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Abstract 

This dissertation deals with the modeling of electroactive 

polymers. More specifically IPMCs and IP2Cs, which are 

electroactive polymers that can be used both as sensors and as 

actuators, have been considered.  

The modeling of IPMC and IP2C transducers, in fact, is an open 

issue relevant to the development of effective applications. An 

introductions to the general framework of the proposed models of 

Electroactive polymers will be given in Section 1, while, in Sections 

2 and 3, a multiphysics model of actuators is presented in details. It 

integrates the description of the electrical, mechanical, chemical and 

thermal coupled physics domains in a unique solution. As a novel 

contribution, a model optimization procedure which integrates 

Nelder-Mead simplex method with the multiphysics model is 

exploited to identify model parameters by fitting experimental data. 

A further nonlinear neural network model of IP2C actuators has 

been implemented and the results will be described in Section 4. 

The proposed model takes into account the humidity dependence of 

the device as a modifying input. Three different Neural Network 

models, e.g. Feed-forward neural network, Radial-basis neural 

network and recurrent neural network are developed and a 

comparison of proposed model have been reported. 
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Modeling of  Electroactive 
transducers 

1 Introduction 

In these years, intense research has been conducted in order to 

improve organic materials performance and to develop innovative 

low-cost fabrication techniques. Organic materials offer the 

possibility of realizing new devices and applications with unusual 

properties such as flexibility, lightweight, disposability and 

eventually bio-compatibility [1]. In this scenario, electro-active 

polymers (EAPs) are materials, often composites, suitable for 

realization of innovative transducers, since they have capabilities to 

transform electrical energy into mechanical energy and vice versa. 

[2][3]. 

Thanks to their softness, resilience, and the capability of 

producing large deformation under a low actuation voltage, EAPs 

are very attractive for potential applications both as actuators and 

sensors [4][5][6]. 

It is widely recognized that, beyond the needing to improve 

materials performance, the full exploitation of this new technology 
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requires adequate models especially when EAPs based systems 

require high precision control, such as, for example, those referring 

to the realization of biomedical devices or micromanipulators [8]. 

The modeling of this transducers is an open issue relevant to the 

development of effective applications. 

The Ionic Polymers-Metal Composites (IPMCs) and the Ionic 

Polymers- Polymers Composites (IP2Cs) are a EAPs can be used 

both as sensors and as actuators.  

IP2Cs represents a direct descendent of IPMCs [7], by 

replacement of metal electrodes by polymeric ones. While IPMC 

combine the electro-mechanical properties of ionic polymers’ 

membrane with the conductivity of surface electrodes made of 

deposited noble metals (platinum or gold) [8], IP2Cs are 

manufactured through deposition of organic conductor electrodes 

directly on a ionic polymer membrane. The completely polymeric 

nature of IP2Cs maintains the electro-mechanical coupling 

capability, a low required voltage, high compliance, lightness, 

softness of IPMCs and eventually requires simpler production 

procedures, lower production costs and it is suitable for the 

integration in envisaged post-silicon all polymeric smart systems. 

Different modeling approaches have been proposed to describe 

the working principle of IPMC and IP2Cs transducers. The first 
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approach offers the least amount of insight into the fundamental 

mechanisms and is referred to as the black box modeling approach. 

This modeling technique provides a purely empirical model of the 

transducer, obtained through a series of curve fits based on 

experimental data.  

The grey box approach represents a quite useful choice and it is 

based on a set of simple equations that describe understood 

phenomena. These equations are ruled by parameters that are 

determined by processing experimental data. Provided that such 

parameters refer to macroscopic properties of the materials, the grey 

box approach can assure quite general models, useful in the design 

phase. 

The third level of models, called white box or physics-based 

models, rely on the understanding and description of the physical 

mechanisms underlying the IPMC (or IP2C) transduction 

phenomenon to develop a set of equations that fully describe the 

system response.  

This work focuses on the modeling of IPMCs and IP2Cs 

electromechanical transduction phenomenon, with relevant 

applications both as actuators or vibrating sensors. 
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The proposed models are intended to improve the 

comprehension of such complex devices and can represent a 

suitable tool for people involved in the study of such transducers.  

 

2 Device geometry  

The device consists of an strip working as an actuator and used 

in the beam configuration: it is mechanically fixed and electrically 

powered in correspondence of one of the two ends using a pair of 

copper electrodes, while the other is free to move, in such a away to 

produce a corresponding deflection (free deflection). 

2.1 Geometry 

Three different regions (Figure 1) can be identified in the device 

structure,  which are characterized by different physical and 

chemical properties: 

• the central zone consisting of an ionic polymer, Nafion® 

117 produced by DuPontTM, distributed by Sigma-Aldrich Group 

[45]; 

• the surface electrodes made of platinum (IPMC) or 

Pedot:PSS (IP2C); 
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• the metal contacts made of copper which, actually,  are not 

part of the transducers, but are required for their working as 

actuators. 

 

Figure 1: Transducers structure 

The geometry of the devices, both for the case of IPMC and 

IP2C actuators, is shown in Figure 2.  

The relevant geometrical parameters are: copper electrode’s 

length Lc=5 mm, total strip length Lt=26 mm, width w=5 mm; 

thickness of copper, platinum or Pedot:PSS electrodes’ and Nafion  

respectively  tCu=10 µm, tPt=10 µm and tNaf=180 µm. 
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Figure 2: Geometry of the actuators in cantilever configuration 

2.2 Manufacturing 

In these years, efforts have been also devoted to improve IPMC 

performances and different problems have been tackled and solved. 

Among these, the evaporation and electrolysis of water, generally 

used as the solvent, has been faced with. If water is used as the 

solvent for IPMCs, they experience water loss and this causes 

several limitations in terms of performance and applications. If the 

system works in air, water can be lost both because of its 

evaporation and of water electrolysis, if the applied electric potential 

is larger than 1.26 V at room temperature.  

These problems can be overcome by using solvents other than 

water. IPMCs investigated in this work use ethylene glycol (EG) as 

the solvent, which, like water, consists of polar molecules [48], 
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avoiding solvent evaporation and allowing larger values of the input 

voltage, while IP2C  use as a solvent the deionized water. 

All the polymeric composites considered in this work were 

kindly furnished by prof.ssa G. Di Pasquale of DII of the University 

of Catania. 

2.2.1 IPMC Manufacturing 

Strips of Nafion® 117 films of sizes 3 cm x 4 cm were pre-treated 

by successive boiling for 30 min in HCl(2N) and deionized water. 

EG was used as the solvents and platinum as the electrode.  

The platinum electrodes were realized by using the electroless 

plating method. The membranes were immersed for 20 h in a 

solution of [Pt(NH3)4] Cl2 (MW = 334.12) obtained by dissolving 

205 mg of the complex in 60 ml of deionized water and adding 1 ml 

of ammonium hydroxide at 5 %. Also, in order to increase the 

performance of the device, a dispersing agent (polyvinylpyrrolidone 

with molecular weight 10000-PVP10) was added. NaBH4 was added 

as reducing agent. Sequential platings (adsorption/reduction) were 

repeated 3 times. Then the samples were boiled in 0.1M HCl for 

1 h. In order to obtain the IPMCs with EG as solvent, water was 

removed from IPMCs drying the devices at 100°C for 24 h. Then, 

they were soaked overnight in a beaker containing pure EG and, 
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finally, heated to 60 °C for 1 h. The obtained membranes were then 

cut into strips of size 2.6 cm x 0.5 cm. 

2.2.2 IP2C Manufacturing 

A Nafion® 117 sample (thickness 180 µm and sizes 3 cm x 4 cm) 

was pre-treated by successive boiling for 1 h in H2SO4 (1M), bi-

distilled water, 3% H2O2 and again in bidistilled water. EDOT 

(0.426 g, 3 mmol), NaPSS (0.1236 g, 0.6 mmol) and H2O (160 ml) 

were stirred at 50°C until a clear solution was obtained. The solution 

was allowed to cool at room temperature, and a piece of Nafion® 

117 membrane was then soaked. Solid Fe(NO3)3 9H2O (3.303 g, 7.5 

mmol) was then added and stirring was continued for ¼ h. This 

resulted in a dark blue-black PEDOT-PSS layer being deposited on 

both sides of the membrane piece. The membrane was then 

removed from the polymerization solution and well rinsed with 

bidistilled water. Then the sample was boiled in 1 M H2SO4 for 1 h 

in order to perform the exchanging of Fe3+ with H+ ions, then in 

H2O (1 h). Obtained IP2C was then cut in strips of size 2.6 cm x 0.5 

cm. 

3 Working Principle  

The devices transform electrical energy into mechanical reactions 

and vice-versa, acting both as an actuator and as a sensor. As an 
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actuator, when an external voltage is applied across the thickness of 

the IPMC or IP2C, mobile cations (H+ in the present case) will move 

toward the cathode. Moreover, when the solvent is dispersed in the 

polymer sample, the cations will carry solvent molecules with them. 

The cathode area will expand while the anode area will shrink. If the 

tip of the strip is free to move, the polymer will bend toward the 

anode; elsewhere, a blocked force will be delivered. Figure 3 shows 

how the cations, coupled with the solvent molecules, move towards 

the cathode and accumulate close to the surface causing the cathode 

region expansion.  

 

Figure 3: Working principle of an IPMC/IP2C actuator in pinned beam 

configuration 



Multiphysics Model | 11 
 

4  Multiphysics Model  

Various approaches have been used in the last decades to 

describe the physics behind the electro-mechanical transduction of 

IPMCs and IP2Cs. A taxonomy of physics based models can be 

found in [9].  According to [9], models can be mainly classified as 

thermodynamics of irreversible process models, frictional models 

and Nernst-Planck equation models.  

In the first category, approached for the first time by De Gennes 

in 2000 [10], the mass transport, which is a non-equilibrium thermo-

dynamical process, is modeled based on the assumption of local 

equilibrium. Actually, two different types of models have been 

developed. The De Gennes model, modified and applied in 

[11][12][13] and the McGee model [14][15][16]. Both models include 

the diffusion and the convection fluxes induced by the gradient of 

the hydrostatic pressure and they are used to qualitatively correlate 

the deformation, the electrical and mechanical loads. 

In the category of frictional models the transport process is 

described based on the hypothesis that, at steady state, the driving 

forces are balanced by frictional interactions among various 

components. The first frictional model to describe IPMCs was 

introduced by Tadokoro in 2000 [17], where hydrating water 

molecules moves from the anode to the cathode together with the 
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cations, driven by the electrostatic force. The electrostatic force is 

balanced by the frictional force and the diffusion force induced by 

the concentration gradients. Tadokoro's model was is improved by 

Toi [18] and Gong [19]. In 2006 Branco proposed a modified 

transport model [20] but the outcomes disagree with the predictions 

obtained with the other models. Finally, Yamaue proposed a further 

frictional model taking into account the contributions of three 

components, ion, water molecule and polymer network [21]. 

The NP equation based approach to IPMC and IP2C modeling is 

at the basis of the white box models developed in this thesis. This 

group of models is based on Nernst-Planck (NP) equations 

describing the ion transport in an electrochemical system. It was 

firstly borrowed by Nemat-Nasser to set a physical model describing 

the ion flux inside IPMCs in 2000 and 2002 [22][23]. NP equations 

have been widely applied in the IPMC modeling also by Farinholt 

[24][25], Chen [26][27], and Choonghee [28] to investigate both the 

electrically induced deformation (actuator) and the electrical 

potential induced by the mechanical load (sensor). 

NP equations approach has been used by many others in 

different forms. More specifically, various simplifications have been 

considered acceptable by Johnson [29] and Pugal [30], Nemat-

Nasser [31], Porfiri [32], Aureli [33], Wallmersperger [34], 

Nardinocchi [35][36] and Zhang [37]. This matter will be further 
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discussed in the model equations section. The NP modeling is 

suitable to numerical implementations: the equations can be solved 

in the form of finite differential equations, by using available 

software tools. 

Other variations on the physics-based approaches exist in 

literature. Del Bufalo et al. [38] e.g exploit the mixture theory 

treating the IPMC as the superposition of three species: the polymer 

backbone, the fluid solvent, and the mobile ions allowing a 

description of actuation mechanisms, including osmotic pressure, 

hydraulic pressure, and electrostatic forces. In a further contribution 

in 2009, Porfiri [39] accounted for fundamental microscopic 

phenomena, such as electric dipole formation and electrostatic stress 

generation studied from a micromechanics standpoint. 

Literature shows fragmentary efforts in the multi-physics 

integration for the IPMC and IP2C models including a limited 

number of coupled physics domains. Most of the electro-chemo-

mechanical models have been implemented via numerical methods 

[41][42], or electro-thermal related phenomena [29]. In other 

approaches the ion concentration distribution in the IPMC and 

IP2C boundary layer is mimicked with the temperature distribution, 

and the electromechanical coupling coefficient is mimicked with the 

thermal expansion coefficient [43][44].  
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Based on the consideration reported above, in this thesis a 

multiphysics model of IPMC and IP2C actuators is developed by 

using the NP equations. More specifically, a multi-physics model is 

investigated with the aim to integrate electric, mechanical, chemical, 

and thermal phenomena involved in the IPMC and IP2C actuators. 

The proposed model is further implemented by using COMSOL 

Multiphysics® [40]. 

Moreover, the proposed modeling approach, while  integrating 

the electrical, chemical, mechanical and thermal physics domains in 

a single model focusing on the coupling factors, uses the 

identification of a set of microscopical parameters, by using 

optimization algorithms in a Comsol Multiphysics®/Matlab® 

software environment.  

The optimization algorithm implemented for parameter 

identification is a general tool that gives a new methodology for the 

characterization of new smart materials’ properties where the 

physics parameters are yet not well characterized and sometime 

difficult to obtain from measurements.  

Results are given showing the agreement between multi-physics 

model simulations and experimental data. 

In the following the complex behavior of the actuators, 

involving chemical, electrical, mechanical and thermal coupled 
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effects has been modeled using a frequency-dependent multi-physic 

approach as described in the diagram in Figure 4. It includes four 

coupled physic models [49][50]:  

 

 Electrical model for the study of the electric potential V of 

the membrane;  

 Chemical model for the definition of the ionic current and 

the study of the phenomenon linked to the transport of the 

solvent;  

 Mechanical model for determining the deformation of the 

structure; 

 Thermal model for determining the temperature 

distribution on the membrane and its intervention on the 

ionic transport properties. 

The implementation of a unique multi-physics solution is 

possible thanks to the coupling effects among the different physics 

domains. In the presented approach the H+ ionic current density     

( J ) and the electric potential ( V ) cause interaction between the 

electrical and the chemical model; the temperature field affects the 

ionic mobility ( µ ) and the solvent concentration Cs is the coupling 

quantity between the chemical and the mechanical model. 
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In order to reduce the computational load, a 2D model has been 

considered in the xy - coordinates plane. Also the following 

assumptions on the actuator constitutive materials have been made: 

• isotropy: the physical properties at every point are the same 

in all directions and can therefore be represented by scalar 

quantities, 

• homogeneity: the physical properties are constant in space 

for each physics domain, 

• linearity, 

• time invariance. 

Change in solvent 
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Figure 4: Multiphysics models diagram 
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4.1 Electrical Model 

The electrical and the chemical models are strictly interacting 

since the applied potential will cause the charge carrier in the 

Nafion, H+ ions, to move and therefore to cause ionic current. The 

equation to be solved in the different physics domains is therefore 

related to the plane electric current given: 

−𝛻 ∙
𝜕(𝜀0𝜀𝑟𝛻𝑉(𝑟,𝑡))

𝜕𝑡
−  𝛻 ∙ (𝜎𝛻𝑉(𝑟, 𝑡) − 𝐽) = 0  (1) 

where ε0 is the absolute dielectric constant, εr is the relative dielectric 

constant, σ is the conductivity and 𝑉(𝑟, 𝑡) is the scalar voltage field.  

The current contribute 𝜎𝛻𝑉(𝑟, 𝑡) is given by the electrons flow in 

each physics domain. 𝐽 is the cation current density and it represents 

the coupling factor between the electrical and the chemical model 

by equation (2). 

𝐽 = 𝐹𝑧+𝑓+(𝑟, 𝑡) (2) 

where F is the Faraday constant, 𝑧+  is the charge number and 

𝑓
+

(𝑟, 𝑡) is the total flux of H+ cations, which is determined by the 

chemical model through the NP equation. 
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4.2 Chemical Model 

The flux of cations H+ is linked to the applied potential and to 

the time variation of the cation molar concentration C+(r,t) in the 

undeformed volume. The anion flux is considered null, due to the 

nature of Nafion. The NP equation (3) rules the cation flux in the 

actuator [9][23]. 

𝜕𝐶+(𝑟,𝑡)

𝜕𝑡
=  𝛻 ∙ (𝐹𝑧+u

+
𝐶+(𝑟, 𝑡)𝛻𝑉(𝑟, 𝑡) + 𝐷+𝛻𝐶+(𝑟, 𝑡) +

u+𝐶+ M+ (
V+

M+
+

VS

MS
) 𝛻𝑝 − 𝐶+v̅)         (3) 

where the potential distribution inside the device ( V ) is calculated 

in the electrical model solution, D+ is the cation diffusion coefficient 

and u+ is the corresponding mobility, M+ and MS are the molar 

weight of the cations and of the solvent respectively, p is the 

pressure exerted by the polymer, the convection velocity v̅  is 

described by Darcy’s law  (equation 4). 

v̅ = KEG∇p   (4) 

where KEG is the solvent hydraulic permeability in Nafion117. 

The convection velocity was determined by approximating the 

pressure p exerted on the Nafion in the y-direction as the average y-

direction eigen stress given by the mechanical model as suggested in 
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[58]. Given that the EG molecular mass is higher than the water 

one, the hydraulic permeability KEG was overestimated by using the 

KW= 32*10-18 (m2/(s*Pa)) [58]. The y-direction convection velocity 

results being of the order of 1 ∗ 10−12m/s , determining a 

convection term in the current density Jconv  of approximately 

5 ∗ 10−4𝐴/𝑚2  . It can be therefore considered negligible with 

respect to the global current density resulting, from experimental 

data, of the order of one thousand of ampere per squared meter. 

A simplified version of equation (3) is here considered: the 

diffusion flux caused by pressure gradient is considered negligible as 

in [31] and the convection term is ignored as in [29],[30][32]-

[35],[37]. Such approximation yields to the determination of f+ as the 

cations’ flux expressed in the following equation 

𝑓+(𝑟, 𝑡) = −(𝐹 𝑧+ 𝜇+ 𝐶+(𝑟, 𝑡)𝛻𝑉(𝑟, 𝑡) + 𝐷+𝛻𝐶+(𝑟, 𝑡)) (5) 

Moreover, the u+  is of particular interest since it is a function of 

the material, of the universal gas constant R and of the absolute 

temperature (T). It therefore represents the coupling factor with the 

thermal model. It is calculated as in equation (6) 

𝑢+ =
𝐷+

𝑅𝑇
  (6) 
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The actuation properties are due to the solvent molecules 

accumulating on the Nafion surfaces in proximity of the platinum 

electrodes. The time distribution inside the actuator of the solvent 

molecules is therefore of interest. The solvent motion is both linked 

to the capability of cations to carry with them a number of solvent 

molecules equal to the number of solvation n+ and to the diffusive 

phenomenon. These considerations yield to the following equation 

[42]: 

𝜕𝐶𝑠(𝑟,𝑡)

𝜕𝑡
= − 𝛻 ∙ (𝑛+𝑓

+
(𝑟, 𝑡) − 𝐷𝑠𝛻𝐶𝑠(𝑟, 𝑡)) (7) 

where Cs is the solvents concentration, Ds is the solvents diffusion 

coefficient 

Considering the reduced 2D model in the xy-plane the average 

value of the variation of Cs with respect to its initial condition Cs0 

has been calculated over the upper and the lower Nafion/Platinum 

boundary regions (8.a)(8.b). 

𝐶𝑠𝑢𝑝
(𝑡) =

1

𝐿𝑡
∫ (𝐶𝑠(𝑟, 𝑡) − 𝐶𝑠0

)𝑑𝑥                     𝑓𝑜𝑟 𝑦 =
𝑡𝑁𝑎𝑓

2

𝑥𝑚𝑎𝑥

 0
             (8.a) 

𝐶𝑠𝑙𝑜𝑤
(𝑡) =

1

𝐿𝑡
∫ (𝐶𝑠(𝑟, 𝑡) − 𝐶𝑠0

)𝑑𝑥
𝑥𝑚𝑎𝑥

0
                 𝑓𝑜𝑟 𝑦 = −

𝑡𝑁𝑎𝑓

2
 (8.b) 

The solvent maximum concentration will depend on the input 

frequency. Therefore the model has been considered at different 
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frequencies evaluating the frequency response of 𝐶𝑠𝑢𝑝
 and 𝐶𝑠𝑙𝑜𝑤

 in 

terms of their module Aup(f), Alow(f) and the phase φup(f), φlow(f). 

4.3 Mechanical Model 

The model determining the actuator beam displacement has 

been implemented using the layer plane strain which is a structural 

mechanics model for the two-dimensional geometry study, also valid 

for large deformations [51]. It considers a Rayleigh damping model 

[52] with mass damping parameter αf equal to zero due to the 

negligible mass of the device and stiffness damping parameter βf  to 

be evaluated by parameters identification algorithms that fit 

simulation data with experimental results. The equations of motion 

have been integrated on all subdomains considering elastic materials. 

The mechanical load in the cantilever model is due to the solvent 

molecules motion determined by the electro-chemical model. The 

variation of the solvent molar concentration Cs, in fact, causes the 

material expansion and shrinking and therefore a mechanical load 

applied to the beam [51]. The model will therefore depend on 

frequency both due to the frequency dependency of the mechanical 

load and to the frequency dependency of device mechanical 

properties, such as the Young modulus. 
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4.3.1 Frequency Dependent Mechanical Load 

The mechanical load F applied on the boundaries between the 

Platinum and the Nafion subdomains has been considered 

proportional to the variation of the solvent concentration Cs with 

respect to the initial concentration Cs0 , similarly to that given in 

[51][53] . 

𝐹̅ =  𝑘𝑓(𝐶𝑠 − 𝐶𝑠0)𝑥̂  (9) 

where kf is a constant to be identified by using the parameter 

identification algorithm (see Section 5). 

As well know and as verified in the chemical model simulation, 

the solvent variation has significant values only near the 

electrodes/Nafion boundaries. The mechanical load has been thus 

modeled in the frequency domain for the upper and the lower beam 

electrode-polymer membrane boundaries by equation (10) in terms 

of modulus (A) and phase (φ) of Csup and Cslow. 

{
𝐹𝑢𝑝(𝑓) = 𝑘𝑓𝐴𝑢𝑝(𝑓)𝑒𝑗𝜑𝑢𝑝(𝑓)                 𝑓𝑜𝑟  𝑦 =  +

𝑡𝑁𝑎𝑓

2

𝐹𝑙𝑜𝑤(𝑓) = 𝑘𝑓𝐴𝑙𝑜𝑤(𝑓)𝑒𝑗𝜑𝑙𝑜𝑤(𝑓)           𝑓𝑜𝑟 𝑦 =  −
𝑡𝑁𝑎𝑓

2

      (10) 

The resulting stress tensor σ  is computed by considering the 

equation (11) as in [53]: 
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−∇ ∙ σ = 𝐹̅  (11) 

4.3.2 Dynamic Mechanical Method (DMA) 

The experimental Young Modulus (Y.), included in the model, 

was determined by using the Dynamic Mechanical Analysis (DMA) 

method [54] at different frequencies [55] and Temperature. DMA 

determines the mechanical properties of the IPMC sample while it is 

subjected to a sinusoidal periodic stress [56][57].  

The used instrumentation was the Tritec 2000 DMA (Triton 

Technology Ltd). It consists of a motor to generate a stress sine 

wave which is transmitted through a drive shaft to the actuator 

sample and a sensor that measures the resulting strain. The Young 

modulus is determined as a function of the applied stress and 

measured strain amplitudes as well as the phase angle between them. 

In this case, the “tension” configuration has been used as suitable 

for the analysis of thin films and fibers. The sample is anchored 

between a fixed clamp at one end and by the drive shaft on the 

other. 

Figure 5: shows the experimental setup for the DMA 

measurements. 
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Figure 5: Experimental setup used to measure Young’s Modulus. 

4.4 Thermal Model 

The equation used for the solution of the temperature 

distribution is the heat transfer by conduction law: 

ρ𝐶𝑝
𝜕𝑇

𝜕𝑡
− ∇ ∙ (𝑘∇𝑇) = 𝑄𝑇 + ℎ𝑡𝑟𝑎𝑛𝑠(𝑇𝑒𝑥𝑡 − 𝑇) (12.a) 

𝑄𝑇 ∝  
1

𝜎
(𝜎𝛻𝑉(𝑟, 𝑡) − 𝑱𝒆)2  (12.b) 

where ρ is the density, Cp is the specific heat capacity k is the 

thermal coefficient, Text is the external temperature and htrans is the 

convective heat transfer coefficient. QT is the heat source: it is 

affected by the currents, according to the Joule effect as in equation 

(12.b), and is determined in the electrical model. 
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4.5 Boundary Condition 

Figure 6 shows a schematic of the actuators geometry and 

accompanying terms that will help to identify the boundary 

interfaces and corresponding boundary conditions. 

 

Figure 6:Actuator boundaries 

4.5.1 The External boundary supply electrode 

The External boundary supply electrode is the location at which 

an input electrical potential Vin is applied to the actuator structure. 

The required boundary conditions at this interface are: 

 Electric Model: 𝑉 = 𝑉𝑖𝑛 

 Chemical model: 𝐶+ = 0 (not active in this region) 

 Thermal model: 𝛻𝑇 = ℎ𝐴(𝑇 − 𝑇𝑎𝑚𝑏) heat flux 

 Mechanical model: fixed 
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4.5.2 External boundary beam electrode 

External boundary beam electrode is the location at which the 

beam electrode is immersed in air. The required boundary 

conditions at this interface are: 

 Electric Model: 𝒏̅𝐽 = 0 (Electric insulation) 

 Chemical model: 𝐶+ = 0 (not active in this region) 

 Thermal model: 𝛻𝑇 = ℎ𝐴(𝑇 − 𝑇𝑎𝑚𝑏) (heat flux) 

 Mechanical model: free 

4.5.3 Supply electrode-Beam Electrode interface  

In the Supply electrode–polymer interface the variables in all the 

physics domains models are continuous. 

4.5.4 The Beam Electrode-polymer membrane interface 

The Electrode-polymer membrane interface is a complex 

interface. In the electric domain all the variables were approximated 

as continuous [42]. The concentration variable is discontinuous at 

this interface, such that the variable C+ is not active in the electrode 

region, therefore the cation flux is considered null. Moreover this 

interface results fundamental for the coupling between the chemical 

and the mechanical model, since the cation concentration on such 
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surfaces is considered proportional to the exerted stress (9). At this 

interface the following boundary condition is used: 

 Chemical model: 𝒏̅𝑓+ = 0 insulation condition 

 Mechanical Model: the load exerted on this boundary is 

given by the force due to the cation concentration variation 

causing the swelling and the shrinking. 

5 The Optimization Procedure 

Several parameters are generally required in multiphysics 

modeling in order to describe at a microscopic level the phenomena 

involved in IPMC and IP2C actuation, some of the parameters used 

in the models have been identified by using experimental data and 

fitting model simulations to the devices real behavior. This required 

to include the COMSOL® based model into a minimization 

procedure ad-hoc developed by using Matlab™ environment. 

The optimization algorithm implemented for parameter 

identification is a general tool that gives a new methodology for the 

characterization of new smart materials’ properties where the 

physics parameters are yet not well characterized and sometime 

difficult to obtain from measurements.  
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Results are given showing the agreement between multi-physics 

model simulations and experimental data. 

An ad-hoc optimization procedure allowed us to fit the model 

estimation to the experimental data and to identify model 

parameters. 

In particular the parameters were identified via Nelder-Mead 

simplex optimization method [59]. Such parameters are strictly 

related to the technology and to the fabrication process. They are 

not available as material specifics and they are not directly accessible 

by experimental measurements. 

The parameters identification was performed by comparison of 

the simulated δsim and the experimental displacement δexp of the 

actuator tip.  

The objective function to be minimized was the mean squared 

error between the simulated and the estimated displacement on N 

samples: (13). 

𝐽𝑒𝑟𝑟 = √∑ (|𝛿𝑒𝑥𝑝(𝑓)|−|𝛿𝑠𝑖𝑚(𝑓)|)
2𝑁

𝑖=1

𝑁
 (13) 

The optimization algorithm was implemented via a Matlab™ 

script that uses the fminsearch function to search for the minimum of 
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the scalar function in equation (13), starting at an initial arbitrary 

value of searched parameters.  

The script calls the COMSOL multiphysics model iteratively by 

changing the design parameter values , according to the Nelder-Mead 

simplex algorithm. The corresponding estimated deflection is 

produced by COMSOL and used by the minimization algorithm to 

estimate the current value of the cost function (1). The Procedure is 

repeated until the tolerance condition Jerr < ε is verified (see Figure 

7). 

 

Figure 7: Optimization procedure  

6 Experimental Setup 

A sine-wave was generated by a signal generator. It was fed into 

the device through a conditioning circuit cable to generate the 

current absorbed by the actuator. The dynamic behavior of the 
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actuator is affected by the relative humidity values, for this reason 

the measurement surveys were performed into a chamber realized 

ad-hoc with the aim to control the relative humidity and to measure 

the environmental temperature. 

The environmental temperature T and relative humidity RH% 

values were measured by using a temperature sensors LM35 and a 

humidity sensor HiH3610 respectively. The environmental 

temperature was fixed at the value 25°C, while the investigated 

humidity range was [40% - 100%].The displacement δ of the free tip 

was measured by using a distance laser sensor OADM 

12U6460/S35A. 

The input voltage Vin(t) and the corresponding absorbed current 

Iin(t), the environmental temperature, the relative humidity and the 

device displacement were acquired through an acquisition card  

DAQ 6052. The system was controlled by using a LabView® VI 

purposefully developed. In order to investigate exclusively the 

dependence of actuator behaviors on environmental humidity,  

acquisitions considered here refer to measurement surveys obtained 

at a fixed value of the environmental temperature. Values of both 

relative humidity and the environmental temperature were anyway 

acquired. The experimental setup is shown in Figure 8. 
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Figure 8: The experimental setup used to investigate the dependence of 

actuators vibrating behavior on environmental humidity. 

7 Multiphysics Model Simulation 

As previously stated, the multiphysics model has been solved by 

using Comsol Femlab. The solver parameters have been fixed as: 

time-step of 0.2*10-3 s, absolute tolerance of 10-6. The simulation 

time for the solution of the model with a single frequency input was 

15 min on a Intel(R)Core(TM) i7-3930K CPU @ 3,20 GHz 

processor with 64GB RAM. In the following some considerations 

about the results that can be obtained by using the proposed model 

in the various domains are reported. 
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Multiphysics models of  
IPMC actuators 

In this chapter multiphysics models of IPMC actuators are 

proposed is developed. More specifically, a multiphysics model is 

investigated with the aim to integrate electric, mechanical, chemical, 

and thermal phenomena involved in the IPMC dynamics. .Such 

models are implemented by using COMSOL Multiphysics® [44],[56]. 

Though the models have been described by using the white-box 

approach resdcibed above, they were ruled by a set of parameters 

that are not known and that change according to the considered 

working conditions. Such parameters were determined by using the 

experimental frequency response 𝛿𝑒𝑥𝑝(𝑓)  of the IPMC device 

displacement, obtained when a swept input voltage stimulus (Vin) 

with a peak-to-peak amplitude of 4 V and a variable frequency in 

the range between 1 Hz to 50 Hz was forced to the system.  

More specifically the acquired time domain data of the IPMC tip 

deflection 𝛿𝑒𝑥𝑝(𝑡) were used to estimate the modulus and phase 

frequency responses by using Matlab™ tools. 
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1 Parameters Identification considering a full 

hydrated device (humidity equal to 100%) 

In a first case the IPMC model was executed for a fully hydrated 

device (i.e. with humidity equal to 100%). More specifically, the kf 

constant related to the load equation (9) and the stiffness damping 

parameter βf in the mechanical model were identified and results 

were named kfeff  and βfeff.  Such parameters are strictly related to the 

technology and to the fabrication process and they are not available 

as material specifics neither they are directly accessible by 

experimental measurements. 

In the considered case, the sample number N was 80000, the 

frequency range is  [1 Hz-50 Hz] and the frequency resolution is 0.5 

mHz. 

1.1 Frequency Dependent of Young Modulus 

The experimental Young Modulus (Y.), included in the model, 

was determined by using the Dynamic Mechanical Analysis (DMA) 

method (see section 0)[54] at different frequencies  The 

measurements were performed at a fixed temperature of 25°C. Low 

stress was used in order to keep the sample within the elastic region 

of its stress-strain curve. The curves representing the frequency 

dependency of both the Storage Young’s Modulus and the Loss 
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Young’s modulus of IPMC (Figure 9) were obtained by repeating 

measurements at different frequencies in the range between 1 Hz 

and 50 Hz. The experimental storage and loss modulus have been 

used to take into account the widely reported visco-elastic nature of 

Nafion [58]. 

 
(a) 

 
  (b) 

Figure 9: (a)Storage Young’s Modulus and (b) Loss Young’s Modulus vs 

frequency of the IPMC actuator 
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1.2 CASE I: Parameter identification considering a 

constant Relative dielectric constant εr  

The parameters used for the COMSOL models are summarized 

in Table II. The optimal parameters values resulting from the 

optimization algorithms were: kfeff = 0.041 Nm/mol and βfeff 

=7.35*10-4 s. 

TABLE III: SIMULATION PARAMETERS 

Electrical 
model 

Superficial resistance Rs 30 Ω 

Nafion electrical conductivity 𝜎 2.16*10 3 S/m 

Copper electrical conductivity 𝜎Cu 58*106  S/m 

Relative dielectric constant εr 41.4 F/m 

Chemical 
model 

Cations diffusion coefficient D+ 1.4*10-9 m2/s 

Solvents diffusion coefficient Ds 2.4*10-12 m2/s 

Initial cations concentration C+0 1100 mol/m3 

Initial solvents concentration Cs0 2200 mol/m3 
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Number of solvation n+ 2 

charge number z+ 1 

Thermal 
model 

Platinum thermal conductivity kPt 91.7 W/m*K 

Nafion thermal conductivity kNa 0.3  W/m*K 

Copper thermal conductivity kCu 390 W/m*K 

Platinum density 19600 kg/m3 

Nafion density 2000 kg/m3 

Copper density 8960 kg/m3 

Platinum specific heat capacity 128 J/kg*K 

Nafion specific heat capacity 1870 J/kg*K 

Copper specific heat capacity 380 J/kg*K 

Mechanical 
model 

Constant kfeff 
0.0041 

N*m/mol 

Damping parameter βfeff 7.35*10-4  s 
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1.3 CASE II: Parameter identification considering 

Electrodes High Surface 

It is well known that the interface between the platinum based 

electrodes and the polymer presents irregularities and dendritic 

structures, due to platinum particle penetration within the polymer 

matrix. It causes an enhancement in the IPMC electric 

performances and non-homogenous materials properties. Literature 

presents different models to take into account the roughness of the 

electrodes of IPMCs. Analytical solutions based on matched 

asymptotic expansions for the boundary value problem were used 

by Porfiri [39], while the homogenization of microscopic parameters 

on the boundary composite layers was introduced by Cha [60][61] in 

order to obtain IPMC lumped element models. A numerical model 

was presented by Akle [62] considering conductive particles for the 

simulation of the Pt absorption in the Pt/Nafion boundary. 

Moreover a varying-along-the-thickness relative permittivity εR is 

used by Nardinocchi [35] to model the high surface area electrodes. 

More specifically, εR increases on the composite boundaries with 

respect to the hydrated bulk. In [35] the parameters characterizing 

the spatial dependency were identified via experimental data. In 

such approaches, the effects of the electrodes roughness is also 

approximated with a high effective electric permittivity that can be 

considered as the spatial average of the of the space-dependent εR.  
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In this case the Platinum/Nafion interface roughness effect has 

been included in the proposed multiphysics model [67]. 

The effect of the roughness was considered in the multiphysics 

model through a varying along the thickness electric permittivity in 

the y-direction, εR(y).  

In particular the εR(y) (Figure 10) function has been chosen as in 

Nardinocchi [35] with εRmin= εEG, εRmax ≈4.84*109 obtained from the 

effective capacitance given in [31]. The curve slope was 

approximated as proposed by Nardinocchi [35] for IPMC with 

water solvent since the εR(y) parameter is not yet been investigated 

for the case of IPMCs using EG as the solvent.  

  

Figure 10: Electric Permittivity along the IPMC thickness. 

Considering the electrode high surface, a fractional order 
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studies on IPMC grey box models, confirming previous studies on 

IPMC grey box model and on electro-active polymeric devices.  

The parameter kf  is assumed to be a function of the frequency: 

𝑘𝑓(𝑓) =
𝑘𝑓𝑜

(𝑗2𝜋𝑓)𝑎
kf(f) =

kfo

(j2πf)a(j2πf+p)b (14) 

The optimal parameters values resulting from the optimization 

algorithms were: βf =7.7e-4 s and the kf(f) function was identified as  

𝑘𝑓(𝑓) =
0.095

(𝑗2𝜋𝑓)0.60   (15) 

The kf(f) in equation (14) shows a fractional order pole. It 

demonstrates the IPMC fractional order nature, as already stated for 

the IPMC grey box models [64][65] and as reported for polarizable 

polymeric devices, by experimental studies [66]. 
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1.4  CASE III: Parameter identification considering 

a layered structure 

Here a structure closer to real IPMC composition is assumed, 

since different values of the Young Modulus are taken into account 

for the bulk Nafion, as obtained by measurement surveys, while the 

Young modulus of the platinum electrodes was identified by the 

optimization algorithm. Obtained results reveled a value of the 

Young modulus of the platinum forming the electrodes smaller than 

the corresponding value reported in the literature for pure platinum 

[68]. Such a result is in agreement with the general consensus that 

IPMC electrodes are not solid but presents a number of cracks that 

influence the values of both their electrical and mechanical 

parameters as it will be better discussed in the following. 

The constant kf, the damping parameter f and the Platinum 

Young Modulus YPt have been identified by using the optimization 

algorithm, while the Young Modulus of Nafion was experimentally 

determined. The curves representing the frequency dependency of 

Storage Young’s Modulus (Figure 11.a) and Loss Young’s modulus 

(Figure 11.b) were obtained by repeating measurements at different 

frequencies in the range between 1.0 Hz and 45.0 Hz. 
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(a) 

 

(b) 

Figure 11: Storage Young's Modulus(a) and Loss Young Modulus(b) of 

Nafion. 
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The parameters used for the multiphysics model, along with the 

final values obtained for the searched parameters (in bold letters), 

are summarized in Table IV. 

It is worth noticing that,  according to the optimization 

algorithm results, the platinum Young Modulus was identified as 

0.98 GPa (see Table VI). This value is by far smaller than the Young 

Modulus of the pure Platinum as reported in the literature (168 

GPa). The obtained result is in accordance with result reported in 

the literature [63]. In that work in fact the platinum surface 

resistivity value was about 5000 times larger  than the resistivity 

value reported for plain platinum. The unusually large resistivity 

value was considered in [63] to be a consequence of the nature of 

the electrode: the surface of the actuator was porous and the 

electrode had large cracks. Such a characteristic is also in accordance 

with a smaller value for the electrode Young modulus, with respect 

to the pure platinum.  

TABLE IV: OPTIMAL PARAMETERS 

Parameters Values 

Constant kf 0.065 N*m/mol 

Damping parameter βf 84*10-4  s 

Platinum Young Modulus YPt 0.98 GPa 
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2 IPMC multiphysics modeling as a function of 

relative humidity 

The dynamic behavior of an  actuator greatly depends on 

environmental the relative humidity. In this scenario there is a need 

to implement a models that includes the dependence of the dynamic 

IPMC behavior on such environmental variable. More specifically, a 

frequency domain multiphysics model of IPMC actuators is 

proposed, taking into account the dependence of the device 

transduction capabilities on the environmental relative humidity. A 

frequency domain investigation is performed and a model 

optimization procedure which integrates the simplex method with 

the multiphysics model is exploited to identify some IPMC model 

parameters by fitting experimental data.  

Compared to models previously described, the proposed one 

models the direct effect of humidity on microscopic properties of 

IPMCs.  

Such an effect is generally considered as an undesired 

phenomenon if the actuator is considered, since it introduces a 

dependence of the system performance on an environmental 

parameter. Here the aim is to model the dependence of IPMC 

actuator vibration characteristic. This paves the road to the 

possibility to use IPMC vibrating structures as humidity sensors.  
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IPMC actuators in pinned configuration behave in fact as second 

order under damped systems and reported result show that the 

humidity values affect both the resonance frequency values and the 

corresponding resonance peak value,  Both these parameters could 

be used to estimate the  environmental humidify value. 

A swept sine-wave with a peak to peak amplitude of 4.0 V and a 

variable frequency in the range between 1.0 Hz to 45.0 Hz (Vin(t)) 

was generated by a signal generator. It was fed into the device 

through a conditioning circuit cable to generate the current 

absorbed by the IPMC actuator. The environmental temperature 

was fixed at value 25°C, while the investigated  humidity range was 

[40% - 100%]. 

The model has been developed by using experimental data and an 

ad-hoc optimization procedure that allowed to fit the model 

estimation on experimental data, taking into account the humidity 

effect.  

More specifically, the optimization procedure was required to 

identify: 

• The IPMC Young modulus Y  

• The  constant kf  related to the load equation F(r,f), 

introduced to transduce the charge accumulation into a 

corresponding  stain. 
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Table V reports the values of the Young modulus Y and of the 

coupling term kf , obtained by using the optimization procedure for 

all the environmental relative humidity values considered. 

TABLE V: OPTIMAL PARAMETERS 

Humidity [%] Young Modulus 
[GPa] 

kf 

[N*m/mol] 

40 0.49 0.21 

60 0.39 0.312 

80 0.225 0.15 

100 0.18 0.17 

3 Simulation Results 

In the following some considerations about the results that can 

be obtained by using the proposed model in the various domains are 

reported.  

3.1 Response to Sinusoidal Signals  

An example of the potential field, as the solution of the electrical 

model, is reported in  
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Figure 12 [56]. It shows the variation of the potential in the 

Nafion section between the cathode and the anode. The variation in 

the x-axis direction can also be noticed. 

100                   0               -100          

y [um]

0      
      

      
      

1      
      

      
2      

    

x [c
m]

2

1.5

1

0.5

0

 V
[V

]

 

Figure 12: Electric potential V along a IPMC transversal section at 

simulation time t= 1.25 s (not in scale) 

The potential is higher in proximity of the copper electrodes, 

which provide the input voltage, and decreases in the direction of 

the IPMC beam tip as a result of the finite values of the copper and 
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platinum conductivities. The results of chemical model are here 

presented for a selected input voltage with frequency equal to 

1.0 Hz. More specifically, the response to the first sinusoid period is 

analyzed in order to highlight transient effects. Figure 13 shows that 

the cationic accumulation and depletion take place only near the 

boundaries of Nafion to Platinum, while in the central region the 

concentration is equal to the initial value [56].  
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Figure 13: Concentration of the cations  C+ on the Nafion transversal 

section at simulation time t= 3 s (not in scale). 
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Note also that the accumulation/depletion phenomena are more 

evident in the proximity of the copper electrodes. This is again the 

effect of the finite resistivity of the platinum electrodes. 

The concentration changes according to the different polarity of 

the input voltage. It is worth noticing that, in both the cases, the 

quantity Cs(r,t)-Cs0  is significant only in an extremely thin region in 

the vicinity of the upper and lower Nafion/Platinum boundaries: 

such accumulation and depletion causes the mechanical load as 

widely reported in the literature. 

Figure 15 reports the model solution of the solvent molecules 

concentration on the Nafion transversal section in correspondence 

of the Vin(max) (a),  and the Vin(min) (b) ( see Figure 14)[56]. 

 

 

Figure 14: First period of the applied voltage (Vin) at the frequency of 

1.0 Hz 
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Figure 15.a represents the simulated solvent concentration 

response, when the first positive maximum of the input voltage is 

reached. It shows that the solvent molecules accumulate on the 

cathode and deplete on the anode, while solvent concentration 

variation is null within the Nafion section. Figure 15.b, computed in 

correspondence of the first negative minimum of the input voltage, 

shows instead a small accumulation of solvent molecules in 

proximity of the anode and a depletion in proximity of the cathode. 

It is a transient effect due to the anode-cathode polarity inversion 

which does not dies out within the input single period, at the 

considered input frequency [56]. 
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Figure 15: Variation of solvent concentration in the Nafion section in  

the first sinusoidal wave at 1Hz  at a fixed distance x=0: (a) for Vin(max) and  

b) for Vin(min). 

Figure 16 reports the model temperature estimation along a 

IPMC transversal section at simulation time t = 2.5 s. The solution 

of the thermal model highlights a higher temperature in the central 

region of the device near the supply electrodes [56].   
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Figure 16: Temperature along a IPMC transversal section at simulation 

time t= 3 s (not in scale) 
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3.2 Transient Analysis 

In order to better understand the transient phenomenon 

previously outlined, the transient has been studied by using the 

analysis of the IPMC response to a square wave input voltage with a 

time-on (Ton) of 20 s and a following time-off (Toff) of 80 s.  

Figure 17 shows the solvent concentration at different instants 

of the square wave input in order to characterize the accumulation 

and depletion dynamics in the vicinity of the electrodes during the 

transient. In particular Figure 17.a shows the behavior at different 

instant of the Ton while Figure 17.b of the Toff. 

 

(a) 

t 

t 
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(b) 

Figure 17: Variation of  solvent  concentration in the Nafion section due 

to a square wave input at a fixed distance x=0: (a) on the Ton period,  (b)  

on the Toff period. 

The accumulation and depletion of the solvent molecules does 

not occur instantaneously. Instead, it is worth noticing that even 

after tens of seconds the input signal has been removed a significant 

charge accumulation has been estimated. Of course, this will have 

relevant influence on the IPMC actuator tip displacement. The 

model has been therefore used to estimate, for the considered input 

t 

t 
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signal, the IPMC deflection. Figure 18 reports the position of the 

IPMC tip both during the Ton (a) and Toff (b) intervals.  

Inspection of Figure 18.a and Figure 18.b clearly shows a 

transient mechanical dynamic that compares with the corresponding 

charge accumulation/depletion dynamics. Also changes in the tip 

deflection are larger at the beginning of Ton and Toff intervals, then 

residual charge accumulations/depletions changes seems to produce 

smaller effects IPMC tip deflection. 

Reported simulation are comparable with the real behavior 

observed for IPMC actuators with EG as the solvent.  

 

(a) 

t 
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(b) 

Figure 18: Variation of  solvent  concentration in the Nafion section due 

to a square wave input at a fixed distance x=0: (a) on the Ton period,  (b) 

on the Toff  period.. 

3.3 Frequency Analysis 

In order to study the IPMC frequency response, the integration 

of the solvent concentration with respect to its initial condition has 

been integrated on the Nafion/Platinum boundaries as described in 

equations (8.a) and (8.b) and expressed as 𝐶𝑠𝑢𝑝
  and 𝐶𝑠𝑙𝑜𝑤

 for five 

input periods.  

t 
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Figure 19 shows the amplitude of 𝐶𝑠𝑢𝑝
 frequency response in 

correspondence to an input voltage Vin at 1 Hz frequency and for a 

5 s observation time.  

 

(a) 

 

(b) 

Figure 19: Solvent concentration (Cs-Cs0 ) averaged over (a) the upper 

region and (b) the lower region of Nafion/Platinum boundary. 
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Moreover, the frequency response of CSlow  can be determined by 

considering the symmetry condition (Aup(f)=Alow(f), φup(f)=-φlow(f)) 

given by the electrical neutrality of Nafion.  

Such study has been performed at different frequencies and the 

solvent concentration frequency response is shown in Figure 20 

[56].  

 

Figure 20: Solvents' concentration vs frequency 

Note that the solvent concentration results to be strongly 

dependent on the applied input frequency. 

The resulting frequency dependent solvent concentration 

presents higher values with respect to the one resulting from a 

constant εR= εEG (see Figure 21) [67]. 
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Figure 21: Solvents' concentration vs frequency 

Given the cationic accumulation and the results from the 

mechanical model, it is possible to roughly estimate the convection 

term of the cation current density J in order to motivate the 

approximation in equation (2). The convection velocity was 

determined by approximating the pressure p exerted on the Nafion 

in the y-direction as the average y-direction eigen stress given by the 

mechanical model as suggested in [58]. Given that the EG molecular 

mass is higher than the water one, the hydraulic permeability KEG 

was overestimated by using the KW= 32*10-18 (m2/(s Pa)) [58]. The y-

direction convection velocity results being of the order of 1*10-12 

m/s, determining a convection term in the current density Jconv  of 
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experimental data, of the order of one thousand of ampere per 

squared meter. 

4 Models Validation 

The validation of the models described so far was executed by 

comparing experimental and simulated behavior of the IPMC 

actuator.  

4.1 Frequency model validation considering a full 

hydrated devices (humidity of 100%) 

Case I: constant relative electric permittivity. The 

comparison between experimental and simulated data obtained 

from the optimized model are given in the following. More 

specifically, the frequency analysis (displacement/applied voltage) of 

the device is shown in Figure 22: for a suitable frequency range . 



60 | Multiphysics models of IPMC actuators  
 

 

(a) 

 

(b) 

Figure 22: Comparison between experimental and simulated Frequency 

response (displacement/Applied voltage):(a)module,(b) phase. 
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It is worth noticing that the "low pass" like behavior of the 

IPMC frequency response is consistent with the frequency 

dependence of solvent concentration reported in Figure 20. On the 

other hand the resonant like behavior can be associated to the 

mechanical properties of the device 

Case II variable relative electric permittivity in the y-

direction. Figure 23 shows the frequency contribute of kf(f) in 

terms of module. The phase of the fractional order zero pole results 

constant at -54° [67]. 

 

Figure 23: Comparison between experimental and simulated frequency 

response (displacement/Applied voltage) module 
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The results allow us to conclude that the optimized model has 

significant prediction capabilities as regards the actuator frequency 

response amplitude in the range of interest, highlighting the 

significant contribute of the frequency dependent kf(f). 

Case III: the layered model: The comparison between 

experimental and simulated data obtained from the optimized 

model are given.  

More specifically, the comparison between experimental and 

simulated IPMC deformation obtained from the optimized model is 

given in 

Figure 24. It reports the modulus of the experimental and 

simulated frequency response (displacement/applied voltage) in the 

investigated frequency range. 

These results allow us to conclude that the optimized model has 

good prediction capabilities as regards the dynamic actuator 

behavior in the whole considered frequency range [68]. 
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Figure 24: Comparison between experimental and simulated 

displacements. 
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experimental and simulated frequency response 

(displacement/applied voltage) in the investigated frequency range. 

Figure 25: Comparison between experimental and simulated 

displacements 

Though the has poor estimation capabilities both as it regards 

the very low frequency range response and the shape of the 

frequency response in the range close to the resonance frequency 

value [69], reported results show that the obtained model has good 

estimation capabilities both as it regards the frequency resonance 
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4.3 Time model Validation 

Finally, although the optimization algorithm works in the 

frequency domain, the estimation capability of the models in the 

time domain have been also investigated. An example of such a 

validation is reported in Figure 26 where the time response of the 

model is compared with the corresponding system real tip deflection 

for the case of a pure tone.  

Results described so far allow us to conclude that the optimized 

model has significant prediction capabilities as regards both the 

actuator frequency response amplitude and phase, in the range of 

interest and its time response. 

Reported results are in accordance with similar findings reported 

in the literature and confirm the hypotheses of models based on NP 

equations. Nonetheless, in the present thesis the white box 

approach has been further improved by adapting it on experimental 

data. 
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(a) 

 

(b) 

Figure 26: Comparison between experimental and simulated 

Displacement versus time using a sinusoidal voltage input with pick to pick 

amplitude of 4V and a frequency of 10 Hz(a); and a frequency of 26 Hz(b). 
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Moreover the models allow for the determination of the IPMC 

actuator frequency response, which is a tool widely used in control 

design problems. To the best of our knowledge such a strong link 

between physics-based models and data driven identification was 

never proposed for IPMC actuators.  
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Multiphysics models of  
IP2C actuators 

In this chapter moltiphysics models developed for of IP2C will 

be described in details. Also in this case the models involve 

electrical, mechanical, chemical and thermal effects and yields a 

unique solution. Moreover, knowledge acquired by measuring  

campaigns has been included in the model. More specifically, the 

frequency dependence of Young’s modulus was experimentally 

determined and introduced in such a model. A frequency domain 

investigation was performed and a model optimization procedure 

which integrates Nelder-Mead simplex method with the COMSOL 

Multiphysics® models was exploited to identify IP2C model 

parameters by fitting experimental data. As a new result, in this case 

a a fractional order dynamics has been identified in the model, 

confirming previous studies on IPMC grey box models and on 

electro-active polymeric devices. As usual,  swept sine-wave, was 

used also for the investigation reported in this Chapter. 

1 Frequency dependence of Young Modulus 

The curves representing the frequency dependency of Storage 

Young’s Modulus (Figure 27.a) and Loss Young’s modulus (Figure 
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27.b) were obtained by repeating measurements at different 

frequencies in the range between 0.1Hz and 50 Hz using the DMA 

Method [57]. 

 

(a) 

 

(b) 

Figure 27: (a)Storage Young’s Modulus vs frequency; (b) Loss Young’s 

Modulus vs frequency. 
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2 Model Optimization and Parameters 

Identification 

As an original contribute to IP2C modeling, an ad-hoc 

optimization procedure was developed to fit the model estimation 

to the experimental data and to identify model parameters. 

In particular the parameters kf0, p, a and b of kf frequency 

function related to the load equation (9) and the stiffness damping 

parameter βf  of the mechanical model were identified via Nelder-

Mead simplex optimization method. The parameters identification 

was performed by comparison of the simulated 𝛿𝑠𝑖𝑚  and the 

experimental displacement 𝛿𝑒𝑥𝑝 of the IP2C actuator tip. Data were 

acquired when a swept sine-wave with a peak to peak amplitude of 

4V and a variable frequency in the range between 0.1Hz to 50Hz 

(Figure 8) was used. Acquired data were further manipulated to 

estimate the amplitude of the frequency response to sinusoidal input 

voltage Vin. 

The following parameters have been used for the optimization 

algorithm: the termination tolerance (see Section 5) was chosen as 𝜺 

=10-6, and the maximum number of iterations was chosen as 100.  

A small tolerance has been set in order to force a number of 

iteration insuring a stable solution. A large maximum number of 
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iteration was chosen in such a way that further iteration would have 

not caused any improvement to the optimization performance. 

The optimal parameters values resulting from the optimization 

algorithms were: βf  =1.54e-4  s and the kf(f) function was identified 

as  

𝑘𝑓(𝑓) =
27.08

(𝑗2𝜋𝑓)0.62(𝑗2𝜋𝑓+53)0.15   (16) 

Figure 28.a and Figure 28.b show the frequency contribute of kf  

in terms of module and phase respectively [57]. 
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 (b) 

Figure 28: kf(f) frequency function in terms of (a) module |kf(f)|and (b) 

phase Φkf(f). 

The kf(f) in equation (16) shows fractional order poles. This 

demonstrates the IP2C fractional order nature, as already stated by 

the authors for the IPMC grey box models [64][65] and as 

demonstrated for polarizable polymeric devices [66]. 

The complete set of parameters used to model the IP2C actuator 

are summarized in Table VI. The term Rs is the superficial 

resistance and it was experimentally determined. The diffusion 

coefficients of the cations (D+) and of the solvent (Ds), were 

determined experimentally using the capacitive response of the 

device. 

10
-1

10
0

10
1

-70

-60

-50

-40

-30

-20

-10

Frequency [Hz]

k
f 
p

h
a
se

 [
d

e
g

re
e
]



Model Optimization and Parameters Identification | 73 
 

TABLE VI: SIMULATION PARAMETERS 

Model Parameter Value 

Electrical 
Model 

Superficial resistance Rs 60 Ω 

Nafion electrical conductivity 𝜎Naf 2.16*10- 3 S/m 

Copper electrical conductivity 𝜎Cu 58*106 S/m 

Relative dielectric constant εr 81 

Chemical 
Model 

Cations diffusion coefficient D+ 
4.9*10-11 

s*mol/Kg 

Solvents diffusion coefficient Ds 
2.4*10-10 

s*mol/Kg 

Initial cations concentration C+0 1200 mol/m3 

Initial solvents concentration Cs0 2400 mol/m3 

Number of solvation n+ 2 

charge number z+ 1 

Thermal 
Model 

Pedot thermal conductivity kPs 0.23 W/m*K 

Platinum thermal conductivity kPt 91.7 W/m*K 

Nafion thermal conductivity kNaf 0.3 W/m*K 

Copper thermal conductivity kCu 390 W/m*K 

Convective heat transfer htrans 30 W/m2*K 

External Temperature Text 298.15 K 

Pedot density ρPs 1.011 g/cm3 

Nafion density ρNaf 2.5 g/cm3 
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Copper density ρCu 8.96 g/cm3 

Mechanical 
Model 

kf (f) Eq (14) 

βf 1.54*10-4 s 

 

3 Time Domain Model Validation 

The results of electrical, chemical, thermal and mechanical 

models for the IP2C actuator are here summarized for a selected 

input voltage (Vin) with frequency equal to 0.2 Hz and  peak to 

peak amplitude of 4 V [50]. 

The potential field, as the solution of the electrical model at 

simulation tima equal to 1.25 s, is reported in Figure 29. It shows 

the variation of the potential in the Nafion section between the 

cathode and the anode.  
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Figure 29: Voltage field (V) on the Nafion transversal section  

at simulation time t= 1.25 s 

The variation in the x-axis direction can be also noticed. The 

potential is higher in proximity of the copper electrodes, which 

provide the input voltage to the entire device, and decreases in the 

direction of the IP2C beam tip due to the organic conductor 

resistivity. 

Figure 30 reports the model solution of the cations 

concentration on a Nafion 2D section at 3 s simulation time. It 

shows that the cationic accumulation and depletion take place only 
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near the Nafion boundaries, while in the central region the 

concentration is equal to the initial value Cs0. 

The solution of the thermal model  highlights a higher 

temperature in the region closest to the copper electrode, as 

literature has reported for IPMC [2]. 
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Figure 30: Concentration of the cations (C+) on the Nafion transversal 

section at simulation time t= 3 s 

The temperature distribution has been investigated in more 

details and a comparison between the thermal behavior of IPMC.   
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The temperature distribution has been investigated in more 

details and a comparison between the thermal behavior of IPMC 

and IP2C, is reported in the following. Figure 31 shows the 

temperature trend on a surface section of the Nafion in the x-

direction at a fixed y=90 μm for both the IP2C and IPMC excited 

by the same forcing signal (Vin). The higher slope of the IP2C 

temperature trend is due to the different thermal conductivity of 

PEDOT:PSS kPs with respect to platinum kPt (see  Table VI).  

 

Figure 31: Comparison of thermal performances between IPMC and 

IP2C: temperature distribution on the x-direction at y=90μm, simulation 

time t=3 s 

Figure 32 shows the comparison between the simulated y-
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state the model performances. Moreover, a resulting correlation 

coefficient of 98% confirms high correlation between the measured 

data and the corresponding estimation.  

  
a 

 

b 

Figure 32: a) Experimental and simulation results of displacement in the 

time domain for sinusoidal input Vin with 4Vpp and frequency f=0.2 Hz, 

b) error between experimental and simulation displacement. 
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4 Frequency Domain Model Validation 

A frequency analysis for the IP2C model has been performed in 

the range between 0.1 Hz and 50 Hz [57]. 

A preliminary study on the electro-chemical model has been 

carried out in order to verify how the solvent concentration 

response, in terms of module and phase, contributes to the overall 

IP2C mechanical dynamics. Figure 33 reports the Bode diagram 

module of the solvent concentration on the Nafion/Pedot:PSS 

boundaries. Due to the hypothesis of linearity, such module trend is 

consistent with a zero pole system response with fractional order of 

0.5. The phase contribute of the solvent concentration response is 

therefore a delay of -45°. 

 

Figure 33: Electro-chemical model result in the frequency domain: 
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Moreover the frequency response of  Cslow
 can be determined 

by considering the symmetry condition (|Csup
(f)|=| Cslow

(f)| and  

ΦCsup(f)=-ΦCslow(f)) given by the electrical neutrality of Nafion. 

Finally, the comparison between experimental and simulated 

data obtained from the complete optimized model is given in Figure 

34(a) and Figure 35(a). The Figures report the experimental and 

simulated frequency response (displacement/applied voltage) in the 

investigated frequency range. 
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(b) 

Figure 34: (a)Comparison between experimental and simulated frequency 

response (displacement/Applied voltage) module; (b) Difference between 

experimental(|Displacementexp|) and simulated(|Displacementsim|)  y-

displacement module 

 

Moreover, the advantage of including the frequency dependence 

of kf(f) within the model is here further described. kf(f) contributes 

significantly for both the module and the phase in the overall IP2C 

dynamic response. Figure 34(b) and Figure 35(b) show the 

differences in the module and the phase between the two cases, i.e. 

the model with constant kf=0.46 N*m/mol and the corresponding 

model, with frequency dependent kf(f). 
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(a) 

 

(b) 

Figure 35: (a)Comparison between experimental and simulated frequency 

response (displacement/Applied voltage) phase; (b) Difference between 

experimental (Φexp) and simulated(Φsim) y-displacement phase  
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These results allow us to conclude that the optimized model has 

significant prediction capabilities as regards both the actuator 

frequency response amplitude and phase, in the range of interest. 

The second order dynamics has been identified with a resonance 

frequency at about 32.5 Hz. 

 

Figure 36: Magnitude squared coherence 

Figure 36 shows the magnitude squared coherence between the 

experimental swept sin-wave input voltage and the output 

displacement. 

The magnitude squared coherence estimate is a function of 
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low. Therefore the difference between the experimental and the 

simulated frequency response in such a frequency range is not 

considered relevant.   
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Neural Network Modeling 

In this section a model of IP2C actuators, by using the Neural 

Network modeling will be presented. The model has been 

developed in the frequency domain. More specifically, the activity 

focused on the investigation of IP2C dynamic behavior in the 

frequency domain and the effect of humidity is considered in the 

modeling [70][71]. The activity reported in this Chapter is the result 

a of a research activity that I developed during a period of three 

months that I spent at University of Louisville, under the guide of 

prof. J.M. Zurada, as part of my PhD program.  

In order to develop a model capable to describe the dependence 

of the device on the value of the humidity, experimental data were 

acquired from the device, then three different Neural Network 

models, e.g. Feed-Forward Neural Network, Radial-Basis Neural 

Network and Recurrent Neural Network were developed. Finally, 

the obtained models are compared in terms of accuracy [72]. 

1 Neural Networks 

Neural Network is an information processing paradigm that is 

inspired by the biological nervous systems. It is composed of a large 

number of highly interconnected processing elements (neurons) 
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working in union to solve specific problems.  Neural Networks can 

be configured for a number of different applications, such as pattern 

recognition or data classification, through a learning process.  In this 

work, three different Neural Network models (FFNN, RBNN and 

RNN) have been investigated. 

1.1 Feedforward neural networks 

FeedForward Neural Network (FFNN) was the first and 

arguably most simple type of artificial neural network devised. In 

this network the information moves in only in the forward 

direction. From the input nodes data go through the hidden nodes 

and to the output nodes. There are no cycles or loops in the 

network. 

Assuming a three layer neural network with n input nodes, m 

nodes in the hidden layer, and one node in the output layer, the 

overall response function f(x) has the following form (equation 17): 

𝑓(𝒙) =  ∑ 𝑎𝑖

𝑚

𝑖=1

𝛺(𝒘𝑖𝒙) (17) 

where 𝒙 ∈ 𝑅𝑛×1 , 𝑎𝑖 ∈ 𝑅, 𝛺  is the activation function, and 

𝒘𝑖 ∈ 𝑅𝑛×1 is the input weight vector belonging to 𝑖-th hidden node 

[73]. 
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1.2 Radial Basis networks 

A Radial Basis Network (RBNN) is a typical three-layer feed 

forward network that consists of an input layer, a hidden layer with 

a non-linear Radial Basis activation function, and an output layer 

[74]. 

The input can be modeled as a vector of real numbers 𝒙 ∈

𝑅𝑛×1. The output of the network is then a scalar function of the 

input vector and is given by equation (18): 

𝑓(𝒙) =  ∑ 𝑎𝑖

𝑚

𝑖=1

𝛷 (
‖𝒙 − 𝒄𝑖‖

𝜎𝑖
) (18) 

where m is the number of nodes in the hidden layer, 𝒄𝑖 ∈ 𝑅𝑛×1 

and 𝜎𝑖 ∈ 𝑅+ are the centroid and smoothing factor of the 𝑖-th radial 

basis function, and 𝑎𝑖  is the connecting weight of the 𝑖-th hidden 

node to the linear output node. In this work, the Gaussian function 

was used as the radial basis function Φ(.) (equation 19): 

𝛷(𝒙) = exp (
‖𝒙 − 𝒄𝑖‖

𝜎𝑖
) (19) 

where β is the real constant. 
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1.3 Recurrent Neural Networks  

Recurrent Neural Networks (RNNs) are dynamical systems with 

temporal state representations [75]. They are computationally 

powerful, and can be used in many temporal processing models and 

applications. In this type of neural network, feedback connections 

between neurons are allowed, and locally recurrent, so that globally 

feedforward networks with dynamics realized inside neuron models 

are realized. The recurrent networks, locally, are designed with 

dynamic neuron models which contain inner feedbacks, but 

interconnections between neurons are strict feedforward ones, as it 

is shown in the Figure 37. 

 

Figure 37: Lean performance of the Network using Feedforward NN. 
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2 The neural model of the IP2C 

Acquired data have been used to identify the IP2C model. More 

specifically the 70% of the date have been used for the network 

train and the 30% for the model validation. FFNNs, RBFs and 

RNNs have been investigated and the comparison of the obtained 

reslts is reported in the following.  

The frequency and the relative humidity are used as inputs and 

the frequency response as output. Figure 38 shown the inputs and 

output data, respectively. 

 

Figure 38: Inputs data for NN models 
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hidden layer with 37 neurons, sigmoidal activation functions and a 

linear output layer. Figure 39 reports the comparison between 

simulated and experimental output and the corresponding model 

estimation error. 

 

(a) 

 

(b) 

Figure 39: Comparison between experimental and simulated displacement 

using FFNN (a) and the corresponding model residue (b). 
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Figure 40: Lean performance of the Network using a FFNN. 

The Figure 40 shows the learning performance of the best 

network with a mean square error of 0.535 *10-4 and the epoch 

number of 411. 

The best RBNN had 100 hidden neurons. Figure 41 shows the 

comparison between simulated and experimental displacement and 

the corresponding modeling error.  

The resulting mean squared error is 0.395*10-2.  
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(a) 

 

(b) 

Figure 41: Comparison between experimental and simulated displacement 

using RBNN (a) and the corresponding residue (b). 
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neurons  with a sigmoidal activation function, furthermore to 

improve the training, a delay of one sampling time has been used.  

The comparison between experimental and simulated data 

obtained from the recurrent neural network is given in the following 

(Figure 42), along with the corresponding model error.  

The mean squared error is 0.628*10-4 and the epoch is 1000, as 

Figure 43 shows. 
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(b) 

Figure 42: Comparison between experimental and simulated displacement 

using RNN (a) and the corresponding residue (b) 

 
Figure 43: Lean performance of the Network using RNN. 
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VII. It is possible to observe that among investigated models, the 

FFNN model is able to simulate in a more consistent way the 

frequency response of IP2C actuator. 

TABLE VII: MODELS COMPARISON 

 MSE Neurons Epochs cc 

FFNN 0.535*10-4 37 411 0.9978 

RBNN 0.00395 100 248 0.8904 

RNN 0.628*10-4 45 1000 0.9879 
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Conclusion 

In this thesis the white box modeling of IPMC and IP2C 

actuators has been considered. The multiphysics models that include 

and integrate electrical, mechanical, chemical and thermal physics 

domains and their coupling effects have been introduced. As a 

novelty, the multi-physics domain models have been developed by 

using experimental deformation data and an ad-hoc optimization 

procedure that allowed to fit the models estimation on experimental 

data. The optimization algorithm implemented for parameter 

identification is a general tool that provides a new methodology for 

the characterization of new smart materials’ properties where the 

physics parameters are yet not well characterized and sometime 

difficult to obtain from measurements. 

The validation of the models is reported and adherence with 

recorded data is shown, identifying a second-order-like dynamics 

and the frequency response. 

Moreover, another model of IP2C actuator based on neural 

network modeling has been presented. That activity was focused on 

the investigation of IP2C dynamic behavior in the frequency 

domain, taking into account the effect of humidity. This model was 

intended as proof of concept of the possibility to explain vibrating 
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structures to realize polymeric sensors. 

Concluding, the proposed models allow thus to estimate a 

number of microscopic and macroscopic quantities involved in the 

study of actuators so that it can improve the comprehension of such 

a complex device and can represent a suitable tool for people 

involved characterization and synthesis new transducing polymeric 

devices.  
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