
272Copyright © All rights are reserved by Hamid Soleimanimehr.

Advances in Robotics  
& Mechanical Engineering 

Research Article

Numerical Solution of the Nernst-Planck Equation for Ionic 
Polymer Metal Composite Fixed- Fixed Beam

Hamid Soleimanimehr1*, Amin Nasrollah2 and Amir Mehdi Mosaddeghi3

1Assistant Professor of Mechanical Engineering, Department of mechanical engineering, Science and Research Branch, Islamic Azad 
University, Iran
2BSc of Mechanical Engineering, Department of mechanical engineering, Science and Research Branch, Islamic Azad University, Iran
3MSc student of Mechanical Engineering, Department of mechanical engineering, Science and Research Branch, Islamic Azad University, 
Iran

*Corresponding author: Hamid Soleimanimehr, Assistant Professor of Mechanical Engineering, Department of mechanical engineering, 
Science and Research Branch, Islamic Azad University, Tehran, Iran

Received:  August 14, 2021                                                                                                              Published:  August 30, 2021

ISSN: 2643-6736

DOI: 10.32474/ARME.2021.03.000158

Abstract

A numerical Solution of the Nernst-Planck equation for ionic polymer metal composites fixed-fixed beam is required for 
measuring deflection and stress of IPMCs. These results are extremely important for analyzing this material under variable voltage 
and preparing it for using in complicated accessories and using it in introducing the material behavior in electromechanical analysis. 
As a new smart material, ionic polymer metal composites, or in short IPMCs, are typically fabricated by coating noble metals such 
as gold, platinum, and palladium on each other sides of membrane-based on perfluorinated materials such as Nafion and Flemion. 
These composites can bend significantly by applying a low amount of voltage. In this research after creating a 2-dimensional 
model, the equations are applied to the finite element method, then the boundary conditions are applied. The result significantly 
illustrates the non-linearity attitude of ionic polymer metal composites. after applying 3.3 V, considering this method, the analysis 
and diagrams show that the maximum stress is 2.21×1012 (N/m2) and the maximum deflection is 0.5 mm.  
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Introduction 
In recent years, polymers have played a remarkable role in bio-

mimetic, biomedical, and robotic applications [1]. Polymers have 
the ability to be converted into electro-active polymers or in the 
other words EAPs, with different chemical techniques [2]. Elec-
tro-active polymers have drawn great attention recently because 
of their ability to convert electrical energy directly to mechanical 
work. EAPs are usually classified into two main categories based 
on their working mechanism: electronic and ionic [3]. Ionic EAPs 
such as Ionic polymer-metal composites can deform by applying a 
very low voltage leading to a bending movement [4]. Considering, 
ionic polymer metal composites are used vastly for like drug deliv-
ery, under-water microrobot, energy harvesting, soft actuators, and 
artificial muscles [5]. The most common polymers are consisted of 
perfluorinated alkene containing short sidechains terminated with  

 
an ionic group such as SO_3^-and, there are three main polymeric 
ion exchanges membrane consisting of Nafion, Flemion, and Aci-
plex [6]. The membrane is composed with a noble metal such as 
silver, gold, platinum, and palladium in some chemical process. In 
our research, we used Nafion117 membrane, Nafion is used as a 
conductor for proton exchange in fuel cells and water filtration and 
allow cations to move, coated with gold [7]. In previous research of 
other researchers Fick’s law and electromechanical equations were 
used but in this paper Nernst–Planck equation are the Enovation 
with can lead to more precise results [8]. One of the most import-
ant behaviors of ionic polymer metal composites is displacement 
because of applying a small amount of voltage. The voltage can be 
included in range of 1-5 v. Investigation on the range of displace-
ment has a noticeable role in the production and development of 
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Ionic polymer composites for use in many medical and industri-
al applications [9,10]. In this research, the propose is analyzing 
fixed-ended beam made of ionic polymer metal composite based on 
Nafion and Platinum with aid of finite element method and Nernst-
Planck equation in COMSOL Multiphysics; the maximum stress and 
displacement of the beam and displacement by using this method 
is discussed. Due to the better understanding of the finite element 
method, we review the ruling equations and relations of the IPMC. 
Therefore, the results of this study help to comprehend the ability 
and resistance of the IPMC.

Structure and Equations
IPMC is complicated the smart material that can be manufac-

tured in diverse methods [8]. For instance, it can be manufactured 
with putting three different layers of polymer and electrode togeth-

er [9] Or combining Nafion or in the other words the liquid polymer 
with salt of a metal such as Platinum, gold, and etc. which will make 
our polymer conductive [11]. In this research the first method is 
used to model the IPMC and preparing it for analyzing it [12]. In this 
section, the ruling equations and relations applying a voltage are 
mentioned. Generally, IPMCs are made of a membrane put between 
two electrode layers (Figure 1). The electromechanical theory of 
ionic polymer metal composites is based on the converting of elec-
trical energy to mechanical energy, and mechanoelectrical theory 
is based on the reverse of electromechanical. Both of the phenom-
ena are induced the ionic current in the polymer calculating with 
Nernst–Planck equation (1) [13-14].
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∂                                 
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Where “μ” is the mobility of cations, “F” is the Faraday constant, 
“z” is the charge number, “Δv” is the molar volume that quantifies 
the cation hydrophilicity, “P” is the solvent pressure, and “ф” is the 
electric potential in the polymer, where “C” is the cation concentra-
tion, “D” is the diffusion constant. The electromechanical and mech-
anoelectrical transduction models of IPMC are shown in Figure 1 
[15]. For calculating applying force to fixed-fixed beam made of Ion-
ic Polymer metal composites, it needs to use Newton’s Second Law. 
Generalized Newton’s Second Law is used to described the force in 
equation (2)[15]. 
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where “c” is the Navier constant and “ρp” is the density of the 
material and the second term is the static Navier’s equation (Figure 
2). Gauss’s law is used to determine the elements and boundaries of 
a fixed-fixed beam made of IPMC calculating ionic current. In Figure 
3, electrode domains “Ψa”, “Ψb”, a polymer domain “Ω” and, a con-
tour “∂г” in the IPMC are shown. Considering “∂г”, the generalized 
Gauss’s law integral can be calculated by equation (3) [16].

Figure 1: The schematic of an IPMC actuator.

Figure 2: Transduction models of IPMC.
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Figure 3: Using Gauss’s law to determine elements.

( ) ( ). . .
r s sb

ndl ds dsφ φ φ
∂
∇ = ∇ ∇ + ∇ ∇∫ ∫ ∫                                  (3)

where “n” is a unit normal vector on “∂ᴦ”.

The total current is calculated by equation (4), and the vertical 
directional width of the IPMC is shown in Figure 4 [17-18].
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Many numbers of contour are considered, where n→∞, and the 
length of the counter areas with “dᴦi”, “dᴦai”, and “dᴦbi” for the ver-
tical, top, and bottom area are shown in Figure 4. Considering that 
the line integrals on the inner boundaries cancel each other out, the 
LHS contains term, and it is shown in equation (5) [19-20].
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Considering the previous equations, the normal ionic current 
density is calculated by equation (6) [21-22].

.JI d n
x
φ∂

= − ∈∇
∂                                                     (6)

Finite Element Method
For analyzing the mentioned composite, a computer aided en-

gineering software is used; dimension of the modeled composite is 
like (Table 1). All of the previous mentioned equations are applied 
to the FEM method. In this analysis 118763 triangular mesh grids 
are made; each of them is about 0.5mm to 3.3mm; increasing this 

number is useless due to the precise data resulted by this amount. 
Next step is applying the boundary condition. First of all, since the 
required model is fixed-fixed beam, which means in the boundary 
condition of both ends there is no displacement in neither of direc-
tions. Then the voltage is applied; the upper layer is 3.3V and the 
lower one is the ground terminal. The last step of this analysis is 
applying the material properties; Nafion and Platinum are applied 
to the main core and to thin layers respectively; these properties 
are shown in Tables 2 & 3.

Result and Discussion
After computing and solving the Nernst-Planck equation, it is 

understood that the maximum deflection of the modeled beam is 
0.5 mm (Figure 5). The maximum Von Mises stress occurs in the 
electrodes near the fixed ends, and it is about 2.21×1012 (N/m2) 
(Figure 6). It is obvious that in the middle of our beam we have the 
maximum deflection in the other words due to the normal equa-
tions and other types of beams as we have fixed ended being in our 
research the maximum displacement will occur at the midpoint; 
since follows Timoshenko beam theory it can be understood that 
the maximum This stress will take care indie electrodes especially 
the fixed parts. The strain of our model is extremely low which is 
perfect for using them in manufacturing micropumps; The vibra-
tion that causes by this item after applying AC voltage Can result 
an amazing flowrate. As it was expected the displacement entire of 
IPMC, they’ve been like Figure 7 which will decrease at the ends and 
increase while approaching the midpoint. This is an usual phenom-
enon occurred because the theory followed by our beam is Timos-
henko.

Table 1: The specification of fixed-fixed beam.

Depth Nafion thickness Electrode thickness Beam length

1 mm 70 μm 1 μm 10 mm

Table 2: Nafion 117 properties [12].

Permittivity constant Density Poisson ratio Young module

3.5028×102 3358 Kg/m3 0.487 0.57×103
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Table 3: Platinum properties [12].

Permittivity constant Density Poisson ratio Young module

1 21447 Kg/m3 0.385 154×109

Figure 4: The boundaries of IPMC elements.

Figure 5: Graphical displacement of fixed ended beam.

Figure 6: The stress in the electrodes of the model.
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Figure 7: Displacement graph in the IPMC beam.

Conclusion
The ionic polymer metal composite in the form of a fixed-fixed 

beam with the electrode of platinum and Nafion membrane has been 
modeled. By applying a voltage of 3.3V, the stress and deflection 
have been investigated by finite element method and the diagrams 
have been drawn, in addition, Nernst–Planck and Poisson equations 
have been used in the calculation of ionic current. It has been 
realized the fixed-fixed can tolerate 0.5mm as maximum deflection 
and 2.21×1012 (N/m2) as maximum stress. The maximum stress 
will happen in the electrode especially the fixed parts and the 
maximum deflection or in the other world the formation will occur 
in the middle of the IPMC beam. Due to the high and low strain of 
this beam at 3.3V and high response to the voltage alteration this 
model is perfectly matches with micropumps.
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