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Abstract  

The accurate prediction of mechanical behavior in thermoplastic elastomers 

(TPEs) is essential for improving the performance of soft robotic grippers. This 

study presents a comparative evaluation of three hyperelastic models—Neo-

Hookean, second-order Yeoh, and first-order Ogden—applied to NinjaFlex 

(TPU), Filaflex (TPE), and Pebax (PEBA). Finite Element Analysis (FEA) was 

conducted in ANSYS to assess total deformation, equivalent strain, and von 

Mises stress under internal pressures of 0.08–0.30 MPa. The Yeoh model 

captured the large-strain behavior in flexible materials, while the Ogden model 

provided balanced predictions across various stiffness levels. Neo-Hookean 

served as a computationally efficient baseline but showed limited accuracy 

under high strain. These findings provide a simulation-based framework for 

material–model selection in soft robotics and highlight the importance of 

model–material compatibility in design. 

 

Keywords: Soft Gripper, Thermoplastic Elastomers, Hyperelastic Material 

Model, Finite Element Analysis, Deformation Behavior.  

1. INTRODUCTION 

Soft robotics has emerged as a rapidly evolving field that leverages the compliant 

characteristics of soft materials to enable safe and adaptive interaction in unstructured 

environments [1–3]. In contrast to conventional rigid-body systems, soft robotic platforms 

utilize elastomeric materials capable of undergoing large elastic deformations, making 

thermoplastic elastomers (TPE) promising due to their reversible strain behavior and 

compatibility with additive manufacturing technologies [4–8]. 

 Among the available TPE, materials such as NinjaFlex (TPU), Filaflex (TPE), and 

Pebax (PEBA) have received considerable attention for their diverse mechanical 

characteristics—ranging from highly flexible to moderately rigid structures [9–12]. These 

materials are widely used in components including soft actuators, robotic grippers, and 

wearable devices, where mechanical compliance, durability, and consistent material 

performance underload are essential. Nevertheless, accurately predicting their 

mechanical response under conditions of large deformation remains a significant 

challenge, primarily due to the non-linear stress–strain behavior inherent in elastomeric 

materials and the dependency on constitutive model selection [13–15]. 

Hyperelastic constitutive models such as Neo-Hookean, Yeoh (second-order), and 

Ogden (first-order) are widely employed in computational mechanics to represent the 

non-linear elastic behavior of elastomers  [16–18]. The Neo-Hookean model is known for 
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its simplicity and numerical stability; however, it is often insufficient for accurately 

representing large-strain responses. In contrast, Yeoh and Ogden offer greater flexibility 

in capturing complex deformation behavior; however, these models demand more 

detailed parameter calibration and involve increased computational effort.  

In parallel, various studies have attempted to tailor the mechanical behavior of TPEs 

through printing parameter optimization—such as nozzle temperature, layer height, and 

printing orientation—to enhance model fidelity. However, these efforts have often 

lacked a systematic approach in selecting constitutive models, making it difficult to 

generalize findings across materials and printing setups. Given that design engineers 

frequently rely on simulation results during the conceptual phase, establishing a clear 

benchmark for material-model compatibility becomes essential. These benchmarks must 

not only ensure theoretical accuracy but also address the manufacturing constraints 

inherent in additive manufacturing workflows. 

Despite the growing application of these models in soft robotics, comprehensive 

comparative studies across commercial TPEs remain limited. Prior research has 

predominantly focused on individual materials or employed only one or two constitutive 

models—for instance, the Ogden model has frequently been applied to NinjaFlex [19,20], 

while the Yeoh model has been used for PEBA and other TPU-based structures [21,22]. In 

many cases, simulations rely on a single hyperelastic model for the sake of simplicity, 

despite its limited capability in capturing the full spectrum of large deformation behavior 
[23,24]. Furthermore, the application of hyperelastic models to 3D-printed TPE structures 

is complicated by fabrication-induced inconsistencies including issues like anisotropy, 

residual stresses, and interlayer delamination. These issues arise due to the layer-by-

layer deposition process inherent in fused deposition modeling (FDM), which affects the 

material’s stress–strain response in a directionally dependent manner. As a result, 

models including Neo-Hookean may oversimplify deformation behavior, while Ogden 

and Yeoh, although more flexible, demand detailed calibration that is rarely feasible in 

practical applications. This mismatch between real-world printed behavior and idealized 

model assumptions further underscores the necessity for a systematic comparison of 

model–material performance in simulation environments. 

This research aims to address this gap by evaluating the predictive capabilities of 

the hyperelastic models applied to three different TPEs using FEA in ANSYS. 

Simulations were conducted under internal pressure levels ranging from 0.08 to 0.30 

MPa to assess total deformation, equivalent strain, and von Mises stress responses. The 

outcomes are correlated with the intrinsic material properties of stiffness and 

extensibility, thereby providing guidance for rational material–model selection in the 

context of soft robotic component design. Ultimately, this study contributes a novel 

comparative dataset that informs design optimization and model calibration strategies 

for next-generation soft actuators. 

2. MATERIAL AND METHODS 

In the development of soft robotic systems, material selection plays a pivotal role in 

determining performance, flexibility, and overall functionality. The choice of material 

for a soft actuator directly influences its ability to undergo deformation while 

maintaining structural integrity, which is critical for tasks such as gripping, bending, and 

adapting to various surfaces. This study focuses on three widely used thermoplastic 

elastomers (TPE), known for their capacity to endure large elastic deformations and 

stable recovery under repeated loading conditions. The following sections detail the 

materials selected for this study, along with the methods used to characterize their 

mechanical properties and the simulations conducted. 
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2.1 Materials Selection 

This study selected three commercially available TPE that are commonly utilized in soft 

robotic systems due to their capacity for large elastic deformation and stable recovery: 

NinjaFlex (TPU), Filaflex (TPE), and Pebax (PEBA). These materials exhibit distinct 

mechanical properties, particularly in stiffness, density, and strength (see Table 1). 

2.2 Data Collection 

The mechanical properties applied in simulations were obtained from manufacturer 

datasheets and validated sources in the literature[25–29]. Table 1 outlines the key 

mechanical properties for the selected materials, including their density, Young's 

modulus, Poisson's ratio, shear modulus, and tensile strength 

 

Table 1. Mechanical Properties of the Materials. 

PROPERTIES 
Hyperelastic Materials 

NinjaFlex Filaflex PEBA 

Density (g/cm³) 1.2 1.05 1.14 

Young's Modulus (MPa) 25 10 60 

Poisson's Ratio 0.47 0.45 0.41 
Shear Modulus (MPa) 3.5 2.0 50 

Tensile Ultimate Strength (MPa) 30 15 45 

 

2.3 Hyperelastic Material Modeling 

Three hyperelastic constitutive models were employed to characterize the non-linear 

elastic behavior of the selected TPEs: Neo-Hookean, Yeoh model, and Ogden model, as 

described in Equations (1), (2), and (3), respectively. Each model defines the strain 

energy potential W in terms of deformation invariants or principal stretches, depending 

on the model formulation. 

Neo-Hookean[30]: 

𝑊 = 𝜇(𝐼1 − 3) (1) 

where μ is the shear modulus and I1 is the first invariant of the Cauchy-Green tensor. 

Yeoh model [31]: 

𝑊 =  𝐶1(𝐼1 − 3) + 𝐶2(𝐼1 − 3)2   (2) 

with C1 and C2 are material constants derived through curve fitting to experimental data 

Ogden model [32] 

𝑊 =
𝜇1

𝛼1
(𝜆1

𝛼1 + 𝜆2
𝛼1 + 𝜆3

𝛼1 − 3)  (3) 

Where, λi denotes principal stretch, and μ1, α1 are fitting parameters based on non-linear 

regression.  

2.4 Data Processing 

The collected mechanical data was incorporated into hyperelastic constitutive models 

and processed through FEA) in ANSYS Workbench. Each simulation used consistent 

meshing and loading conditions to ensure comparability among material–model 

combinations. 

2.5 CAD Model Design 

A 3D model of a soft robotic gripper finger was designed using CAD software, with 

dimensions 168 mm × 15 mm × 24 mm. This geometry was imported into ANSYS 
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Workbench for meshing and simulation. A uniform tetrahedral mesh size of 1 mm was 

used, based on convergence testing for computational efficiency and result stability. 

The detailed dimensional design of the soft gripper, including sectional view and 

geometric layout, is presented in Figure 1. 

 
Figure 1. Design of the soft gripper used for hyperelastic simulation, including top view and 

sectional profile (A–A) 

2.6 Finite Element Analysis Set Up 

The simulations were conducted in ANSYS under three internal pressure levels 0.08 

MPa, 0.10 MPa, and 0.30 MPa—which reflect realistic actuation intensities typically 

encountered in soft robotic applications. The base of the gripper finger was fixed, while 

gravitational acceleration (9.81 m/s²) was applied in the negative Y-direction. All 

simulations assumed a static, isothermal condition with no thermal coupling or dynamic 

effects considered. 

The workflow of the hyperelastic simulation process in ANSYS Workbench is 

illustrated in Figure 2, which illustrates the following: 

(a) the applied boundary conditions and loading configuration, and 

(b) the meshing scheme employed for the soft robotic gripper model. 

These configurations ensure accurate deformation capture and maintain solution 

convergence under non-linear loading conditions. 

   
  (a)     (b) 

Figure 2. Hyperelastic simulation setup in ANSYS Workbench: (a) boundary conditions and 

applied loading; (b) meshing configuration implemented for the gripper model. 
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2.7 Algorithm and Program 

The simulation workflow for hyperelastic material modeling in ANSYS Workbench 

follows a structured sequence to ensure consistency and comparability among different 

materials and constitutive models. As shown in Figure 4, the process begins with the 

definition of boundary conditions, pressure levels, and simulation environment. 

The 3D CAD model of the soft gripper is then imported into ANSYS. For each 

material—NinjaFlex, Filaflex, and PEBA—hyperelastic properties are assigned 

according to the selected model: Neo-Hookean, Yeoh, or Ogden. Meshing is performed 

using tetrahedral elements with a mesh size of 1 mm, as validated through convergence 

testing. 

Subsequently, boundary conditions and internal pressure loads are applied, and 

static structural simulations are conducted under isothermal assumptions. The simulation 

outputs include total deformation, equivalent elastic strain, and von Mises stress. This 

systematic algorithm ensures repeatability, numerical stability, and meaningful 

comparative analysis between material–model combinations. 

 
Figure 3. Simulation workflow for hyperelastic analysis in ANSYS Workbench. 

2.8 Key Performance Metrics 

The simulation outputs were evaluated using three main performance metrics: 

Total Deformation (δ): Maximum displacement recorded at the gripper tip, indicating 

flexibility. 

Equivalent Strain (ε_eq): A scalar value representing strain intensity within the 

structure.  

𝜀𝑒𝑞 =  √
2

3
[(𝜀1 − 𝜀2)2 +  (𝜀2 − 𝜀3)2 + (𝜀3 − 𝜀1)2]   (4) 

Von Mises Stress (σ_eq): A derived scalar stress used to assess material yield risk under 

multiaxial loading.  

𝜎𝑒𝑞 =  √
1

2
[(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2]  (5) 

These indicators provide a comprehensive representation of material response under 

simulated actuation, enabling both qualitative and quantitative comparisons between 

models and materials. 
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Model 
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Results 
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3. RESULTS AND DISCUSSION 

3.1 Analysis of Individual Material Responses 

NinjaFlex (TPU) 

NinjaFlex (TPU) exhibited a consistent and stable deformation response under varying 

internal pressures. Finite element simulations were conducted at three internal pressures: 

0.08 MPa, 0.10 MPa, and 0.30 MPa, using three hyperelastic material models: Neo-

Hookean, Yeoh, and Ogden. These models, though differing in mathematical 

formulation, were calibrated using the same mechanical properties obtained from 

material characterization (see Table 1), including Young’s modulus, Poisson’s ratio, 

shear modulus, and tensile strength. This consistent input ensures that the deformation 

behavior reflects the material’s inherent characteristics rather than differences in the 

model structure. 

The results demonstrated a nonlinear yet progressive trend in deformation, 

confirming NinjaFlex's ability to withstand large elastic strains while maintaining 

mechanical stability—critical for soft robotic applications requiring adaptive 

deformation. The consistent behavior of NinjaFlex under these varying loading 

conditions is corroborated by previous studies [33], which analyzed the material’s 

mechanical properties and confirmed its stable deformation under different pressure 

levels. Similar findings were reported in the context of pneumatic actuators [34,35]. 

Moreover, the tunable stiffness of TPU under compressive forces has also been 

demonstrated [36], further supporting its suitability for applications involving variable 

mechanical loads. 

At 0.30 MPa, the maximum displacement reached 159.8 mm, indicating that 

NinjaFlex can undergo substantial deformation without losing structural integrity. At the 

lower pressures of 0.08 MPa and 0.10 MPa, the displacements recorded were 84.3 mm 

and 118.5 mm, respectively. These findings suggest that NinjaFlex can withstand 

significant elastic strains, confirming its suitability for use in flexible, high-deformation 

soft robotic system [37-39]. 

The simulation results at 0.30 MPa using the Neo-Hookean model are presented in 

Figure 4. Panel (a) of the figure indicates that the total deformation is concentrated near 

the fingertip, with the maximum displacement of 159.8 mm. Panel (b) reveals the 

equivalent elastic strain, which is uniformly distributed along the gripper with a peak 

value of 0.6239 mm/mm, indicating that the material deforms evenly without strain 

localization. In panel (c), the von Mises stress is shown, with a peak of 6.84 MPa at the 

mid-joint curvature—well within safe limits for the material—demonstrating that 

NinjaFlex can absorb internal stress effectively without failure. 
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  (a)       (b)     (c) 

Figure 4. ANSYS simulation results using Neo-Hookean. The image illustrates total 

deformation (a), equivalent elastic strain (b), and equivalent von-Mises stress (c)  

In the results shown in Figure 5, the Yeoh model was applied to simulate the 

material response at 0.08 MPa, 0.10 MPa, and 0.30 MPa pressures. As with the Neo-

Hookean model, the deformation increases progressively with pressure, with the 

maximum displacement of 159.8 mm observed at 0.30 MPa, 118.5 mm at 0.10 MPa, and 

84.3 mm at 0.08 MPa. In panel (a) of the figure, total deformation is demonstrated, 

indicating that displacement is largest near the fingertip for all pressures. Panel (b) 

presents the equivalent elastic strain, which remains evenly distributed along the gripper, 

confirming that NinjaFlex exhibits stable strain performance without excessive 

concentration. Panel (c) illustrates the von Mises stress, which remains within safe limits 

and does not exceed 6.84 MPa, reinforcing the material's ability to handle stress under 

increasing load. These findings are consistent with previous studies [36] that evaluated 

TPU behavior under compressive loading conditions. 

The simulation results for NinjaFlex at all three pressure levels using the Ogden 

model are shown in Figure 6. Similar to the Neo-Hookean and Yeoh models, the total 

deformation increases with pressure, reaching 159.8 mm at 0.30 MPa. In panel (a), the 

displacement is consistently larger at higher pressures, confirming the nonlinear 

deformation response. Panel (b) illustrates that the equivalent elastic strain remains 

uniformly distributed across the gripper, with a peak value of 0.6239 mm/mm. Panel (c) 

demonstrates that the von Mises stress remains stable across pressure levels, with the 

highest value of 6.84 MPa occurring at the mid-joint, showing that the material can 

handle high stress without localized failure. This stability under large deformation was 

also affirmed in prior investigations [40]. 
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   (a)       (b)             (c) 

Figure 5. ANSYS simulation results using the Yeoh model. The image illustrates total 

deformation (a), equivalent elastic strain (b), and equivalent von-Mises stress (c). 

   

   

   
     (a)   (b)   (c) 

Figure 6. ANSYS simulation results using the Ogden model. The image illustrates total 

deformation (a), equivalent elastic strain (b), and equivalent von-Mises stress (c). 

In Figure 7, the total deformation of NinjaFlex is compared across the three 

hyperelastic models (Neo-Hookean, Yeoh, Ogden) under three different pressure levels 

(0.08 MPa, 0.10 MPa, and 0.30 MPa). The results demonstrate a progressive increase in 

deformation with increasing pressure, but the values remain closely matched across all 

three models. This consistency can be attributed to the use of identical mechanical input 

parameters across the models, allowing for a controlled comparison of model effects. It 

highlights the model-tolerant nature of NinjaFlex, demonstrating its robustness and 

confirming its suitability for soft robotic applications where model assumptions may 

vary. This is consistent with findings from previous studies, which also confirmed model 

stability for TPU materials in FEM simulations [41,42]. 
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Figure 7. Total deformation of NinjaFlex under three pressure levels.  

The results indicate that NinjaFlex (TPU) exhibits consistent deformation, uniform 

strain distribution, and stable stress handling under varying internal pressures. The 

material’s predictable response across different hyperelastic models—underpinned by 

uniform calibration—makes it highly suitable for applications in soft robotics, including 

pneumatic soft grippers, bending actuators, and shape-adaptive robotic interfaces. 

Filaflex (TPE) 

Filaflex, a thermoplastic elastomer (TPE)-based material, exhibits pronounced nonlinear 

deformation behavior under varying internal pressures. Finite element simulations were 

conducted at internal pressures of 0.08 MPa, 0.10 MPa, and 0.30 MPa using three distinct 

hyperelastic models: Neo-Hookean, Yeoh, and Ogden. Unlike NinjaFlex, the results 

revealed that Filaflex displays a higher degree of sensitivity to the selected constitutive 

model, particularly at elevated pressure levels [43-47]. 

As illustrated in Figure 8, the Neo-Hookean model predicted a maximum 

deformation of 189.07 mm at 0.30 MPa (panel a), with a peak strain of 0.76355 mm/mm 

(panel b), and von Mises stress of 7.10 MPa (panel c). This response indicates that 

Filaflex can undergo large elastic deformation with reasonably uniform stress and strain 

fields at moderate pressures. 
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  (a)   (b)   (c) 

Figure 8. ANSYS simulation results using the Neo-HookeanModel. The image illustrates total 

deformation (a), equivalent elastic strain (b), and equivalent von-Mises stress (c). 

The Yeoh model, presented in Figure 9, yielded significantly higher deformation, 

reaching 252.96 mm at 0.30 MPa (panel a). The strain field was more intense (0.92096 

mm/mm, panel b), and the peak von Mises stress rose to 19.66 MPa (panel c). These 

values indicate that the Yeoh model captures the material’s high compliance under 

pressure more aggressively than the Neo-Hookean model. The results align with 

previous studies asserting that the Yeoh model excels in predicting large-strain behavior 

in soft elastomers[48-52]. 

   

   

   
   (a)      (b)      (c) 

Figure 9. ANSYS simulation results using the Yeoh model. The image illustrates total 

deformation (a), equivalent elastic strain (b), and equivalent von-Mises stress (c). 

Conversely, the Ogden model in Figure 10 produced a more moderate response. At 

0.30 MPa, the deformation was 159.53 mm (panel a), the peak strain was 0.62327 

mm/mm (panel b), and the von Mises stress remained at 6.84 MPa (panel c). This model 

provided a more conservative estimate compared to Yeoh, highlighting the impact of 

constitutive model formulation on strain energy distribution [43,44], [53]. 
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    (a)     (b)      (c) 

Figure 10. ANSYS simulation results using the Ogden model. The image illustrates total 

deformation (a), equivalent elastic strain (b), and equivalent von-Mises stress (c). 

A cross-model comparison is demonstrated in Figure 11, depicting the total 

deformation at all three pressure levels. At 0.08 MPa, the values ranged from 62 mm 

(Ogden) to 65 mm (Neo-Hookean and Yeoh). At 0.10 MPa, the deformation varied from 

82 mm (Ogden) to 86 mm (Yeoh). However, at 0.30 MPa, the discrepancy became more 

prominent: 255 mm (Yeoh), 189 mm (Neo-Hookean), and 185 mm (Ogden), confirming 

the divergence at high strain regimes. 

 
Figure 11. Total deformation of Filaflex under three pressure levels. 

This variability can be attributed to Filaflex’s low elastic modulus and shear 

modulus, which make the material particularly sensitive to strain energy formulations. 

Prior research has indicate that soft materials with shear moduli below 15 MPa are prone 

to predictive divergence depending on the chosen constitutive model [45, 46], [54] 

Thus, while Filaflex demonstrates high compliance and the capacity for large elastic 

deformation, accurate simulation of its behavior requires careful model selection. 

Among the tested models, the Yeoh model consistently provided more accurate and 
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stable predictions for large deformation scenarios, making it particularly suitable for soft 

robotic applications involving Filaflex, such as pneumatic grippers, bending actuators, 

and stretchable sensor-integrated interfaces. 

Pebax (PEBA) 

PEBA, a high-stiffness thermoplastic elastomer, exhibited a distinctive mechanical 

response under pneumatic loading, markedly different from NinjaFlex and Filaflex. This 

deviation is primarily attributed to its significantly higher elastic modulus (~300 MPa), 

which imparts strong dimensional stability while limiting total deformation and strain 

under applied pressure [55,56]. To evaluate its performance under varying loads, finite 

element simulations were conducted at internal pressures of 0.08 MPa, 0.10 MPa, and 

0.30 MPa using three hyperelastic models: Neo-Hookean, Yeoh, and Ogden. 

As illustrated in Figure 12, the Neo-Hookean model yielded a maximum 

deformation of 29.45 mm at 0.30 MPa (panel a). The equivalent elastic strain reached a 

peak of 0.1246 mm/mm (panel b), while the von Mises stress was distributed uniformly 

with a maximum value of 6.05 MPa (panel c). The deformation field remained highly 

uniform, indicating that PEBA resists localized elongation and overstressing under 

pneumatic loading. Notably, this deformation was substantially lower than that observed 

in NinjaFlex and Filaflex at the same pressure levels, reinforcing the characteristic low 

compliance of high-modulus elastomers [57,58]. 

   

   

   
     (a)         (b)         (c) 

Figure 12. ANSYS simulation results using the Neo-Hookean model pressure. The image 

illustrates total deformation (a), equivalent elastic strain (b), and equivalent von-Mises stress (c). 

The Yeoh model produced an almost identical mechanical response, as seen in 

Figure 13. The total deformation at 0.30 MPa again reached 29.75 mm (panel a), with 

the same peak strain of 0.1246 mm/mm (panel b), and von Mises stress remained at 6.05 

MPa (panel c). These overlapping results highlight the low model sensitivity of PEBA 

under finite deformation, a trait common in stiff materials with near-linear stress–strain 

behavior in the operational range [59,60] 
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       (a)      (b)        (c) 

Figure 13. ANSYS simulation results using the Yeoh model. The image illustrates total 

deformation (a), equivalent elastic strain (b), and equivalent von-Mises stress (c). 

Similar results were obtained with the Ogden model, as illustrated in Figure 14. At 

0.30 MPa, the Ogden model predicted a total deformation of 29.75 mm (panel a), 

equivalent strain of 0.1246 mm/mm (panel b), and von Mises stress of 6.05 MPa (panel 

c). These consistent outputs across the three hyperelastic models reaffirm the notion that 

materials with high stiffness exhibit low sensitivity to constitutive model choice in FEM 

simulations [61-63]. 

   

   

   
     (a)          (b)        (c) 

Figure 14. ANSYS simulation results using the Ogden model. The image illustrates total 

deformation (a), equivalent elastic strain (b), and equivalent von-Mises stress (c). 
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A cross-model comparison is presented in Figure 15, where all three models 

demonstrate consistent deformation predictions at each pressure level: 9.5 mm at 0.08 

MPa, 11.3 mm at 0.10 MPa, and a convergent value of 29.8 mm at 0.30 MPa. This 

minimal deviation highlights PEBA’s numerical robustness and affirms its suitability for 

precision-critical simulation tasks [64,65]. 

These findings collectively demonstrate that PEBA offers high reliability for finite 

element-based design. Its consistent stress–strain behaviour, low deformation variability 

across models, and ability to maintain uniform response under pressure provide strong 

predictive confidence. These properties make PEBA highly suitable for demanding 

applications in soft robotics and biomechanics, including tendon-driven actuators, 

compliant prosthetic joints, and hybrid rigid–soft interfaces that require dimensional 

precision, mechanical durability, and long-term actuation stability [66-69]. 

 
Figure 15. Total deformation of PEBA under three pressure levels. 

Thus, the FEM analysis confirms that PEBA combines structural stiffness, model-

insensitive simulation behavior, and low strain concentration—positioning it as an 

optimal candidate for next-generation soft–rigid robotic systems [70-72]. 

3.2 Comparison Between Materials and Models 

The simulation results at the highest-pressure level (0.30 MPa) are presented in Table 2, 

highlighting significant variation in deformation, strain, and stress responses across the 

selected materials. 

Table 2. Simulation Results at 0.3 MPa. 
MATERIALS Deformation 

(mm) 
Equivalent Strain 
(mm/mm) 

von Misses 
Stress (MPa) 

NinjaFlex 252.96 0.764 7.10 

Filaflex  159.79 0.624 6.85 
PEBA 29.76 0.124 6.66 

As shown in Table 2, Filaflex exhibited the highest deformation and strain response, 

confirming its high compliance and extensibility under pneumatic loading. This behavior 

aligns with prior studies identifying Filaflex as a low-modulus thermoplastic elastomer 

with pronounced nonlinear strain capabilities, particularly under quasi-static and high-

pressure conditions [73-76]. PEBA, in contrast, demonstrated the lowest deformation and 

strain values, which corresponds with its relatively high elastic modulus and mechanical 

rigidity as reported under both static and dynamic loading scenarios [77-80]. Despite 

having a von Mises stress level comparable to that of NinjaFlex and Filaflex, its 

significantly lower strain suggests that PEBA absorbs load predominantly through 

stiffness rather than deformation 

NinjaFlex illustrates intermediate behaviour, balancing moderate elasticity with 

structural stability. Studies have confirmed that NinjaFlex exhibits tunable stiffness 

increasing with displacement, situating it between highly flexible materials such as 

Filaflex and stiffer elastomers such as PEBA [81-84]. Its deformation and strain capacity 
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were sufficient to ensure flexibility, while still providing enough form retention under 

pressure 

The selection of hyperelastic models significantly affected the simulation results, 

particularly for low-modulus materials [84-86]. The Yeoh model consistently produced the 

highest deformation values—most notably in Filaflex and NinjaFlex—due to its 

pronounced sensitivity to large-strain conditions[74], [84], [87]. Its dependence on the first 

strain invariant enhances its responsiveness to high-energy deformation zones, as 

commonly encountered in soft robotic components [87-89]. In contrast, the Ogden model 

provided more conservative predictions while exhibiting smooth strain distributions and 

strong numerical stability across extensive deformation ranges [85,86],[90]. These 

characteristics render the Ogden model especially suitable for simulations involving 

complex material behaviors and geometrical nonlinearities [88],[90-92].  

The Neo-Hookean model, while computationally efficient and straightforward in 

implementation, demonstrated limited accuracy at higher strain levels[85],[88,89]. This 

limitation is most evident in Filaflex, where the model underpredicted deformation 

compared to Yeoh and Ogden [93,94]. Accordingly, the Neo-Hookean model is more 

suitable for simulations involving moderate strains and small deformations, or where 

computational simplicity is prioritized over precision [88],[95-97]. 

3.3 Interpretation of Model Behavior 

Following the comparative simulation results presented in Section 3.2, this section offers 

a focused interpretation of the behavior exhibited by the three hyperelastic models—

Neo-Hookean, Yeoh, and Ogden—when applied to the selected elastomeric materials: 

NinjaFlex, Filaflex, and PEBA. The analysis emphasizes each model’s theoretical 

formulation, its suitability across different material characteristics, and its implications 

for capturing nonlinear mechanical responses under deformation. 

The Neo-Hookean model is widely recognized for its computational simplicity and 

is often employed in simulations involving moderate elastic strains and relatively simple 

geometries [96],[98,99]. As suggested by the results in the previous section, the model 

maintains numerical stability across materials but demonstrates notable inaccuracy when 

applied to highly extensible elastomers. This is particularly evident in its application to 

Filaflex, a material with high compliance and low modulus, where the model 

substantially underpredicts the deformation response[85],[94],[96]. The root of this limitation 

lies in the model’s single-term strain energy function, which lacks the flexibility to 

capture nonlinear stress–strain relationships at large deformation levels [98],[100,101]. While 

its use may be justified in early-stage design or for components subjected to low 

operational strain, the Neo-Hookean model is generally unsuitable for high-strain 

applications that demand precise material representation. 

The Yeoh model, by contrast, extends the classical formulation through the 

inclusion of higher-order terms of the first strain invariant. This allows the model to 

capture large, nonlinear deformations more accurately, particularly in materials such as 

NinjaFlex and Filaflex [42],[102,103]. The Yeoh model's sensitivity to strain makes it 

particularly effective in scenarios where soft robotic components undergo significant 

shape changes under load. Its performance is strongly evident in materials with low 

stiffness and high deformability, where large-strain phenomena dominate[100],[102],[104]. 

However, this sensitivity can lead to overestimation at lower strain levels if the material 

parameters are not properly calibrated[85],[105,106]. Despite this limitation, the Yeoh model 

offers a favorable compromise between complexity and accuracy, making it a strong 

candidate for simulating elastomers in applications involving substantial deformation 

and compliant contact behavior. 

The Ogden model presents a more sophisticated approach, utilizing principal stretch 

ratios in its strain energy formulation[32],[107,108]. This model is capable of representing a 

wide range of nonlinear elastic behaviors and is particularly well-suited to materials that 
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undergo multiaxial loading, complex boundary conditions, or geometrical 

nonlinearities[109-111]. In the simulations, the Ogden model consistently produced smooth 

strain fields and stable numerical performance across all materials[102-113]. Its flexibility 

enables accurate modeling of both soft and semi-rigid elastomers, accommodating axial, 

shear, and combined modes of deformation. Although computationally more 

demanding, the Ogden model’s robustness and versatility make it highly suitable for 

advanced simulations where mechanical fidelity and stability are essential, such as in 

soft robotics actuators interfacing with complex surfaces or undergoing dynamic 

loading. 

The interpretations presented above emphasize the necessity of aligning the choice 

of hyperelastic model with the specific mechanical behavior of the material and the 

deformation regime anticipated in the application. Each model—Neo-Hookean, Yeoh, 

and Ogden—exhibits distinct strengths and limitations that become more apparent when 

applied across a spectrum of material stiffness and strain magnitudes[85], [107], [112] 

The Neo-Hookean model, while advantageous for its simplicity and computational 

efficiency, is best reserved for simulations involving low to moderate strains, 

particularly in preliminary design phases or in scenarios where simulation time and 

computational resources are constrained. However, its limited capacity to capture 

nonlinear behavior restricts its usefulness in accurately modelling soft, highly 

deformable elastomers. The tendency of this model to underpredict displacement and 

strain under high loads, as observed particularly in Filaflex, underscores its inadequacy 

in contexts requiring precise representation of large deformation. 

In contrast, the Yeoh model demonstrates greater versatility and responsiveness in 

simulating large-strain phenomena, especially in low-modulus elastomers like Filaflex 

and NinjaFlex. Its enhanced formulation allows it to better replicate nonlinear stress–

strain responses under substantial loading. Nevertheless, the Yeoh model requires 

careful calibration, as it may overestimate material responses at lower strain levels if the 

model parameters are not adequately fitted. Despite this, it provides a compelling 

balance between computational manageability and predictive accuracy, making it a 

suitable candidate for most soft robotic applications where deformation is significant but 

not overly complex. 

The Ogden model offers the most comprehensive framework for representing 

nonlinear elasticity. It consistently delivers smooth, stable outputs across a wide range 

of deformation states, even under geometrical complexities or multiaxial stress 

conditions. Its mathematical structure provides greater flexibility in characterizing both 

stiff and compliant behaviors within a single model formulation. Although the Ogden 

model entails a higher computational cost and more intensive parameter fitting, these are 

justified in simulations that demand both high fidelity and numerical stability, such as 

those encountered in soft actuators interacting with variable geometries or dynamic 

mechanical inputs[105],[113,114]. 

Taken together, these insights affirm that model selection is not a matter of 

preference but a critical design decision, one that should be informed by the nature of 

the material, the functional requirements of the system, and the expected mechanical 

environment. A judicious selection of the constitutive model enhances the reliability of 

simulation results and ensures that soft robotic components perform in accordance with 

their design specifications[112],[115,116]. In the context of soft gripper systems, where 

deformation, compliance, and precision must be simultaneously managed, choosing the 

appropriate hyperelastic model becomes an integral part of the engineering process. 

3.4 Engineering Implication for Soft Gripper Design 

The simulation results provide critical insights into the application of materials and their 

corresponding hyperelastic models in the design of soft gripper systems. The materials—
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Filaflex, NinjaFlex, and PEBA—each demonstrate unique mechanical behaviors that 

cater to different design requirements in soft robotics.  

Filaflex, characterized by its high compliance and sensitivity to strain, is particularly 

suitable for regions of the gripper that demand maximum surface adaptability[85],[117,118]. 

This includes fingertip-like sections where extensive deformation is essential to establish 

full contact with objects of varying shapes and textures. As observed in previous 

analyses, Filaflex undergoes significant deformation even at relatively low-pressure 

inputs, reinforcing its suitability for applications requiring high conformability without 

compromising responsiveness[119]. Its capacity to accommodate large elastic strains at 

minimal actuation pressure makes it preferred material for passive-conforming 

interfaces in adaptive gripping mechanisms[120-122]. 

NinjaFlex, by comparison, offers a balanced combination of elasticity and form 

retention[123-125]. This makes it particularly appropriate for primary actuator structures, 

where moderate compliance must be maintained alongside structural stability. Unlike 

Filaflex, NinjaFlex exhibits more controlled deformation under internal pressure, which 

ensures predictable actuation behavior and reduces the risk of excessive elongation 

during repeated use[126-128]. This moderate response profile allows NinjaFlex to serve 

effectively in gripper sections that require both adaptability and load-bearing capability, 

especially when subjected to varying external forces during grasping cycles[121],[127,128]. 

PEBA, owing to its higher elastic modulus and limited strain response, is better 

suited for rigid elements or reinforcement zones within hybrid gripper architectures[129-

131]. Its low deformation tendency across pressure levels, as previously established, 

supports its use as a load-transmitting backbone or structural frame within the gripper. 

In such roles, PEBA contributes dimensional rigidity and positional accuracy, preventing 

unwanted deflection during actuation and enabling reliable performance in scenarios 

requiring consistent geometric constraints[132-134]. 

To contextualize the mechanical roles of each material within the gripper 

architecture, it is essential to examine their deformation characteristics under varying 

internal pressures, as illustrated in Figure 16. This figure presents a comparative 

visualization of the deformation profiles of the three materials under various internal 

pressures. The graph illustrates how Filaflex occupies the high-deformation spectrum, 

PEBA anchors the low-deformation end, and NinjaFlex resides in the middle with 

balanced behavior. This relationship highlights the trade-offs between material 

compliance and structural stability, which serve as critical design parameters in the 

spatial allocation of materials across different zones of the gripper [135-137]. 

 
Figure 16. Deformation at various pressures for NinjaFlex, Filaflex, and PEBA.  
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This comparative framework emphasizes the importance of aligning material 

selection with the functional requirements of specific gripper components[138-140]. 

Filaflex is best positioned for high adaptability contact zones, NinjaFlex suits 

intermediate actuation segments requiring responsive yet stable deformation, while 

PEBA functions optimally in regions necessitating structural reinforcement. 

Collectively, these insights contribute to more rational material allocation strategies in 

soft gripper designs, ensuring that each section of the system performs optimally 

according to its intended mechanical role and operational load conditions. 

3.5 Research Limitations 

While the findings of this study provide valuable insights into the deformation behavior 

of Filaflex, NinjaFlex, and PEBA in the context of soft gripper design, several limitations 

must be acknowledged to contextualize the scope and generalizability of the results. 

These limitations primarily stem from the assumptions inherent in the simulation 

framework, the simplifications in material modelling, and the absence of empirical 

validation under dynamic or long-term operational conditions. 

First, all simulations were conducted under static and isothermal conditions, 

omitting dynamic phenomena such as cyclic loading, viscoelastic relaxation, and creep. 

In real-world soft robotic applications, actuators are frequently subjected to repeated 

loading cycles, time-dependent strain accumulation, and thermal variations, all of which 

can significantly influence material performance—particularly for compliant elastomers 

like Filaflex and NinjaFlex. The absence of such factors in the current model reduces the 

predictive fidelity of the simulations when applied to long-duration or fatigue-prone use 

cases. 

Second, the material properties employed in the simulations were sourced from 

secondary literature and reflect average values from commercial formulations. While 

this approach ensures consistency and comparability with previous studies, it does not 

account for batch-to-batch variability or the influence of manufacturing processes such 

as 3D printing, injection molding, or curing conditions. These factors can substantially 

alter the mechanical response of elastomeric materials. As such, the simulation results 

may deviate from real-world performance unless material parameters are experimentally 

calibrated for the specific processing route and material grade used. 

Additionally, although the study utilized established hyperelastic models—namely 

Neo-Hookean, Yeoh, and Ogden—these models remain idealized representations of 

nonlinear elastic behavior. They do not capture more complex material features such as 

anisotropy, time-temperature superposition, hysteresis, or strain-rate dependency. 

Moreover, the exclusion of finite strain kinematics and potential localization effects may 

limit the models’ ability to represent extreme deformation scenarios, particularly those 

involving sharp geometric transitions or multiaxial stress states. 

The geometric model of the soft gripper used in this study was also intentionally 

simplified to ensure computational efficiency and generalizability. However, actual soft 

gripper designs are subject to geometric irregularities, surface roughness variations, and 

diverse object contact scenarios—all of which may significantly alter mechanical 

performance. As a result, the idealized geometry used in the simulations may not fully 

replicate the physical interaction dynamics encountered in real-world applications. 

Lastly, the study did not investigate material durability or aging behavior. While the 

simulations offer a reliable snapshot of initial deformation responses, they do not address 

long-term degradation mechanisms such as wear, UV exposure, hydrolysis, or thermal 

aging—all of which can affect material properties over time. This omission limits the 

ability to extrapolate the simulation results to the full life cycle of soft robotic 

components under operational conditions. 

This study has provided valuable insights into the mechanical performance of soft 

elastomeric materials under controlled conditions; however, a number of methodological 
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and representational constraints remain and should be addressed in future investigations. 

Enhancing the accuracy and applicability of the simulation results will require the 

incorporation of dynamic loading scenarios, experimental calibration of material 

parameters, and the use of extended constitutive models that account for anisotropy, 

time-dependency, and finite strain effects. Moreover, integrating long-term performance 

testing under realistic operational and environmental conditions will be essential to 

assess material durability and ensure functional reliability in practical soft robotic 

systems. 

4. CONCLUSION 

This study has presented a comparative analysis of three hyperelastic constitutive 

models—Neo-Hookean, Yeoh, and Ogden—applied to three TPE commonly used in soft 

robotics: Filaflex, NinjaFlex, and PEBA. The simulation results demonstrated that model 

selection plays a critical role in capturing the mechanical behavior of soft materials under 

internal pressure loads, especially for low-modulus elastomers. 

Among the models, the Yeoh formulation showed the highest sensitivity to large-

strain phenomena, making it particularly effective for highly deformable and compliant 

materials such as Filaflex. The Ogden model delivered balanced and stable predictions 

across a wide stiffness range, with smooth strain distributions and numerical robustness, 

making it ideal for soft robotics components that undergo complex deformations. In 

contrast, the Neo-Hookean model, though computationally efficient and stable at low 

strain levels, exhibited limited accuracy in predicting large deformations, especially in 

soft elastomers. 

From a materials perspective, Filaflex emerged as the most flexible and compliant 

candidate, suitable for gripper segments requiring maximum adaptability. NinjaFlex 

provided a balance between elasticity and dimensional stability, making it well-suited 

for general-purpose soft actuators. Meanwhile, PEBA, with its high stiffness and low 

deformation sensitivity, is optimal for supporting structures in hybrid soft–rigid gripper 

designs. 

Collectively, these findings establish a simulation-based decision framework that 

enables designers to match specific hyperelastic models to material properties during the 

conceptual phase of soft robotic component development. This framework enhances 

early-stage design accuracy while accounting for mechanical performance under 

realistic actuation scenarios. 

Future work should incorporate experimental validation, dynamic and cyclic 

loading simulations, and viscoelastic modeling techniques to improve predictive fidelity. 

Integrating this model–material framework into design optimization loops and CAD-

integrated CAE workflows may significantly accelerate the development of next-

generation soft robotic systems with improved adaptability, functionality, and reliability. 
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