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Abstract 
In this paper, a Multiphysics framework is proposed for the analysis and mitigation of torsion in ionic polymer–metal 

composite (IPMC) actuators, where both viscoelastic and electroactive effects of the material are considered 

simultaneously. The governing equations were first derived based on Euler–Bernoulli beam theory and the principle of 

minimum energy, and then coupled with the Nernst–Planck–Poisson electrochemical relations to obtain the torsional 

moment induced by ion migration under an electric field. To account for material softening, the mechanical moduli were 

formulated as combined models dependent on both time and electric field. Numerical simulations reveal that, under an 

applied voltage of 5 V and a thickness of 1 mm, the shear modulus decreases by nearly 85% within about 10 seconds; 

however, by introducing transverse stiff layers and symmetric longitudinal excitation, the torsional moment drops to less 

than 5% of its initial value and the torsional angle is effectively eliminated. Empirical coefficients were introduced to 

represent the sensitivity of the moduli to the electric field, whose values may vary with changes in membrane or electrode 

material. A stability analysis was performed through the definition of a specific index that simultaneously captures the 

influence of time, electric field intensity, and boundary constraints. The numerical results demonstrate that while modulus 

reduction over time and with higher voltages decreases the shear and bending stiffness and increases viscous energy, the 

imposition of boundary conditions at the edges suppresses torsion even under severe softening. Geometrical sensitivity 

analysis further indicated that variations in length and width have only a limited effect on viscous energy, whereas 

boundary conditions play a decisive role in torsion control. This framework can therefore serve as a reliable tool for the 

design of torsion-free actuators in soft robotics and biomedical systems. 
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1.  Introduction 

Ionic Polymer–Metal Composites (IPMCs), due to their 

light weight, high flexibility, and low-voltage 

responsiveness, are among the most important smart 

materials used in soft robotics and multifunctional 

sensors. Although early research primarily focused on 

bending behavior, torsion has recently gained attention 

as a key degree of freedom for replicating natural 

motion. It has been shown that increasing the electrode 

spacing can significantly enhance the twist angle [1]. 

Recent studies have focused on the design of dual-mode 

actuators that combine both bending and twisting 

motions; for instance, an angular velocity exceeding 

300°/s at 3.75 V has been reported [2]. Furthermore, 

several one-dimensional and three-dimensional models 

have been developed to describe the torsional response 

and large bending deformations, demonstrating high 

accuracy in reproducing experimental behavior [3,4]. 

On the other hand, both experimental and numerical 

analyses have revealed the crucial influence of 

geometry, electrode symmetry, and boundary 

conditions in controlling undesired torsion [5,6]. 

The innovation of the present research lies in the 

development of a Multiphysics framework in which the 

time- and electric-field-dependent behavior of the 

Young’s and shear moduli is modeled, combining the 

Poisson–Nernst–Planck equations with the Euler–

Bernoulli beam theory. 

 

2. Methodology 

The strain energy of the system (𝜋) can be expressed 

by Equation (1) [7]: 



Poureini, Soleimanimehr, Viliani, Abdollahi 
 

(1       ) 𝜋 =
1

2
∭ (𝜎𝑥𝑥𝜀𝑥𝑥 + 𝜎𝑦𝑦𝜀𝑦𝑦 +

 

𝑉

𝜎𝑧𝑧𝜀𝑧𝑧 + 𝜎𝑥𝑦𝜀𝑥𝑦 + 𝜎𝑦𝑧𝜀𝑦𝑧 +

𝜎𝑧𝑥𝜀𝑧𝑥) =
1

2
∫ 𝐸𝐼 (

𝑑2𝑤

𝑑𝑥2 )
2

𝑑𝑥
𝑙

0
  

The strain energy resulting from viscous stress is 

calculated using Equation (2): 
(2 ) 

𝑈𝑣𝑖𝑠 = ∫ 𝜂 (
𝜕𝑣

𝜕𝑦
)
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 𝑑𝑉
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The total potential energy of the system, which 

combines the energy induced by viscous stress 

(torsional energy) and the energy generated by 

electrical excitation, is expressed in Equation (3): 
(3 ) 𝜋 = 𝑈𝑣𝑖𝑠 + 𝑈𝑒𝑙𝑒𝑐 
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According to the principle of minimum potential 

energy, 𝛿𝜋 =  0 for any arbitrary 𝛿𝑣, which can be 

expressed by Equation (4). 
(4 ) 

𝜂
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The final governing equation, based on the energy 

minimization principle, is obtained from Equation (3) 

with respect to 𝑣, as shown in Equation (5). 
(5 ) 

𝜂
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Similarly, based on the same principle, differentiation 

of Equation (3) with respect to 𝑤 gives Equation (6). 
(6 ) 𝑑2𝑀𝑒𝑙𝑒𝑐

(𝑤) (𝑥)

𝑑𝑥2
= 0 

The boundary conditions for the viscous term are 

expressed by Equation (7), 
(7 ) 
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and likewise, the boundary conditions for the viscous 

electrical moment term are expressed by Equation (8). 
(8 ) 
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The deformation behavior of Ionic Polymer–Metal 

Composites (IPMCs) under an electric field can be 

described using the Nernst–Planck equation, which 

governs ion transport and is given by Equation (9) [8]: 
(9       ) 

𝐽 = −𝐷 [𝛻𝐶 +
𝑧𝐹

𝑅𝑇
𝐶. 𝛻𝑉] 

To relate the potential field to the ion concentration (ion 

distribution), the Poisson equation is employed [8]. 

(10       ) 
𝛻2𝑉 +

𝜌

𝜀
=
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The velocity gradient plays a crucial role in torsional 

behavior. As shown in Equation (2), if 𝜕𝑣/𝜕𝑦 ≠  0, the 

viscous energy is positive, indicating resistance to 

motion and the generation of torsion. If 𝜕𝑣/𝜕𝑦 =  0, 

the viscous energy becomes zero, corresponding to the 

absence of shear forces and torsion.  

By applying physical boundary conditions at the upper 

and lower edges (𝑦 =  ±𝑏/2): 
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𝑏
2

𝑏
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If the structure is designed such that the displacement 

𝒗 is symmetric with respect to the 𝑦 − 𝑎𝑥𝑖𝑠, reaches a 

maximum at 𝑦 =  0, and becomes zero at 𝑦 =  ±𝑏/2, 

then the velocity gradient at the boundaries vanishes, 

minimizing viscous energy.  

When 𝜕𝑣/𝜕𝑦 =  0 at 𝑦 =  ±𝑏/2, integrating by parts 

yields Equation (12). 
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Since 𝜕𝑣/𝜕𝑦 =  0 at the boundaries, the boundary 

term becomes zero—meaning that no net torsional 

force acts at the edges, and torsion is eliminated. 

Table 1 shows how different boundary conditions 

affect torsional behavior and viscous energy. 

 
Table 1. Effect of Boundary Conditions on Torsion 

Boundary 

Condition 

Physical 

Interpretation 

Effect on 

Torsion 

𝜕𝑣/𝜕𝑦 =  0 

at 𝑦 =  ±𝑏/
2 

No shear stress 

at edges 

Elimination 

of viscous 

torsional 

energy 

Constant or 

very small 𝑣 

at edges 

Limited 

transverse 

displacement 

Negligible 

torsion 

 

For simplicity in analysis and to enable modeling of 

coupled phenomena, it is assumed that this dependency 

follows an exponential relation combining both time 

and electric field intensity. 

The equations are proposed as an analytical model, 

intended to explore the general system behavior under 

this simplified assumption rather than to provide an 

exact empirical fit (Equations (13)– (18)). 

Accordingly, these parameters can be expressed as 

functions of the electric field intensity (𝐸𝑓): 

(13       ) 𝐸(𝐸𝑓) = 𝐸0𝑒−𝛾𝐸𝑓 

(14       ) 𝐺(𝐸𝑓) = 𝐺0𝑒−𝛿𝐸𝑓 

If time dependency is also considered, a viscoelastic 

model can be adopted. 

(15      ) 
𝐸(𝑡) = 𝐸0 + 𝐸1𝑒−

𝑡
𝜏 
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(16       ) 
𝐺(𝑡) = 𝐺0 + 𝐺1𝑒−

𝑡
𝜏 

Since both time and electric field influence 𝐸, it can be 

written as Equation (17). 

(17       ) 
𝐸(𝑡, 𝐸𝑓) = (𝐸0 + 𝐸1𝑒−

𝑡
𝜏) 𝑒−𝛾𝐸𝑓 

Similarly, the shear modulus (𝐺) is defined in Equation 

(18). 

(18       ) 
𝐺(𝑡, 𝐸𝑓) = (𝐺0 + 𝐺1𝑒−

𝑡
𝜏) 𝑒−𝛿𝐸𝑓 

 
Table 2. Effect of Variable Shear Modulus on Torsion 

Parameter Influence on Torsion 

Decreasing 𝐺(𝑡, 𝐸𝑓) 

Reduced shear 

resistance may 

increase or decrease 

torsion (depending on 

boundary conditions) 

Boundary condition 

𝜕𝑣/𝜕𝑦 =  0 at edges 

Suppression of shear 

flow at edges reduces 

or eliminates torsion 

Combination of both 

Formation of a 

parabolic deformation 

profile naturally 

eliminates torsion 

 

Table 2 illustrates how various factors influence the 

torsional behavior of the composite. Using the 

proposed models (Equations (17) and (18)), a 

numerical criterion for the torsional stability/sensitivity 

index is defined as Equation (19). 

(19       ) 
𝑆(𝑡, 𝐸𝑓 , 𝛼) = (1 − 𝛼)

𝐺0

𝐺(𝑡, 𝐸𝑓)
 

 

3. Results and Discussion 

Figure 1 presents the variation of the shear modulus 

𝐺(𝑡, 𝐸𝑓) over time for different voltage levels. 

 

 
Figure 1. Shear modulus versus time at different voltages 

 

Figure 2 shows the Young’s modulus 𝐸(𝑡, 𝐸𝑓) as a 

simultaneous function of time and electric field. 

 

 
Figure 2. Young’s modulus versus time and electric field 
 

Figures 3–7 illustrate the stability analysis under 

varying boundary conditions. 

 

 
Figure 3. Decrease of shear modulus with time and electric 

field 

 

 
Figure 4. Stability index versus time for multiple 

boundary conditions 

 
Figure 5. Surface plot of the stability index at t = 100 
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Figure 6. Stability index versus time under various 

boundary conditions 

 

 
Figure 7. Variation of viscous energy with time and 

electric field 

 

4. Conclusions 

In this study, a comprehensive Multiphysics framework 

was developed to analyze the origin of torsion in Ionic 

Polymer–Metal Composite (IPMC) actuators and to 

propose strategies for its reduction or elimination. 

Using the Euler–Bernoulli beam theory and the 

principle of minimum potential energy, the bending 

strain energy and the viscous energy contribution 

associated with shear stresses along the 𝑦𝑧 − 𝑝𝑙𝑎𝑛𝑒 

were derived.  

Subsequently, the coupled Nernst–Planck–Poisson 

equations were integrated to describe ion transport, 

enabling the derivation of the electro-torsional moment 

as a function of potential gradient and ion 

concentration. 

The proposed model demonstrates that torsion in IPMC 

beams arises from the interaction of three key factors: 

Viscoelastic behavior, Electro-induced softening, and 

Mechanical boundary conditions. 

This insight provides a solid foundation for designing 

torsion-free or torsion-controlled IPMC actuators with 

enhanced stability, durability, and energy efficiency for 

applications in soft robotics, biomedical devices, and 

micro-actuation systems. 

 

5.  References 

[1] Xu, B., Wang, S., Zhang, Z., Ling, J., & Wu, X. (2021). 

Improving the torsion performance of IPMC by changing the 

electrode separation. Scientific reports, 11(1), 7639. 

[2] Hu, N., Li, B., Bai, R., Xie, K., & Chen, G. (2023). A torsion-

bending antagonistic bistable actuator enables untethered 

crawling and swimming of miniature robots. Research, 6, 

0116. 

[3] Lei, H., Sharif, M. A., & Tan, X. (2016, April). A dynamic 

physics-based model for tubular IPMC sensors under 

torsional excitation. In Electroactive Polymer Actuators and 

Devices (EAPAD) 2016 (Vol. 9798, pp. 618-626). SPIE. 

[4] Annabestani, M., Naghavi, N., & Maymandi-Nejad, M. 

(2021). A 3D analytical ion transport model for ionic 

polymer metal composite actuators in large bending 

deformations. Scientific reports, 11(1), 6435. 

[5] Nasrollah, A., Soleimanimehr, H., & Haghighi, S. B. (2024). 

IPMC-based actuators: An approach for measuring a linear 

form of its static equation. Heliyon, 10(4). 

[6] Soleimanimehr, H., Bafandeh Haghighi, S., & Nasrollah, A. 

(2024). Experimental Analysis of the Effect of Mechanical 

Topology on the Surface of Biological Microgripper Made 

of Ionic-Polymer Metal Composite Smart 

Material. Mechanics of Advanced Composite Structures. 

[7] Rao, S. S. (2019). Vibration of continuous systems. John 

Wiley & Sons. 

[8] Shahinpoor, M. (Ed.). (2015). Ionic Polymer Metal 

Composites (IPMCs): Smart Multi-Functional Materials and 

Artificial Muscles, Volume 2. Royal Society of Chemistry. 

 


