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Abstract. In the realm of soft robotics, investigating the effect of design parameters on
the deformation of complex structures like soft composite actuators is a challenging task.
Existing mathematical models often rely on limiting assumptions, while traditional simu-
lation approaches demand substantial computational time and resources, hindering con-
current investigations of multiple design parameters. To address these issues, this paper
introduces a new technique to expedite the deformation simulation of composite soft ac-
tuators. This automation program enables automatic modification of input parameters
while preserving critical properties, constraints, and boundary conditions, resulting in a
significant reduction in simulation time. Compared to traditional methods requiring ap-
proximately 60 minutes for a single task, our technique achieves the same in merely 10
minutes. The developed program is applied to analyze the impact of design parameters
on the curvature of composite soft actuators, leading to the identification of optimal pa-
rameters. Through experimental verification, the reliability and efficiency of our technique
are demonstrated, showing simulation results with less than a 10% error when compared
to physical experiments. The proposed approach enables swift investigation of design pa-
rameter influence, facilitating the identification of optimal soft robotic structures for spe-
cific objectives. As a result, it has the potential to become a promising tool for advancing
soft robotics design and analysis.

Keywords: soft composite actuator, numerical simulation, Python integration, soft robotic
structure.
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1. INTRODUCTION

Soft robotics is currently a highly promising field of research, offering distinct ad-
vantages over traditional robots. These soft robots are capable of safe interaction with
humans and possess the ability to autonomously adjust their physical configurations to
effectively adapt to various environments [1,2]. The scope of soft robotics research en-
compasses diverse areas, including soft actuators, soft sensors, and locomotion [3-5].
Among these, the study of designing and fabricating soft actuators has achieved remark-
able outcomes. By exploiting the deformable properties of soft materials, these actuators
demonstrate enhanced flexibility compared to their traditional counterparts [6,7]. They
can operate without limitations in terms of degrees of freedom and workspace, and ex-
hibit the capacity to adapt to a wide range of deformations and shapes. Consequently,
soft actuators find versatile applications in various fields, such as medicine [8], assisting
individuals with disabilities [9, 10], and enabling effective manipulation through robot
hands or soft grippers [11,12]. The operation of soft actuators primarily relies on two
main activation principles: pneumatic and hydraulic systems, which offer benefits like
rapid response and flexibility [13,14]. When subjected to pneumatic or hydraulic pres-
sure, these soft actuators undergo deformation, enabling various manipulation shapes
such as curvature, elongation, compression, and torsion. Numerous soft actuators have
been proposed based on these principles, leveraging the advantages they offer. For in-
stance, in [15], the authors presented the development of a soft pneumatic actuator, by
using 3D printing technology. This actuator has a high-force soft exoskeleton that can
provide up to 100 N of tip force and aims to assist the user in elbow flexion. In [16], the
three water hydraulic soft actuators that are simple and suitable for small autonomous
underwater systems were introduced. The popular soft actuators are normally composed
of serial chambers, etc., but such structures lead to the possibility of easy detection and
failure of the actuator. Thus, to address the issues, a promising design direction involves
the development of composite soft actuators. These actuators are constructed using mul-
tiple layers of soft materials, with reinforced fibers embedded between these layers. By
adopting this approach, researchers aim to enhance the durability and performance of
soft actuators. Numerous studies have been conducted, resulting in the successful fabri-
cation and application of these composite soft actuators across diverse fields [17-19]. But,
the modeling of deformation and operation for complex structures like soft composite ac-
tuators poses a significant challenge. Especially, one crucial aspect is studying the impact
of design parameters to optimize their performance. Numerous research endeavors have
focused on developing mathematical models to describe the performance of these actua-
tors [20-22]. However, most of these models are proposed for specific designs, relying on
assumptions and simplifications regarding material properties and geometric configura-
tions. Consequently, these models cannot be readily applied to a wide range of actuators
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with different design parameters. Another approach to tackle this challenge is to employ
numerical simulations utilizing simulation software [23,24]. Nonetheless, this method
is time-consuming and demands significant computational resources, particularly due to
the nonlinear nature of soft materials and the complexity of large deformations. Simulat-
ing the deformation of composite soft actuators with numerous design parameters to in-
vestigate their influences and determine suitable design parameters for specific purposes
can be time-consuming. To overcome these obstacles, this paper proposes a solution that
involves the integration of a Python program into the numerical software Abaqus. This
approach aims to automate the deformation simulation of composite soft actuators. By
employing Python scripting, the simulation can automatically update the new design pa-
rameters while the unchanged factors of material properties, constraints, and boundary
conditions that remain are preserved throughout the process, resulting in mitigating the
computational time and resource requirements. The simulation process can be automatic,
enabling efficient exploration of various design parameter combinations and facilitating
the identification of optimal design parameters for specific design purposes.

The contributions of this paper are summarized in the following key points:

1) The study introduces a Python integration into the Abaqus numerical simulation
software, enabling full automation of the simulation process. This advancement reduces
computation time significantly, from 60 minutes to just 10 minutes, particularly when
analyzing multiple design parameters. It effectively addresses the primary challenges of
lengthy computation times often encountered in simulating complex structures, as well
as the constraints imposed by the simplifying assumptions of theoretical models.

2) This study conducts a detailed analysis of various design parameters, including
layer thickness, reinforced fiber diameter, and twist angle, examining their impact on the
deformation of soft composite actuators. Through this analysis, an optimal set of design
parameters for the actuator is identified.

3) The automated parameter investigation method proposed in this study is not lim-
ited to soft actuators but also has potential for application in the design optimization of
other composite structures within the field of soft robotics.

The rest of the paper is organized as follows: Section 2 provides a brief mechanical
design of the composite soft actuator and details the numerical method, which incor-
porates a Python program for seamless integration, then the numerical analysis is per-
formed with various case parameters to investigate the actuator’s deformation. In Sec-
tion 3, the experiment is conducted to verify the effectiveness of the proposed method.
The final section presents a comprehensive discussion and conclusion.
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2. METHODS

In this section, we introduce a brief mechanical design of the composite soft actuator
and the numerical method with integration of Python script to investigate the influence
of the design parameters on the deformation of this actuator.

2.1. Mechanical design of the composite soft actuator

In our study, we investigated the influence of various parameters on a popular de-
sign of pneumatic composite soft actuators [20, 21, 25,26]. This design consists of four
main components, namely the main body layer, neutral layer, reinforcement layer, and
cladding layer (Fig. 1).

Reinforcement layer _

i
— ?’| l

Main body layer v S
Neutral layer |

—

Cladding layer

Fig. 1. The structure design of the composite soft actuator

The main body layer has a semicircular cross-section and contains an air cavity,
which is sealed at both ends. One end is sealed, while the other is connected to a com-
pressed air tube. The neutral layer, positioned at the bottom of the main body layer, is
properly designed to ensure the desired deformation of the actuator when inflated. It can
be divided into segments of varying lengths, allowing the actuator to deform differently
in each segment to suit its intended purpose. Reinforced fibers are wound around the
main body and cladding to increase the actuator’s rigidity and limit swelling deforma-
tion, thereby enhancing curved deformation. The fibers are wound with different twist
angles in various segments to achieve different deformations, such as bending and twist-
ing of the actuator.

In our investigation, we focused on several design parameters to assess their influ-
ence on the actuator’s deformation. These parameters include the thickness of the main
body and cladding layer, the thickness and length of the segments in the neutral layer,
and the diameter and torsion angle of the reinforced fibers. By studying the effects of
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these parameters, we aimed to optimize the actuator’s performance and tailor it to spe-
cific design requirements. To achieve this objective, the deformation of the composite
soft actuator is simulated using Abaqus/CAE software. This software integrates a built-
in calculation program in the form of a Python 2.7.3 Script file. The design parameters are
automatically adjusted within the script file to facilitate the calculation process. By mod-
ifying these parameters within the script file, different variations of the actuator design
can be simulated and analyzed to observe their effects on the actuator’s deformation.
This automated approach streamlines the simulation process and enables efficient explo-
ration of various design configurations.

2.2. Material models and governing equations

A hyperelastic material model relies upon the definition of the strain-energy func-
tion, which assumes different forms according to the material or class of materials con-
sidered. This function is obtained from symmetry, thermodynamic and energetic con-
siderations. If the material is isotropic, the strain-energy functions W depend upon the
strain invariant.

Wisotropic =W (Ilz I, IS) ’ (1)

3 3 3
where [; = ZAZ-Z, L = Z/\%A]Z, i #j Iz = HA?, and Ay, A, Az are the principal
i=1 i=1 =1

stretches.

There are several forms of strain energy function W for hyperelastic material, such as
the Mooney-Rivlin model, the Ogden model, the Arruda-Boyce model, the Neo-Hookean
model, and the Gent model [27]. In this paper, the Yeoh model for incompressible materi-
als is used to model RTV 230 Silicone, which is used for the main body layer and cladding
layer of a soft actuator. The original model proposed by Yeoh had a cubic form with only
I, dependence and is applicable to purely incompressible materials. The strain energy
density of this model is written as

3 . .
W= 2 Ci0<11—3)l+Di(]—1)21 , 2)

i=1 i

where Cjy, D;, | are the material constants and I; = A% + /\% + )\% is the invariant of the
Green deformation tensor.

For an incompressible hyperelastic material (J = 1), then the strain energy density
of Yeoh is simplified as

W = Co(I; —3)" + Cao(I; — 3)* + Cao(I; — 3)°. 3)
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For the hyperelastic material, the deformation’s governing differential equations of
the physical body () can be expressed as

V oo(t) +b(t) =0, @)

where ¢ is the Cauchy stress, b is the body force, and ¢ is the time. V is the Hamiltonian
operator and ©® denotes the dot product. The governing equations are solved within
boundary conditions, including the displacement boundary I', and the traction boundary
'y as below:

-OnT,
u(t) =ua(t), (5)

-OnT,

o(t) ©n = p(t), 6)
where i and p are the prescribed displacement and traction, respectively. The Cauchy
stress o is determined by the stress-strain relation. That depends on the hyperelastic
material model. For the Yeoh hyperelastic model, the stress-strain formula can be ex-
pressed as

oW
iTAi'
with strain-energy functions W is determined as in Eq. (3).

Ui:)\

)

In this study, the governing equations are automatically solved by Abaqus’s com-
putational kernel using the finite element method (FEM). The input parameters, such
as material properties, boundary conditions, and calculation loops, are encoded in the
integrated Python program.

2.3. Numerical simulation method

The automation of design calculations on finite element method (FEM) software,
such as Abaqus, typically involves three main stages: pre-processing, processing, and
post-processing. These stages are illustrated in Fig. 2(a). The pre-processing stage en-
tails several steps, including the creation of a geometric model and the development of
a finite element computational model. During this stage, the geometry of the design is
constructed, and appropriate finite elements are defined to discretize the model. The
processing phase involves the interpretation of input data and the actual computation
of results. Input data may include material properties, boundary conditions, and load-
ing conditions. The software performs calculations based on these inputs to determine
the desired results, such as stress, strain, or displacement. Finally, the post-processing
stage focuses on accessing, reading, writing, sorting, and visualizing the computed re-
sults. This stage allows for the analysis and interpretation of the obtained data. In the
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traditional simulation approach, any modification to a parameter requires the entire sim-
ulation process to be repeated, leading to significant computational time, particularly
when multiple design parameters need to be adjusted.

In our technique, an auto-computing program directly integrates with the calcula-
tion stage of traditional simulations (as depicted in Fig. 2). Specifically, during the pre-
processing stage, a calculation program is established to enable parameterization of the
soft actuator model and provide a comprehensive description of the FEM model’s char-
acteristics. This includes specifying the element type, size, material properties, bound-
ary conditions, applied pressure, and the type of analysis to be conducted. The calcu-
lation program allows for the automatic calculation of new design options by updating
a new set of parameters. It ensures that properties, constraints, and boundary condi-
tions that remain unchanged are preserved throughout the process. The Script file is
then directly linked to the Abaqus/CAE compute kernel through the Python interpreter,
enabling seamless and automatic computation. In the post-processing stage, the Script
file is programmed to automatically read, organize, and export the results in a tabular
format, facilitating the analysis process. This new approach ensures a continuous and
uninterrupted calculation process, performed entirely automatically. Additionally, the
pre-processing and post-processing times are significantly reduced. As a result, the to-
tal simulation calculation time for a design alternative is reduced to approximately 10
minutes, in comparison to about 60 minutes for the traditional simulation approach.

The automatic program is constructed following the outlined steps:

Step 1: Building a 3D rendering program for the soft actuator (Fig. 3): The calculation
program automatically generates the 3D models of the composite soft actuator compo-
nents within the Abaqus software.

Step 2: Developing a material assignment program: Once the 3D models are created,
the program proceeds to automatically assign the appropriate material properties to each
component. In this case, the RTV 230 Silicone material is used for the main body and the
outer cover of the soft finger. It is characterized as a super elastic, isotropic material with
a density of 1140 kg/m>. The material properties are assigned based on the Yeoh model
using coefficients C; = 0.11596, C; = 0.0168, and C3 = —0.000319. The neutral layer
employs fabric materials with the following basic parameters: density of 750 kg/m°,
elastic modulus of 6500 MPa, and Poisson’s coefficient of 0.2. The reinforcement consists
of a fabric fiber with a density of 1201 kg/m?, modulus of elasticity E = 31076 MPa, and
Poisson’s coefficient of 0.36.
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Fig. 3. Completed structure of the composite soft actuator

Step 3: Developing a program to assemble the components of the composite soft
actuator: After creating the individual components and assigning the appropriate mate-
rials, the program proceeds to automatically assemble the components, ensuring they are

combined to form a complete structure as depicted in Fig. 4.

In this step, the calculation program is designed to automatically define the bound-
ary conditions and establish the compressed air pressure for the simulation. The soft
actuator is fixed at one end using a clamping mechanism, while the other end is left free,
resembling a cantilever beam configuration. The airflow inside the gripper is represented
by a uniformly distributed pressure applied to all surfaces within the actuator’s air duct
(as depicted in Fig. 5). The pressure values are varied within a range from 0 to 250 kPa
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Fig. 4. The completed assembly of the composite soft actuator

to investigate the different curvatures of the actuator. Additionally, gravitational acceler-
ation is considered in the simulation to account for the effect of gravity on the actuator’s
behavior.

Pressure

Fix constraints

Fig. 5. The boundary condition and external force setup of the composite soft actuator

Step 5: Developing a program to create contact interaction between reinforcement
fibers and the main body’s wall: In this step, the calculation program is designed to
establish the contact interaction between the wall of the main body layer and the rein-
forcing fibers. This connection is represented using a “tie constraint”, which simulates
the bonding between the two surfaces without allowing relative motion or separation.

Step 6: Develop an element meshing program: The main body and cladding layer
are modeled using uniform solid elements. To accurately represent the complex shape
of the soft actuator, a tetrahedral 3D mesh pattern is employed. However, due to the
size and complexity of the actuator, the size of each tetrahedral element should not ex-
ceed 7 mm. Given the superplastic nature of silicon material, the appropriate element
type to be used is the second-order nonlinear element, which can capture the material’s
nonlinear behavior effectively. The neutral layer, on the other hand, is modeled as a uni-
form shell element, considering its characteristics and function within the actuator. For
the fiber reinforcement, the end of the model is represented using beam elements, which
provide a suitable approximation for this specific component. The element size for the
reinforcement should be divided into segments no larger than 1.5 mm, ensuring an accu-
rate representation of its behavior.
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Step 7: Building the program to create and run the analysis (Create job): In the final
step, the calculation program is designed to create the analysis process and input the es-
tablished data for analysis. The details of the Python script and the numerical simulation
can be found in the supplementary material and video link'.

2.4. Numerical analysis
2.4.1. Numerical investigation setup

The actuator’s deformations depend on its design parameters, including the thick-
ness of the main body layer, neutral layer, cladding layer, and the diameter and torsion
angle of the reinforced fibers. To examine the impact of each parameter on the actuator’s
deformation, a systematic approach was adopted. Whereas, each parameter was individ-
ually varied while keeping the other parameters constant. All of the case studies were
analysed with the length of the soft actuator at 140 mm, keeping the activation pressure
constant with the value of 250 kPa. The remaining parameters in specific cases are as
follows:

Case of study 1: The thickness of the cladding layer is varied. First, we investigated
the curvature of the actuator while varying the thickness of the cladding layer, while the
other design parameters are: The thickness of the main body and neutral layer is 2 mm
and 0.4 mm, respectively. The twist angle of the reinforcement fiber is 4°. The cladding
layer thickness is varied from 0 mm to 2.5 mm to observe its impact on the curvature of
the soft finger.

Case of study 2: The thickness of the main body changes. In this particular inves-
tigation, the main body thickness gradually increases from 0.5 mm to 3 mm while the
thickness of the cladding layer and neutral layer is 1 mm and 0.4 mm, and the wire twist
angle of the reinforcement fiber is 4°.

Case of study 3: The thickness of the neutral layer is varied. In this investigation,
the thickness of the neutral layer is varied from 0.1 mm to 0.5 mm. And the thickness of
the main body layer and cladding layer is 2 mm and 0.4 mm, respectively. The wire twist
angle of the reinforcement fiber is 4°.

Case of study 4: The diameter of the reinforcement fiber changes. In this case, the
thickness of the layers is kept unchanged compared to the above case studies, while the
twist angle of the reinforcement fiber is 4° and its diameter is varied from 0.2 mm to 0.7
mm.

Case of study 5: The twist angle of the reinforcement fiber changes. The soft actuator
investigated in this case has the following specifications: The thickness of the main body,

! Abaqus Python scripting for soft actuator - YouTube.
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neutral layer, and cladding layer is 2 mm, 0.4 mm, and 1 mm, respectively. The wire fiber
is symmetrically twisted around the main body, with one side twisted to the right and
the other side twisted to the left. The twist angle ranges from 3° to 15°.

2.4.2. Numerical results

The curvature of the actuator’s results, simulated in the above case studies are pre-
sented in Fig. 6 to Fig. 10.

Claddingthicknessl
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Fig. 6. The deformation of the composite soft actuator with the variable cladding layer thickness
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Fig. 7. The deformation of the composite soft actuator with the variable main body layer thickness
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Fig. 10. The deformation of the composite soft actuator with the variable twist angle
of the reinforcement fiber

Based on the numerical simulation results, the curvature of the composite soft actua-
tor can be evaluated by measuring the bending angle (as shown in Fig. 11) under different
values of pressures. The compared results of the above case studies are shown in Fig. 12
to Fig. 16.

The numerical simulation results depicted in Fig. 6 and Fig. 12 support the conclu-
sion that an increase in the cladding thickness leads to a decrease in the bending angle
of the actuator. Notably, a rapid decrease in the bending angle is observed for cladding
thicknesses exceeding 1 mm. Therefore, it is recommended to use an optimal cladding
thickness of 1 mm to achieve the desired actuator curvature while facilitating the fabrica-
tion process.
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Fig. 11. The bending angle to evaluate the Fig. 12. The curvature angle with variable
deformation of the composite soft actuator thickness of the cladding layer
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Similarly, the results shown in Fig. 7 and Fig. 13 indicate that the bending angle
of the soft finger gradually decreases as the thickness of the main body layer increases,
aligning with the expected calculations. To achieve the optimal degree of curvature and
manufacturing considerations, a recommended thickness of 2 mm is suggested for the
main body layer.

Regarding the neutral layer thickness, the results from Fig. 8 and Fig. 14 demonstrate
that an increase in the thickness leads to a decrease in the bending angle of the soft finger
at the same pressure level. The optimal result is achieved with a neutral layer thickness of
0.1 mm. However, taking practical considerations into account, a neutral layer thickness
of 0.2 mm may be chosen, as it provides a bending angle that is not significantly different
from the case with a 0.1 mm neutral layer thickness.

The obtained results presented in Fig. 9 and Fig. 15 reveal that there exists an optimal
wire cross-sectional diameter for achieving the desired bending angle of the actuator.
Specifically, the best results are obtained with a wire diameter of 0.6 mm. However,
it is worth noting that the bending angle does not change significantly when the wire
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diameter is 0.5 mm compared to 0.6 mm. Hence, selecting a wire diameter of 0.5 mm
may still yield satisfactory results while potentially reducing material and manufacturing
costs.

Finally, the results depicted in Fig. 10 and Fig. 16 demonstrate that the bending angle
of the soft actuator decreases as the helix angle of the reinforcement increases. Notably,
when the twist angle exceeds 10°, a significant decrease in the bending angle is observed
under the same applied pressure. However, when comparing the bending angles for
twist angles of 3° and 5°, no significant difference is observed. Therefore, a suitable twist
angle of 4° is recommended for the reinforcement to achieve the desired curvature.

The optimal values of these parameters are indicated with annotations in Figs. 12 to
16 and are summarized in Table 1 as follows.

Table 1. Optimal parameter values and their explanation

Parameter Optimal Value Explanation
Cladding layer thickness 1 mm Obtam‘ c'1e51‘red curvature and
facilitating fabrication
Main body layer thickness 2 mm Achieves curvature eff1c1enc.y and
manufacturing considerations
Neutral layer thickness 0.2 mm Obtain desired curvature

Reinforcement fiber diameter 0.5 mm Provides optimal bgndmg with

reduced material cost
Reinforcement fiber twist angle 4° Achieves desired curvature

3. EXPERIMENTS

Based on the comprehensive investigation conducted in the aforementioned cases,
the optimal design parameters for a composite soft actuator are as follows: The thickness
of the cladding layer, main body layer, and neutral layer is 1 mm, 2 mm, and 0.2 mm,
respectively. The fiber reinforcement layer features a wire diameter of 0.5 mm and a twist
angle of 4°. These design parameters were utilized to fabricate the soft actuators for ex-
perimental purposes, thereby verifying the accuracy of the simulation results obtained
through the Python-based automated calculation program implemented in Abaqus soft-
ware. Furthermore, to achieve a more intricate curvature in the actuator, where each
segment exhibits different radii of curvature, the design of the neutral layer was mod-
ified along the length of the actuator. The parameters of this design are illustrated in
Fig. 17. Here, a; represents the length of the neutral layers along the actuator, b; denotes
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the distance between adjacent neutral layers. These variables affect the curvature distri-
bution of specific sections of the actuator. In the experimental setup, the corresponding
values are as follows: | = 140 mm, a1 = 4, = a3 = 40 mm, and b; = 5 mm, b, = 15 mm.

2 bl ) b2 %

Fig. 17. The design of the neutral layer was modified along the length of the actuator

Fig. 18. The actuator after completion of the fabrication process
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Fig. 19. The simulation and experiment results
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Fig. 20. The actuator’s deformation is assessed across five segments

The fabrication process of the actuator follows a similar method as previously de-
scribed in [25,28]. After completion of the fabrication process, the actuator is depicted in
Fig. 18. The fabricated actuator is then used to experiment for measuring its deformation
under varying pressure values. In the experiment setup, the compressed air pressure
was controlled using a pressure gauge, and the actuator’s curvature was estimated us-
ing a grid board, as depicted in Fig. 19. The results comparing the actuator’s curvature
at pressure values of 350 kPa, 380 kPa, and 410 kPa obtained from both simulation and
experiment are presented in Fig. 20.

The obtained results demonstrate that the deformation simulation of the actuator
when employing the calculation kernel of Abaqus in conjunction with the automated
calculation program, yields accurate results while significantly reducing the computa-
tion time. To facilitate a more detailed comparison, the actuator’s deformation is assessed
across five segments, with the bending angle considered constant for each segment. The
results in Fig. 20 indicate a relatively close agreement between the simulation and exper-
imental data, with minimal differences observed. The largest error recorded is less than
100/0.

4. CONCLUSIONS

Modeling deformation to optimize the design parameters of soft robotic structures,
particularly composite soft actuators, is always a challenging task. Mathematical models
often rely on numerous assumptions regarding material properties and geometric con-
figurations, making them suitable only for specific structures. Meanwhile, traditional
simulation approaches demand significant computational time and resources, particu-
larly for complex structures like composite soft actuators, which makes them unsuitable
for concurrent investigations of multiple design parameters. In this paper, we propose a
technique to expedite the deformation simulation of composite soft actuators. We achieve
this by utilizing a Python-based computational automation program integrated with the
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computational kernel of Abaqus software. This program facilitates the automatic modi-
fication of input parameters while preserving properties, constraints, and boundary con-
ditions that remain unchanged. Consequently, this approach significantly reduces the
simulation time. Specifically, with the applied technique, the simulation time to modify
an investigating parameter is approximately 10 minutes, whereas traditional simulations
typically require around 60 minutes for the same task. The developed program is em-
ployed to analyze the impact of design parameters on the curvature of composite soft
actuators, leading to the determination of optimal design parameters. Experimental ver-
ification demonstrates the reliability and efficiency of our technique. Comparison results
reveal that the proposed approach yields deformation simulation results with less than
a 10% error compared to measurements obtained from physical experiments. This con-
firms that the suggested approach is a viable solution to accelerate the simulation process,
especially for soft robot structures. It enables swift investigation of the influence of de-
sign parameters, consequently facilitating the identification of optimal design structures
tailored to specific objectives.

Although the numerical simulation has good results, with an error of less than 10%.
However, the accuracy of this method can be improved with the following potential so-
lutions. Firstly, using more advanced material models, such as Ogden or Gent, which can
simulate the deformation of hyperelastic materials more accurately. These models require
more complex experiments to determine the material parameters. Secondly, increasing
the finite element mesh density, particularly in regions with large curvature deforma-
tion, needs to be conducted. Thirdly, a more detailed study of the nonlinear interactions
in the contact between the reinforcement fiber and the main body layer is needed. These
solutions will be explored in our future studies.
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