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Abstract

Flexible honeycomb skins offer a promising route for achieving continuous shape adap-
tation in morphing aircraft. In practical service, however, the skin must simultaneously
accommodate large in-plane deformation while maintaining sufficient out-of-plane load-
bearing capacity, which poses a fundamental design challenge. To address this trade-off,
this study investigates an SMA-based U-shaped honeycomb under combined tensile de-
formation and aerodynamic pressure. A parametric finite element model incorporating
SMA superelasticity is established, and an automated Abaqus–modeFRONTIER frame-
work is developed for multi-objective optimization under dual loading conditions. The
curvature radius, parallel-segment length, and middle-beam length are selected as design
variables. The optimization objectives are defined as minimizing the maximum local strain
under a prescribed tensile displacement and reducing the Z-direction displacement under
aerodynamic loading as an indicator of out-of-plane bending resistance. The resulting
Pareto front reveals the trade-off between flexibility and load-bearing capacity, and the
sensitivities of the key geometric parameters are analyzed. Compared with the initial
design, a representative optimized solution reduces the maximum local strain by 58.5%
and the Z-direction displacement by 61.3%. These results provide a numerical basis for the
design of SMA-based flexible skins for morphing aircraft.

Keywords: shape memory alloy; flexible skin; honeycomb structure; finite element analysis;
multi-objective optimization

1. Introduction
Morphing aircraft can continuously alter the aerodynamic profile of their wings,

thereby enabling improved aerodynamic matching under different flight conditions [1,2].
As a key deformable and load-bearing component of a morphing wing, the flexible skin
must satisfy two inherently conflicting requirements. On the one hand, it should pos-
sess high in-plane compliance to accommodate large tensile deformation. On the other
hand, it must retain sufficient out-of-plane stiffness to resist local collapse and instability
under aerodynamic loading [3,4]. Conventional homogeneous materials usually cannot
reconcile these contradictory demands, which has driven growing interest in mechanical
metamaterials with tailorable responses.
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Among the various metamaterial topologies, zero-Poisson’s-ratio (ZPR) honeycomb
structures have attracted extensive attention because of their distinctive deformation-
decoupling capability [5–8]. Common ZPR configurations, such as accordion, re-entrant,
and U-shaped honeycombs, can maintain negligible transverse deformation under uniaxial
in-plane tension and are therefore highly attractive for preserving aerodynamic shape
during morphing [9,10]. Nevertheless, although ZPR topologies provide an appropriate
geometric basis for flexible skins, the low recoverable strain of conventional substrate mate-
rials, such as polymers and ordinary metals, still limits their practical large-deformation
capacity [11,12].

To overcome the intrinsic limitations of conventional base materials, shape memory
alloys (SMAs) have emerged as promising candidates for flexible honeycomb skins because
of their outstanding superelasticity [13–16]. Compared with traditional metallic materials,
SMAs exhibit a much higher recoverable strain limit and can achieve complete deformation
recovery through stress-induced martensitic phase transformation [17–20]. Incorporat-
ing SMAs into ZPR honeycomb structures not only retains the topology-enabled shape-
preserving behavior but also significantly enlarges the deformation range and enhances
structural load-bearing capability through the material’s superelastic response [21–23].

Although ZPR metamaterials are theoretically well suited for large deformation, their
practical application in aerospace flexible skins remains challenging [24–26]. Existing
studies have largely focused on topology design under single loading conditions, which
makes it difficult to satisfy the dual requirements of large deformability and high load-
bearing capacity simultaneously. Once SMA materials are introduced, the coupling between
phase-transformation nonlinearity and geometric nonlinearity further complicates the
design process, rendering traditional trial-and-error strategies inefficient for performance
customization within a large design space. Chang et al. [27] developed a petal-shaped
zero-Poisson’s-ratio honeycomb with tunable bidirectional mechanical properties and
further established an efficient automated inverse design framework by integrating an
artificial neural network (ANN). Lu et al. [10] proposed a novel symmetry-asymmetric
re-entrant (SARE) honeycomb by introducing symmetry-broken subcells, which effectively
overcame the intrinsic trade-off in conventional honeycomb structures, where stiffness
enhancement is typically achieved at the expense of auxetic performance. Inspired by the
locomotion mechanism of jellyfish, Wang et al. [28] designed a biomimetic zero-Poisson’s-
ratio structure based on CF/PEEK composites, achieving up to 100% recoverable large
deformation together with excellent shape-recovery capability. Chang et al. [29] also
established a data-driven model combining a back-propagation (BP) neural network with
a genetic algorithm (GA), enabling an efficient and accurate mapping from target zero-
Poisson’s-ratio properties to complex microstructural parameters.

Nevertheless, existing studies on ZPR honeycombs have mainly focused on topology
development and mechanical characterization under single loading conditions, while
studies on SMA-based flexible skins have primarily emphasized the benefits of superelastic
materials for large recoverable deformation. In addition, recent optimization and inverse-
design studies have improved the design efficiency of honeycomb structures, but they have
mostly been developed for conventional cellular materials or simplified target properties.
As a result, systematic multi-objective optimization studies that simultaneously consider
both in-plane tensile deformation and out-of-plane load-bearing performance for SMA-
based honeycomb structures remain scarce, which substantially limits their application
potential under complex service conditions [30,31].

To address this gap, the present study investigates an SMA-based U-shaped honey-
comb as a representative ZPR topology for flexible morphing skins and tailors its mechan-
ical response through a multi-objective optimization strategy. A parametric geometric
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model and a finite element model incorporating SMA superelasticity are first established.
An automated co-simulation platform driven by Python3.13 scripts is then developed by
coupling Abaqus6.14 with modeFRONTIER. Under the combined requirements of in-plane
stretching and out-of-plane loading, the MOGA-II algorithm is employed to quantify and
optimize the trade-off between maximum structural strain and out-of-plane bending resis-
tance. Finally, the Pareto-optimal solution set and parameter sensitivity are analyzed, and
three representative design schemes are comparatively discussed to provide a numerical
basis for the design of flexible morphing skins.

2. Structural Design and Parametric Analysis
2.1. Structural Design of the U-Shaped Honeycomb

As shown in Figure 1, the analyzed geometry is a finite 2 × 2 honeycomb array
constructed by repeating the U-shaped unit cell. To satisfy the requirements of zero-
Poisson’s-ratio behavior and large deformability in flexible skins, a U-shaped honeycomb
topology based on curved ligaments is selected for optimization [32]. In this configuration,
the conventional inclined ligaments are replaced by U-shaped members with prescribed
curvature, allowing the structure to deform primarily through progressive flattening of the
curved segments during in-plane tension [30,33,34].

Figure 1. Geometry of the U-shaped honeycomb: (a) Overall Structure; (b) unit cell.

Among various ZPR topologies, the U-shaped honeycomb is selected because its
curved-ligament geometry is well suited to flexible morphing skins. Under in-plane tension,
the structure deforms mainly through progressive flattening of the curved segments, which
is beneficial for accommodating large deformation while maintaining the ZPR characteristic.
In addition, its geometry can be conveniently parameterized by R, L, and D, which makes
it suitable for the present multi-objective optimization of flexibility and out-of-plane load-
bearing capacity.

Figure 1 shows the overall configuration and the geometric definition of the U-shaped
honeycomb unit cell. To improve clarity, all characteristic dimensions are labeled consis-
tently in the figure. The unit-cell geometry is parameterized by three main variables: the
curvature radius R, the parallel-segment length L, and the middle-beam length D. Here,
R defines the curvature of the U-shaped transition region, L denotes the length of the
two parallel straight segments, and D represents the longitudinal length of the middle
connecting beam between the two curved segments. These three parameters were selected
as the design variables in the subsequent optimization because they directly control the
geometric deformation mode of the cell as well as the trade-off between in-plane flexibility
and out-of-plane load-bearing capacity. The wall thickness was fixed at t = 2 mm and was
not treated as a design variable in the present optimization. Other geometric quantities
shown in Figure 1 are kept constant throughout the study unless otherwise specified.

2.2. Constitutive Model of the Shape Memory Alloy

The SMA substrate was used to exploit its superelastic response under large recover-
able deformation. Since the mechanical behavior of SMAs is governed by stress-induced
phase transformation between austenite and martensite, a nonlinear constitutive descrip-
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tion is required in the finite element analysis. In this study, the built-in superelastic
constitutive model available in Abaqus was adopted to represent the material behavior of
the SMA [35].

Under the isothermal condition considered in this study, the total strain can be decom-
posed into elastic strain and transformation strain.

ε = εel + εtr (1)

where ε is the total strain, εel is the elastic strain, and εtr is the transformation strain
associated with the stress-induced phase transformation.

The superelastic response of the SMA is characterized by the elastic moduli of the
austenite and martensite phases, EA and EM, the Poisson’s ratio ν, the maximum transfor-
mation strain εL, and the critical stresses for forward and reverse transformation. Specifi-
cally, σS

tL and σE
tL denote the start and finish stresses of the forward transformation from

austenite to martensite, whereas σE
tL and σE

tL denote the start and finish stresses of the
reverse transformation during unloading. The material parameters used in the simulations
are listed in Table 1, where EA and EM are given in MPa, εL is dimensionless, and the
transformation stresses are also given in MPa.

Table 1. Material properties of the SMA used in the simulation.

Parameter Value

Austenite elastic modulus EA(MPa) 33,000
Martensite elastic modulus EM(MPa) 32,000

Poisson’s ratio ν 0.33
Maximum transformation strain εL 0.0171

Start stress of forward transformation σS
tL(MPa) 294

Finish stress of forward transformation σE
tL(MPa) 1355.17

Start stress of reverse transformation during unloading σS
tU(MPa) 686.4

Finish stress of reverse transformation during unloading σE
tU(MPa) 0

In the present study, this constitutive model was used together with geometric non-
linearity in Abaqus to simulate the superelastic response of the SMA-based U-shaped
honeycomb under tensile deformation and aerodynamic loading. The material definition
was implemented using the built-in superelastic SMA formulation in Abaqus rather than a
user-defined material subroutine. Accordingly, this subsection is intended to clarify the
constitutive description, the main assumptions adopted in the simulation, and the material
parameters used in the finite element model.The stress-strain curve is presented in Figure 2.

Figure 2. Superelastic stress–strain response of the SMA.
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2.3. Boundary Conditions and Loading Cases

In the present study, the finite 2 × 2 honeycomb array is treated as a representative
local segment of a morphing skin integrated into an aircraft wing, rather than as a full
wing-scale structural model. Boundary conditions and external loads are applied directly
to the finite array so that the responses of the edge cells are explicitly included rather than
idealized through periodic boundary conditions. This simplified model is intended to
capture the two primary mechanical requirements of the flexible skin in service, namely
in-plane extensibility during wing morphing and out-of-plane load-bearing capacity under
aerodynamic loading. Accordingly, separate analysis steps are established for these dual
operating conditions. For the tensile loading case, which represents the deformation
demand induced by wing morphing, all degrees of freedom at the bottom boundary are
fixed, while a prescribed displacement is applied along the loading direction at the top
boundary. This loading step is used to evaluate the maximum local strain of the honeycomb
under a specified deformation level.The boundary conditions are shown in Figure 3.

Figure 3. Boundary conditions under tensile loading.

For the aerodynamic loading case, a uniformly distributed normal pressure is applied
to the upper surface of the structure to characterize the out-of-plane bending response. The
resulting displacement in the thickness direction is used to assess the out-of-plane bending
stiffness of the flexible skin.The boundary conditions are shown in Figure 4.

Figure 4. Boundary conditions under aerodynamic pressure.

2.4. Parametric Modeling

Multi-objective optimization requires a large number of iterations and sample evalu-
ations. To improve computational efficiency, a Python-driven parametric modeling pro-
cedure was established. In this workflow, the geometric parameters of the U-shaped
honeycomb are written to external files, and Abaqus is automatically called to reconstruct
the geometry, assign material properties, generate the mesh, apply boundary conditions,
and submit analysis jobs. This automated procedure provides the computational basis for
the subsequent co-simulation and multi-objective optimization.The detailed procedure is
depicted in Figure 5.
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The finite element simulations were performed in Abaqus using a 3D model of the
finite 2× 2 honeycomb array. The structure was discretized with C3D8R elements. A global
seed size of 0.25 was used for meshing. During the optimization process, the same element
type and meshing strategy were adopted for all configurations. Because the geometry was
updated automatically during the parametric optimization, the exact number of elements
could vary slightly among different configurations after remeshing.

Figure 5. Workflow of the automated co-simulation framework.

3. Multi-Objective Optimization Algorithms
3.1. Establishment of the Co-Simulation Platform

To improve the efficiency of structural optimization for complex nonlinear problems,
a fully automated co-simulation platform integrating Abaqus and modeFRONTIER was
established. In this platform, Python scripts were used to enable data exchange and
workflow control between the finite element solver and the optimization software, thereby
forming an automated optimization loop. The specific process is shown in Figure 6.

Figure 6. Workflow of the multi-objective co-simulation and optimization framework.

Abaqus was employed to perform the structural simulations and solve the nonlinear
response of the SMA-based U-shaped honeycomb under dual loading conditions. Through
the Abaqus Python API, the geometric parameters were updated automatically, and the
simulation jobs were submitted iteratively. After each analysis, key response quantities,
including the maximum structural strain and the Z-direction displacement, were extracted
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and stored automatically. modeFRONTIER served as the optimization driver and ex-
ecuted the global search process using the built-in MOGA-II algorithm. Based on the
extracted response data, new design variables were generated and passed back to the
Python script, thus establishing a closed-loop workflow for automated co-simulation and
multi-objective optimization.

3.2. Selection of the Optimization Algorithm

The design of flexible skins involves two conflicting requirements, namely large de-
formability and high out-of-plane load-bearing capacity, which can be formulated as a
multi-objective optimization problem. In the present study, MOGA-II was adopted because
it is suitable for nonlinear problems with competing objectives and can provide a diverse
set of Pareto-optimal solutions in a single optimization run. In addition, the structural
response of the SMA-based U-shaped honeycomb is governed by both material and geo-
metric nonlinearities, which makes gradient-based methods less suitable for the present
optimization problem. MOGA-II was implemented through the built-in optimization
module in modeFRONTIER.

The population size was set to 20, and the maximum number of generations was set
to 25. These settings were selected empirically as a compromise between optimization
efficiency and computational cost, because each design evaluation requires nonlinear finite
element simulations under dual loading conditions. An elitist strategy was employed
to preserve the best solutions during the evolutionary process. Although a systematic
parameter-tuning study was not carried out in the present work, the adopted settings
were considered sufficient to obtain a representative Pareto solution set for the current
design problem.

3.3. Definition of the Optimization Model

The optimization problem was formulated based on the geometric characteristics of
the U-shaped honeycomb and their influence on mechanical performance. The curvature
radius R, the parallel-segment length L, and the middle-beam length D were selected as the
design variables. Their ranges were defined as:

1 ≤ R ≤ 2 (2)

15 ≤ L ≤ 30 (3)

1 ≤ D ≤ 4 (4)

where R, L, and D are all given in mm.
Considering the dual requirements of in-plane tensile deformation and out-of-plane

aerodynamic loading, two competing objective functions were defined. The first objective
was to minimize the maximum structural strain under the prescribed tensile displace-
ment, namely

min f1(R, L, D) = εmax (5)

where εmax is the maximum local strain in the honeycomb and is dimensionless. The
second objective was to minimize the Z-direction displacement under aerodynamic load-
ing, namely

min f2(R, L, D) = uz (6)

where uz is the out-of-plane displacement in the Z direction and is given in mm. Since a
smaller Z-direction displacement corresponds to higher out-of-plane bending stiffness, mini-
mizing uz is equivalent to improving the out-of-plane load-bearing capacity of the structure.
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To ensure structural safety, a strain constraint was imposed such that

subject to εmax ≤ 4% (7)

where 4% denotes the allowable superelastic strain limit of the SMA.
Accordingly, the multi-objective optimization problem can be written in standard

form as 
min f1(R, L, D) = εmax

min f2(R, L, D) = uz

subject to εmax ≤ 4%
(8)

4. Pareto Front Analysis and Discussion
This section presents a detailed analysis of the results obtained from the multi-objective

optimization, including the characteristics of the Pareto front, the sensitivity of the design
parameters to the optimization objectives, and the mechanical performance comparison of
representative design points. The aim is to provide both theoretical insight and technical
support for the structural design of flexible skins.

4.1. Pareto Front Analysis

Figure 7 presents the Pareto front obtained using the MOGA-II algorithm. The hori-
zontal axis represents the maximum structural strain under a prescribed in-plane tensile
displacement, whereas the vertical axis represents the Z-direction displacement of the
flexible skin under a constant aerodynamic load. In this study, the Z-direction displacement
is used as an indicator of the out-of-plane load-bearing capacity of the structure, such
that a smaller displacement corresponds to stronger out-of-plane load-bearing capacity.
The red curve represents the Pareto front, and each point on this front corresponds to a
non-dominated solution, meaning that one objective cannot be further improved with-
out sacrificing the other. The Pareto front clearly reveals the trade-off between in-plane
deformability and out-of-plane bending resistance. As the Z-direction displacement de-
creases, the overall structural strain tends to increase, indicating that achieving an ideal
balance between large deformability and high out-of-plane load-bearing capacity remains
challenging for the present U-shaped topology.

The distribution of the Pareto front further demonstrates the strong competition
between out-of-plane load-bearing capacity and local in-plane strain. The upper-left region
of the curve corresponds to the minimum-strain solutions, representing highly flexible
designs. In this region, the local strain under tensile loading is reduced to approximately
2%, but at the cost of markedly weakened resistance to aerodynamic loading, with the
Z-direction displacement increasing to nearly 5 mm. In contrast, the lower-right region
corresponds to the minimum Z-direction displacement solutions. Here, the Z-direction
displacement is significantly suppressed to about 0.2 mm, whereas the local structural
strain increases to more than 10%, far exceeding the allowable strain range of the SMA.
This result suggests that pursuing bending stiffness alone would inevitably induce severe
stress concentration in the honeycomb under tensile loading.

The green dashed line in Figure 7 denotes the strain-constraint boundary of the SMA.
As shown by the distribution of the design points, many solutions with low-Z-direction
displacement fall into the failure region on the right side of this boundary. This indicates
that, under practical service conditions, such low Z-direction displacement configurations
would fail during large deformation because the local strain exceeds the allowable supere-
lastic strain of the SMA. Therefore, the truly feasible optimal solutions must be confined to
the safe design domain on the left side of the strain-constraint boundary.
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Figure 7. Pareto front of the multi-objective optimization.

Compared with the initial honeycomb design, the optimized solutions located in the
lower-left region of the figure achieve a more favorable performance compromise. On
the Pareto front, this improvement is manifested by an overall shift in the solution set
toward a better region, namely, lower Z-direction displacement at the same level of in-plane
flexibility, or greater stretchability at the same level of Z-direction displacement. These
results clearly demonstrate the effectiveness of the proposed multi-objective optimization
strategy in resolving the conflicting design requirements of flexible skins.

4.2. Parameter Sensitivity Analysis

To gain deeper insight into the roles of the design variables in governing the mechan-
ical performance of the U-shaped honeycomb, a sensitivity analysis was performed on
the three key geometric parameters, namely the curvature radius R, the parallel-segment
length L, and the middle-beam length D. By correlating the distribution of these variables
along the Pareto front with the corresponding responses of the objective functions, the
individual and coupled effects of the geometric parameters on the structural behavior of
the honeycomb can be systematically characterized.

4.2.1. Effect of the Parallel-Segment Length L

As shown in Figure 8, the parallel-segment length L has a pronounced influence on
structural flexibility. As L increases, the geometric expansion space of the unit cell in the
loading direction becomes larger, allowing local deformation to be redistributed over a
wider region. As a result, the strain concentration in the curved and connecting regions
is alleviated, leading to a reduction in the maximum structural strain. This indicates
that increasing L is beneficial for improving the in-plane deformation compatibility and
stretchability of the structure.
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Figure 8. Effect of the parallel-segment length L.

However, a larger L also increases the unsupported span under out-of-plane load-
ing, making bending deformation more likely to occur. Consequently, the Z-direction
displacement increases, and the out-of-plane bending stiffness decreases. Therefore, L is an
important parameter affecting both flexibility and load-bearing capacity. Although a larger
L helps reduce strain, it also weakens the out-of-plane stability of the structure. In practical
design, its value should be selected within a reasonable range to achieve a balance between
large deformability and structural stiffness.

4.2.2. Effect of the Middle-Beam Length D

As shown in Figure 9, the middle-beam length D is a key parameter governing the
overall support characteristics of the honeycomb and is particularly sensitive to the out-
of-plane response. As D increases, the effective support spacing under transverse loading
becomes larger, and the relative density of the structure decreases, which intensifies the
out-of-plane bending deformation. As a result, the Z-direction displacement increases
markedly, indicating a significant reduction in out-of-plane bending stiffness.

Figure 9. Effect of the middle-beam length D.

Under in-plane tensile loading, increasing D can also enlarge the overall deformation
coordination space of the unit cell, thereby redistributing part of the local deformation
and slightly reducing the maximum strain. Nevertheless, this beneficial effect is secondary
compared with its strong influence on the out-of-plane displacement. Therefore, D should
primarily be regarded as a stiffness-dominant parameter. In the optimization process, its
upper bound should be carefully controlled to ensure sufficient shape-retention capability
of the flexible skin under aerodynamic loading.
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4.2.3. Effect of the Curvature Radius R

As shown in Figure 10, the curvature radius R mainly affects the local stress distribu-
tion in the transition region of the U-shaped curved beam. As R increases, the geometric
transition becomes smoother, resulting in a more uniform load-transfer path and a reduc-
tion in local stress concentration. Accordingly, the maximum structural strain decreases.
This suggests that R is a key parameter for suppressing local strain peaks and improving
the structural safety of the honeycomb.

Figure 10. Effect of the curvature radius R.

On the other hand, a larger R also weakens the geometric constraint provided by
the curved beam to some extent, making local bending more likely to develop under out-
of-plane loading and thereby increasing the Z-direction displacement. Compared with
D and L, however, the influence of R on the overall out-of-plane stiffness is relatively
less pronounced. Thus, R is better considered as a fine-tuning parameter for mitigating
local strain concentration rather than a dominant parameter controlling the global load-
bearing capacity.

4.3. Discussion

Overall, increasing L, D, or R contributes to reducing the maximum structural strain,
but at the expense of a larger Z-direction displacement. This trend reflects the intrinsic
trade-off between in-plane large deformability and out-of-plane load-bearing capacity in
the U-shaped honeycomb. Among the three parameters, D is the most influential with
respect to the out-of-plane displacement and primarily governs the global stiffness of the
structure. L significantly affects both strain and displacement and therefore serves as a key
parameter in regulating structural flexibility. In contrast, R mainly controls the local strain
distribution and is effective in alleviating stress concentration.

Therefore, in the optimization design of the flexible skin, the out-of-plane deformation
level should first be controlled by limiting D. On this basis, L can be adjusted to tune the
overall deformability, while R can be further optimized to suppress local strain concentra-
tion. Such a design strategy is beneficial for achieving a rational balance between flexibility
and load-bearing capacity.

4.4. Comparison of Representative Design Points

To further clarify the engineering significance of the Pareto-optimal solutions, three
representative design schemes are selected for comparison: a high-stiffness design, a
balanced-compromise design, and a high-flexibility design. Their corresponding geometric
parameters and response values are summarized in Table 2.
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Table 2. Parameters and responses of representative design points.

Design Type L (mm) R (mm) D (mm) Strain
Z-Direction

Displacement
(mm)

Initial design 15 2 2 4.92% 5.68

High-stiffness
design 20.89 1.96 1.65 3.53% 1.17

Balanced-
compromise

design
30 1.92 1 2.04% 2.20

High-flexibility
design 29.92 1.97 3.49 1.99% 4.96

According to the distribution characteristics of the Pareto front, three representative
design points, namely, the high-stiffness, balanced-compromise, and high-flexibility config-
urations, were selected for comparative analysis to further clarify the mechanical response
characteristics and engineering applicability of the U-shaped honeycomb under different
parameter combinations.

The high-stiffness design point is located in a region of the Pareto front with relatively
high out-of-plane bending stiffness. Such configurations generally exhibit a more compact
geometric arrangement, which leads to a more efficient load-transfer path and stronger
out-of-plane support. Under this design, the U-shaped honeycomb can effectively resist
external aerodynamic loads and is therefore suitable for applications requiring high load-
bearing capacity and strong shape-retention capability. However, owing to its relatively
high overall stiffness, the in-plane deformation compatibility is reduced, and a larger
actuation force is generally required to achieve large deformation.

The balanced-compromise design point is located in the region of the Pareto front
and represents a favorable balance between out-of-plane bending stiffness and in-plane
deformability. Its geometric characteristics are typically the result of coordinated optimiza-
tion of the parallel-segment length, curvature radius, and middle-beam length. Under
this design, the U-shaped honeycomb can maintain satisfactory out-of-plane load-bearing
capacity while still providing sufficient tensile deformability. Therefore, it is particularly
suitable for general flexible-skin applications where both stiffness and flexibility must be
considered simultaneously.

The high-flexibility design point is located in the region of the Pareto front associated
with superior in-plane deformability. Such configurations generally provide a larger geo-
metric expansion space and a smoother local curvature transition, which helps reduce strain
concentration and improve stretchability. Under this design, the U-shaped honeycomb
exhibits high in-plane flexibility and can accommodate significant deformation, making it
suitable for morphing aircraft skins with stringent deformation requirements. However,
its out-of-plane bending stiffness is relatively low, and the structure is therefore more
susceptible to deformation under external loading.

A comparison of the mechanical responses of these three representative design points
provides useful guidance for parameter selection in flexible-skin structures designed for
different service requirements. To verify the reliability of the multi-objective optimization
results, the geometric parameters of the representative design points were extracted and
re-evaluated using finite element simulations in Abaqus, as shown in Figure 11. The results
indicate that, for the balanced-compromise design point located in the middle region of
the Pareto front, the relative error between the finite element results and the optimization
predictions is very small, demonstrating a high level of agreement. For the high-flexibility
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design point, the maximum strain obtained from finite element validation is 2.26%, which is
slightly higher than the predicted value of 1.99%. This discrepancy can mainly be attributed
to the more pronounced geometric large-deformation behavior of this configuration under
tensile loading, which intensifies local nonlinear effects. The finite element simulation
is able to capture such nonlinear deformation characteristics more accurately, and the
resulting deviation remains within a reasonable tolerance range. These results confirm that
the proposed co-simulation platform can accurately characterize the superelastic nonlinear
response of the SMA-based honeycomb under complex large-deformation conditions,
thereby providing a reliable theoretical basis for the optimal design of flexible skins for
morphing aircraft.

Figure 11. Simulation contour maps. (a) High-stiffness strain contour map; (b) High-stiffness
displacement contour map; (c) Balanced-compromise strain contour map; (d) Balanced-compromise
displace-ment contour map; (e) High-flexibility strain contour map; (f) High-flexibility displacement
con-tour map.

5. Conclusions
To address the inherent conflict between large deformability and high load-bearing ca-

pacity in flexible skins for morphing aircraft, an SMA-based U-shaped honeycomb structure
was proposed in this study. By establishing an automated optimization platform integrating
finite element analysis and a multi-objective genetic algorithm, the mechanical performance
of the structure was systematically investigated, and its parametric characteristics were
analyzed. The main conclusions are summarized as follows.

(1) A Python-driven co-simulation platform integrating Abaqus and modeFRONTIER
was established, enabling the automated coupled solution of the SMA constitutive
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model and the geometric nonlinearity of the structure. This platform effectively
overcame the limitations of conventional trial-and-error approaches in complex design
spaces and accurately captured the Pareto-optimal front governing the trade-off
between in-plane deformability and out-of-plane stiffness of the U-shaped honeycomb,
thereby providing an efficient computational framework for the customized design of
flexible skins.

(2) The parameter sensitivity analysis clarified the roles of the key design variables in
determining structural performance. The middle-beam length D was identified as
the dominant parameter governing the overall mechanical response, and its increase
led to an increase in Z-direction displacement and a reduction in out-of-plane load-
bearing capacity. The curvature radius R was found to be the key parameter for
tuning in-plane flexibility, while its influence on Z-direction displacement and overall
out-of-plane load-bearing capacity was relatively limited. The parallel-segment length
L effectively extended the deformation space in the loading direction, and its moderate
increase further alleviated local tensile strain without excessively compromising the
out-of-plane load-bearing capacity.

(3) The Pareto front results demonstrated that the optimized U-shaped honeycomb signif-
icantly outperformed the initial configuration. Under the constraint of maintaining the
SMA within its superelastic strain range, the balanced-compromise design achieved
substantial performance enhancement under 200% large deformation. Specifically,
compared with the initial design, the structural strain was reduced by 58.5% and
the Z-direction displacement by 61.3%. These results indicate that the optimized
configuration provides an improved balance between deformability and load-bearing
capacity within the allowable superelastic strain range of the SMA.

It should be noted that the present study is primarily based on numerical simula-
tions, and experimental validation of the optimized SMA-based U-shaped honeycomb
has not yet been carried out. In addition, the loading cases considered here are simpli-
fied representations of the in-plane deformation demand and local aerodynamic pressure
acting on a morphing skin, rather than full wing-scale aeroelastic service conditions. Pos-
sible manufacturing-related issues, such as fabrication accuracy, assembly tolerance, and
material-processing constraints of the SMA-based honeycomb, were also not considered
in the current optimization framework. In future work, experimental verification and
manufacturability-oriented design will be further investigated to improve the engineering
applicability of the proposed optimization strategy.
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