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ARTICLE INFO ABSTRACT

Dataset link: https://github.com/XJTU-Zhou-gr
oup/Size-Optimization-of-CTSH

The composite tape-spring hinge (CTSH) is a lightweight structural connector widely employed in space
structures, including spacecraft and satellites, due to its high specific strength and stiffness. Introducing cutouts
enables CTSH to possess folding and deployment capability, while optimizing the cutouts finely to optimize
the performance of CTSH. However, the interaction between cutout size and the dynamic deployment of
CTSH is a novel topic. To address this, a multi-objective optimization problem is formulated, aiming to
minimize both the maximum overshoot angle and deployment time while considering mass constraints. An
accelerated size optimization is achieved by integrating data-driven surrogate modeling and size optimization.
The optimized CTSH design exhibits a significant improvement in performance, with a 26.3% reduction in
the maximum overshoot angle and a 12.6% reduction in the deployment time compared to the initial design.
The proposed optimization strategy is highly adaptable and can be applied to various optimization problems,
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offering valuable insights for future designing space deployable structures with desirable performance.

1. Introduction

The Composite Tape Spring Hinge (CTSH) is obtained by making
cutouts on a complete thin-walled composite tube. In addition to the
lightweight, high specific stiffness, and high specific strength charac-
teristics inherent in composite materials, the introduction of cutouts
fully exploits the material’s flexible properties, enabling the CTSH to
be elastically folded into a small volume before and during launch and
then unfold by releasing stored strain energy for use once in orbit.
The advantages offered by CTSH position it as a potential replacement
for traditional mechanical hinges in connection applications, and its
ingenious concept has also inspired the design of novel deployable
structures, such as deployable truss structures [1-4] and umbrella-
type reflectors [5]. A milestone design involves connecting multiple
CTSHs in series to form a boom. The boom undergoes multiple folding
for storage prior to launch [6,7], and upon reaching the designated
position, it is released from constraints and self-deploys through the
release of stored strain energy. European Space Agency (ESA) suc-
cessfully deployed antennas using this expandable boom in its Marsis
mission (2003) and Juice mission (2023) [8], demonstrating the sub-
stantial potential of CTSH in space missions. Consequently, during
the past decades, there has been a growing interest in both industry

and academia in analyzing and optimizing CTSHs. Numerous studies
have been conducted to gain insights into the deployment dynamics of
CTSHs, and optimization has emerged as a promising area for further
investigation.

Understanding the dynamic deployment behavior of an individual
CTSH is of great help through the experimental deployment test of
a simplified boom model composed of aluminum tubes connected by
CTSHs [9]. The experimental results of this model describe the general
characteristics of CTSH’s dynamic deployment: when a folded boom is
released from constraints at a certain angle, the boom rapidly reaches
its fully deployed straight configuration and attempts to lock. If the
kinetic energy of the boom is too high, the CTSH bends to the other
side (overshoot), followed by oscillation until the amplitude decays to
zero. Excessive overshoot angles sharply increase the risk of structural
damage. Alternative deployment schemes, such as introducing dampers
or temperature-dependent viscoelastic effects, can control the over-
shoot angle but also slow down the deployment speed [10]. This means
that achieving a balance between excessive and insufficient kinetic
energy is challenging [11], especially for dynamic booms with multiple
hinges [12]. These challenges are common for other boom designs, such
as composite thin-walled lenticular tubes, which can be rolled up and
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flattened to coil the boom but exhibit chaotic behavior when deployed
without any control [13,14]. In conclusion, ensuring the deployment
capability of CTSHs (without compromising deployment speed) while
suppressing deployment shocks (minimizing overshoot angles as much
as possible) is a key task and one of the main challenges in CTSH design.

The combination of multi-objective optimization and CTSH cutout
design offers potential solutions to address this issue. Mallikarachchi
and Pellegrino [15] conducted sensitivity analysis to investigate the
influence of geometric parameters such as slot length, width, and
end radius on the quasi-static folding and unfolding performance of
composite tube hinges. Ye et al. [16] proposed an optimization de-
sign method for pure bending self-locking tape springs by combining
response surface methodology (RSM) with large-scale generalized re-
duced gradient (LSGRG) optimization algorithm and reported a 19.5%
increase in steady-state torque while satisfying maximum stress con-
straints. Yang et al. [17] conducted multi-objective optimization design
research on a dual-layer metal tape spring hinge using an improved
non-dominated sorting genetic algorithm II (NSGA-II), with steady-
state moment and peak moment as two optimization objectives for
quasi-static unfolding of the hinge. Liu et al. [18] formulated the
optimization problem of CTSH to obtain three conflicting objectives:
minimizing peak folding moment, maximizing peak bending moment,
and minimizing mass. Ferraro et al. developed two methods (a level
set function approach for topology optimization and a spline repre-
sentation for shape optimization) to design irregular cutout shapes
that allow damage-free folding and maximize CTSH stiffness [19]. Jin
et al. proposed an accelerated optimization strategy for cutout shape to
simultaneously enhance the maximum stored strain energy and quasi-
static unfolding moment of CTSH [20]. P. Fernandes et al. optimized
the CTSH cutout shape using genetic algorithms to maximize the first
natural frequency while avoiding folding damage [21]. In summary: (1)
various performance metrics related to CTSH folding and unfolding ex-
hibit high sensitivity to the dimensions or shapes of the cutout; (2) the
combination of multi-objective optimization algorithms and numerical
simulation in cutout optimization significantly improves CTSH folding
and unfolding performance gains. However, all the aforementioned
optimization work only considers CTSH under quasi-static conditions.
Hence, optimizing cutout dimensions to concurrently minimize the
deployment time and overshoot angle during the dynamic unfolding
process of CTSH constitutes a noteworthy research.

Over the past few decades, numerous computational models have
been developed to simulate the folding and unfolding processes of
CTSH in order to replace costly experiments. These models utilize
commercial finite element software packages such as Nastran, Ansys,
LS-Dyna, and Abaqus [22-26]. Among them, Abaqus has powerful
capabilities to analyze the highly nonlinear behavior of CTSH, in-
cluding significant geometric changes associated with buckling and
dynamic collapse. Mallikarachchi and Pellegrino [26,27] first compared
the results of Abaqus/Explicit dynamic deployment simulations with
experimental measurements of tape spring hinges made of carbon
fiber-reinforced plastic composites, demonstrating the reliability of
this numerical model. However, high-fidelity numerical simulations of
CTSH deployment dynamics are not only highly nonlinear but also
challenging to converge. Expensive Dynamic/Explicit solvers are re-
quired to ensure convergence. Additionally, the solution process needs
to maintain synchronization between computational time steps and
physical time, which means the use of any acceleration techniques
to improve solution efficiency is forfeited. These circumstances have
a catastrophic impact on the optimization design process involving
a large number of objective function evaluations and variable sensi-
tivity analyses. Therefore, surrogate or proxy models (RSM, Kriging,
Neural Networks, Radial Basis Functions (RBF), Support Vector Net-
works (SVN) or Gaussian Process Regression (GPR), Moving Least
Squares Method (MLSM), etc.) have been widely applied in structural
design [28-32]. These approximation models express the relationship
between the objective functions (outputs) and design variables (inputs)
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through simple explicit functions or black-box functions, significantly
reducing computational costs and exploring a wider design space. This
has become a blessing for structural optimization problems involving
hundreds or thousands of structural response calculations.

This paper seeks to enhance the dynamic unfolding performance
of CTSH by combining the accelerated surrogate models and the op-
timization of cutout dimensions. Initially, we develop a platform to
approximate the dynamic unfolding experiments of CTSH under zero-
gravity conditions. Subsequently, we refine the high-fidelity finite ele-
ment model based on the experiment results. We quantify the impact
of cutout dimensions on the dynamic unfolding performance. Subse-
quently, we formulate a multi-objective size optimization problem for
CTSH, aiming to minimize both the unfolding time and the maximum
overshoot angle during the dynamic unfolding process, without altering
the weight.

The structure of this paper is as follows: In Section 2, the dynamic
unfolding experimental study of CTSH, the high-fidelity finite element
modeling, and its unfolding mechanism are described. Additionally, the
impact of varying cutout dimensions on CTSH behavior is quantified,
highlighting the importance of size optimization. In Section 3, the
rigorous mathematical formulation of the multi-objective optimization
problem is presented, along with a detailed explanation of the imple-
mentation of surrogate modeling and the optimization problem. The
results of the optimization are discussed in Section 4. Finally, some
concluding remarks and future prospects are provided in Section 5.

2. Deployment dynamic mechanical behavior of CTSH
2.1. Experimental investigation

To enhance understanding of the CTSH’s dynamic deployment be-
havior during service, a deployable boom structure was constructed by
integrating the CTSH with an aluminum tube (see Fig. 1(a)). A steel
mandrel with an outer diameter of 43 mm was coated with a mold re-
lease agent, and SKYFLEX K51 series USN100B prepreg tape was laid up
in a [+45], sequence. The prepreg tape had a thickness of 0.16 mm and
contained 100 g of Torayca T700s carbon fibers per square meter. The
mechanical properties of the prepreg tape are detailed in Table 1. The
wrapped mandrel was further wrapped with BOPP films at a tension of
3 kg to secure the four layers of unidirectional tape. The curing process
was accomplished through heating at 80 °C for 45 min, followed by
125 °C for 100 min. After cooling, the mandrel was removed, and six
circular tubes with a length of 440 mm, inner diameter of 43 mm, and
an average wall thickness of 0.4148 mm were obtained through cutting.
Two parallel cuts were made on each CTSH, following three design
schemes (A, B, and C) with the same mass, using a laser cutting machine
with a manufacturing tolerance of +0.05 mm (see Fig. 1(b)). Detailed
dimensions can be found in Table 2, with each pair of hinges sharing
the same design scheme. The CTSHs were connected to an aluminum
tube with a thickness of 1 mm, an outer diameter of 43 mm, and a
length of 820 mm. The aluminum tube is made of 6061 aluminum
alloy [33], with a weight of 304.09 g, a Young’s modulus of 68 MPa,
and a Poisson’s ratio of 0.33. The connection was achieved by inserting
the aluminum tube into the CTSH with a 20 mm overlap and then
covering and securing it with a hose clamp. The overall length of the
structure was 1240 mm.

The experimental setup for the dynamic deployment test of the
CTSH is shown in Fig. 2. The deployable boom was placed on a horizon-
tal working table, and a 3 mm-thick hollow aluminum counterweight
tube was attached to the rear end of the CTSH, offset by 20 mm.
The aluminum tube was clamped and fixed with a bench clamp. The
remaining parameters of the aluminum tube were the same as the
previously mentioned one. A vertical rope with a diameter of 0.5 mm
and a length of 10,000 mm was connected at the center of gravity of
the 1 mm-thick aluminum tube and fixed to a framework directly above
the center of gravity. This constraint permitted horizontal movement
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(@) Al tibe CTSH

Hose clamp

420 mm

(b) -

Fig. 1. Schematic diagram of a boom with a single CTSH at the root. (a) Fully deployed state of the CTSH connected to an aluminum tube (stress-free state). The CTSH has a
length of 440 mm, the aluminum tube has a length of 820 mm, and the overlap measures 20 mm, resulting in a total length of 1240 mm. (b) Three CTSHs with approximately
equal mass (~ 29.94 g) are shown. The hinge is created by cutting two parallel slots on a carbon fiber-reinforced polymer composite tube. The tube has a diameter of 43 mm, an

average wall thickness of 0.4148 mm, and a stacking sequence of [+45],. The geometric shape of the slots is characterized by their length (L) and width (H).

High-speed camera
Acquisition
system

Gravity ofﬂoéld
rope

Fig. 2. Dynamic deployment experimental setup of CTSH with zero-gravity unloading condition.

of the boom. A white paper with black angular scale lines was placed
directly below the boom to measure the deployment angle of the CTSH.
A high-speed camera was fixed at the rear of the CTSH to capture
the folding region, and the capture rate was set at 500 frames per
second. The high-speed camera was connected to the MPS real-time
industrial photogrammetry system. For each design scheme, the two
CTSHs were folded at 45 degrees and then released once, while the
high-speed camera recorded the deployment process. Subsequently,
the identical test procedures were repeated with the opposite folding
direction. A total of 12 tests were conducted. It is necessary to note
that the cut-out size has a prominent effect on the folding deformation
modes of CTSHs. Specifically, the CTSH with a longer and narrower
slot tends to fold into a single central configuration, whereas the CTSH
with a shorter and wider slot exhibits two equally likely potential
folding configurations [27,34]. As shown in Fig. 3, Designs A and B

consistently fold into a single certain configuration, precisely folding at
the center, while Design C exhibits two potential folding configurations,
each occurring with equal probability in experiments, as demonstrated
in Case 1 and Case 2.

We developed a MATLAB program specifically designed to leverage
the hough function for identifying the geometric shape outlines in each
snapshot taken during the experiment. The hough transform is a tech-
nique in image processing that operates by mapping the image space
into a parameter space. Within this parameter domain, geometric forms
can be discerned through the recognition of distinct patterns [35,36].
The program detects the straight edges of the aluminum tube in each
snapshot based on the capture sequence (with a time interval of 0.002s)
and computes the angular deviation of the edges from their initial
positions. It is important to note that the deployment angle is defined as
0 degrees when fully deployed and as a positive value when folded. This
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C design
Case 1
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(b)

(d)

C design
Case 2

Fig. 3. Folding configurations of CTSHs with different cut-out sizes. (a) Design A and (b) Design B consistently fold into a unique configuration, whereas Design C exhibits two

potential folding configurations, referred to as (c) Case 1 and (d) Case2, respectively.

Table 1
Engineering constants of the prepreg tape (USN100B) [37].
E,, [GPa] E,,), Ey; [GPa] G\,,G; [GPa] G,y [GPa] U1y, U3 Uy3 t [mm] plg/cm’]
88.931 7.601 5.407 2.631 0.335 0.492 0.1037 1.7326
enables the depiction of the deployment angle’s temporal evolution, as Table 2
exemplified in Figs. 4(a) and 4(b) with design scheme B. The results The cutouts size and mass of each design scheme of CTSH.
indicate that the deployment of the boom can be divided into three Scheme L [ mm] H [ mm] M [g]
stages: A 252 20 29.94
(1) The primary deployment stage encompasses the extension of the 2 132 ig 23-;;

boom from the folded position at 45 degrees (represented by point 1
on the curve) to the initial fully deployed state (represented by point
2 on the curve). The deployment time, denoted as t'; , correlates with
the deployment speed of the CTSH, with a smaller tg indicating a more
forceful deployment.

(2) Overshooting occurs when the boom fails to secure in the fully
deployed state, resulting in buckling of the tape springs and causing the
boom to fold in the opposite direction. This phenomenon, quantified
by the maximum overshoot angle 7% (represented by point 3 on the
curve), implies an increased risk of boom damage with larger 07**
values.

(3) The vibration stage denotes the period during which the CTSH,
after returning to the fully deployed state (point 4 on the curve),
experiences minor oscillations around the equilibrium position until the
amplitude completely diminishes.

The deployment angle versus time curves for multiple CTSH designs
are compared in Fig. 4(c). It is clear that the dimensions L and H of the
cuts have a significant impact on t£ and 07**. Note that the dynamic
deployment response of Design C differs from each other when the
deployment starts from the folding configurations Case 1 and Case 2,
therefore two curves are presented for Design C. To further quantify the
impact of the cut dimensions, a high-fidelity numerical analysis model
was developed to simulate the experiments.

2.2. Numerical simulation analysis

The Abaqus/Explicit finite element package [38] is employed in
this paper for all numerical calculations. ABAQUS/Explicit solver is
employed to simulate the highly nonlinear behavior of CTSH folding
and deployment, offering significant advantages in effectively handling
convergence issues arising from complex contact and stiffness matrices.

Fig. 5 depicts the comprehensive finite element model of the stress-
free boom. The gray region represents the aluminum tube, discretized
as a rigid body through R3D4 rigid elements. The mass of the entire
region is coupled to reference point A positioned at the aluminum
tube’s centroid. The red region signifies the connecting tapes between
the CTSH and the aluminum tube, segmented by S4R elements. The
degrees of freedom of element nodes at the two connecting tapes
are kinematically coupled to reference points B and C, respectively.
Each reference point is assigned a mass of 20.94 g to simulate the
weight of the tape region with clamps. The green region represents the
CTSH, which is also modeled using S4R elements. The accuracy of the
mesh was ascertained through a mesh refinement study, resulting in
a meshing seed size of 2.8 mm and a total of 20,153 elements. The
simulation analysis of the boom consists of two parts: a quasi-static
folding at 45 degrees and a dynamic deployment. These are achieved
through two analysis steps, each having specific boundary conditions
and solver settings. In the first analysis step, the cross-sections coupled
with C are fully constrained, including the translational degrees of
freedom in the y - direction and the rotational degrees of freedom
around the x and z axes of the cross-sections coupled with A and.
Furthermore, point B is rotated by 45 degrees around the y - axis. In
the second analysis step, starting from the 45-degree folded state, the
rotational degree of freedom around the y - axis at point B is released,
while the remaining boundary conditions remain unchanged. The so-
lution time for both analysis steps is set to 2 s. In the folding analysis
step, the focus is solely on achieving the correct folding state of the
hinges, disregarding the physical significance of the solution time. To
enhance analysis efficiency, the semi-automatic mass scaling technique
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1 Folding 2 Deployment
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Fig. 4. Mechanical response of CTSH during dynamic unfolding (a) Variation of dynamic unfolding angle with time: (1) Main unfolding stage from point 1 to 2, with unfolding
time tg ; (2) Overshoot stage from point 2 to 4, with maximum overshoot angle 67** at point 3; (3) Vibration stage after point 4; (b) Key moments captured in the CTSH experiment
(red dots labeled 1-4 in (a)); (¢) Comparison of dynamic unfolding angles over time for CTSH with approximately equal mass (x~ 29.94 g) but different notch sizes by experiment.

Fig. 5. Finite element model of the boom with mesh and boundary conditions. The gray region represents the aluminum tube, while the green region represents the CTSH. The
nodes on the cross-section (highlighted in red) are kinematically coupled to reference points B and C, assuming rigid cross-sections at both ends of the CTSH. Reference point C is
fully constrained, while reference point B is allowed movement in the y - z plane and is assigned a rotational angle around the x-axis (released during unfolding). The aluminum
tube is treated as a rigid body, and point A represents the mass centroid. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 6. Comparison of the deployment angle-time response between experiment and simulation. (a) and (b) respectively illustrate the energy variation over time during the
quasi-static folding-dynamic unfolding simulation for cases 1 and 2 of the C-scheme CTSH. (c) and (d) provide a comparison of the experimental and simulation results for the
dynamic response of the CTSH in the two different folding states.
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Fig. 7. Design space for the dynamic unfolding performance of CTSH in terms of cutout dimensions (L € [105,360], H € [15,35]). Heatmap (a),(b) and (c) respectively displaying

the distribution of #/, gme*

75 07% and M as a function of L and H within the design space.

is utilized along with a smooth step (a fifth-order polynomial function
of time) displacement loading profile to regulate the loading process.
Furthermore, the Explicit solver employs a stable time increment of
1x10~%. Upon entering the second analysis step, the mass scaling switch
is deactivated, and the deployment angle is recorded at each real-
time instance. The complete simulation process utilizes the *General

Contact feature to automatically detect all potential contact surfaces.
For each identified pair of contact surfaces, a normal hard contact and
a tangential frictionless contact are established.

In dynamic explicit finite element analysis, the viscous pressure load
p = C, X pc; is commonly used as damping to mitigate numerical
oscillations, where C, is the viscous pressure coefficient, p and c,



H. Jin et al.

Fig. 8. Flowchart of the surrogate modeling and optimization process. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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denote material properties which are density and wave speed of the
material, respectively. Previous research has shown the significant
impact of C, on the quasi-static and dynamic deployment behavior
of the CTSH, highlighting the need for careful selection of numerical

values to ensure the accuracy of the simulation model [9,39,40]. The
folding process is quasi-static, and the viscous pressure coefficient CUf
was introduced to damp out the kinetic energy and ensure that the work
done by external forces is transformed into the strain energy stored
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Table 3
Comparison between experiments and FE solutions for Design C.
Index Experiment FE Error
1 [s] 0.573 0.576 0.52%
Case 1 s
o7 [degl 4.987 5.230 4.9%
' [s] 0.480 0.452 5.8%
Case 2 -
o7 [deg] 6.225 7.298 17.2%

in the deformation. Therefore be was determined by monitoring the
kinetic energy as a small percent of the stored strain energy during
the folding process. Through a trial-and-error process, Cuf was set to
1.4 x 1077 for Case 1 and 1.4 x 10~ for Case 2 for the designs with two
potential folding configurations. Other designs with only unique central
folding configurations were assigned C,')f = 1.4x1077. On the other hand,
the deployment process is transient dynamic, for which the viscous
damping has a prominent effect on the response of the structure. The
viscous pressure coefficient C¢ = 5.6 x 1077 was determined through
a comparison between simulations and experiments to ensure a good
correlation between them in deployment time and overshoot angle.

In Fig. 6, we verified the simulations against experimental data
using Design C as an example. Figs. 6(a) and 6(b) depict the energy
variations during the quasi-static folding and dynamic deployment
processes of the CTSH for the two folding configurations (Case 1 and
Case 2). Both cases demonstrate energy conservation during the folding
process, where the kinetic energy constitutes less than 5% of the total
internal energy, satisfying the criteria for quasi-static conditions. A
higher value of C{ leads to smoother changes in kinetic energy for
Case 2. The slight difference in kinetic energy causes the CTSH to adopt
different folding configurations after buckling, which is consistent with
the findings of Mallikarachchi et al. [9]. It can be seen from Figs. 6(a)
and 6(b) that the stored strain energies of Casel and Case2 at the fully
folded state are the same. In addition to the fact that in Case 2 the boom
is effectively shorter and hence its moment of momentum after the
latching attempt is lower and the moment of inertia about its center of
rotation is also lower. Hence, in Case 2, the boom will rotate faster and
achieve a larger overshoot angle than Case 1. A quantitative comparison
between the two cases in terms of deployment time and overshoot angle
is given in Table 3. Specifically, Case 2 registers a 19.38% decrease
in deployment time tﬁ (0.480 s compared to 0.573 s in Case 1) but a
24.82% increase in overshoot angle 67 (6.225 deg versus 4.987 deg
for Case 1). Figs. 6(c) and 6(d) provide a comparison between simu-
lation and experimental results for the dynamic deployment of CTSH
Design C in both Case 1 and Case 2. The comparison shows excellent
agreement. The results for deployment time (tg ) and overshoot angle
(07™) are summarized and compared in Table 3. It can be seen that
the simulation predicts an accurate deployment time while predicting
a slightly larger overshoot angle than the experiment. The discrepancy
between experiments and simulations is attributed to the assumption
of full constraint of the fixed end in simulations. In the experiments,
although the tail of CTSH is fixed with the fixture, it experiences shocks
that provide a damping effect, suppressing the overshoot and vibrations
to some extent.

Once the general mechanical mechanism of CTSH dynamic de-
ployment was identified, we proceeded to construct a design space
to explore the evolution of the deployment time tg and maximum
overshoot angle 67%* with respect to the design variables L and H. The
diameter of the semi-circles at the ends of the cutouts remains equal
to H. Specifically, using the optimal Latin hypercube [41] sampling
method, we uniformly sampled 50 sets of cutout design combinations
within the intervals of L € [105,360] and H € [15,35], and calcu-
lated the corresponding dynamic responses using the aforementioned
high-fidelity finite element model. We would like to note that in all
simulations the values of Cvf and CY are kept constant at 1.4 x 1077
and 5.6 x 1077 respectively. Fig. 7(a) illustrates the evolution of tg as
a function of L and H. However, the minimum value of tdf does not
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correspond to the minimum values of L and H. Instead, it occurs in two
local minima regions: L € [130,170], H € [20,22] and L € [210,260],
H € [17,20]. Fig. 7(b) presents the evolution of 9;“*”‘ as a function of L
and H. It demonstrates a strong negative correlation between 67'** and
both L and H. However, a local minimum value is observed within
the region of L € [170,210], H € [17,20]. Fig. 7(c) illustrates the
influence of L and H on the mass M of the CTSH, revealing a single
negative correlation for each design variable. In conclusion, within the
design space mentioned above, a contradiction exists between ¢7'**
and 15 , and there is also nonlinearity between the design variables
and optimization objectives. Intuitively obtaining the optimal design
that minimizes both t'g and 07 simultaneously is not possible. Multi-
objective optimization offers a general solution to this problem. It is
important to note that in the presence of a design space with multiple
local optima (as depicted in Fig. 7(a)), employing global optimization
algorithms (e.g., genetic algorithms [42], simulated annealing [43],
particle swarm optimization [44]) has become a common approach to
avoid being trapped in local regions during the exploration process.
Nevertheless, these advanced algorithms require a transient burst of
iterations. Modeling the whole quasi-static folding-dynamic unfolding
process is time-consuming, and the running typically takes about 1.5 h
to complete on a workstation with an Intel (R) Xeon (R) Platinum
8375C 64 - core CPU operating at a frequency of 3.5 GHz. Optimization
of this hinge is thus prohibitively computer-intensive, and surrogate
modeling is desperately needed.

3. Surrogate modeling and size optimization of CTSH
3.1. Multi-objective optimization problem description

We now describe the multi-objective size optimization problem of
the CTSH with a rigorous mathematical formulation, it can be given as:

Find : L, H
s
g @

Minimize : 0;““

M =29.94+0.3 [g]

Minimize : t

Subject to :

where the L and H are the two design variables, which are, respec-
tively, allowed to vary in the following ranges: H € [15,35] and L €
[105,360], as shown in Fig. 8. tg is the time during the first deployment
of CTSH from a 45 degrees folding configuration, and the 67" is the
maximum overshoot angle. These two objective functions are set as the
multi-objectives that should be minimized. The mass nearly equaled to

29.94 + 0.3 g was used as a constraint.
3.2. Surrogate-model-based size optimization framework

The size optimization framework based on surrogate models consists
of four steps, as shown in Fig. 8. The first step is the design of
experiments (DOE), where the optimal Latin hypercube technique is
used to create the design space. The DOE study was independently
conducted twice, yielding two datasets: one for training (400 samples
represented by red scatter points in the top-left subplot of Fig. 8)
and one for testing (50 samples, as described in Section 2.2, depicted
by green scatter points). Subsequently, finite element calculations are
executed to generate the necessary data for training and testing the
surrogate model. Abaqus/Python scripts were developed to automate
the simulation runs for each sampling point. These scripts take the
two design variables as inputs, perform high-fidelity simulations, and
conduct post-processing on specific outputs, such as the M of the
CTSH, 67, and tg . The third step entails developing a surrogate model
utilizing the finite element database to rapidly predict the performance
of the CTSH. In this case, a Radial Basis Function (RBF) model was
employed to construct the surrogate model. The surrogate model was
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implemented offline and imported into the software, Isight 2020. In the
fourth step within the Isight environment, the NSGA-II multi-objective
genetic algorithm is employed to directly invoke the surrogate model
for optimization purposes. The process persists until the convergence
criteria of the optimization algorithm are achieved, subsequent to
which the optimal solution is generated. The established optimization
environment has been proven to be efficient and robust for various
optimization problems, whether linear or nonlinear. A recent example
involves the shape optimization of CTSH quasi-static folding and de-
ployment performance [45], and the data and codes for constructing
the surrogate models and optimization framework have been openly
shared in the paper. The common adaptability of this optimization
strategy is once again emphasized through the work presented in this

paper.
3.3. Construction of surrogate model of CTSH

Based on a given set of sample data x;, x,, -+, X,,, and the corre-
sponding observations y,, y,, -, ¥,, RBF is commonly used to construct
a function approximation of the following form [46]:

¥ = Y wie ([x—c)
i=1

Where x represents the prediction point, w; is the weight coefficient
(27=1 w; = 0), and ¢ denotes the basis function. Available forms of
basis functions include linear, cubic, spline, Gaussian, multiquadric,
and inverse multiquadric, among others. The notation ||. || represents
the Euclidean distance. The center point ¢; is typically equal to x;. The
computation of w = [w,, w,, ..., w,]T is performed as follows:

(2)

w=H"y 3)

The so-called Gram matrix H, ; = ¢ (‘ x® — x() ) i, j=1,2,...,nis
used to obtained w. By substituting the w into Eq. (2), the RBF surrogate
model is constructed and can predict the response value at any location
within the design space. Once the construction of a surrogate model is
completed, it is crucial to evaluate the accuracy of the approximation.
The R? correlation coefficient is used to assess the performance of the
surrogate model at m test points. It is calculated using the following
equation:

R2=1- M 4
h (y,- -y )

Where y; represents the test data of the i th sample point, j; is the

prediction made by the surrogate model at the corresponding locations

of the test data, and y is the mean value of y; fori =1,2,...,m.

3.4. Fitting accuracy of surrogate model

Fig. 9 depicts the predictions of the surrogate model and the cor-
responding actual finite element results. The straight line represents
a perfect prediction with zero error, while the degree of dispersion
and deviation from this line is quantitatively characterized by the
R? measure included in each graph. Generally, as R?> approaches 1,
the accuracy of the surrogate values improves. The surrogate model
performs exceptionally well in terms of accuracy, with R> measure-
ments approaching 100% for the mass. There is slightly larger variation
between the predicted and test data for 07 and tdf , but still at least
90% R? measures. It is important to note that surrogate model-assisted
optimization always aims for the highest possible fitting accuracy.
However, achieving even minor improvements in fitting accuracy may
necessitate a significant increase in the amount of training data for the
model [47], leading to excessive computational costs. Finding a balance
between computational costs and fitting accuracy is a reasonable and
more feasible approach.
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4. Results

An analysis of Fig. 7 revealed a fundamental conflict between
Objectives, as laid out in Eq. (1). This conflict makes it challenging
to find a unique optimal solution for the problem. To address this
issue, we employed the NSGA-II algorithm, augmented with an RBF
surrogate model. The algorithm in Isight was configured with 40,000
iterations and a population size of 20, conducting 2000 generations per
population (for additional settings about optimization algorithm, refer
to the supplementary link). The resulting Pareto front is illustrated in
Fig. 10(a). To evaluate the convergence of the Pareto solution set, we
utilized Hypervolume as a metric [48]. The Hypervolume is computed
as the union of the hypercuboids formed by each Pareto solution and a
pre-defined reference point, usually chosen to be inferior to all solutions
in the Pareto front, and in this study, it is set at (2.9154, 0.5310).
As the iterations progress, an increasing number of solutions populate
the Pareto front, thereby increasing the Hypervolume. Fig. 10(b) shows
that the Hypervolume has stabilized after 40,000 iterations, equivalent
to 40,000 function evaluations. This finding underscores the neces-
sity of employing a surrogate model, given the high computational
cost of the simulations. Furthermore, our Pareto front, as depicted in
Fig. 10(a), exhibits gaps. This phenomenon is attributed to the presence
of multiple local optima in the design space for both tg and 07¢*[49].
This underscores that gradient-based optimization techniques are ill-
suited for this problem. Finally, we applied the Ideal Point method to
identify the most optimal solution within the Pareto front [50]. The
ideal point, marked in green in Fig. 10(a), was located at coordinates
(2.7326, 0.4126). The optimal solution, denoted by a red point in
the same figure, was determined based on its proximity to the ideal
point. The dimension parameters for this optimal solution are labeled
as L = 336.31 mm, H = 15.75 mm. Fig. 10(c) displays the optimal
cutout design for CTSH. Table 4 compares the predicted outcomes
of the optimization objectives with the FEA results and experimental
data. The table illustrates that the error between the RBF predictions
and FEA results is a mere 0.678%, underscoring the high accuracy
of the surrogate model. Both the FEA and RBF results maintain a
maximum relative error of less than 5% compared to the experimental
results, confirming the correctness of the optimization outcomes and
the reliability of the optimization strategy presented in this paper.

Fig. 10(d) compares the dynamic deployment performance of the
initial designs (referred to as Designs A, B, and C as mentioned earlier)
with the optimized design. From Fig. 10(d), it is evident that the
optimized design yields significant improvements in both optimization
objectives, 07" and tg , compared to the three initial designs. Table 5
presents a quantitative comparison of the specific values for the three
initial designs and the optimized design. Among the three designs (A, B,
and C), Design A demonstrates the fastest deployment time (67**) and
the smallest overshoot angle (tg ). The optimal design enhances these
two metrics by 26.3% and 12.6%, respectively. A longer and narrower
slot results in tape springs with a larger cross-sectional extending angle,
allowing them to store more strain energy when folded and provide
greater stiffness during deployment. Consequently, the optimal design
achieves a concurrent reduction in deployment time and overshoot
angle. Additionally, as shown in Figs. 10(d) and 10(e), the experimental
and simulation results for the optimal design are in a good agreement
in terms of the two objectives, i.e., the deployment time and overshoot
angle, although a small discrepancy exists between them.

It is important to highlight that the entire size optimization process
can be accomplished using only 450 high-fidelity FEA simulations to
generate sample data for training and validating the surrogate model.
Given that the time required for training and utilizing the surrogate
model (which predicts CTSH performance in less than 1 s) is negligible
compared to the time consumed by high-fidelity FEA computations.

Therefore, we emphasize the substantial computational time savings
achievable in this CTSH size optimization. Conducting a single high-
fidelity FEA simulation takes 1.5 h, and performing 32,000 direct
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Table 4
Optimization design validation through predictive, FEA, and experimental results.
L [mm] H [mm] 0™ [deg] ) [s] M [g]

RBF 336.31 15.75 2.783 0.415 29.94
FEA 336.31 15.75 2.802 0.415 29.945
Exp. 336.31 15.75 2.672 0.416 30.180

Table 5

Comparison of performance between optimal design and initial designs.

L [mm] H [mm] 9:;‘“" [deg] 15 [s] M [g]

Optimal Design 336.31 15.75 2.802 0.415 29.94
Initial Design A 252 20 3.80 0.475 29.94
Initial Design B 192 25 6.25 0.475 29.71
Initial Design C 146 30 5.05 0.58 29.83

iterations would take 2000 days. However, by running 450 FEA sim-
ulations to construct the surrogate model and subsequently conducting
32,000 iterations, the process can be completed in 28 days, leading to
a computational cost reduction of over 97%.

5. Conclusions

By incorporating cutouts in resin-based carbon fiber-reinforced com-
posite tubes, they can be ingeniously converted into a straightforward
and practical deployable structure called the CTSH. The cutouts take
advantage of the flexible characteristics of the composite material,
enabling the CTSH to be compressed, folded, and stored for extended
durations, and subsequently deployed as required. This concept has
contributed to the advancement of diverse deployable structures that
rely on the CTSH as a fundamental element. The dynamic deployment
of the CTSH is a crucial maneuver during its in-orbit operation, posing
challenges attributed to the complex nonlinear behavior of the struc-
ture. Despite extensive research on CTSH deployment encompassing
design, analysis, and experimental investigations, the exploration of
enhancing the dynamic deployment performance of CTSH through
cutout design remains unexplored.

To elucidate the efficacy of cutout design in enhancing CTSH de-
ployment dynamics, dynamic deployment tests were performed on
booms with CTSH at the root. Subsequently, high-fidelity simulation
models were established using Abaqus/Explicit finite element software,
considering the obtained test results. Conclusions were drawn based on
the experimental data and parametric simulation analysis: (1) CTSH
with identical mass and capsule-shaped cutouts exhibits a notable
nonlinear correlation between the longitudinal or transverse cutout
dimensions and both the deployment time and maximum overshoot
angle. (2) Deployment time and maximum overshoot angle demonstrate
contradictory behaviors. This observation underscores the need for
multi-objective cutout size optimization in CTSH.

In structural optimization problems, hundreds or thousands of iter-
ations are necessary. However, performing high-fidelity finite element
analyses for each structural response or objective function evaluation
would be highly time-consuming and computationally intensive.

In this study, an integrated approach combining data-driven sur-
rogate modeling and size optimization was employed to address the
aforementioned problem. The framework consists of seamlessly in-
tegrating an offline data-driven surrogate modeling process and an
online optimization process. A limited number of data points for design
variables were sampled using Latin hypercube sampling, and the RBF
surrogate model was constructed by evaluating the structural response
with finite element analyses. The surrogate model was utilized as a
substitute for the genetic algorithm-based optimizer, eliminating the
requirement for high-fidelity finite element analyses to evaluate all
objective functions during the optimization process. For the CTSH size
optimization problem investigated in this study, this method resulted in
computational time savings of over 97% and conservative reductions of
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26.3% and 12.6% in maximum overshoot angle and deployment time,
respectively.

In summary, this work provides an accelerated optimization frame-
work based on surrogate modeling. This framework is designed to
enhance the deployment dynamic performance of deployable compos-
ite structures by optimizing the cut-out size. It is important to note
that the framework proposed here is readily extendable to address
various other optimization problems related to deployable composite
structures. Specifically, the framework can be extended to include
optimization of composite fiber orientation and layup configuration
as design variables. The optimization objectives can be broadened to
enhance multiple aspects of the performance of deployable composite
structures, such as structural integrity, stiffness, strength, stability,
shock from deploying CTSH on the satellite, and other factors relevant
to the specific mission requirements. To ensure the safety and relia-
bility of the deployable composite structures, the framework may take
into account failure mechanisms for composites as constraints in the
optimization problem. In addition, it has been demonstrated that the
viscoelastic—plastic behavior of composite materials can significantly
impact the performance of space deployable structures [10,34,51].
This is particularly relevant for structures that demand high surface
accuracy, such as space deployable antennas and telescopes. Therefore,
future work should take into account the viscoelastic—plastic behavior
of high-strain composite deployable structures to ensure the precise
recovery of space mechanisms.
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