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ABSTRACT

Composite thin-walled lenticular tube (CTLT) is a lightweight foldable and deployable structural material
that enables large-scale deployable mechanisms for various space missions. A key step toward the structural
design of CTLT is to understand its folding, stowage, and deployment behaviors. This work presents an
integrated experimental and numerical investigation of the dynamic deployment behavior of CTLT that wraps
around a central hub, with emphasis on the effect of long-term storage. A two-meter-long CTLT prototype
was manufactured, and a gravity compensation system was designed and built for the on-ground dynamic
deployment experiments. The deployment experiments were performed on the CTLT prototype both before
and after it had been stowed for extended storage periods. The results indicate that after being stowed for
6 and 10.5 months the CTLT is deployed slower and the deployment time increases by 8.2% and 15.0%,
respectively. Furthermore, a high-fidelity numerical model was constructed using the explicit dynamic finite
element method, where the CTLT was modeled as a deformable part and the folding/deployment mechanisms
were modeled as rigid bodies to perform the folding, stowage, and deployment simulations. The long-term
storage effect was accounted for in the numerical analyses with the use of a viscoelastic fiber-reinforced
composite material model, and a good agreement has been achieved between the experimental and numerical

results.

1. Introduction

Lightweight space deployable structures with high storage ratios
have become cutting-edge topics in space science and technology due
to the rapidly growing use of small spacecraft missions for space
exploration [1,2]. Composite thin-walled lenticular tube (CTLT) is a
collapsible, rollable and deployable tubular boom made of thin-ply car-
bon fiber-reinforced composite laminates, which has been considered
as one of the most promising structural materials for a wide range
of deployable and reconfigurable mechanisms including solar sails [3—
71, large membrane reflectors [8-12], rib-mesh antennas [13-15], and
morphing wings [16]. The CTLT usually experiences three stages during
its service life: folding, stowage, and deployment. Taking the CTLT
assembling in a wrapped-rib antenna for example, (i), before launch, it
is flattened and wrapped around a central hub to reduce volume; (ii),
during launch and transportation to orbit, it is fastened by a locking
device and is stowed in the folded state. This period can last for several
months to years, which is referred to as the stowage period; and (iii),

after reaching the orbit, the CTLT deploys itself by releasing the stored
strain energy, which drives related components such as solar sails and
antenna reflectors into their functional state.

One basic and crucial step towards designing CTLT is to characterize
its folding, stowage, and deployment performance. Various experimen-
tal procedures have been proposed for this purpose over the past years.
Chu et al. [17] proposed a retractable/deployable mechanism design
that is driven by a motor cooperating with reactive springs for folding
a space probe of a microsatellite. Chen et al. [18] developed a test
setup that employs a scroll tube and a guide wheel to perform wrapping
experiments of CTLT specimens by measuring the strain and wrapping
moment. Bai et al. [19,20] designed and manufactured a coiling ma-
chine that includes a central driving roller, several constraint shafts,
torque sensors, and frame structures and is able to drive and record
the flattening and coiling deformation of CTLT. Researchers from the
German Aerospace Center (DLR) proposed a unifying mechanism for
the deployment of the boom as well as solar sail which uses an electric
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motor to control the deployment of four CTLT booms and sail segments,
and a brake mechanism was taken to prevent uncontrolled dynamic
deployment of the booms and sails [21]. Firth et al. [22,23] developed
an unpowered and motorless mechanism to control the deployment of
CTLT. The deployment was driven by releasing the stored strain energy,
while a single roller pressed against the coiled CTLT with enough force
to prevent premature unwinding, and a rotary damper was used to limit
the deployment speed.

It should be noted that most of the above-mentioned folding, coil-
ing, and deployment mechanisms are designed to produce a steady and
controlled deformation process of CTLT, which mimics the deployment
of CTLTs in solar sail and membrane antenna systems. On the other
hand, for other space deployable mechanisms such as the wrapped-
rib antenna, the deployment of CTLT is a highly dynamic transient
process where the strain energy stored in the deformed CTLT ribs
will be released very rapidly without any external control and the
system is expected to be deployed in less than a few seconds. Such
dynamic deployment behavior of CTLT remains largely unexplored.
The challenge stems from the fact that in the quite short deployment
period, CTLT undergoes a significant shape change from the fully
stowed state to the fully deployed state. It is non-trivial to develop
a gravity compensation system for on-ground dynamic deployment
tests of CTLT. Recently, Okuizumi et al. [24] conducted free deploy-
ment tests without gravity compensation of CTLT supported with a
spring root hinge to investigate the dynamic deployment and vibration
behaviors. A 0.6-meter-long CTLT was found to be self-deployed in
2.67 s. It was observed in the experiments that the CTLT tends to
deform downward due to gravity when the root of the boom is not
yet expanded. Therefore, it is vital to develop a gravity compensation
system for performing the dynamic deployment tests of CTLTs on the
ground. Many previous studies for the dynamic deployment tests of
other types of stored strain energy deployable booms provide insights
into the design and implementation of gravity offloading systems. The
methods commonly used to eliminate gravity effects for on-ground
tests can be classified as physical methods (drop towers or parabolic
flight [8,25]), pneumatic (air cushion or air bearings [26]), buoyancy
techniques (water floats or helium balloons [27,28]), and mechanical
methods (suspension system with elements like cables, strings, pulleys,
trolleys, rails or springs [29]). Mallikarachchi et al. [30] developed
a gravity offloading system for the dynamic deployment tests of the
composite tape-spring hinge (CTSH), where a string was used with one
end attached to the outer surface of the tube, and the other end was run
over a pulley directly above the center of the CTSH and terminated at a
fixed point. Mallol et al. [31] performed dynamic deployment tests on a
bistable composite boom suspended in two different gravity offloading
systems. The three localized masses of the deployable system could
be suspended either by using a two-point string-spring assembly or by
using a single point with strings and two soft springs. In this work, the
Helium balloon gravity compensation method will be adopted, which
has been proven effective for gravity compensation for light-weight
structures including CTLTs and solar sails [28].

Another obstacle in characterizing the deployment dynamics of
CTLT is the relaxation of stored strain energy during long-time stor-
age. As has been described above, the CTLT would be stowed in the
coiled state for a long stowage period before being sent to orbit and
deployed. During long-time storage, CTLT is subjected to a constant
folded deformation, and stress relaxation is inevitable due to the in-
trinsic viscoelasticity of matrix resin of composite materials. The stress
relaxation leads to a decrease of strain energy stored in the deformation
and finally produces an unfavorable impact on the deployment perfor-
mance of CTLT [32,33]. A number of multiscale modeling approaches
of fiber-reinforced viscoelastic composites have been proposed to un-
derstand the long-term stowage effects on the deployment dynamics
of composite deployable structures, and numerical tools have also
been developed and implemented [34-37]. Kwok et al. [36] proposed
a general-purpose finite element model that efficiently predicts the
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deployment performance of plain-weave composite tape-spring shells
that are deployed after being held folded for a given period of time.
The method was then extended to study the creep recovery of CTLT
as well as the recovery behavior of a composite thin-shell deployable
reflector antenna [38,39]. A user-friendly micromechanics analysis
plug-in tool, Viscoelastic RVE Calculator, has been developed within the
ABAQUS/CAE environment to rapidly estimate the effective orthotropic
viscoelastic properties of unidirectional composites by taking as input
the microstructure geometry as well as the known properties of fibers
and matrix. The accuracy of the plug-in was validated by comparing
its predictions to numerical and experimental results taken from the
literature [37,40]. Very recently, Deng et al. [41] applied the method to
simulate the effect of storage time and temperature on the deployment
dynamics of CTLT and found that the deployment of CTLT becomes
slower after being stored for a longer time at a higher temperature, but
did not perform experiments to prove it.

In this work, a combination of experiments and simulations is used
to investigate the folding, stowage, and deployment behaviors of CTLT.
A 2-meter-long CTLT was firstly wrapped around a central hub, and
the subsequent deployment was triggered and powered merely by the
release of stored strain energy. Helium-filled balloons were used for
gravity compensation, and a high-speed camera was used to monitor
and record the deformation snapshots of the CTLT during the dynamic
deployment process. In order to study the effect of strain energy relax-
ation caused by long-term stowage, the CTLT was also tested after being
held fully wrapped for two given stowage periods of 6 and 10.5 months.
In addition, a high-fidelity explicit dynamic finite element model was
built to analyze the deformation of the CTLT during the whole process
of folding, stowage, and deployment process, and a good correlation
between experiments and simulations was achieved.

The rest of the paper is organized as follows. Section 2 presents the
manufacturing process and material characterization of CTLT, as well
as the development of the gravity compensation system for dynamic
deployment testing. Section 3 introduces the numerical model that
is used to simulate the folding, stowage, and deployment behaviors
of CTLT. The experimental and numerical results are presented and
compared in Section 4. Finally, discussions and conclusions are given
in Section 5

2. Experiments
2.1. Material and specimens

Fig. 1 schematizes a CTLT boom that is partially coiled around a
cylindrical hub. The CTLT considered here consists of two thin-walled
Q-shaped composite shells which are bonded together along the end
edges, forming a lenticular cross-section. Each 2-shaped cross-section
is comprised of four circular arcs of radius r = 15 mm subtending an
angle of 6 = 45°, two bonded webs of width w = 15 mm, and a straight
segment of height 4~ = 9.6 mm. The longitudinal length of the CTLT
is L = 2000 mm and the radius of the hub is R = 200 mm. Each
Q-shaped shell of CTLT was manufactured from unidirectional carbon
fiber/epoxy prepregs of thickness 0.04 mm and density 1.43 g/cm?
(T700/Epoxy, Harbin FRP Institute, China). The composite layup is de-
noted as [0°, 0°, 90°], representing a symmetric laminate comprising
six plies, where the 0° direction aligns with the longitudinal axis of the
CTLT.

The unidirectional composite lamina is considered as a linear elastic
and transversely isotropic material and the properties were experimen-
tally measured by performing standard mechanical tests. The carbon
fiber and epoxy matrix are both assumed as linear elastic and isotropic
materials, and the fibers are assumed periodically spaced in a hexag-
onal array in the matrix. The properties of fiber and matrix were
then determined reversely from the lamina properties by trial-and-
error simulations performed with a previously developed ABAQUS
plug-in Viscoelastic RVE Calculator [37]. The fiber volume fraction was



R. Guo et al.

Fig. 1. CTLT partially coiled around a cylindrical hub.

Table 1
Material properties of the constituents and the unidirectional composite lamina
T700/Epoxy.

Properties E, [GPa] E, [GPa] Vis G, [GPa] G,; [GPa]
T700 fiber 230 - 0.33 - -
Epoxy matrix 2.38 - 030 - -
T700/Epoxy lamina  137.99 8.71 0.32  3.50 3.21
Table 2
Strength parameters for the unidirectional lamina T700/Epoxy.
Property Value
Ultimate longitudinal tensile strength, X, [MPa] 2329.91
Ultimate longitudinal compressive strength, X, [MPa] 1091.80
Ultimate transverse tensile strength, Y, [MPa] 129.05
Ultimate transverse compressive strength, Y, [MPa] 226.32
Ultimate in-plane shear strength, S, [MPa] 253.76

computed to be 60% and the mechanical properties of the constituents
and the unidirectional composite lamina were determined as listed
in Table 1. In addition, the strength parameters of the unidirectional
lamina were also determined through tests and are provided in Table 2
for reference in case of failure analysis.

Having determined the properties of fiber and matrix, we then
use Viscoelastic RVE Calculator to calculate the relaxed properties for
the composite lamina after being stowed for a given period. In these
calculations, it was assumed that the elastic modulus of fiber remains
unchanged, while the elastic modulus of matrix reduces by a cer-
tain amount. Table 3 summarizes the effective lamina properties of
T700/Epoxy at different relaxation levels of the matrix. Each set of
the lamina properties is related to a distinct virtual temperature, and
then the change of material properties will be simulated by inducing a
change in the virtual temperature in the simulations. T, corresponds to
the initial properties of the lamina without being stowed, and T}, 7>,
Ts, Ty, and Ts correspond to the relaxed properties of the lamina when
the elastic modulus of the epoxy matrix reduces by 10%, 20%, 30%,
40%, 50%, respectively.

Fig. 2 illustrates the fabrication process of the CTLT. Only one mold,
made from Chinese standard 45 steel, was used due to the inherent
symmetry of the CTLT. The initial step involved applying a uniform
layer of mold release agent onto the mold’s surface, followed by a
polishing procedure. Subsequently, the prepreg material was cut and
layered on the mold according to the predetermined lay-up design.
After all layers had been laid, the mold was packaged in a vacuum
bag, and a roller was employed to firmly press the layers together,
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Table 3
Lamina properties of T700/Epoxy at different relaxation levels of the matrix.
Properties E,; [GPa] E, [GPa] Vi G, [GPa] G,; [GPal
Ty 137.99 8.71 0.32 3.50 3.21
T, 137.90 7.87 0.32 3.16 2.90
T, 137.81 7.02 0.32 2.82 2.59
Ts 137.71 6.16 0.32 2.48 2.27
T, 137.61 5.30 0.32 213 1.96
Ts 137.52 4.43 0.32 1.78 1.64

Fig. 2. Fabrication process of CTLT. (a) The mold is made of steel. (b) The Q2—shaped
composite shell in the mold. (c) The cross-section shape of CTLT. (d) CTLT specimen.

concurrently expelling any trapped air. The 22—shaped composite shell
was then cured in an autoclave at a temperature of 135 °C for approx-
imately 2 h. The fabrication process was completed by bonding two
separately manufactured Q-shaped shells together to form the CTLT.

2.2. Dynamic deployment testing

This section presents the experimental setup for performing the
dynamic deployment tests of CTLT in a simulated zero-gravity envi-
ronment. Figs. 3 and 4 show the schematic representation and pictures
of the experimental setup, respectively. The central hub was made of
an acrylic cylinder with a thickness of 10 mm, an outer diameter of
400 mm, and a height of 1200 mm. One end of the hub was fixed
to the ground and from the hub center 16 equally distributed radial
lines were generated using four laser projectors (Laser locator, Deli,
China). These radial lines are used to help measure the evolution of the
deployment angle during the dynamic deployment process. The other
end of the hub was tied to one end of the CTLT using a homemade 3D-
printed positioning fixture. The fixture contains grooves with the same
lenticular cross-section shape as CTLT. The end of CTLT was carefully
inserted into the fixture slots and then tightened with the help of screws
and bolts, see Fig. 4a. The neutral axis of the CTLT is tangent to the hub
surface.
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Fig. 3. Schematic representation of experimental setup for on-ground dynamic deployment testing of CTLT with the gravity compensation system.

Four small holes with a diameter of 2 mm were drilled at every
quarter-length point along the longitudinal length of the CTLT (see
Fig. 3 for details). Point A was connected to a rope that controls the
folding and deployment of the CTLT. Points B, C, and D were connected
to Helium-filled balloons with strings to compensate for the gravity of
the CTLT. The He-balloons were floating in the air at a height of 10 m,
and the buoyancy force at each point was measured with an electric
dynamometer, see Fig. 4b. The He-balloons were expected to move
synchronously with their corresponding points during the deployment
of CTLT, however, in practice the He-balloons move much slower than
the CTLT due to air-drag effects. After a few trial-and-error tests, the
buoyancy force at Point B was set to a little larger value than those at
the other two points, and the buoyancy forces at Points B, C, and D
were determined as 0.456 N, 0.339 N, and 0.356 N, respectively.

The CTLT was firstly folded and wrapped around the cylindrical
hub, and fastened by the release rope. As soon as the rope was released,
the CTLT was self-deployed driven by the stored strain energy. The
dynamic deployment deformation of CTLT was monitored using a high-
speed camera (Canon 5D) placed at a height of 4 m, see Fig. 4c. In
addition, the deployment test was repeated twice by stowing the CTLT
for 6 and 10.5 months at a room temperature of 20 °C and a humidity
of approximately 30% to 50%. The deployment behaviors of the same
CTLT before and after being stowed were compared to reveal the effects
of long-term storage on the performance of CTLT.

3. Simulations

Finite element simulations were also conducted to further char-
acterize the dynamic deployment response of the considered CTLT.
The model was constructed using a commercial finite element code
Abaqus/Explicit 2020. For ease of performing the folding and wrapping
procedures, a couple of mechanisms were also included in the model.
As shown in Fig. 5, the folding/deployment mechanisms consist of
a central hub, 12 rollers, and 3 plates. The finite element model of
the CTLT was constructed using the four-node reduced integral shell
element (S4R). The total number of the elements was selected to be
37120 through a mesh sensitivity study. The remaining components
used for performing folding and wrapping procedures were modeled
as discrete rigid bodies. The dimensions of the CTLT and the central
hub are identical to those in experiments. The rollers are uniformly
distributed around the circle at a distance of 3.5 mm away from the
hub surface with a diameter of 20 mm. Plates 1 and 2 are placed
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Fig. 4. Photos show the experimental setup for on-ground dynamic deployment testing
of CTLT with the gravity compensation system.

symmetrically with respect to the neutral axis of CTLT and have an
initial distance of 18 mm. Plate 3 is placed close to the hub surface
with a tiny gap of 0.8 mm.

Fig. 6 demonstrates a three-step folding and wrapping simulation
procedure for CTLT. A detailed description of the simulation setup has
been given in a previous work [41]. The simulation starts by applying
an 8.65 mm vertical displacement of opposite directions to Plates 1
and 2 to compress the end of the CTLT to deform it from its deployed
state to a flattened state. Then, Plates 1 and 2 are removed and Plate
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Plate 1

Plate 2

Fig. 5. Finite element model of the CTLT along with its folding/deployment mechanisms. The CTLT is modeled as a deformable composite shell structure, and the surrounding
mechanisms including the central hub, rollers, and plates are all modeled as rigid bodies.

3 is activated. The flattened end of the CTLT is then fully constrained
between Plate 3 and the hub surface. Next, the hub and the constraint
Plate 3 are rotated 9.42 rad simultaneously, which drives the CTLT to
be progressively flattened and coiled into the gap between the central
hub and the guide rollers. The other end of the CTLT was restricted
to moving horizontally only to make the coiling process smooth and
steady. The general contact algorithm in Abaqus was utilized to deal
with the complex interactions between the CTLT and various compo-
nents of the folding/deployment mechanisms. Specifically, a frictional
contact algorithm was applied with a coefficient of friction of 0.1
between the CTLT surfaces and Plates 1 and 2 in the first step, as well
as between the CTLT surfaces and the hub and the roller surfaces in the
third step. A ’no slip and no separation’ condition was applied between
the CTLT surfaces and Plate 3 in the second and third steps. The explicit
dynamic finite element procedure (*Dynamic, Explicit in Abaqus) was
employed to solve the highly nonlinear folding and coiling deformation
of CTLT, as well as the complicated contact problems in the process.
The step time periods of the three steps were set to 0.4, 0.4, and 8.0 s,
respectively. Quasi-static conditions were ensured by monitoring the
kinetic energy of CTLT being a small value, less than 5% of the strain
energy of CTLT throughout most of the folding and wrapping process,
and therefore during this process, almost all of the external work is
converted into the strain energy stored in the deformation of CTLT.
The Tsai-Hill failure criterion was employed for failure analysis [42].

The CTLT was firstly folded and wrapped around the hub and
then stowed in the coiled state for a prolonged period of time to be
finally deployed on demand. The strain energy relaxation caused by the
long-term storage was simulated by inducing a change in the material
properties as given in Table 3. This was achieved by specifying a
change in the virtual temperature before performing the deployment
simulation. The final deployment simulation was performed as a true
transient analysis using the same explicit dynamic solver. All the re-
strictions were removed except for the constraint of Plate 3, and the
CTLT was deployed freely. In addition, in order to simulate the effect
of air resistance during the free deployment, a constant viscous pressure
load with a coefficient of 6E—9 was applied to the top and bottom
surfaces of the CTLT.

4. Results
4.1. Coiling behavior

Fig. 7 gives the folding and coiling behavior analysis results of
CTLT. It is shown from Fig. 7a that the strain energy stored in the

CTLT increases slightly as the end of CTLT is flattened in the flattening
process of Step-1, and then remains almost unchanged in Step-2 to
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Step-1

! CTLT

Platel

Plate2

Step-2

Plate 3 CTLT

Guide rollers

Fig. 6. Schematic of the folding and wrapping process of CTLT. Step-1: The end of
CTLT is flattened by moving Plates 1 and 2 closer together. Step-2: Plates 1 and 2 are
removed and Plate 3 is activated to constrain the flattened end of CTLT. Step-3: The
central hub and Plate 3 are rotated simultaneously to drive the CTLT to be progressively
flattened and coiled into the gap between the hub and guide rollers.

change the contact conditions, and then increases smoothly up to about
8.46 J in the wrapping process of Step-3. The kinetic energy of CTLT
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Fig. 7. Simulation results of coiling process. (a) Variation of strain energy of CTLT during the quasi-static flattening and coiling process. (b) Rotational moment as a function of

the rotational angle.

is negligible compared to the strain energy throughout the complete
process of folding and wrapping as expected. Fig. 7b gives the evolution
of the rotational moment as a function of the rotational angle of the
central hub in the wrapping process. It shows that the rotational mo-
ment increases rapidly within the initial small deformation range with
the increase of the rotational angle and then quickly reaches a stable
level of 0.9 N m. This prediction agrees qualitatively well with the
experimental observations given in [18,20] as well as the theoretical
and numerical predictions given in [41,43]. The fluctuations in the
rotational moment-angle curve are understandable since the quasi-
static simulation was performed using a true dynamic finite element
procedure [44]. Fig. 8 shows the distribution of the Tsai-Hill failure
index in the deformed configurations of the CTLT at various stages in
the flattening and coiling process. The Tsai-Hill failure index of the
CTLT remains less than 1.0 which indicates no failure occurrence.

4.2. Deployment behavior

A typical set of snapshots of the CTLT in the dynamic deployment
process are presented in Fig. 9 and comparisons are made between
experimental observations and numerical predictions. The simulation
captures the overall deployment behavior observed in the experiments
fairly well. As soon as the deployment is activated, either by experimen-
tally releasing the rope or by numerically removing the guide rollers,
the CTLT is deployed immediately; one end of the CTLT is attached to
the hub and the other end moves quickly showing a spiral trajectory.
The results show that it takes about 5.70 s for the CTLT to be self-
deployed from its fully coiled state to a fully deployed state. Note that
the CTLT is coiled around the hub for 1.5 circles before being deployed.
In the simulations, the CTLT is deployed layer by layer, while in the
experiments the CTLT stopped its deployment and instead unwound
and expanded radially at a certain point. This is referred to as the
blossoming effect. The observed discrepancy between simulation and
experiment is likely attributed to the unintended movement of the He-
balloons within the gravity unloading system. The air resistance effect
hindered perfect synchronicity between the motion of the CTLT and
the He-balloons. It is worth noting that in addition to the dynamic
deployment method discussed in the paper, there exists an alternative
controlled deployment method for deploying the CTLT. It involves
rotating the central hub, which facilitates a controlled path and speed
of deployment. The difference between the two deployment methods
has been addressed with FE simulations in a previous work [41].
Moreover, although a few studies have been devoted to understanding
the blossoming effects of individual deployable booms [45-47], in
practical space applications, the CTLTs undergo concurrent deployment
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deformation associated with membranes such as solar sails or antenna
reflectors, leading to a more complex deployment scenario, which
remains yet unexplored.

Fig. 10a illustrates the path of the free end of CTLT during de-
ployment which clearly follows a spiral trajectory. The deployment
behavior of CTLT is quantified by the parameter “deployment angle” a,
which is calculated by the angle between the current orientation and
the initial orientation of the tangent line at the free end of CTLT as
illustrated in Fig. 10a. Fig. 10b shows the evolution of the deployment
angle « as a function of the deployment time 7. The simulation results
agree very well with the experimental data and indicate that the CTLT
is deployed quickly at the initial stage of the deployment where the
deployment angle increases rapidly with time, and then the deployment
angle of CTLT increases slowly with further increasing time. Namely,
the deployment speed of the CTLT gradually decreases with the deploy-
ment time. This can be interpreted from the energy consumption point
of view. As has been discussed above, the dynamic deployment of CTLT
is driven by releasing the strain energy stored in its folded deformation.
Specifically, the strain energy stored in the structure E; is transformed
into two forms, i.e., the viscous dissipated energy E, and the kinetic
energy E,. The energy balance, which is referred to as the total energy
of the model E,,, in Abaqus, is then defined as E,,, = E, — E, — E.
Fig. 11 presents the variation of these model energies as a function of
the deployment time. It is shown that (i) the total energy E,,,,, remains
always zero at all times which gives an indication of the accuracy of
the computation; and (i), at the initial stage of the deployment from
the initiation to about 0.72 s, the kinetic energy of the structure is
larger than the energy dissipated by viscous pressure, which means that
more of the released strain energy has been transformed into kinetic
energy of the structure in this stage; on the contrast, in the later stage
of the deployment (deployment time T > 0.72 s), more of the released
strain energy is dissipated by viscous pressure. As a consequence, the
kinetic energy of the structure (see the green dashed line in Fig. 11)
increases gradually and peaks at 0.54 s and then decreases with the
increase of deployment time, and this is the reason why the CTLT is
deployed quickly at the initial stage but slowly at the later stage of the
deployment.

4.3. Effect of long-term storage

Finally, we move on to investigate the long-term storage effect on
the dynamic deployment behavior for CTLT. First, we use simulations
to explore the effect of different levels of modulus reduction due to the
viscoelastic behavior of the composite materials. As has been discussed
in Section 2.1 and Table 3, five hypothetical cases are generated by
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Fig. 8. Distribution of Tsai-Hill failure index in the deformed configuration of CTLT at various stages in the (a) flattening and (b) coiling process.
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Fig. 9. Deployment snapshots of the CTLT at different phases from experiments and simulations.
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Fig. 11. Energy histories of the CTLT in the dynamic deployment process.

considering the epoxy matrix had a modulus reduction of 10%, 20%,
30%, 40%, and 50% from the initial value. The simulation predicted
deployment angle versus time curves for these hypothetical cases are
visualized in the form of a heatmap in Fig. 12a. It suggests that
the deployment process takes longer to be completed for the case
with a larger reduction in matrix modulus. The experimental data are
also presented in Fig. 12a as markers, where solid blue dots indicate
immediate deployment without stowage, and green squares and red
triangles represent CTLT deployment after being stowed for 6 and 10.5
months, respectively. By correlating the experimental data with the
simulations, we find that storing the CTLT for 6 and 10.5 months results
in a reduction of approximately 20% and 30% reduction in the modulus
of the epoxy matrix, respectively. Fig. 12b shows the reduction in the
stored strain energy as a result of long-term storage and epoxy matrix
modulus relaxation. Briefly, longer storage of the CTLT leads to a larger
reduction in the modulus of the epoxy matrix, resulting in a decrease
in the stored strain energy and a slower deployment speed, see Table 4
for a summary.

Permanent deformation can also occur as a result of long-term
storage for space deployable structures made of fiber-reinforced epoxy
composite laminates [32,48]. The design of CTLT should ensure that
the materials do not experience permanent deformation during folding
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Table 4
Deployment behavior after long-term storage.

Storage time Deployment time Deployment time Stored strain energy

(Virtural temperature) (Experiment) (Simulation) (Simulation)
Initial state/T, 572's 5.70 s 8.46 J
6 months/T, 6.19 s 6.31 s 7.67 J
10.5 months/T, 6.58 s 6.75 s 7.237J

Table 5
Permanent shape change in the CTLT after being stowed for 6 and 10.5 months
compared to its initial state.

Storage time Deflection/mm Width of cross- Height of cross-
section/mm section/mm

Initial state 0 16.04 81.56

6 months 25.18 14.91 83.25

10.5 months 44.02 13.39 84.19

and stowage. Nevertheless, long-term storage may result in the accu-
mulation of plastic strains in the epoxy matrix, which can lead to a
permanent shape change in the CTLT. Fig. 13 presents the experimen-
tally observed permanent shape change in the CTLT after being stowed
for 6 and 10.5 months. It has been shown that an extended storage
period leads to an increase in the permanent deformation of CTLT. To
be specific, storing the CTLT for 6 and 10.5 years results in a lateral
deflection of 25.18 mm and 44.02 mm, respectively. Furthermore, long-
term storage also causes a permanent shape change in the cross-section
of CTLT, as shown in the inserted plots in Fig. 13. The lenticular cross-
section becomes elongated in height while being short in width, hence,
it becomes flatter compared to the initial state. The size changes in
the geometry of CTLT are summarized in Table 5. The change in the
cross-section of CTLT is expected to alter its bending stiffness, with an
increase in the bending stiffness about the x-axis and a decrease about
the y-axis as per our previous study [49]. The permanent deformation
of the CTLTs will undoubtedly have an impact on the surface accuracy
of space deployable structures that rely on them for support, such as
the wrapped-rib antennas. However, to the best of our knowledge, the
underlying mechanics that lead to accumulated permanent deformation
during the long-term storage of composite space deployable structures
have not been investigated yet. In the future, a visco-plastic multiscale
material model should be utilized to address this issue.

5. Discussion and conclusion

CTLT has great potential as a promising self-deployable boom for
the construction of large-scale space deployable mechanisms. Due to
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Fig. 12. Effect of long-term storage on the deployment behavior of CTLT. (a) Evolution of the deployment angle with time during dynamic deployment of CTLTs after being
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Fig. 13. Permanent shape change in the CTLT after being stowed for an extended period. (a) Stowage configuration of the CTLT. (b) and (c) Permanent lateral deflection of the
CTLT after being stowed for 6 and 10.5 months, respectively. The inserted plots at the up-right corner illustrate the permanent shape change in the cross-section of the CTLT.

the limited volume of satellites, CTLTs often need to be folded and
stored for extended periods before being deployed into their opera-
tional configuration. Understanding the folding, stowage, and deploy-
ment behaviors of CTLT is crucial for its structural design. To this
end, there are two primary challenges to overcome. The first challenge
involves developing an effective gravity compensation system that can
be used for performing on-ground dynamic deployment tests of CTLT.
This is a non-trivial task because the CTLT undergoes significant shape
changes in a very short period of deployment, which makes it difficult
to maintain a consistent and stable testing environment. The second
challenge is to analyze the strain energy relaxation in CTLT during
extended periods of storage. This analysis is critical to comprehending
the impact of long-term storage on the deployment performance of
CTLT.

To tackle the above-mentioned challenges, this paper presents a
combination of experimental and numerical studies. The experimen-
tal study involves the manufacture of a two-meter-long CTLT pro-
totype, the design and construction of a gravity compensation sys-
tem, and the on-ground deployment testing of the prototype before
and after extended storage periods. The numerical study utilizes a
high-fidelity finite element model, which includes the CTLT and the
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folding/deployment mechanisms, to perform complete folding and de-
ployment analyses. Additionally, the effect of long-term storage on the
deployment performance is accounted for by employing a previously
developed viscoelastic composite model. The experimental and numer-
ical snapshots of the CTLT in the dynamic deployment process are
presented and compared, along with the deployment angle versus time
curves, and a good quantitative agreement was obtained between them.
The results suggest that the CTLT undergoes rapid deployment during
the initial stage, followed by a slower deployment during the latter
stage. The impact of long-term storage on the performance of CTLT
is manifested primarily in two aspects. Firstly, stowing the CTLT for
a longer storage period results in a slower deployment speed and a
longer deployment time. This effect has been accurately modeled using
a previously established viscoelastic material model for fiber-reinforced
composite laminates. Secondly, the experimental measurements indi-
cate that during long-term storage, the CTLT undergoes irreversible
deformation in the later deflection as well as permanent shape changes
in its cross-sectional geometry. This effect is attributed to the accu-
mulation of plastic strains in the epoxy matrix over the extended
storage period. It is anticipated that a multiscale visco-plastic model
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for composite materials and structures will be proposed to address this
phenomenon in near future.

In the end, we would like to note that, although our work has been
focused on CTLT, the experimental and numerical methods proposed
here are readily applicable to the performance analysis of other kinds
of thin-walled rollable and deployable booms. We hope our effects
provide insights into the basic understanding of folding, stowage, and
deployment behaviors of thin-ply composite laminates and deployable
structures for space applications.
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