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KEYWORDS Abstract Deployable Composite Thin-Walled Structures (DCTWS) are widely used in space appli-
Composite laminates; cations due to their ability to compactly fold and self-deploy in orbit, enabled by cutouts. Cutout
Deployable structures; design is crucial for balancing structural rigidity and flexibility, ensuring material integrity during
Multi-objective optimiza- large deformations, and providing adequate load-bearing capacity and stability once deployed.
tion; Most research has focused on optimizing cutout size and shape, while topology optimization offers
Thin-walled structures; a broader design space. However, the anisotropic properties of woven composite laminates, com-
Topology optimization plex failure criteria, and multi-performance optimization needs have limited the exploration of

topology optimization in this field. This work derives the sensitivities of bending stiffness, critical
buckling load, and the failure index of woven composite materials with respect to element density,
and formulates both single-objective and multi-objective topology optimization models using a lin-
ear weighted aggregation approach. The developed method was integrated with the commercial
finite element software ABAQUS via a Python script, allowing efficient application to cutout design
in various DCTWS configurations to maximize bending stiffness and critical buckling load under
material failure constraints. Optimization of a classical tubular hinge resulted in improvements
of 107.7% in bending stiffness and 420.5% in critical buckling load compared to level-set topology
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optimization results reported in the literature, validating the effectiveness of the approach. To facil-
itate future research and encourage the broader adoption of topology optimization techniques in
DCTWS design, the source code for this work is made publicly available via a GitHub link:

https://github.com/jinhao-ok1/Topo-for-DCTWS.git.
© 2025 The Authors. Published by Elsevier Ltd on behalf of Chinese Society of Aeronautics and
Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

By introducing cutouts into thin-walled composite structures,
a novel class of deployable structures has been created,
referred to as Deployable Composite Thin-walled Structures
(DCTWS), which have found a wide range of applications in
aerospace engineering due to their lightweight nature, high
deployment-to-stowage ratio, and self-deployment capability.'
Examples of DCTWS applications include spaceborne anten-
nas, solar arrays and large deployable mirrors,” '° as presented
in Fig. 1. These structures are designed to be folded compactly
during launch to minimize the use of rocket’s payload space
and then deployed in orbit toserve as supporting structures
for large-scale space mechanisms. The cutouts in DCTWS,
on the one hand, add flexibility to the structures, enabling
them to be folded into a compact form without causing mate-
rial failure. On the other hand, the cutouts also reduce the stiff-
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ness and load-bearing capability of the structures in their fully
deployed state. This creates a trade-off between flexibility and
structural integrity of the structure, necessitating a series of
structural optimization problems. Engineers must carefully
design and analyze these cutouts to achieve an optimal bal-
ance, ensuring that the deployable structures perform effec-
tively in their intended aerospace applications while
maintaining their durability and reliability.

The design and optimization of cutouts in DCTWS present
numerous challenges. First, DCTWS are composed of aniso-
tropic composite laminates, which require the application of
complex material failure criteria. Second, their folding and
deployment processes often involve highly nonlinear geometric
deformations, including buckling and snap-through phenom-
ena, indicative of structural instabilities. To accurately capture
these phenomena, the finite element method (FEM) provides a
reliable approach for evaluating the quasi-static folding and
deployment performance of DCTWS.'""'? However, achieving
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Fig. 1

Deployable Composite Thin-walled Structures (DCTWS) and their applications in space engineering.
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numerical convergence and maintaining accuracy typically
require significant computational time. A relatively straight-
forward strategy for optimizing cutout design involves param-
eterized modeling of the geometric contours of the cutouts,
which allows the formulation of size and shape optimization
problems. These problems can then be solved using optimiza-
tion algorithms based on gradient information or heuristic
search methods, but each has notable limitations. Gradient-
based search algorithms require fewer iterations; however, they
are prone to becoming trapped in local optima when address-
ing highly nonlinear optimization problems. In contrast,
heuristic algorithms can achieve global optima but often
require a large number of iterations. Coupling heuristic algo-
rithms with high-fidelity FEM models for DCTWS leads to
prohibitively high computational costs. To enhance optimiza-
tion efficiency, the main-stream approach involves replacing
high-fidelity FEM models with surrogate models, which are
then coupled with heuristic algorithms for cutout optimiza-
tion."'* "7 While this approach has been employed by numer-
ous researchers to improve specific performance metrics of
DCTWS, it faces challenges in addressing more complex
multi-objective optimization problems, such as material fail-
ure, folding-deployment performance, load-bearing capacity,
and structural stability. Increasing the number of control
points or adopting higher-order spline functions may offer
some improvement. However, in multi-cutout collaborative
designs, issues such as control point interference, spline curve
intersection, and the substantial increase in design variables
can significantly degrade the surrogate model’s fitting accu-
racy. Consequently, the current state of DCTWS cutout opti-
mization remains largely reliant on design experience or
engineering intuition for improving initial designs.

Topology optimization is a more advanced and complex
method compared to size and shape optimization. Theoreti-
cally, it can be divided into two main categories: material-
based models and boundary-based models.'® Material-based
models include the Solid Isotropic Material with Penalization
(SIMP) method, Evolutionary Structural Optimization
(ESO), Bi-directional Evolutionary Structural Optimization
(BESO), and Independent Continuous Mapping (ICM)."" '
On the other hand, boundary-based models encompass the
Level-set method,”” moving deformable components method>
among others. Material-based topology optimization typically
refers to density-based approaches, where the density of each
finite element serves as a design variable. Starting from the
finite element equilibrium equations, the relationship between
the optimization objective and the design variables is derived,
followed by sensitivity expressions of each design variable con-
cerning the optimization objectives or constraints. In each iter-
ation, inefficient elements (forming cutouts or holes) are
gradually removed based on their contribution to the objective
function until constraints and convergence criteria are met,
resulting in an optimal material distribution scheme. In con-
trast, boundary-based topology optimization fundamentally
involves reshaping the material distribution by constructing
explicit or implicit high-dimensional functions to describe the
local sensitivity to the objective function. The boundaries of
cutouts are depicted using contour lines or isosurfaces, with
the Level-set method currently being the most widely applied.
This optimization process considers the number, shape, and
size of voids, as well as the continuity of the structure, effec-
tively reshaping the material distribution. This concept per-

fectly fits the notch design problem of DCTWS, offering
significant potential for expanding the design space.

In recent years, many scholars have extended classical mod-
els and successfully applied them to the optimization of com-
posite laminated structures. Broadly, these studies fall into
two categories: constant-stiffness design and variable-stiffness
design.”*** In constant-stiffness design, laminate layers are
uniform and consistent across the structure. Optimization is
typically achieved through search algorithms (e.g., gradient-
based methods or heuristic algorithms) to determine optimal
parameters such as layer count, orientation, and thickness,
or via topology optimization to reshape material distribution
for structural efficiency. A notable advancement in this field
is the parallel optimization framework proposed by Zhou
et al.,”® which integrates topology optimization and search
algorithms to enable simultaneous optimization of laminate
layup and structural topology in braided composite laminates.
Variable-stiffness design, on the other hand, introduces greater
complexity by allowing laminates to be discretized into regions
with distinct layup designs or modeled as a continuous system
where fiber angles vary spatially across the structure. While
search algorithms remain effective for the former, the latter
poses significant computational challenges due to fiber conti-
nuity constraints, often resulting in prohibitively high opti-
mization costs. To address these challenges, topology
optimization has demonstrated significant advantages by
enabling the concurrent optimization of material distribution
and local fiber orientation. Early methods, based on homoge-
nization theory, focused on determining structural topology
and using principal stress directions within elements to define
local fiber orientations.”’” Building on this foundation, Lund
et al. established explicit relationships between laminate
parameters-such as layer count, fiber orientation, and relative
density-and the stiffness matrix of discrete elements.”® They
further introduced the Discrete Material Optimization
(DMO) method, which achieves globally optimal fiber paths
and has become a cornerstone for advancing variable-
stiffness laminate topology optimization.””* Recent develop-
ments in numerical techniques have led to high-precision mul-
tiscale finite element methods that iteratively perform
homogenization and de-homogenization. These methods have
facilitated the integrated design of micro-structures and
macro-structures, significantly enhancing variable-stiffness
laminate optimization.>' ** Nevertheless, practical applica-
tions still face major manufacturing challenges, including
defects, layer overlap, and maintaining the continuity of
curved fibers. These limitations highlight the need for further
innovations to fully realize the potential of variable-stiffness
laminate designs.

Notably, the topology optimization of composite laminated
thin-walled structures primarily focuses on compliance design
for small-deformation elastic structures, where the creation
of cutouts or voids aims to balance structural rigidity and
lightweight design. In contrast, the cutout design for DCTWS
targets damage-free folding (involving large geometric defor-
mations) and enhanced load-bearing capacity and stability
after deployment. This unique requirement introduces a com-
plex trade-off between rigidity and flexibility, highlighting both
the innovation and challenges of the topology optimization
research presented in this study. Additionally, DCTWS consis-
tently emphasizes four key mechanical properties: material
failure, strain energy storage, structural stiffness, and buckling
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stability. While the optimization of strain energy storage and
structural stiffness can be equivalently addressed using classi-
cal compliance-based topology optimization models, the opti-
mization of material failure and buckling stability remains
challenging, particularly in the derivation of sensitivity equa-
tions. These factors constrain the applicability of existing
topology optimization theories to DCTWS.

In isotropic materials, topology optimization commonly
employs the P-norm function to aggregate the von Mises stres-
ses of discrete elements into a continuous function. By differ-
entiating, sensitivity expressions of the stress objectives or
constraint functions are obtained to guide structural optimiza-
tion, eliminating stress concentration phenomena and striving
for as uniform a stress field distribution as possible. This effec-
tively prevents local failures and limits the ultimate strength of
structures under specific deformations, a method validated by
extensive research. However, the complex failure behaviors of
composite materials cannot be directly described using a single
von Mises stress. Instead, a variety of customized failure crite-
ria are required, typically expressed as complex polynomials,
which hinder the sensitivity analysis in topology optimization.
Lee et al. improved the classical laminated plate theory by
deriving the static finite element equilibrium equations for
composite laminated plates considering interlaminar trans-
verse shear deformation.® Building on this, and leveraging
the aforementioned classical stress-based topology optimiza-
tion concepts, they derived sensitivity expressions for the
Tsai-Hill and Tsai-Wu criteria and used the SIMP topology
optimization algorithm to solve for the optimal topology and
layup angles of composite laminated plates, effectively reduc-
ing the concentration of failure indices. Recently, Zhang
et al. employed a similar approach within the BESO frame-
work to achieve stiffness topology optimization of composite
laminated plates under Tsai-Wu failure criterion constraints,
maximizing stiffness while ensuring structural integrity.>
These two studies provide significant support for the develop-
ment of topology optimization with composite material failure
constraints. However, their research primarily focuses on the
statics of two-dimensional planar structures, and their adapt-
ability to three-dimensional shell element optimization prob-
lems, similar to those in DCTWS, remains to be further
explored. Another challenge is the establishment of buckling
stability topology optimization models. Buckling issues fre-
quently arise under load conditions after DCTWS has been
deployed and locked in orbit, such as in large solar sails’ com-
posite thin-walled pods or the weak edges of deployable hinge
cutouts.”*® Common buckling topology optimization models
are typically based on linear eigenvalue analysis finite element
theory, aiming to maximize the critical buckling load of a
structure under a specified volume. However, pseudo-modes
or local buckling modes present major challenges in buckling
topology optimization. Pseudo-modes tend to occur in low-
density element regions during the structural topology evolu-
tion process, while local buckling modes are prevalent in slen-
der structures commonly found in low-volume fraction
structures. The occurrence of either numerical issue can lead
to the failure of buckling topology optimization. Numerous
scholars have developed material interpolation schemes tai-
lored to different topology optimization theoretical frame-
works, reducing stress singularity levels during the
optimization process to suppress these issues.'”” ** These
approaches have achieved good results in buckling topology

optimization of two-dimensional planar structures, but these
studies have yet to address three-dimensional thin-shell
structures.

In summary, topology optimization is significantly benefi-
cial for enhancing the deployment capabilities and in-orbit ser-
vice performance of DCTWS, yet it still faces numerous
challenges. To date, only Ferraro and Pellegrino®® have con-
ducted related research. They employed specific high-
dimensional level-set functions, adjusting function parameters
to generate isosurfaces of various shapes. By projecting these
isosurfaces onto the high-strain regions of the Right Angle
Woven Composite Tubular Hinge (RA-WCTH), they created
cutouts of different quantities and shapes. Subsequently, dif-
ferent notch schemes were subjected to finite element simula-
tions to verify structural integrity and bending stiffness,
thereby selecting the optimal results. This study is unrelated
to level-set topology optimization theory and represents a
single-objective optimization problem without sensitivity anal-
ysis. However, the multi-notch schemes with continuous
boundaries obtained proved superior to single-notch shape
optimization designs, validating the potential value of explor-
ing topology optimization methods suitable for DCTWS."'
Additionally, it provides a benchmark for evaluating the effec-
tiveness of new methods.

Unlike Ferraro’s single-objective optimization problem,*
this paper formulates a multi-objective optimization problem
constrained by plain-weave composite material failure criteria.
The goals are to maximize the bending stiffness, critical buck-
ling load, and stored strain energy of DCTWS. Solving this
optimization problem ensures structural integrity during the
folding process while maximizing strain energy storage and
providing excellent stability and deformation resistance upon
deployment. It is important to clarify that this study uses the
classical topology optimization concept of overall stiffness
(or compliance) to approximate bending stiffness. Under
displacement-based boundary conditions, higher bending stiff-
ness results in greater strain energy generated by deformation,
thereby significantly enhancing the self-deploying capability of
DCTWS. Therefore, in this study, bending stiffness and stored
strain energy are treated as equivalent optimization objectives.
Unlike isotropic materials, which are described by a single
Young’s modulus, the anisotropic behavior of composite lam-
inated plates is characterized by the ABD stiffness matrix.
However, classical laminated plate theory exhibits significant
errors in predicting the constitutive behavior of woven com-
posite laminated plates,*> complicating the accurate acquisi-
tion of response functions for DCTWS’s objective or
constraint functions. To address this issue, this study adopts
a micro-meso multi-scale homogenized finite element analysis
framework based on the Kirchhoff plate assumption to accu-
rately obtain the ABD matrices of woven composite laminated
shell elements. Building on this, within the BESO theoretical
framework,* sensitivity expressions for compliance, critical
buckling load, and customized Tsai-Wu failure criteria® were
derived. The sensitivity derivation of the failure assessment
function utilizes the stress-based topology optimization con-
cept with the P-norm function. Notably, this study derived a
sensitivity expression for critical buckling load described by
unit strain energy, avoiding the cumbersome handling of stress
and stiffness matrices. Its stability and effectiveness have been
validated by Munk et al.*> Additionally, because the notch
optimization area in this study is relatively small compared
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to the entire structure, no local buckling modes occurred dur-
ing the optimization process. Therefore, numerical singularity
issues in buckling topology optimization are beyond the scope
of this paper. By linearly superimposing the normalized func-
tions of each objective or constraint, a multi-objective topol-
ogy optimization model was developed. Compared to
Ferraro’s research,* this paper formally proposes a sensitivity
analysis-based topology optimization method to address the
notch design problem of DCTWS. This model is integrated
with ABAQUS through Python scripts, enabling efficient
application to various DCTWS structures. Using RA-WCTH
topology optimization case from Ferraro as a benchmark,*
the optimized designs and experimental results validate the
effectiveness and advantages of the proposed method.

The remaining content of the paper is structured as follows:
Section 2 describes the multi-scale finite element modeling of
RA-WCTH, focusing on its folding, unfolding, and critical
buckling behavior. This section also explores classical cutout
designs derived from engineering intuition and analyzes how
variations in dimensional parameters and shape influence the
performance of RA-WCTH, thereby highlighting the need
for topology optimization. Section 3 presents a detailed math-
ematical formulation of the multi-objective topology optimiza-
tion problem, along with the establishment and
implementation of the optimization framework. Section 4 dis-
cusses the optimization results. Finally, Section 5 concludes
the paper.

2. Mechanical behavior of RA-WCTH

2.1. Design of RA-WCTH

Fig. 2(a) illustrates the initial design of RA-WCTH which was
created by Ferraro et al.***® This structure consists of two
thin-walled cylindrical shells connected at 90°, with a smooth
transition at the junction incorporating non-zero Gaussian
curvature. Each cylindrical shell has a diameter of 32 mm
and extends 200 mm from the end to the intersection. The
entire structure is mirror-symmetrical across both the X-Y
and Y-Z planes. The RA-WCTH was fabricated using 525
Astroquartz® II plain weave fabric (quartz fiber) and a
PMT-F6 cyanate ester resin matrix. This selection was based
on folding tests that demonstrated a higher ultimate strain
compared to epoxy resin-based carbon fiber composites. Fold-
ing tests conducted on two uniform layup schemes of RA-
WCTH [45], and [45/0/45] revealed that the double-layer
design could safely fold to angles exceeding 50°, whereas the
triple-layer design developed cracks upon folding to 17°,
despite its higher bending stiffness. To reconcile these findings,
extensive additional testing was performed, ultimately leading
to the adoption of the hybrid layup scheme illustrated in Fig. 2
(b). In this scheme, high-strain concentration areas utilize the
most flexible [45], design, low-strain areas employ the thickest
[45/45/0]5) laminate, and transitional areas sequentially adopt
the [45/0/45] and [45]4 design schemes. This configuration
ensures that the structure achieves maximum folding angles
without requiring notch design while maintaining the highest
bending stiffness in the deployed state. Here, 0° denotes the
direction parallel to the RA-WCTH circular tube axis. Table 1
gives the mechanical properties of the Astroquarzt® fiber and
PMT-F6 resin.”’

2.2. Two-Scale model of woven composites

The ABD matrix is a fundamental concept in classical lami-
nate theory (CLT), which establishes the relationship between
in-plane strain, out-of-plane curvature, and the resultant inter-
nal forces and moments in the laminate. It characterizes the
elastic behavior of the laminate under tensile, compressive,
bending, and torsional deformations, serving as the primary
approach for describing the constitutive relationships of com-
posite shell elements. The specific form is as follows:

[ Ni T (A A Ais Bu B Big| [ & ]
Ny A, Ayn Ax B Bn By &y
Ny, _ Aig Ax Aes Bis B  Bes ) Py ( 1 )
M, By Bn B Du Dn D Ky
¥ By, By By Din Dxn Dy Ky
_Mxy i LBis Bx Bes Dic Dy Des | L Kxy |

where the sub-matrix A4 represents the in-plane extensional
stiffness properties, D represents the out-of-plane bending
stiffness properties of the laminate, and B represents the cou-
pling between in-plane and out-of-plane loads and deforma-
tions. The strains (e, ¢,,7,,) and curvatures (ky,k,,Ky,)
correspond to the in-plane strain and out-of-plane curvature
of the midplane of the laminate, respectively. The resultant
forces (N,,N,,N,,) and moments (M,,M,, M,,) represent
the internal forces and moments on the cross-section of the
laminate, respectively.

Due to the complex microstructure of woven composites,
the ABD matrix calculated using the CLT analytical model
shows significant errors, particularly in terms of bending stiff-
ness.*” Therefore, before establishing the macroscale finite ele-
ment model for RA-WCTH, a two-scale numerical model was
developed, ranging from microscale to mesoscale, to accu-
rately determine the ABD matrix of the woven composite lam-
inate, as shown in the left panel of Fig. 2(b). The process
begins with the development of a microscale representative
volume element (RVE) comprising both yarns and resin com-
ponents, using our custom plugin Viscoelastic RVE Calcula-
tor.*® Periodic boundary conditions are applied, followed by
deformations in different directions to obtain the homogenized
mechanical properties of the yarns, as presented in Table 2.
Subsequently, a mesoscale RVE model is constructed based
on the internal geometry of the woven composite, generated
using the open-source software Texgen. This model is then
imported into ABAQUS, where our custom AMWC plugin
automatically performs homogenization based on the Kirch-
hoff plate assumption, ultimately yielding the ABD matrix
for the equivalent shell element.*’ Both custom plugins have
been published in previous literature,***’ with code download
links provided. The model is then imported into ABAQUS,
where our custom AMWC plugin automatically performs
homogenization based on the Kirchhoff plate assumption, ulti-
mately generating the ABD matrix for the laminated plate with
the specified weave pattern. The dual-scale homogenization
procedure only needs to be run once before the formal topol-
ogy optimization begins, with the computation typically taking
less than one hour. Table 3 presents the computed ABD matri-
ces for the different ply configurations in various regions of the
RA-WCTH.
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Fig. 2 Multi-scale modeling process of RA-WCTH.
Table 1 Properties of fiber and resin.*’
Part E (MPa) % G (MPa) dr (pm) V (%)
Fiber 72 000.0 0.161 31 000.0 9.0 62.0
Resin 3 640.0 0.352 1 350.0 — 38.0
Table 2 Elastic engineering constants of the composite yarns.
E; (MPa) E, (MPa) E; (MPa) Vi2 Vi3 Va3 G (MPa) G3 (MPa) Gy (MPa)
46 062.1 13 372.9 13 372.9 0.221 0.221 0.380 4929.2 4929.2 4 819.8

2.3. Macro-scale model of RA-WCTH

The macroscale finite element model of RA-WCTH was estab-
lished in ABAQUS 2023 using continue shell elements (re-
duced integral form, S4R), with the ABD matrices from
Table 3 assigned regionally according to the layup design
scheme. To accurately capture deformation while optimizing
computational efficiency, local mesh refinement was per-

formed, and a mesh independence test was conducted. As a
result, a total of 180 448 elements were generated, with an
average mesh size of 0.125 mm in the central region and
0.7 mm in the side regions. The in-plane rotation (6y) of the
left and right sections (highlighted by red borders) is coupled
to reference points RP-A and RP-B, respectively. RP-A and
RP-B are further correlated through another reference point,
RP-C, following the equation (08" * + 0%~ = %"=, To
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Table 3 ABD Matrix for woven composite at different regions of RA-WCTH.
Laminate Ay (N/mm) Aj> (N/mm) A (N/mm) Ags (N/mm) Dy (N-mm) D, (N-mm) D5, (N-mm) Dgs (N-mm)
[45], 3477.1 1923.1 3477.1 2 118.0 3.1 1.7 3.1 1.9
[45/0/45] 5 640.9 21219 5 640.9 2 402.1 10.0 5.3 10.0 5.9
[45]4 6 085.0 33654 6 085.0 3 706.5 23.0 12.7 23.0 14.0
[45/45/0, 9 565.1 3 598.0 9 565.1 4073.1 69.8 37.1 69.8 40.9

induce a folding condition, 08"~ is gradually increased from FI, = f; (N« + N,) + /3, <N€ + Ni) +fi2NN, +f33N>2\__v <1

0° to 45°. This boundary condition ensures that the folding
angles at both ends of the structure are equal. Additionally,
to prevent possible rigid body movement, two nodes at the
bottom of RA-WCTH (highlighted in red) are constrained to
remain in the Y-Z plane, and the three translational degrees
of freedom of the top node are fixed. The ABD matrices in
Table 3 are used to simulate the material behavior of the shell
elements in each layup region. The folding behavior of RA-
WCTH is simulated using the Dynamic/Implicit solver in
ABAQUS. Quasi-static conditions are ensured by monitoring
the kinetic energy, keeping it as a small percentage of the strain
energy. Linear buckling analysis of RA-WCTH was conducted
using the Subspace Iteration Eigenvalue Extraction Method
within the ABAQUS standard buckling analysis step, extract-
ing the first ten eigenvalues and corresponding buckling
modes. The Subspace solver was configured with 18 vectors
per iteration step and a maximum of 30 iterations. During
the buckling analysis, the coupling equations between the three
reference points in the finite element model depicted in Fig. 2
(b) were removed, all degrees of freedom at RP-B were con-
strained, and a unit moment about the x-axis was applied at
RP-A. This moment caused RA-WCTH to rotate and fold in
the direction illustrated in Fig. 2(a).

2.4. Failure criterion for woven composites

The failure assessment of composite laminates is a complex
and challenging research topic that has consistently attracted
significant interest. The diversity of materials, interface
behaviors, and loading forms makes it difficult to accurately
evaluate failure across different scenarios using a single cri-
terion. Therefore, the failure criterion derived by Mal-
likarachchi and Pellegrino,** based on a modified Tsai-Wu
theory specifically tailored for plain-woven composite lami-
nates, was employed. This criterion has demonstrated suffi-
cient accuracy in the failure tests of plain-woven laminates
with varying base materials and layup configurations, and
it has successfully captured local failure behavior during
the large deformation of multiple DCTWS structures.''*®
The criterion defines three failure indices based on six force
and moment resultants:N., Ny, Ny,, My, M, and M,,. These
indices correspond to in-plane extension(FI;), out-of-plane
bending(F1,), and coupled in-plane extension and out-of-
plane bending failure modes(FIs), represented by the follow-
ing set of inequalities:

FI, = f,, x max (M%,Mf> +f66Mi‘y <1

7. max (|My|,| M,
FI; = max (%7%> + BT ( FJ ) <1

)

2
The failure coefficients f; and f;; are given by the following
equations:

S *fz*p%l_pl_,c» fll*fzz*#p,cv Jn=-% (3)
fn :FL%» f44 :fss :p%a fe@ :p%
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—(fitfiaNy )% \/ (it/1aNy ) 4 (N N3 N2 1)
x = 21 (4)
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where F; represents the experimentally measured strength of
the laminate in the direction of the yarn, with subscripts t
and ¢ denoting tension and compression, respectively. Given
the use of the same woven composite material, the strength
parameters reported in literature® were adopted, as shown
in Table 4.

2.5. Mechanical mechanism of RA-WCTH

To illustrate the necessity of optimizing cutout designs, the
folding behavior of the RA-WCTH without any cutouts is first
examined. Fig. 3(a) depicts the evolution of the reaction bend-
ing moment as a function of the folding angle for the initial
RA-WCTH design (without cutouts). As the folding angle
increases, the bending moment rises, initially at a rapid rate
and then slows down as the angle continues to increase. The
bending stiffness, Ky, is determined by calculating the slope
of the moment-angle curve in the nearly linear region near
the initial point. The enclosed area under the moment—angle
curve (shaded in grey) is referred to as the elastic strain energy
Ey, stored within the RA-WCTH when folded to 45°. More-
over, the critical buckling load of the RA-WCTH is indicated
by the black dashed line, computed from linear buckling anal-
ysis. Fig. 3(b) shows the evolution of the maximum value of
the three failure indices of all elements during the folding pro-
cess, denoted as FI™, which is plotted as a function of the
folding angle. The results indicate that as the folding angle
increases from 0° to 45°, FI™ increases quickly and exceeds
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Table 4 Strength parameters for two-ply laminates.*’

Parameter Fiy, Fo Fie, Fae

F3 F4,F5 F6

Value (N/mm) 76.2 34.5
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Fig. 3 Mechanical response and failure behavior of RA-WCTH.

the safety threshold at only 10°, implying a very high risk of
failure for the initial RA-WCTH design. It is noted that in
the folding analysis of the RA-WCTH, FI, and FI; are signif-
icantly less than the safety threshold of 1. Therefore, in the
subsequent mechanical analysis, only the first expression in
Eq. (2) is considered as the failure criterion, meaning that
FI™ is equal to FI["™.

Before conducting sensitivity analysis and optimization
studies on the mechanical performance response of RA-
WCTH with respect to cutout design, it is crucial to first verify
the accuracy of the numerical model. The experimental setup,
depicted in the right image of Fig. 3(c), consists of two custom
clamps that grip small regions at the ends of the two cylindrical
tubes of the RA-WCTH, allowing the end cross-sections of the
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tubes to deform freely. These clamps connect the tubes to
rotating brackets, which are initially set at a 45° to facilitate
the installation and fixation of the tube joint. During the
experiment, the rotation angle is controlled by a motor, while
one of the brackets is mounted on ball bearings, allowing it to
slide freely towards the other fixed bracket. This arrangement
enables both rotation and folding to occur simultaneously.
Once the experiment begins, strain gauges and a data acquisi-
tion system are used to record the reaction moment of the RA-
WCTH at various folding angles in real time. Further details
about the experimental setup can be found in literature.” Using
this platform, a quasi-static folding experiment was conducted
on an RA-WCTH with a circular cutout. Fig. 3(c) compares
the experimental data with the results from the numerical
model, showing the angle-moment relationship. Up to a fold-
ing angle of 25°, the numerical results closely match the exper-
imental curve. However, after 25°, a noticeable deviation
occurs. Experimental observations reveal that beyond 25°,
small cracks begin to form and propagate along the edges of
the cutout.” The failure and finite element models in this study
successfully capture the initiation of damage at this folding
angle. However, the model does not account for the deletion
of elements when the failure index exceeds a certain threshold
to simulate crack propagation. As a result, the abrupt drop in
load-bearing strength observed in the experimental curve is not
captured by the model. This discrepancy explains the signifi-
cant difference between the model and experimental results
after 25°.

It is important to note this study is focused solely on the ini-
tiation of damage in the woven composite material as the fail-
ure criterion, without considering subsequent progressive
damage effects. Therefore, the simulation accuracy demon-
strated in Fig. 3(c) is sufficient to support the performance
analysis and numerical optimization of RA-WCTH. Addition-
ally, in linear buckling analysis, negative eigenvalues often
appear to simulate buckling modes induced by loads applied
in the opposite direction. However, this study concentrates
exclusively on the critical buckling load that induces inward
folding of the RA-WCTH. Thus, the critical buckling load
referred to in this paper corresponds to the first non-negative
eigenvalue/;, which is highlighted in red in Fig. 3(d).

According to engineering practice, mitigating material fail-
ure risk involves introducing cutouts into areas of concen-
trated deformation. Fig. 4 illustrates the performance of
various cutout designs based on engineering intuition. Seven
cases are examined, including three circular cutout designs
(with radii of 4, 6, 8 mm for Cases 1, 2, and 3, respectively),
and three designs with dog-bone, elliptical, and rectangular
cutouts (Cases 4, 5, and 6). Case 7 represents the initial design
without any cutouts for comparison. The structural perfor-
mance metrics for all seven cases are compared. The results
reveal that while increasing the radius of circular cutouts
(Cases 1, 2, and 3) reduces the risk of failure during folding,
it also significantly decreases strain energy, bending stiffness,
and critical buckling load. In contrast, Cases 4, 5, and 6, which
feature dog-bone, elliptical, and rectangular cutouts, respec-
tively, all reduced the maximum failure index to below the
safety threshold of 1. Notably, the elliptical cutout in Case 5,
despite having the same mass as Case 4, demonstrated superior
bending stiffness and buckling stability with a lower failure
index. On the other hand, the rectangular cutout in Case 6,
which removes material from the central region, resulted in

the poorest bending stiffness and strain energy but significantly
increased the buckling load.

Further analysis of Fig. 4 revealed the following: 1) Intro-
ducing simple-shaped cutouts does not eliminate the concen-
tration of failure indices in the RA-WCTH, rather, it shifts
them to the edges of the new cutouts; 2) The failure index is
negatively correlated with bending stiffness, critical buckling
load, and stored strain energy; 3) Bending stiffness is positively
correlated with stored strain energy. Overall, the failure index,
stored strain energy, and critical buckling load are highly sen-
sitive to the size and shape of the cutout, and the interactions
among them can be complex and highly nonlinear. Therefore,
a rigorous mathematical formulation of the optimization prob-
lem is necessary. Advanced topology optimization methods
should be employed to optimize the cutouts in the RA-
WCTH, by maximizing the bending stiffness and critical buck-
ling load while preventing material failure.

3. Optimization problem and optimization method

3.1. Topology optimization problem of RA-WCTH

The BESO method determines the optimal topology of the
structure based on the relative ranking of the sensitivity mag-
nitudes of the elements in the finite element model, allowing
for the simultaneous removal and addition of material. In
the BESO model, the design domain is discretized into N ele-
ments, each assigned an independent design variable x,(e
denotes the element number, with e = 1,2, ..., N), which is
constrained to values of 0 or 1, where 0 represents the removal
of the element and 1 represents the retention of the element.
Consequently, the stiffness of each element is directly linked
to the topology optimization design variable, and the element
stiffness, based on the BESO material interpolation model and
the ABD matrix (Eq. (5)) is expressed as:

D, = x,D° )

where D, is the stiffness matrix(ABD) of the e-th element
material, and D? represents the stiffness matrix of the element
in its initial (solid) state.

Thus, the multi-objective topology optimization problem
for finding the optimal shape, number, and position of cutouts
to optimize the bending stiffness and critical buckling load of
the RA-WCTH, while satisfying the structural material failure
constraints, is defined as follows:

Maximize : T(X) = w; - Kp(X) + w2 - 4y (X)

—wjy - FI™*(X)

Subject to: X ={x.},x,=0o0r I,Ve=1,2, ..., N (6)
KU=F (K+MuK,)U =0
FI™(X) < 1
Z?le,- =1

Through the weighted function method, the multi-objective
optimization problem, which includes three independent objec-
tive or constraint functions K,(X), 4;(X) and FI™(X), is
transformed into a single-objective optimization problem

T(X), which is an effective and common approach.’® ~ repre-
sents the result of the normalization process, for example:

(Kb (X) — K™ (X))/(K™(X) — K™ (X)), where the superscript
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Fig. 4  Effects of cutout size and shape on 4, Ey,, FI™, and K, of RA-WCTH.

‘opt’ represents the optimal result in the single-objective opti-
mization, and the superscript ‘int’ represents the result of the
initial structure. X is the element density vector;x, is the relative
density of the e-th element, with candidate values of 1 (exist-
ing) or 0 (non-existent, i.e., cutout); N is the total number of
elements;F is the global mechanical load vector;K and K, are
the global stiffness matrix and stress stiffness matrix;U and
U, are, respectively, the global displacement vector obtained
by solving the static finite element equilibrium equations and
the global displacement vector obtained by solving the linear
buckling finite element equilibrium equations (first-order buck-
ling mode).

3.2. Sensitivity analysis model

BESO, as a gradient-based optimization model, achieves the
addition or removal of elements based on the element sensitiv-
ity o, derived from the differentiated objective function 7(X):

oT(X)
_ 7
%= o, O
In this study, compliance C(X) (which is equal to the sum
of the elastic strain energy of all elements in the structure,
denoted as the strain energy Ey(X) stored after deformation)
is equivalently used to represent the first optimization objec-

tive, the bending stiffness K, (X). It is specifically clarified that
using this concept to equivalently represent the overall stiffness
of a macrostructure has been reported in numerous topology
optimization studies.'”>' Similarly, for the RA-WCTH with
different cutout designs, Ky (X) has a clear linear relationship
with C(X), as detailed in Fig. 4. The sensitivity «¢® of C(X)
is expressed as follows:

E
e L ®)
Xe Xe

where p is the penalty exponent, typically set to 3. u, is the
nodal displacement vector of the e-th element, and kg is the
stiffness matrix of the solid element (i.e., x, = 1), obtained
by processing the ABD matrix through shape functions and
the assembly matrix. The processed sensitivity includes a term,
x?u'k’u,, whose magnitude is equal to the strain energy E, of
the element.*’

The critical buckling load 7;(X) is the second optimization
objective. Extract the finite element equilibrium equations for
linear buckling analysis from Eq. (6):

(K+ MK,)Un =0 )

Convert it into a function of /; and x.:

f(/llaxe) = Z”zlke”e,l + )~1 Zuzlke,aue,l (10)
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During the iterative process of buckling topology optimiza-
tion, regions composed of low-density elements are prone to
pseudo-buckling mode phenomena, resulting in final optimiza-
tion outcomes that deviate from reality. Neves et al. discovered
that this phenomenon is caused by the stress stiffness matrix
k., of low-density elements being significantly larger than their
stiffness matrix k,.** In finite element analysis and sensitivity
calculations, k., is artificially neglected. This direct approach
stabilizes the optimization process but induces numerical oscil-
lations. Consequently, Bendsee and Sigmund developed
smooth interpolation functions for both &, , and k, to compen-
sate for the numerical discrepancies between these two stiffness
matrices of low-density elements during the evolutionary pro-
cess.'” The specific forms are as follows:

E, = (xmin +(1— xmiﬂ)x{’,)Eo (1 ])
Ey,, = X E°

Here, E;, and Ej,  are the Young’s moduli corresponding
to k, and k., , respectively. Ef is the Young’s modulus of a

solid element. The differential expressions for k, and k., are
as follows:

S_t =(1- xmin)l’xflkg
U (12)
T =pxi 'k,

By taking the partial derivative of Eq. (10) with respect to
X, based on the chain rule and substituting Eq. (12) into it,
the sensitivity expression of 1;(X) is obtained:

X))o o (1
ox,  Ox, e

— Xmin + A1)px2 "'l kuel

UK, U,

(13)

where the buckling mode, U, is normalized by k,, therefore:
UK,U =1 (14)
Similar to what is shown in Eq. (8), the strain energy of the

e-th element in the critical buckling mode can be defined as

E, = x'u! kou(‘l (15)

e’e,l

By substituting Eq. (14) and Eq. (15) into Eq. (13), the final
expression for the sensitivity of 4;(X) is obtained:

ail(X) — (1

. =

— Xmin + 41)P Ee (16)
X
where xpi, is set to 0.

Aggregating discrete element variables into a single contin-
uous function using the P-norm is a primary method for deriv-
ing the sensitivity of global stress levels with respect to element
density. This approach is applicable to frameworks such as
SIMP, BESO, and Level-Set.” > Recently, it was found that
this method is also suitable for deriving the sensitivity of the
failure index in woven composites,“ as shown below:

N p
FI™N(X) = (Z FI?(X)> (17)

where FI?(X) is the failure index at the centroid of the e-th ele-
ment, and p is the exponent of the failure index norm. When
p = 1, the P-norm gives the average failure index, and as p
— 00, the P-norm approaches the maximum failure index
FI™™(X). Excessively large p values can cause numerical oscil-

lations. Therefore, the selection of p should be cautious to
avoid deteriorating the smoothness of the problem while suffi-
ciently approximating the maximum failure index. Based on
experience in topology optimization with stress constraints,”
the p value is generally recommended to be between 3 and 6.

Using the chain rule, the derivative of FI?N(X) with respect
to the e-th design variable x, equals the element sensitivity of
the failure index:

r OFIPN(X) (OFL(x,)\ " ON.(x,)
% = B ) (81\&(}@)) o, (18)

where FIL(x,) is equal to the first equation in Eq. (2), and
T
NL’(xé’) = [NleHva:I .

According to the definition in Eq. (17), 9FI*N(X)/0FL,(x.)
can be calculated as:

i=1

PN N (¥)
- (Z <F1f<xe)>”) (L ()" (19)

The derivatives of FI,(x,) with respect to the stress compo-
nents, (OFL(x,)/ON,(x.))", are

T = f, 4 2/ Ni(xe) + f1aNy (xe)
L) = £ 4 2, Ny () + f2 Vo) (20)

IFL,(
L) = 5N (x,)

Based on the above analysis of the failure mechanism of
RA-WCTH, it was deter-mined that failure occurs only at
the central position of the structure. Here, a double-layer
plain-woven composite material with symmetric layup is used,
where the submatrix B in the ABD matrix is equal to zero,
which implies that Eq. (1) can be reduced to

Ne(xe) = AE(xe)SE(xe) (21)

where A4.(x,) is a submatrix of the ABD matrix and
N,(x0) = [Ny(x.), Ny(x.), Nyy(x,)]" is the section stress of ele-
ment. Middle plane strain of element
(eo(x.) = [ex(Xe), 8,(x0), 74y (x.)]") can be obtained by the dot
product of the in-plane 'strainfdisplacement matrix M and
),y () ()
= Mu,(x,) (22)

the nodal displacement vector u,(x,) =
&(x,)

By combining KU = F from Eq. (6), along with Eq. (21)

and Eq. (22), N,(x,) is derived as follows:
ONe(x) _ px’ 14,6, — AML. K™ oK U (23)
0x, ¢ 0x,

Substituting Eq. (23) into Eq. (18), the sensitivity expres-
sion of FI"™(X) with respect to x, is finally obtained as follows:

OFI™N(X) (OFI\" 1 0K
p—1 e T
pxe A, OFI, <6Ne> ¢ O0x; (24)

FI(X) _
of X —

where ¢ is obtained by solving the adjoint equation as shown in
Egq. (25).

_ N OEINR) gy OF L)

e=1



12

H. JIN et al.

The adjoint vector & plays a crucial role in optimizing
stress-constrained topology optimization models.”> However,
solving for ¢ requires the establishment of an additional
finite element model, along with redefined boundary condi-
tions based on Eq. (25), followed by further computation.
This process, which must be repeated in every iteration of
the topology optimization, significantly increases computa-
tional costs-especially for complex structures with large mesh
counts. To address this challenge, Some studies have
attempted to neglect the adjoint term & in stress topology
optimization of deployable shell structures, achieving signif-
icant results.*® Given the large number of elements of the
RA-WCTH macro model, this method is also adopted in
the present study. Ignoring the adjoint terms(¢ =0) can
improve computational efficiency, but its impact varies sig-
nificantly across different optimization problems. In two-
dimensional planar problems, this approach leads to an
average error of more than 50%.°° However, in the stress
topology optimization problem of 3D shell elements, this
method demonstrates high optimization accuracy. S. Ferraro
first proved that, in the stress topology optimization of 3D
plates, the impact of ignoring the adjoint vector on the final
structural configuration is minimal, with the maximum Von
Mises stress error around 7%.%° This method also exhibits
good convergence and significant stress level reduction when
applied to the classical deployable structure, Tape-spring
(with complex geometric deformations). In summary,
whether ignoring the adjoint vector in stress topology opti-
mization models is applicable to more types of structures
still lacks sufficient research and verification. Therefore, the
limitations of the method presented in this paper need to
be stated, and future research should focus on the topology
optimization of 3D shell element stress (failure index) with
consideration of the adjoint vector.

3.3. Multi-objective topology optimization framework and
implementation

Fig. 5 illustrates the implementation method of multi-
objective topology optimization. The execution process is
achieved by integrating the ABAQUS 2023 with Python
code. First, two finite element models of the RA-WCTH
were established in the ABAQUS/CAE environment for
nonlinear folding analysis and linear buckling analysis,
respectively. The specific parameters of the models are
detailed in Sec. 2. The objective function values C(X) and
21(X), as well as the constraint function value FI(X) and
information at the centroid of each element, were extracted
from the two independent result files (.odb). This includes
the failure index, strain energy, and sectional stress of each
element when the RA-WCTH is folded to 45° and the
strain energy of each element in the first buckling mode of
the RA-WCTH. These values are substituted into Egs. (8),
(16), (18), (19) and (20) to calculate the sensitivities of each
objective and constraint function relative to the design vari-
ables, af@ oB@® and of'™. To balance the two optimiza-
tion objectives and the constraint during the optimization
process, this study uses a linear weighted sum method to
aggregate the three independent sensitivities. Before aggrega-
tion, they were normalized to a range of 0-1:

. ax)_cx
—cx) AW
o, 0w )
e, max ~ %, min
. (X)X
(X)) a1 26
o, AW A ( )
e, max %, min
FI(X) __FI(X)
P G Y
o, = N )

%e, max ~ %, min

where the subscripts ‘max’ and ‘min’ represent the maximum
and minimum values of the sensitivities among all elements,

respectively.
The aggregated sensitivity expression is as follows:
—C(X —i (X —FI
o = Wy - O(L,( ) + W, - oc;l( ) ws - a, @ (27)

where the values and meanings of the weighting factors are
consistent with those in Eq. (6).

Observing the sensitivity distribution contour plots in
Fig. 5, it is evident that the peak values of the three sensitivities
overlap significantly but carry different meanings. The first
two imply that to achieve higher stiffness and critical buckling
load for the RA-WCTH, the highlighted region’s elements
need to be retained. The element evolution strategy regarding
the failure index is the opposite. The magnitude of the weight-
ing factors in Eq. (27) determines the emphasis on individual
optimization objectives, while the sign determines the evolu-
tion direction dominated by either retaining or removing
elements.

To ensure mesh independence and avoid the appearance of
checkerboard patterns, the following sensitivity filtering
method was employed in this study:

oy w(rg)oy &
o, = Z/] w / / Zn/(x, (28)
1

w (’"e./')
where r,; is the distance between the e-th element and j-th ele-
ment; o; is the aggregated sensitivity of the element calculated
from Eq. (27); w(r,) is the weighting function used to average
the original sensitivities; ry;, is the filter radius; the weighting
factor #; is independent of the sensitivities and is precomputed
before the optimization iterations; this filter is applied once in
each iteration.

To improve the convergence of the optimization process,

= max (0, rypn — 7o (29)
7

the current sensitivity is averaged with its historical
information:
Aller ~iter—1
+ o,
o = 3 (30)

where iter is the current iteration number.

BESO typically starts with a fully structured design and
gradually reduces the structure’s volume by updating the ele-
ment states. During the iterations, the target volume for the
next iteration ¥'"*!(X) is determined based on the current vol-
ume V"’(X) and the evolution rate ert.

P (X) = (1 —ert) V'(X) (31)

All element information (element sequence number and
corresponding sensitivities e, ) is transferred to the BESO opti-
mizer. Fig. 5 shows the pseudocode for the BESO optimizer
using the bisection method to update the design variables. In
the iter-th iteration, the intermediate threshold o™ between


move_f0025

Cutout design in deployable composite thin-walled structures 13

FEA model

Define design domain

Update Folding Buckling
geometry | |[boundary condition| [boundary condition|
Nonliner Linear
dynamic/implicit eigenvalue buckle
quasi-static solver solver
Delete ( )
elements Sensitivi Tvsi
If: FI(X) <1 elr.liltm_t?/‘(ana ,.-},](S: 1.00
Fixed:V (X) a; "l a,
(0-1 Normalization)<
Weighted sum sensitivity 0.83
@, (X) =, @ @) -
1) @) H0.67
BESO optimizer Evaluate
(Bisection algorithm) obj. func: T(X)
I=a™ h=a™ L=le—6 s.t. func: FI(X) Loso
while (h—1)/h> L: vol func: V' (X) ’
o = ( ™ + g™ ) /2
fore=1toN:
Giter+1) _ 0, if a, < 0‘111‘1Cx No &J‘I(X) o33
T e e Comgres]
end
it 7 (X) > (1-ert)V™(X): 0.17
I=a) Yes
else:h=a,"
end while < Stop > 0
Fig. 5 Multi-objective BESO implementation framework.

the maximum element sensitivity o« and the minimum ele-
ment sensitivity ocg‘i" is first determined. All elements are then
traversed, and the design variables x!'“"*! of elements with sen-
sitivity values less than o are updated to 0, while the design
variables of the remaining elements are updated to 1. This pro-
cess continues until the current target volume (1 — ert) ' (X)
is met. Based on the current distribution of design variables,
elements of the RA-WCTH are removed to update the geomet-
ric model. Before the multi-objective optimization begins in
this study, a very small target volume and evolution rate
(ert) are set to allow BESO to slowly remove elements from
the RA-WCTH. When the structure meets the constraint con-
dition FI(X) < 1, the target volume is reset to the current vol-
ume of the structure. This approach halts further element
reduction in the RA-WCTH by BESO, thus maximizing the
preservation of stiffness and critical buckling load.

The automatic execution and iterative cycling of a series of
modules, including finite element model calculations, post-
processing of computational results, data transfer, BESO opti-
mizer determination of optimal material distribution, and geo-
metric model updates, are implemented by Python code. The
optimization terminates when the failure index of the RA-
WCTH satisfies the constraint conditions and the optimization
objectives meet the convergence criteria, as given by Eq. (32).
In this study, the value of M is set to 5.

€ = }E?il(Tiler—Hl (X') - Tiler—HI—M(X))|
Zle Tixer—i+l (X)

<0.01 (32)

4. Optimization results

4.1. Single-objective optimization results

The switch between multi-objective and single-objective algo-
rithms can be achieved by simply modifying the sensitivity
weighting factors (w;, w,, ws). Before initiating the multi-
objective optimization, Fig. 6 demonstrates the RA-WCTH
cutout’s evolution under the influence of a single sensitivity.
Fig. 6(a) to (c) respectively illustrate the topology optimization
results of RA-WCTH under the exclusive action of the failure

index sensitivity &EI(X) (0,0,1), the bending stiffness sensitivity
&fm( 1,0,0), and the critical buckling load sensitivity

2'"%00,1,0).

As shown in Fig. 6(a), the element removal in RA-
WCTH begins at the concentration area of FI(X), and
the cutout formation spreads outward from this center.
Once the constraint FI™™(X) <1 is satisfied, the volume
of the RA-WCTH no longer decreases, and the cutout
shape becomes stable. After minor shape adjustments, the
final cutout takes an approximately elliptical form. In
Fig. 6(b), the element removal starts with the elements con-
tributing the least to the bending stiffness K,(X). Due to
the absence of failure index sensitivity considerations, the
failure index of RA-WCTH remains high throughout the
iterations compared to Fig. 6(a). In this scenario, a substan-
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Fig. 6 Optimization results of RA-WCTH where only a single sensitivity analysis (FI™ Kyor 4,).
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tial number of elements must be removed to extend the cut-
out from top to bottom, thereby entirely eliminating the
region with a high failure index—an area that also con-
tributes the most to overall stiffness and strain energy
(see Fig. 5). As a result, the RA-WCTH meets the con-
straint conditions but ends up with the lowest volume frac-
tion (62.7%) and the poorest bending stiffness.
Interestingly, this extensive cutout triggers a major shift in
the RA-WCTH’s buckling mode, leading to a critical buck-
ling load far exceeding those shown in Fig. 6(a) and Fig. 6
(¢). In Fig. 6(c), the element removal also starts with the
elements that contribute the least to the critical buckling
load 4;(X). Ultimately, RA-WCTH achieves a series of dis-
continuous elongated cutouts while satisfying the failure
constraints. This optimization result preserves the central
region that contributes the most to 4;(X), thereby exhibit-
ing superior critical buckling load, bending stiffness, and
elastic strain energy compared to Fig. 6(a).

In order to further validate the accuracy of the single-
objective topology optimization model, a comparison was
made among the three optimization outcomes at the 20th iter-
ation, where the volume fraction remained identical. Each
single-objective model exhibited a markedly stronger perfor-
mance in its respective optimization objective relative to the

1.0

A B C D E F G H I

other two models, underscoring the efficiency of the BESO
optimization code and the reliability of the sensitivity model.
Several preliminary conclusions emerge from these observa-
tions: preserving the central region furnishes RA-WCTH with
higher bending stiffness and elastic strain energy, whereas a
larger cutout may trigger abrupt shifts in local buckling modes
that result in unpredictable variations in the critical buckling
load. Consequently, relying solely on single-objective topology
optimization impedes the attainment of an optimal RA-
WCTH cutout, thus highlighting the need for guidance from
all three sensitivities and careful consideration of weighting
ratios to achieve a fully optimized outcome.

4.2. Multi-objective optimization results

Subsequently, two types of bi-objective topology optimiza-
tion studies were conducted on RA-WCTH: maximizing
bending stiffness and minimizing the failure index until the
maximum failure index across all elements was less than 1,
corresponding to the weight coefficients (w;, 0, w3) in Eq.
(6); and maximizing the critical buckling load and minimiz-
ing the failure index until the maximum value across all ele-
ments was less than 1, corresponding to the weight
coefficients (0, w», w3) in Eq. (6).
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Fig. 7  Effect of weighting factors on optimization results (bi-objective: minimum FI™ and maximum Kj).
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Fig. 8 Effect of weighting factors on optimization results (bi-objective: minimum F

Fig. 7(a) shows the optimized cutout designs of RA-WCTH
for nine different weight coefficient ratios for the first single-
objective optimization problem, and Fig. 7(b) presents the cor-
responding performance for each optimized design. The results
indicate that as the bending stiffness weight factor increases
and the failure index weight factor decreases, the cutout edges
exhibit a trend of initially contracting towards the center and
then expanding upwards. Along with this trend, the optimized
bending stiffness shows a pattern of initially increasing and
then decreasing. Fig. 8(a) and (b) show the nine optimized
designs and corresponding performance for the second
single-objective optimization problem. As the buckling load
weight factor increases and the failure index weight factor
decreases, the cutout edges first contract towards the center
and then begin to expand longitudinally on both sides of the
midpoint, eventually stabilizing in a discontinuous strip-like
form.

It is evident that both Fig. 7 and Fig. 8 show a relatively
stable interval. Within this interval, the cutout designs and
objective function values are very close, specifically (0.4, 0.0,
0.6) — (0.7, 0.0, 0.3) and (0.0, 0.5, 0.5) — (0.0, 0.9, 0.1), respec-
tively. The first interval exhibited the best bending stiffness
performance and the worst critical buckling load, while the
second interval showed the opposite. This demonstrates the
effectiveness of the topology optimization model presented in
this paper for single-objective optimization problems.

™ and maximum A,).

Finally, the multi-objective optimization problem repre-
sented by Eq. (6) is formally solved, and the influence of the
synergistic effect of the three weighting factors (wy, wy, ws)
on the topology optimization results is analyzed. Fig. 9(b) pre-
sents the response values of the optimization objectives and
constraint functions for the 45 optimized designs. Notably,
the maximum failure index for all designs is below 1, and a
clear Pareto front is projected onto the horizontal plane
Kb(X) — 41 (X). Fig. 9(c) provides an enlarged view of this Par-
eto front, highlighted with gray curves. Based on the similari-
ties in the location, quantity and shape of the cutouts, the 45
optimized designs are categorized into seven clusters, each dis-
tinguished by a different color. Clusters 1, 2, 5, 6, and 7 con-
tribute to the construction of the Pareto front, while Clusters
3 and 4 reside within the envelope region. A total of eleven rep-
resentative designs (A—K) are selected to illustrate the general
patterns of notch variations. Along the Pareto front, it is
observed that improving one objective necessitates compromis-
ing another. Specifically, Cluster 1 is closest to the upper limit
of 2;(X), Cluster 6 is nearest to the upper limit of K;(X), and
Clusters 5 and 7 lie between these two extremes, reflecting a
trade-off between the two optimization objectives. Taking
Design E from Cluster 7 as the central point of the Pareto
front, the designs distributed to the left tend to remove mate-
rial from the RA-WCTH’s strain concentration regions and
their surroundings, resulting in cutouts with larger surface
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Fig. 9 Multi-objective topology optimization results.

areas. This configuration induces a transition in the RA-
WCTH’s original buckling mode, leading to an optimized out-
come with high critical buckling load but low bending stiffness.

Conversely, designs distributed to the right of Design E
favor retaining a larger area of material at the RA-WCTH cen-
ter and symmetrically arranging discontinuous cutouts from
top to bottom on both sides. This results in an optimized con-
figuration with low critical buckling load but high bending
stiffness. These observations are consistent with the patterns
demonstrated in the earlier single-objective and dual-
objective optimization results. Although the current Pareto
front’s continuity is not perfect, it is believed that further
reducing the sampling interval of the weight factors will enrich
and clarify the Pareto front, which will be addressed in future
research. Nevertheless, the elucidated patterns already provide

Table 5 Width range of narrow strip on RA-WCTH.

sufficient theoretical foundations for engineering design.
Utilizing the ideal point method,”” an imaginary utopian point
is constructed in Fig. 9(b) based on KJ'**(X) and A7 (X). The
optimized design with the shortest Euclidean distance to this
utopian point on the Pareto front is considered the optimal
design for RA-WCTH multi-objective topology optimization,
as illustrated by Design I in Fig. 9(a).

Scale effects are critical considerations in the fabrication of
thin-walled structures using composite laminated plates. Dif-
ferent types and size ranges of laminated plates may exhibit
varying scale effects. For example, unidirectional composites
with sizes ranging from 50.8 mm to 12.7 mm demonstrate
increased stiffness and strength as size decreases. In contrast,
the [45], Astroquartz® laminates used in this study exhibit
the opposite trend within the range of 1 to 15 wavelengths

Cluster 1 2 3 4 5 6 7

Max width (mm) 2.16 0 0 2.98 1.29 3.32 391
Min width (mm) 1.13 0 0 0.13 0.48 1.03 0.17
Average width (mm) 1.74 0 0 1.19 0.86 2.19 2.46
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Fig. 10 Comparison of optimization results among multi-objective BESO, bi-objective BESO and Level-Set.*’

(unit wavelength: 1 mm).*” This discrepancy is attributed to
defects such as the heat-affected zone, fiber pull-out, delamina-
tion, and dry spots generated during the laser cutting process.
Therefore, it is essential to evaluate the dimensions of the nar-
row strips in all optimized designs, as shown in Fig. 9(d), to
prevent performance degradation in practical engineering
applications due to scale effects. Table 5 summarizes the max-
imum, minimum, and average widths of the strips for all
designs within the seven clusters. In Clusters 2 and 3, which
consist of designs similar to Design J and Design C in Fig. 9
(c), no narrow strips were observed.

In Clusters 4, 5 and 7 designs exhibited strips with widths
smaller than one wavelength. Considering the average machin-
ing precision of the laser cutter, such designs will be excluded.
The optimal design I has a minimum strip width of 2.34 mm,
which is within the machining precision range.

Table 6 Size-scaling parameters of [45], laminates.*’

Strip width (mm) F5 (N/mm) Fi. (N/mm) p

15.00 14.55 34.50 1.00
3.00 10.34 29.07 0.90
2.00 6.91 25.94 0.74
1.50 6.76 25.70 0.72
1.00 4.27 19.37 0.52

Note: Wavelength of [45], Astroquartz® laminate: 1 mm.

Next, this multi-objective optimization result is compared
with the two bi-objective BESO topology optimization
results. The results are exciting. Fig. 10(b) shows the bend-
ing moment evolution curves of RA-WCTH under three dif-
ferent optimization schemes as the folding angle increases.
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The RA-WCTH optimized by multi-objective BESO exhibits
the highest bending stiffness, with its corresponding purple
curve having the largest enclosed area, indicating that when
folded to 45°, the RA-WCTH stores the most elastic strain
energy and thus possesses the strongest self-deployment
capability. Fig. 10 (c) presents the failure index distribution
and buckling mode of the RA-WCTH when folded to 45°
for different optimization designs. For clarity, only the mid-
dle section of the structure is shown. The results indicate
that the material failure risk is mainly concentrated at the
edges of the cutouts, but after optimization, the failure
indices for all designs are reduced below the safety thresh-
old. Moreover, the multi-objective optimized design also
has the highest critical buckling load. The optimal cutout
design obtained using the Level-Set method proposed by
Ferraro®® is used as the benchmark for validating the effec-
tiveness of the proposed method in this study. The black
dashed line in Fig. 10 (b) represents the quasi-static bending
experimental test results of the optimal design obtained by
Level-Set, while the red curve shows the simulation results
computed using the finite element model established in this
study. The two closely match, proving the reliability of the
numerical model and optimization results. The right side
of Fig. 10 (c) shows the optimal cutout layout obtained
by Level-Set, along with the corresponding bending stiffness,
critical buckling load, and stored strain energy.

Under the failure constraint, the optimized design (Fig. 10
(a)) enhances both bending stiffness and critical buckling load
by 107.75% and 420.47%, respectively. Regardless of whether
considering the single-objective optimization results (Fig. 0),
the bi-objective optimization results (Fig. 7 and Fig. 8), or
the multi-objective optimization results (Fig. 10), the stored
strain energy of the RA-WCTH consistently exhibits a positive
correlation with bending stiffness. Furthermore, the optimal
design also results in a notable 34.05% increase in this energy
metric.

The minimum strip width of the Level-Set optimized results
is 1 mm. In preliminary studies on scale effect verification, it
was found that considering the actual strength parameters
shown in Table 6 does not affect the macroscopic structural
response (Fig. 10(b)). However, significant differences were
observed in the failure assessments. After accounting for scale
effects, the maximum failure index of RA-WCTH increased
from 0.839 to 2.664. Damage appeared in a 0.2 mm2 area
within the narrow strip of RA-WCTH, which occupies a very
small portion of the strip’s total area. Based on X-ray CT scans
combined with RA-WCTH bending tests, this minimal dam-
age does not compromise the structural integrity or macro-
scopic performance. In contrast, the optimal design obtained
in this study (Fig. 10(a)) has a minimum strip width of
2.34 mm, which is more than twice the Level-Set result
(2.34 mm vs. 1 mm). This increase further mitigates scale
effects, thereby enhancing the reliability of the optimization
results.

5. Conclusion

Foldable, storable, and self-deployable thin-walled composite
shell structures with cutouts have enormous potential in
deployable structures. It is well-established that the position,
number, and shape of cutouts have a significant impact on

the folding, deployment, and load-bearing performance of
these structures. Achieving comprehensive consideration of
these design elements while optimizing multiple performance
metrics poses a significant challenge to both dimensional and
shape optimization. The topology optimization method based
on element density design variables offers a new approach to
reshaping the void-solid regions of structures from the perspec-
tive of material re-distribution, providing new inspiration for
the cutout design of deployable thin-walled composite shell
structures. However, existing topology optimization models
struggle to directly address the complex anisotropy, failure
constraints, and buckling stability of woven composites, mak-
ing this a relatively unexplored topic in deployable composite
thin-walled shell structures.

The explicit contribution of this study is the development
of a multi-objective topology optimization method specifi-
cally designed for DCTWS cutouts design. This method
aims to maximize the bending stiffness, stored strain energy,
and critical buckling load of the structure while satisfying
the failure constraints of woven composite materials—some-
thing that current specialized topology optimization tools or
integrated modules in commercial software cannot achieve.
Starting from the elastic constitutive model of the ABD
matrix for woven composite laminates, explicit sensitivity
expressions for structural stiffness (compliance), critical
buckling load, and the modified Tsai-Wu failure criterion
are derived. These expressions were then linearly aggregated
to construct a multi-objective topology optimization model
capable of switching across various optimization problems.
This model was applied to the cutout design of a complex
DCTWS structure, specifically the RA-WCTH. The impact
of weight factors on cutout design and optimization objec-
tives is thoroughly discussed. By exploring a wide range of
weighting schemes, a Pareto front for RA-WCTH is con-
structed and six representative cutout designs are clustered.
A comparison with the optimization design and experimen-
tal results from existing literature on RA-WCTH demon-
strated that the proposed method offers a broader design
space and superior optimization performance, thereby vali-
dating the correctness and advantages of the topology opti-
mization model presented in this study.

More importantly, this topology optimization theory was
successfully integrated with commercial finite element software
ABAQUS via Python scripts, enabling flexible switching
between optimization problems and extending its application
to lightweight or cutout optimization of various DCTWS. This
work not only expands the theoretical framework of topology
optimization for anisotropic thin-shell structures but also con-
tributes to advancing the integration of topology optimization
theory with engineering software.

The limitations of the proposed method and future direc-
tions for improvement are outlined. Firstly, it has been prelim-
inarily applied to RA-WCTH structures with a small folding
angle (45 deg). Extending it to other DCTWS structures, such
as high-strain deployable systems with a 180 deg folding
angle,'™"® may face convergence challenges. Secondly, in
deriving the sensitivity for the failure index, the adjoint vector
was omitted. Enhancing numerical stability and developing a
sensitivity model that incorporates the adjoint vector for aniso-
tropic shell failure criteria are critical future steps. Addition-
ally, while the linear weighted aggregation method is widely
used in multi-objective topology optimization, constructing a
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well-distributed Pareto front requires exploring many weight
combinations, leading to high computational costs and
reduced efficiency. Future research will focus on three areas:
(1) integrating configuration-based clustering to develop adap-
tive weighting strategies for improved diversity and effi-
ciency,”® (2) combining sampling methods with machine
learning to create surrogate models for faster Pareto front pre-
diction and (3) developing advanced algorithms, such as IGA
and MMC,”” tailored for anisotropic shell elements to
reduce design variables and produce structures with clear
boundaries. These improvements will expand the applicability
of topology optimization to a wider range of DCTWS
structures.
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