flexure

The flat CSCM flexure was fabricated using SkyFlex K51 prepreg,
a unidirectional thin-ply epoxy prepreg carbon fiber composite with a
nominal ply thickness of 20 pm. The uni-directional pre-preg consists of
Mitsubishi Pyrofil TR50S carbon fibers and a K51 resin matrix [55].
The matrix K51 is an epoxy resin system with a curing cycle of 90
min at 125 °C [56]. This carbon fiber material was selected for its
flexibility, making it ideal for constructing compliant composite flex-
ures intended for deployable structures. The materials properties of the
prepreg SkyFlex K51 are given in Appendix A.

For the interleaved layers, polystyrene (Styrolution 124N/L) was
used. This amorphous thermoplastic material has a glass transition tem-
perature T, of around 87 °C and a melting point of 200 °C [57]. Be-
tween the temperature of the melting point and the glass transition,
polystyrene exhibits a rubbery state and demonstrates viscoelastic be-
havior. However, above 160 °C, the polystyrene begins to show limited
viscous flow while still retaining some viscoelastic properties [54]. As
the temperature nears the melting range, the material transitions into a
fully molten state with increased flow.

The CSCM flexure consists of four carbon fiber laminate groups, each
separated by a 100 um-thick polystyrene interleaved layer. Each lami-
nate group comprises four plies of SkyFlex K51 prepreg arranged in a
[0/90/90/0] lay-up configuration. The overall stacking sequence of the
flat CSCM flexure is illustrated in Fig. 3a. The fabrication process be-
gins by preparing each carbon fiber laminate group with dimensions of
20 X150 mm. Using the hand lay-up technique, the SkyFlex K51 prepreg
plies are manually stacked in the specified sequence. Three polystyrene
sheets, each measuring 20 X150 mm, are used as interleaved layers and
are placed between the carbon fiber groups during layup, as shown in
Fig. 3a. The inherent tack of the epoxy prepreg allows the plies and
interleaved layers to temporarily adhere to each other during manual
assembly, facilitating accurate alignment without the need for exter-
nal adhesives. Once the lay-up is completed, the assembly is subjected
to vacuum pressure at room temperature for 10 minutes to enhance
consolidation and improve bonding between the carbon fiber and the
interleaved polystyrene layers. The structure is then cured in an auto-
clave at 125 °C and 5 bar, resulting in a fully consolidated CSCM flexure
of 20x150 mm and average thickness 628 pm.

The reshaping and deployment of the CSCM flexure in this study oc-
cur below 160 °C, eliminating any concerns about the infusion of the
interleaved layers into the adjacent carbon fiber layers. Additionally,
the carbon fiber matrix of SkyFlex K51 is a thermoset epoxy. Unlike
polystyrene, this epoxy does not melt or flow when heated but soft-
ens while maintaining its crosslinked structure, ensuring dimensional
stability. Previous studies involving similar controllable stiffness com-
posites with interleaved polystyrene have provided Scanning Electron
Microscopy (SEM) images supporting this conclusion [45,58,41,51,49].

For example, Maples et al. [46] presented SEM micrographs of a
composite laminate composed of HexPly 914C carbon/epoxy prepreg
and Styrolution 124N/L interleaved layers, cured at 175 °C—a temper-
ature higher than that used in our process. Their results show no visible
infusion of polystyrene into adjacent carbon fiber layers, even at ele-
vated curing temperatures. This strongly supports the expectation that,
under our lower processing temperatures, polymer infusion does not oc-
cur, and the interface remains well-defined.
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3.2. Stowage phase of a flat CSCM flexure

The stowage process of the CSCM flexure was simulated using three
separate finite element models. Each model included a nonlinear quasi-
static implicit analysis step that lasted for 120 seconds. This duration
was deliberately chosen to ensure that the interleaved polystyrene mod-
ulus had enough time to relax and reach a very small value before the
punch moved over a long distance. Fig. 17 in the appendix illustrates the
relaxation of the PS modulus. The stowage process happens at 120 °C,
and the Prony series coefficients for polystyrene at 120 °C in Table 3 are
utilized to account for the viscoelasticity during the reshaping process.
The rigid punch traveled a total distance of 133 mm, equally distributed
among the three models. Fig. 6 shows the CSCM flexure before and after
the stowage process, and due to the very low modulus of the polystyrene
at 120 °C, the CF groups were able to slide over the interleaved layers,
as indicated by comparing the flexure at its ends before and after the
reshaping in Fig. 6.

A flat CSCM flexure was manufactured to validate the FE analysis
results, and its dimensions, materials, and layup of the CSCM flexure
match those in the FE model. Additionally, a rig was designed and man-
ufactured to reshape the flat CSCM flexure into the desired configuration
with a 30 mm outer diameter. The rig includes a die and a punch, as dis-
played in Fig. 7a. The die was placed inside an environmental chamber
during the stowage process, which was set on an Instron B 50 kN tensile
machine bench to conduct the reshaping process. The reshaping process
was conducted at 120 °C. To achieve precise control over the punch’s
speed and direction, it was integrated with the tensile machine. This in-
tegration ensures high accuracy in the stowed geometry of the CSCM
flexure.

The speed of the punch was 5 mm/minute. The stowage of the flat
CSCM flexure is illustrated in Fig. 7, comparing the FE analysis with
experimental results. The deformed shape of the CSCM flexure closely
aligns with the FE analysis results at different punch positions. When
the punch moves to reshape the flat CSMC flexure, this causes the angle
of the flat flexure to change from 0° when the flexure is entirely flat to
180° when it is in the stowed configuration geometry, where both sides
are parallel.

At the end of the stowage process, the FE analysis revealed that all
carbon fiber groups exhibit similar stress distributions. For example,
similar stresses were observed through the thickness of the elements
at the center of the curvature part of the CSCM flexure for each carbon
fiber group, as shown in Fig. 8. The results in Fig. 8 show the variation
of the stresses through the thickness of each carbon fiber group, with
maximum compressive stresses and strains at the top and maximum ten-
sile stresses and strains at the bottom. There is a similarity between the
stress and strain patterns of each carbon fiber group, indicating that the
mechanical behavior of each group is decoupled, and each carbon fiber
group can be treated as a separate unit when designing and optimiz-
ing flexure-based structures without affecting the overall performance
of the flexure. However, the degree of curvature did have an influence
on the stress distribution. Specifically, the carbon fiber group with the
smallest curvature experienced the lowest stresses, while the group with
the largest curvature experienced the highest stresses.

The moment applied by the CSCM flexure at reference points A and
B after completing the stowage process was 19.17 N.mm. This moment,
obtained using the FE method, is validated using experimental measure-
ment. Therefore, a custom-designed test rig, depicted in Fig. 9, is used
to validate the moment. The rig has two supports, each comprising a
metal block connected to a hollow shaft. Strain gauges are attached to
the hollow shafts to measure the applied moment when torque is ap-
plied to the metal block. The boundary conditions from the FE model
were replicated in the experimental setup. Thus, two rigid beams were
3D-printed and attached to the metal blocks. The two beams represent
the rigid structures in the FE model. The distance between the beams is
set to 30 mm to prevent spring-back in the CSCM flexure. This enables
the CSCM flexure to apply forces on the rigid beams, which exerts a mo-
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Fig. 6. Reshaping process of the CSCM flexure using the stowage FE model.
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Fig. 7. Experimental and FE analysis results of the CSCM flexure during the stowage phase.
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Fig. 9. Measuring the moment of the stowed CSCM flexure.

ment that is measured at the reference points shown in Fig. 9. These
reference points correspond to the reference points in the FE model.

Once the CSCM flexure is reshaped, it is firmly clamped between the
two rigid beams, and the moment is measured. The moment is found
to be 19.195+0.369 N.mm. In the finite element analysis, the moment
is 19.17 N.mm. The difference between the experimental measurement
and the FE analysis results is only 0.12%, confirming the FE analysis
accuracy.

3.3. Freezing phase of the flat CSCM flexure

Fig. 10a illustrates the CSCM flexure in its freezing phase. The result
was obtained using the FE analysis described in section 2.1.2. The CSCM
flexure undergoes a spring-back of 4° on each side, resulting in an angle
of 172° between the two straight sections. The analysis employed free-
free boundary conditions, and the result was obtained by implementing
a nonlinear dynamic implicit analysis.

In addition, Fig. 10b displays the fabricated CSCM flexure after being
reshaped into the stowage configuration. After the stowage process, the
CSCM flexure was left inside the die until its temperature reached room
temperature. Once the interleaved polystyrene material had reached the
glassy state, the CSCM flexure was taken out of the die. Both sides of
the flexure sprang back by 2°, resulting in an angle of 176° between the
two straight sides. The FE analysis predicted 172° after the spring-back
happened, indicating a 2.3% error between the measured and predicted
results as illustrated in Fig. 10b. Also, there was no failure observed in
the experimental sample after the spring back.

3.4. Deployment of the CSCM flexure

Fig. 11 illustrates the results of CSCM flexure deployment at 140 °C
using finite element analysis. The CSCM flexure returned to its origi-
nal flat geometry after 600 seconds. After 60 seconds of deployment,
the angle was 56°. The modulus of the polystyrene material at 140 °C
is 0.4 MPa, and it significantly reduces over time because of the vis-
coelasticity. This means that the carbon fiber groups experienced less
resistance from the interleaved polystyrene layers as they slid relative to
each other during deployment, reducing the required deployment time.
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Fig. 10. Spring-back of the CSCM flexure: comparison of experimental results with FE analysis.
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Fig. 11. Deployment and recovery of the flexure at 140°C.

Faster deployment allows for quicker activation of the flexure, which
can be critical in mission scenarios where time is a constraint. Fig. 14
illustrates the deployment sequence of the flexure at 140 °C obtained
using the FE analysis.

Deployment and recovery predictions from the FE analysis are val-
idated through experimental investigation of the CSCM flexure. After
reshaping, a metal plate is fixed using epoxy adhesive to the outside
surface of the flexure at one end. The plat has two holes used to fasten
the CSCM flexure to a 3D-printed support structure during deployment
using two M2 bolts. This setup ensures that the boundary conditions of
the FE model are consistent with the experimental conditions. The de-
ployment takes place inside the environmental chamber at 140 °C, and
the temperature gradually increases until it reaches the deployment tem-
perature.

As the temperature rises, the interleaved polystyrene material soft-
ens, which reduces its modulus and allows the CSCM flexure to deploy
before it reaches the deployment temperature. To ensure consistency
with the FE analysis, the punch was utilized to restrain the CSCM flexure
during the heating process, as shown in Fig. 14a, to prevent premature
deployment before the desired temperature was reached. This proce-
dure replicates the FE model, where the temperature change happens
instantaneously, unlike the gradual increase that occurs inside the envi-
ronmental chamber. Once the CSCM flexure is heated to the deployment
temperature, the punch is removed, and the deployment process starts.
To initiate flexure deployment, the punch is pulled upward by activating

10

the tensile testing machine to which the punch is connected. This action
removes the punch from the front of the flexure, allowing it to deploy
freely. As a result, there is no need to open the door of the environ-
mental chamber to remove the punch, which would cause temperature
drops in the flexure.

A digital video camera, the Canon EOS 5D Mark IV, with a 120
frames-per-second capability, is used to capture the deployment process.
Five deployment tests were conducted with different CSCM flexures, and
Fig. 12 displays the results along with their mean values. Initially, be-
cause of the spring-back, the angle between the free and fixed ends of
the CSCM flexure is 176°. The CSCM flexures regained their initial flat
shape after 10 minutes. The results of the experiment and FE analysis
at 140 °C are presented in Fig. 13. The experiment results are the mean
values of the five deployment tests. Both results are highly consistent,
providing confidence in the FE modeling and analysis. Fig. 14 shows
the deployment process at 140 °C of one of the deployment tests. After
being exposed to this temperature for 10 minutes, the CSCM flexure re-
turned to its initial flat geometry, indicating the success of the recovery
process.

As the temperature increases, the interleaf polystyrene experiences
a significant reduction in stiffness. Thus, the CSCM flexure is expected
to recover its initial geometry faster when the deployment temperature
increases. The carbon fiber layers will face less resistance from the inter-
leaved layers as they become more flexible and soft. To investigate this
behavior further, an experiment was conducted to examine the recov-
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Fig. 13. Deployment results of the flat CSCM flexure at 140 °C, obtained from both experimental testing and finite element analysis.

ery time at 120 °C and 160 °C. Fig. 15 displays the angle of deployment
versus time obtained experimentally at 120 °C, 140 °C, and 160 °C.
The CSCM flexure could not fully recover its initial flat shape at 120
°C, resulting in an angle deployment of 54° after t=900 seconds. As
the deployment temperature increased to 140 °C, the CSCM flexure re-
covered its initial shape after 600 seconds, and when the deployment
temperature increased to 160 °C, the recovery time reduced to 35 sec-
onds. The data suggest that the reduction in recovery time is because of
the decreased modulus of the interleaved polystyrene layers and their
rapid relaxation at higher temperatures, highlighting the impact of their
viscoelasticity on the recovery time.

During the deployment tests of the CSCM flexure, heating was ap-
plied via an environmental chamber. However, this is not a practical
solution in space applications, such as solar panel deployment. Thus, in
orbit, thermal activation of the CSCM flexure must be achieved using on-
board means. One practical solution is to attach a flexible heater to the
surface of the CSCM flexure and provide the required heat for deploy-
ment. Such a heater can be adapted to various shapes and is commonly
used in space applications. Another way to heat the CSCM flexure is by
embedding heater wires within the interleaf materials. In either method,
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these heaters require electrical power to operate, which can be obtained
from the spacecraft’s power system. In addition, a temperature sensor
and control feedback may be necessary to monitor the heat supplied by
the heater and ensure that it provides the required amount of heat for
deployment to occur.

4. Conclusion

When interleaving high-strain composite flexure with a thermo-
plastic material, the flexure would gain shape memory and significant
damping, enhancing its performance in space-deployable structures that
require smooth and gentle deployment to mitigate risks. In previous
research, the shape memory of carbon fiber composites with interleaf
material has been investigated through experiments to understand their
characteristics and behavior. However, there are limited studies on de-
veloping robust modeling and analysis methodologies. In space applica-
tions, CSCM flexure may be stowed with large curvature, which requires
reliable modeling and analysis techniques to ensure effective perfor-
mance.
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Fig. 14. The CSCM flexure deployment at 140 °C and the angle corresponding
to experimental values.

This paper proposes an FE modeling technique for high-strain com-
posite flexure with thermoplastic interleaf. The CSCM flexure undergoes
different stages, including stowage, freezing, and deployment, and its
behavior varies with each of these stages. Thus, the FE modeling pro-
cedure includes these stages. The FE modeling approach presented here
accounts for a temperature-dependent viscoelastic model for both the
carbon fiber composite and the interleaf polymer. This enhancement en-
ables more accurate predictions of deployment and recovery behavior
in CSCM structures, particularly for thin-ply CSCM flexures subjected to
large stowage curvature. Such conditions were not captured in earlier
models, which were limited to small-curvature stowage in thick lam-
inates, determining only the spring-back of CSCM structure after the
reshaping process. In addition, the FE modeling framework provides a
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comprehensive procedure to address the challenge of converging results
that occur due to high distortion in the interleaved material elements.

During the stowage phase, the interleaf material is under high strain,
which causes excessive distortion in the solid elements and leads to dif-
ficulties in achieving solution convergence. Thus, the stowage phase
modeling was divided into multiple successive FE simulations to elimi-
nate distortion in the interleaf elements and decrease the computational
resources required for the simulation. The stowage FE model accounts
for the viscoelasticity of the interleaf material, while the viscoelasticity
of the carbon fiber layers is excluded, as it has minimal impact on the
overall behavior. However, in the deployment FE model, the viscoelas-
ticity of both materials is considered, with the user-material-defined
(UMAT) subroutine used to account for the viscoelasticity of the car-
bon fiber layers.

The FE modeling and analysis methodology was validated through
experimental tests. The spring-back observed from the FE analysis was
4° from each side, while from the experiment, it was 2°. This shows a
2.3% difference between the FE model and the experiment. Moreover,
the deployment results at 140 °C from the experiment are in consistent
with those from the FE analysis, validating the FE approach introduced
for the CSCM flexure design and analysis.

The experimental tests have shown that the CSCM flexure deploy-
ment and recovery times can be shortened by increasing the deployment
temperature. The results have shown that the CSCM flexure, which con-
tains four carbon fiber groups and three interleaved layers, cannot fully
recover its original flat configuration within 15 minutes at 120 °C. How-
ever, at 140 °C, the CSCM flexure was able to return to its flat geometry
in just 600 seconds and after 35 seconds when deployed at 160 °C. These
results highlight the influence of the interleaf viscoelasticity on the re-
covery time.

This study demonstrates the potential use of CSCM structures in
spacecraft as deployable flexures with high damping and shape memory
capability to achieve controlled and low-impact deployment. The flat
CSCM flexure achieved complete deployment with high precision and
low shock. This result encourages the investigation of applying CSCM
structures to other deployable structures, such as booms and antennas.
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Fig. 15. The effect of deployment temperature on the recovery time of the CSCM flexure.
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Appendix A. Material characterization

A UD pre-preg composite material called SkyFlex K51 thin-ply with
20 gsm is used for the CSCM flexure under investigation, and the in-
terleaf material is polystyrene (Styrolution PS 124N/L). To perform an
accurate finite element analysis of the CSCM flexure, it is crucial to have
a comprehensive understanding of the elastic and viscoelastic properties
of these materials [42].

A.1. Thin-ply carbon fiber (SkyFlex K51)

Table 1 gives the elastic properties of the composite material SkyFlex
K51. Since the CSMC flexure is subjected to high temperatures during
stowage and deployment stages, it is important to evaluate the relax-
ation behavior of the SkyFlex K51 thin-ply carbon fiber at these tem-
peratures. To achieve this, relaxation tests of the transverse modulus
E,, were conducted at 140 °C. The specimens were subjected to tensile
strains of 2% for 20 minutes at 140 °C, and a TA Instruments RSA-G2
Solids Analyzer (UK) was used in tensile mode for this test. The test data,
along with the Prony series curves, are illustrated in Fig. 16. The Prony
series coefficients at 140 °C are presented in Table 2.

A.2. Polystyrene PS characterization

The interleaf materials used in this study are polystyrene (PS). The
modulus of polystyrene (PS) material at room temperature is 3.2 GPa
while the Poisson ratio is 0.35 [41]. The glass transition temperature Tg
was found to be 85 °C [51]. In addition, tensile stress relaxation tests
were conducted on Polystyrene (PS) specimens at 120 °C and 140 °C
using a 5% strain. The specimens were sized at 0.1 X 10 X 15 mm, and
the tests were conducted using a TA Instruments RSA-G2 Solids Analyzer
(UK) in tensile mode. A constant strain was applied to the specimens at
a controlled temperature, and the resulting stress decay over time was
recorded. Fig. 17 displays the relaxation results, with the corresponding
Prony series coefficients from the relaxation tests provided in Table 3-4.
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Table 2
Prony series relaxation coefficients for
the transverse modulus E,, at 140 °C.

Term  E,, Relaxation Time 7; (s)
1 0.13  1.95

2 0.59  64.00

3 0.01 214.24

4 2.32 75411.37

Table 3
Prony series coefficients to obtain the modulus
relaxation of polystyrene material at 120 °C

[42].
Term  Epg Relaxation Time 7; (s)
1 6.72x107%  0.04125
2 0.18888 0.04639
3 0.52196 1.04173
4 0.28914 35.23156
Table 4

Prony series coefficients to obtain the mod-
ulus relaxation of polystyrene material at

140 °C.
Term  Epg Relaxation Time 7; (s)
1 0.72989  0.38354
2 0.09987  2.71861
3 0.17024 12.23223

Data availability

Data will be made available on request.
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Fig. 16. The transverse modulus E,, relaxation at 140 °C for 20 minutes (SkyFlex K51).
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Fig. 17. Modulus relaxation at 120 °C and 140 °C (Polystyrene PS material).
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