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w     water uptake    

    porosity    

tp  or p   (total) pressure 

sp     stress-induced pressure   

hp    hydration-induced pressure 

tm  or m   (total) mass of porous polymer (on a hydrated condition) 
drym     mass of porous polymer on dry condition 
fm     mass of absorbed water  

sm    mass of polymer matrix (on dry condition) 
t

ij  or ij   (total) strains     

s

ij    stress-induced strains 

te  or e    (total) volumetric strain  
he     hydration-induced strain 
t

ij  or ij   (total) stress    

tE  or E   (total) elastic modulus  
uE    undrained elastic modulus 
dE    drained (static) elastic modulus  

dryE    elastic modulus on dry condition 

tv  or v   (total) Poisson’s ratio 

uv     undrained Poisson’s ratio 

Bv  or 
bv   beam undrained Poisson’s ratio 

dv     drained (static) Poisson’s ratio  
tK  or K   (total) bulk modulus 
sK    bulk modulus of solid matrix 
fK    bulk modulus of absorbed fluid 
uK    undrained bulk modulus 
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Notations 
 

 

 

 
dK    drained (static) bulk modulus   

dryK    bulk modulus on dry condition 

tG  or G   (total) shear modulus 
dG     drained (static) shear modulus  

b     Biot coefficient   

B    Skempton coefficient 

     correction factor of shear stiffness 

    correction factor of Poisson’s ratio 

    hydration potential  

H    hydration coefficient 

h     hydraulic permeability 

V  or    electric potential 

ek     electric permittivity 

w     water dynamic viscosity 

wa     water activity  

IC    I-ion concentration referring to bulk material  

Ic    I-ion concentration referring to absorbed water 

Iz     I-ion valence 

ID    diffusivity of I-component 

T     absolute temperature 

R     gas constant 

F    Faraday constant 
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1.1 Ionic Electroactive Polymers 

 

1.1.1 Polymers and Mechanical Properties 

Polymers are defined as macromolecules which are made up of repeated structural 

units. The structure units, as shown in Fig. 1.1, are covalently attached each other and re-

peated. Nowadays the term, ‘Polymer,’ became familiar to us. Much long before the origin 

of the terminology in polymer science, polymers had been a part of our lives such as a 

natural resource. With the historical development of chemistry, polymers have been made 

by human since two hundred years ago. Eventually, the synthetic polymers have changed 

our lives profoundly. The synthetic polymers are produced by ‘Polymerization.’ The 

polymerization makes monomers (structural units) form linked chains (polymers) with 

electrochemical reactions. The synthetic polymers consist of thousands or ten thousands of 

monomers linked together (Rudin and Choi, 2012). 

Polymers have very useful properties, e.g. they are easy to form any shape, saves manu-

facturing cost, light with low density, and have good resistance to corrosion, electricity 

and heat. Owing to the useful properties, such polymers became an indispensable part of 

our lives. 

 

 

Fig. 1.1 Structure units of a conducting polymer, Polypyrrole 

 

In the applications of polymers, one of important factors is mechanical properties. Ac-

tually, polymers are distinguished as elastomer (rubber), plastics and fibers. The distinc-

tion is based on mechanical properties.  

Mechanical properties are conventionally characterized from the tensile stress-strain re-

lations of representative samples. The tensile stress-strain relations are obtained from 
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standard tensile tests measuring uniaxial load and elongation as shown in Fig. 1.2. In con-

ventional, mechanical properties, which are independent on specimen dimensions, are ex-

pressed with nominal stress and nominal strain. The nominal stress and nominal strain are 

defined as follows. 

0A

P
nominal   

L

L
nominal


  

where, nominal  is nominal stress, P  is uniaxial load, 0A  is initial section, nominal  is nom-

inal strain, L  is uniaxial elongation, L  is initial length.  

Using the above nominal stress and nominal strain, many mechanical properties of pol-

ymers can be explained. In the description of the mechanical properties, key points are 

stiffness, recovery and ductility. The stiffness can be explained with elastic modulus. The 

elastic modulus is defined as follows. 

 
nominal

nominalE



  

The recovery can be explained with elastic strain. The elastic strain is a part of total 

strain returns to its original shape when external force is removed. Ductility can be ex-

plained with fracture strain. The fracture strain is quantified as total strain at breaking 

point. 

Using the above quantities, elastomer, fibers and plastics are characterized as follows. 

Elastomer has extraordinary elasticity. Elastomer is elongated up to 1000% or more and 

is fully recovered. That is, the portion of elastic strain to total strain is usually 100%. The 

elastic modulus of elastomer is low in the range of a certain strain, after that elastic modu-

lus is suddenly increased. Under a high temperature, the stiffness of elastomer is increased 

as temperature is increased. Below a low temperature, elastomer becomes brittle and loses 

recovery (Rudin and Choi, 2012).   

Fibers have high elastic modulus, but low ductility (brittle). Fibers are usually fractured 

around 20 % elongation. When fibers are deformed, some part of deformation is remained. 

Fibers are relatively unaffected by temperature change (Rudin and Choi, 2012). 
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Plastics have an intermediate stiffness between elastomer and fibers. Plastics are usually 

fractured around 400% elongation. The portion of elastic strain to total strain is not con-

stant (Rudin and Choi, 2012). 

Mechanical properties are elementally related to the advantages of polymers, so have 

been essential specifications in the applications of polymers. Especially for the polymers 

of actuators and mechanical sensors, mechanical properties are directly related to their 

performance, so the present study has paid attention to mechanical standpoints.  

   

 

Fig. 1.2 Tensile stress-strain relation from standard tests 
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1.1.2 Conducting Polymers 

Conducting polymers are extraordinary polymers that conduct electricity. Maintaining 

the advantages of ordinary polymers, conducting polymers shows key advantages in elec-

tronic properties. In the late 1970s, conducting polymers were firstly discovered by 

Shirakawa et al. (2003), who won the 2000 Nobel Prize. The discovery derived great in-

novations in various fields of science and engineering, especially in electronics with wide 

ranges of electrical conductivity. Eventually, conducting polymers have made remarkable 

changes in our lives, e.g. thin film transistors, polymer light emitting diodes (LEDs), elec-

tromagnetic shielding, sensor technology, molecular electronics, supercapacitors, and 

electrochromic devices (Ates, M. et al., 2012). Since the 1990s, conducting polymers have 

received attentions as ionic electroactive polymers in robotics, MEMS (micro-electro-

mechanical systems), energy harvesting, artificial muscles and bioengineering fields.  

Conducting polymers show extraordinary properties with various electric conductivi-

ties. There are many advantages such as electronic, magnetic, water uptake, optical, me-

chanical, and microwave-absorbing properties. Among many advantages, mechanical 

properties, electrical conductivity and water uptake are related to the electroactive perfor-

mances of actuators and mechanical sensors. Conducting polymers have the mechanical 

properties of plastics as mentioned in the previous section. Electrical conductivity of con-

ducting polymers can reach the metallic conducting regime by doping process. Further-

more, the electrical conductivity of conducting polymers can be enhanced by incorporat-

ing nano-component with high electrical conductivity. For example, CNT (Carbon Nano-

Tube) can be served as electrical bridge to improve electrical conductivity. On the other 

hand, the electrical conductivity of conducting polymers can be controlled as semiconduc-

tor. What is incorporated with conducting polymers, the electrical conductivity of con-

ducting polymers can be controlled in a certain wide range or wider ranges. Next, the wa-

ter uptake of conducting polymers is important for applications such as self-cleaning 

surfaces, microfluidics, controlled drug delivery and bio-separation. The super-

hydrophobic properties of conducting polymers can be enhanced by doping hydrophobic 

acids. A reversibly switch between superhydrophobic and superhydrophilic conducting 

polymers can be realized by controlling the chemical compositions (Das and Prusty, 

2012).  
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Mechanical properties, electric conductivity and water uptake are important factors on 

the performance of actuators and mechanical sensors using ionic electroactive polymers. 

The contributions of the interesting properties on the performance can be estimated in nu-

merical simulation.  

 

 

1.1.3 Ionic Electroactive Polymers for Actuators and Mechanical Sensors 

‘Electroactive polymers’ are polymers that show mechanical deformation when electri-

cal simulation is applied. Since the 1990s, electroactive polymers have shown potentials 

as a novel material in robotics, MEMS and medical fields. The potentials can be realized 

as actuating and mechanical sensing functions. The actuating and mechanical sensing 

functions are based on the measurements of electrical and mechanical behaviors. The elec-

tromechanical behaviors of electroactive polymers have been investigated for actuators 

since the 1990s and for mechanical sensors recently. 

‘Electroactive polymers’ is a technical term in the field of actuator engineering. Bar-

Cohen and Zhang (2008) classified the electroactive polymers as shown in Fig. 1.3. The 

classification is based on the material type of actuators. There are different materials with 

different mechanisms in actuation. In Fig. 1.3, EAP means electroactive polymer. EAP is 

deformed when electric field is applied. Within EAP, there are dielectric EAP and ionic 

EAP. Dielectric EAP is actuated by dielectric polarization when electric field is applied, 

and ionic EAP is actuated by ion transport process when electric field is applied. Ionic 

EAP is classified as conducting polymer and IPMC. The conducting polymer is actuated 

by reaction and oxidation when electric field is applied. Polypyrrole is one of conducting 

polymers for actuators. IPMC means ionic polymer metal composite. IPMC is actuated by 

ion migration when electric field is applied. Flemion and Nafion belong to IPMC.  

The advantages and disadvantages between dielectric and ionic electroactive polymers 

are shown in table 1.1. The large deformations of ionic electroactive polymers with low 

electricity come from low mechanical stiffness, so the actuation forces of ionic 

electroactive polymers are naturally low. Even though ionic electroactive polymers are 

known as show relatively slow responses, some ionic electroactive polymers such as a 

Nafion with a certain ion form show fast response (Nemat-Nasser and Wu, 2003). Ionic 
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electroactive polymers inducing conducting polymers and IPMCs have a strong ad-

vantage. That is, ionic electroactive polymers can operate with low electric voltage ranges 

around 2 V. In contrast, dielectric electroactive polymers need high electric voltage range 

around 200V which is dangerous for human. Therefore, ionic electroactive polymers have 

particularly attracted attention in medical and bioengineering fields.  

 

 

 

Fig. 1.3 Classification of electroactive polymers (Bar-Cohen and Zhang, 2008) 

 

 

Table 1.1 Comparison between dielectric and ionic electroactive polymers 

(Bar-Cohen and Zhang, 2008) 
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Ionic electroactive polymers can be said as electroactive polymers actuating with the 

mechanism of ion transport. As explained before, ionic electroactive polymers are divided 

into conducting polymers and IPMCs.  

‘Conducting polymer’ in the present study means the conducting polymer of actuators. 

The electroactive properties of conducting polymers have been observed since the 1990s. 

The application of conducting polymers with various electric conductivities has been ex-

panded into actuator engineering. Furthermore, conducting polymers have recently attract-

ed interest in sensor application (Gerard et al., 2002). One of prospective possibilities is 

mechanical sensors which generate electricity when mechanical stimulation is enforced. 

‘IPMCs’ are ion polymer-metal composites which have the electroactive property for 

actuators. Ionic polymers such as Nafion and Flemion have been originally applied as 

polyelectrolyte. After the discovery of their electroactive properties, IPMCs have attracted 

attention as a novel material for actuators. IPMCs are composed of ion exchange mem-

branes and metal deposits. In detail, the ion exchange membrane is ionic polymers as 

polyelectrolyte with ionizable groups on molecular backbone. The polyelectrolyte is filled 

with liquid containing ions, and the ionizable groups dissociate and attain net charges in a 

variety of solvent. When electric field is applied, ions inside the polyelectrolyte migrate 

and cause mechanical deformation (Shahinpoor et al., 1998). Bio-inspired dome structure 

using IPMCs is one of the applications of mechanical sensors (Wang et al, 2009). 

The present study focuses on the computational modeling of mechanical sensors using 

ionic electroactive polymers. The numerical simulation of mechanical sensors using con-

ducting polymers is introduced in Chapter 2 and 3, and the numerical simulation of me-

chanical sensors using IPMCs is introduced in Chapter 4. 
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1.2 Actuators and Mechanical Sensors Using Ionic Electroactive Polymers 

 

Actuator can be said as a device for moving or controlling a mechanism or system. Sen-

sor can be defined as a device for detecting changes in quantities and provides information 

corresponding to the changes. Mechanical sensors are sensors detecting changes mechani-

cal force and displacement. 

Both of actuator and sensor response to external actions as input, and then generates 

their own output. Generally, actuators convert from a certain type of energies to mechani-

cal motions. The supplied energy and generated motion can be thought as the input and 

output of the actuators. The inverse of the input and output of the actuators becomes me-

chanical sensors. The actuators and mechanical sensors are similar with human muscles 

like we control our body and feel our motion. 

As mentioned in the previous section, ionic electroactive polymers exhibit electrome-

chanical behaviors that change shapes responding to electrical stimulations. In addition, 

ionic electroactive polymers inherently possess superior properties like other polymers, 

e.g. mechanical flexibility and chemical stability. Such ionic electroactive polymers are 

prospective materials for actuators and mechanical sensors. 

Actuators using ionic electroactive polymers have started to be applied into practical 

engineering. For example, fish robot using ionic electroactive polymers have commercial-

ly been developed and globally announced. The application of ionic electroactive poly-

mers have gradually been expanded (http://eamex.co.jp/). Furthermore, the key advantage 

of ionic electroactive polymers is that can operate in low electric voltage around 2 V. The 

capability with low voltage shows a prospective potential for artificial muscles.  

With the development of the actuators, ionic electroactive polymers have shown me-

chanical sensing function (Shahinpoor et al., 1998). The present study focuses on mechan-

ical sensors using ionic electroactive polymers. The schematics of actuators and mechani-

cal sensors using ionic electroactive polymers are shown in Fig. 1.4. The left figure shows 

an actuator using an ionic electroactive polymer. When electric potential is applied across 

electrodes, the actuator shows large deformation. The right figure shows a mechanical 

sensor using the same ionic electroactive polymer. When a deformation is enforced, the 

http://eamex.co.jp/
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mechanical sensor generates electricity. We can know that ionic electroactive polymers 

can be applied into both of actuators and mechanical sensors.  

The above applications are based on the measurements of electric potential and mechan-

ical deformation as shown in Fig. 1.5. For mechanical sensors, deformation is input and 

electricity is output. For actuators, electricity is input and deformation is output. For prac-

tical application, the input-output relations for actuators and mechanical sensors have to be 

investigated.  

The ionic electroactive polymers of actuators and mechanical sensors show very differ-

ent magnitude in input-output relations as shown in Fig. 1.5. Even though actuators and 

mechanical sensors are made up of the same material and structure, the generated electric 

voltage of the mechanical sensors is very much small compared to the generated electric 

voltage of the actuators. The previous researches had focused on only one between actua-

tors and mechanical sensors. Therefore, they could employ black box models like a linear 

relation between electric voltage and mechanical deformation. The black box models are 

empirical relations on well-controlled condition like experiments. If ionic electroactive 

polymers are exposed to various conditions, the black box models are not reasonable any 

more, so white box models with detailed considerations are needed. White box models 

have recently been reported, but they are only for actuators. Furthermore, the existing 

white box models of actuators are insufficient for the simulation of the mechanical sen-

sors. In addition, ionic electroactive polymers have received expectation as a novel mate-

rial for artificial muscle, so the models of actuating and mechanical sensing behaviors of 

the same ionic electroactive polymer have to be integrated.  

For both of actuators and mechanical sensors, the integrated relation between mechani-

cal stress and electric potential seems difficult to be determined by using just mechanical 

stress and electric potential. Like white box model for actuators, the simulation of the me-

chanical sensors needs more considerations upon understanding the mechanism of the me-

chanical sensors. The mechanism is qualitatively explained with the transport phenomena 

of ion and solvent which are absorbed into porous ionic electroactive polymers. Based on 

the qualitative mechanism, the black box of the mechanical sensors can be decomposed 

with numerical simulation considering other physical parameters such as fluid pressure of 

porous conducting polymers, ion and water concentrations as shown in Fig. 1.6. The black 

box of the mechanical sensors has so far not been revealed with the numerical simulation. 
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The present study newly attempts to solve the black box of mechanical sensors using ionic 

electroactive polymers. 

 

 

 

Fig. 1.4 Schematics of an actuators and mechanical sensors using ionic electroactive 

polymers 

 

 

Fig. 1.5 Black box model of actuators and mechanical sensors 

 

 

Fig. 1.6 Black box model of input-output of IPMCs 
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1.3 Backgrounds and Objectives 

 

1.3.1 Previous Experiments for Actuators and Mechanical Sensors Using Ionic 

Electroactive Polymers 

Since the late 1990s, ionic electroactive polymers have been received attentions as a 

novel material for mechanical sensors. Shahinpoor et al. (1998) introduced the application 

of IPMCs as biomimetic sensors and actuators. Conducting polymers have been issued as 

biosensors (Gerard, M. et al., 2002). Spinks et al. (2002) investigated the mechanical 

properties of polypyrrole for actuators. Nemat-Nasser and Wu (2003) conducted the com-

parative experiments of IPMCs with different backbone ionomers and in various cation 

forms. They investigated the interesting properties of IPMCs with water uptake. Guilly et 

al. (2003) investigated Flemion-based actuators for mechanically controlled microwave 

switch. Mauritz (2004) introduced the mechanical sensing behavior of IPMCs, which gen-

erates electricity by deformation. Wu et al. (2007) investigated the mechanism of mechan-

ical sensors and actuator using polypyrrole. Wang et al. (2009) introduced the bio-inspired 

design of tactile sensors based on an IPMC, Flemion. Zhao et al. (2011) investigated the 

transport phenomena of water in an IPMC, Nafion. Until now, conducting polymers have 

continuously been received attention as prospective materials (Ates et al., 2012, Das and 

Prusty, 2012).  

 

 

1.3.2 Previous Simulations for Actuators and Mechanical Sensors Using Ionic 

Electroactive Polymers 

Since the late 1990s, the actuators using ionic electroactive polymers have been investi-

gated with simulation methods. Della Santa et al. (1997) employed poroelastic theory into 

the analysis of an actuator using polypyrrole. They introduced a performance analysis of a 

conducting polymer film actuator made of polypyrrole. Shahinpoor et al. (1998) intro-

duced mathematical modeling for artificial muscle using IPMCs. Tadokoro et al. (2001) 

modeled the actuation mechanisms of IPMCs. They modeled forces acting on molecules 
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in the solvent. Nemat-Nasser and Zamani (2006) modeled the electrochemomechanical re-

sponse of IPMC-based actuators with various solvents. They estimated the pressure of 

cluster with microscopic model and the pressure leads actuating strain as eigen-strain. 

Alici et al. (2006) introduced a methodology towards geometry optimization of high per-

formance polypyrrole actuators. They employed finite element method, and the actuating 

strain is considered like thermal strain. Alici, G. et al. (2008) investigated the response of 

electroactive polymers as mechanical sensors. They proposed empirical relations between 

electric potential and mechanical stress. Otero and his coworker (2012) attempted the in-

tegration of actuating and sensing models. The simulation of actuators using IPMCs has 

been continuously investigated for their real applications (Jo et al., 2013). 

In the field of numerical simulation, there are many papers for actuators using ionic 

electroactive polymers, but only black box models have been found for mechanical sen-

sors using ionic electroactive polymers. 

 

 

1.3.3 Previous Researches for Actuators Using Ionic Electroactive Polymers in Toi 

Lab 

Toi laboratory aims at developing computational methods in solid mechanics and apply-

ing them to various structural and material problems including academic as well as indus-

trial aspects (http://as1200.iis.u-tokyo.ac.jp/). 

For IPMCs, the precious researches of Toi Lab. have collaborated with the experiments 

of Taya Lab. in Univ. of Washington. Taya and his coworkers (Guilly et al., 2003) have 

experimentally investigated for actuators using Flemion-based IPMCs. Kang and Toi 

(2005) modeled the forward and backward motions of IPMCs and developed finite ele-

ment formulation. Jung et al. (2010) modeled electro-osmosis and electrolysis, and devel-

oped computational modeling of electrochemical–mechanical behaviors of Flemion-based 

actuators 

For conducting polymers, Toi and Jung (2007) attempted the finite element modeling of 

actuators using conducting polymers (Toi and Jung, 2007 and 2008). 

The previous researches in Toi Lab. have focused on numerical simulation with finite 

element method, but their targets were only actuators.  

http://as1200.iis.u-tokyo.ac.jp/
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1.3.4 Present Researches for Mechanical Sensors Using Ionic Electroactive Poly-

mers 

Most researches have been focused on actuators, and a few researches have been report-

ed for mechanical sensors. The previous researches in Toi Lab. have focused on actuators 

using ionic electroactive polymers. Regarding to mechanical sensors using ionic 

electroactive polymers, only black box models, which are empirical relations between in-

put and output, have been reported. Therefore, Yoo and Toi (2013) newly attempted the 

numerical simulation of mechanical sensors using conducting polymers.  

Recently, Taya and his coworkers, who are Toi’s collaborators, have conducted experi-

mental investigations for mechanical sensors using Flemion-based IPMCs (Wang et al. 

2009). Based on the experimental investigations of Taya Lab., Yoo and Toi (2014) mod-

eled hydration effects on volume and mechanical stiffness, and introduced the numerical 

simulation of mechanical sensors using hydrated IPMCs. 

 

1.3.5 Present Simulation for Mechanical Sensors Using Ionic Electroactive Poly-

mers 

Ionic electroactive polymers have been investigated as a novel material for actuators 

since the 1990s. Like other approaches, numerical simulation has been added into the in-

vestigations. Since the late 1990s, the numerical simulation of ionic electroactive poly-

mers has been reported. However, the numerical simulations have focused only on actuat-

ing behaviors.  

Recently, the mechanical sensing behaviors of ionic electroactive polymers, which are 

converse to the actuating behaviors, have been investigated. Following the investigation, 

numerical simulation can be added. This is the starting point of the present study. Mechan-

ical sensors using ionic electroactive polymers have experimentally investigated based on 

linear relations between mechanical stress and electric voltage. Since mechanical stress 

has to be obtained, structural analysis becomes important here. In general, the structure 

analysis of the mechanical sensors has simply been conducted with ordinary beam theory 

in solid mechanics (Alici et al., 2008). The mechanism of the mechanical sensors can be 

explained by non-linear distribution of interesting parameters over thickness (Alici et al., 
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2006), so the present study initially attempted to propose a method of structure analysis 

for the non-linear distribution, and electric voltage was estimated with the black box mod-

el of a linear relation between mechanical stress and electric voltage.  

In detailed considerations, the input-output relations between actuator and mechanical 

sensor using ionic electroactive polymers are quantitatively very different. Furthermore, 

the mechanical sensors show time dependent responses with relaxation and hysteresis. Re-

cently, white box models for actuators have been reported (Jung et al., 2010). The white 

box models showed important physical quantities such as the pressure of ion-containing 

fluid, ion concentration and electric field with time. In addition, they can estimate the con-

tributions of the interesting quantities or material properties such as mechanical and elec-

trochemical properties. Eventually, a more complicated model like the white box models 

becomes needed for the mechanical sensors.  

However, it is found that the white box model of actuating behaviors using ionic 

electroactive polymers cannot reproduce mechanical sensing behaviors using the same 

ionic electroactive polymers. The white box model can be understood by dividing into 

transport process and structural analyses as shown in Fig. 1.7. The white box model solves 

the transport process of ion and ion-containing fluid, and the transported quantities of the 

fluid are related to volumetric change. Here, the volumetric change is considered as eigen-

strain in structural analysis, and then results in the deformation of actuators. For actuating 

behaviors, when ion-containing fluid is transported due to electric field, the solid matrix of 

porous membrane rapidly obtains mechanical equilibrium. For mechanical sensing behav-

iors, when the solid matrix of the membrane is deformed, the fluid in the porous mem-

brane needs more time relative to solid matrix until mechanical equilibrium. During the 

unbalance state, electric voltage is peaked. This phenomenon is of the mechanical sensors 

is modeled in the present study. Next issue is ion convection due to the transport of ion-

containing fluid. For actuators, ion convection due to ion-containing fluid is negligible, 

but for the mechanical sensors, the ion convection is expected to have a significant effect 

on the electric voltage, because the generated voltage of the mechanical sensors is very 

much small one-hundredths times. The ion convection term is considered in the present 

study. In addition, the dependency of water uptake on the performance of the mechanical 

sensors is modeled in the present study. Details of the computational modeling of mechan-

ical sensors using ionic electroactive polymers are written in Chapter 2~4.  
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The present study sets the same basic governing equations of the mechanical sensors 

with the actuators. Based on mechanical and electric properties from conventional test, the 

mechanism of the mechanical sensors has been modeled, and computational system is to-

tally proposed.  

 

 

  

Fig. 1.7 Flowchart of numerical simulations of actuators and mechanical sensors using 

ionic electroactive polymers 
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1.4 Overviews 

 

The title of the present study is the computational modeling of mechanical sensors using 

ionic electroactive polymers. The simulation to reproduce the electromechanical behaviors 

of ionic electroactive polymers is still difficult even though a lot of researches have been 

conducted. For the estimation of the electromechanical behaviors, most researches em-

ployed simple black box models from experimental observations, e.g. an empirical rela-

tion between mechanical stress and electric voltage. Here, structure analysis becomes im-

portant to obtain the mechanical stress. In such backgrounds, the present study was started 

with a black box model and focused on structure analysis. The first attempt for the numer-

ical simulation of the mechanical sensors is introduced in chapter 2. The mechanical sen-

sors show quantitatively different input-output relations even with the same material and 

structure of actuators. Moreover, the mechanical sensors show time dependent responses 

such as relaxation and hysteresis. Therefore, as the further research of chapter 2, a more 

complicated model was developed for the mechanical sensors. The second attempt is in-

troduced in chapter 3. Next, another material of ionic electroactive polymer for mechani-

cal sensors is IPMC. IPMCs show hydration effect that mechanical stiffness and volume 

are significantly changed as water is absorbed. The hydration effect is modeled, and the 

proposed model in chapter 3 is employed into IPMCs. The third attempt is introduced in 

chapter 4. 

 

Chapter 2 

 Black Box Model of Mechanical Sensors Using Conducting Polymers 

Chapter 2 introduces a computational system, using a simple black box model, for me-

chanical sensors using conducting polymers. The conducting polymers, which belong to 

ionic electroactive polymers, have attracted attention as a prospective material for me-

chanical sensing from mechanical stimulation to electricity. When mechanically stimulat-

ed by an external force, the mechanical sensors are elastically deformed and then show a 

large reduction of reaction forces. The elastic deformation of the mechanical sensors, in 
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response to mechanical stimulation, is analyzed with layered Timoshenko beam theory. 

The subsequent reduction of the reaction forces, quantitatively idealized with initial strain 

method, is calculated with finite element method. Therefore, the net reaction force is ob-

tained and employed to estimate a generated potential as the response of the mechanical 

sensors. As the application of the proposed method, the mechanical sensing behaviors are 

simulated in cases of prescribed and stepwise loading conditions, and those results are 

compared with experimental results in order to validate the proposed method. 

 

Chapter 3 

 Numerical Simulation of Mechanical Sensors Using Conducting Polymers 

Chapter 3 introduces a more complicated model for mechanical sensors using conduct-

ing polymers which generate electricity in the transient response to mechanical stimula-

tion. The generated electric potential in the mechanical sensors is very much smaller than 

the supplied electric potential of the actuators with respect to the same deformation and 

structure. Furthermore, the mechanical sensors show transient responses with relaxation 

and hysteresis. In order to compensate the complicated behaviors of the mechanical sen-

sors, the present study modifies and integrates the existing theories and the features of the 

transient behaviors, e.g. the non-invertible relation between electrical potential and defor-

mation, relaxation and hysteresis, are numerically simulated. The governing equations of 

the physical phenomena of the mechanical sensors coupled by embedding driving forces 

with physical parameters such as solid stress, fluid pressure, ion concentration and electric 

potential. The governing equations and the fields of the physical parameters are spatially 

simplified as one-dimensional in the thickness direction of the sensors, because their var-

iations over thickness dominantly determine the behavior of the sensor. In addition, the 

numerical procedure is efficiently simplified as possible as the transient behaviors are ex-

pressed. Next, the undrained Poisson’s ratio is modified with a correction factor, and its 

significant effect on the transient behavior is investigated. Lastly, the procedure of the pre-

sent computational system for the mechanical sensors is introduced and fully coupled 

simulation is conducted. As a result, the present study reports the simulation results of the 

important physical quantities over the microscale thickness of the mechanical sensors. 
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Chapter 4 

Numerical Simulation of Mechanical Sensors Using Hydrated IPMCs 

Chapter 4 introduces the numerical simulation of mechanical sensors using hydrated 

IPMCs. IPMCs can be applied into both of actuators and mechanical sensors, but the ex-

isting models of the actuators cannot be inversely applied to the mechanical sensors. The 

mechanical sensors generate very much smaller electric potential compared to the supplied 

electric potential of actuators with respect to the same displacement and structure. The 

non-invertible response of the mechanical sensors is numerically simulated, and the simu-

lation considers hydration and transient behaviors. IPMCs have hydration effect that vol-

ume and mechanical stiffness are significantly changed with water uptake. In order to con-

sider the volume swelling due to hydration, the total strains and pore pressure of IPMCs 

are respectively decomposed into stress-induced and hydration-induced parts. The hydra-

tion-induced strain is considered as eigen-strain, and the stress-induced strain and stress-

induced pore pressure are employed into Biot poroelastic constitutive equations. The me-

chanical stiffness of a hydrated IPMC is expressed as empirical relations with water up-

take. Furthermore, mechanical sensors using IPMCs show transient response with the re-

laxation and time lag of reaction force and electric potential. The transient response is 

modeled with a set of basic equations, e.g. layered Timoshenko beam model, Biot 

poroelastic model, Darcy-flow model, Poisson-Nernst-Plank model. The instantaneous 

peak of reaction force is estimated on undrained condition, the relaxation of reaction force 

is considered with pore pressure and its Poisson effect, and hydration-induced water mi-

gration is modeled with hydration potential. The hydration potential is modeled with an 

empirical chemical potential at free swelling equilibrium and is expressed as a function of 

water uptake. Next, discretization and numerical formulation with layered finite beam el-

ements is introduced. Lastly, the transient responses of a Flemion-based mechanical sen-

sor are numerically simulated with different deflections, and the distributions of stress, 

pore pressure, ion concentration and electric potential are obtained with time. Lastly, the 

numerical results are compared with experimental results. 
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2.1    Introduction 

 

Conducting polymers can be briefly said as extraordinary plastics able to conduct elec-

tricity. They have already been applied to various fields and very common in our life such 

as batteries, displays and so on.  Moreover, they have still shown endless potentials in a 

very wide range of applications. Conducting polymers have recently received amplified 

expectations as a novel material especially in robot-engineering, micro-electro-mechanical 

systems (MEMS) and medical fields. The attention is thanks to attractive characteristics as 

follows. They are driven by low voltage (1~3V), micro-miniature, light weight, flexible 

and silent, durable and stable chemically, and working in water or wet condition. Owing to 

such advantages, conducting polymers have recently shown a multitude of potentials as a 

candidate of actuators and sensors, from electricity to motion and from stimulation to elec-

tricity, which are the topic of the present study. 

Conducting polymers play principal role in mechanical sensing process from mechani-

cal stimulation to electricity. When mechanical sensors using conducting polymers are de-

formed, they generate electric potential corresponding to the magnitude of mechanical 

stimulation. Hence, the mechanical sensors estimate the external force and displacement 

by measuring the generated electric potential. As for the simulation model of mechanical 

sensors, mechanical displacement or force is input and then electric potential or current is 

output as shown in Fig. 2.1. In spite of many simulations of the actuators, the simulation 

results of the mechanical sensors have not been reported. The numerical simulation is 

needed for the design and control of the mechanical sensors. Therefore, the present study 

proposes the simulation model for the mechanical sensors.  

Along with a variety of applications of conducting polymers, a lot of researches have 

been conducted. Della Santa et al. (1997) investigated mechanical properties of conduct-

ing polymers, and proposed an electroactive actuator model to predict the static and dy-

namic responses of conducting polymers. Alici et al. (2006) introduced an approach using 

finite element analysis to estimate the behaviors of conducting polymer actuators. They in-

troduced a computational method for the design of conducting polymer actuators, and 

their approach was applied for the scantling of the actuators. The approach employed a 
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prescribed temperature distribution and considered the thermal expansion as volume 

change. Toi and Jung (2007) also proposed a more detailed model for finite element anal-

ysis, in order to simulate the electroactive behaviors of conducting polymers, using ion 

transportation and poroelastic models. Wu et al. (2007) introduced a relation between the 

potential and bending stresses of mechanical sensors using conducting polymers that is 

linear but dependant on dopant ions and electrolytes. Alici et al. (2008) experimentally in-

vestigated the responses of mechanical sensors using conducting polymers and proposed 

an estimation model for the mechanical sensors. Nevertheless, research results for me-

chanical sensors using conducting polymers are so far scarce, even though many research-

es for actuators using the same conducting polymers have been conducted. The computa-

tional model for mechanical sensors using conducting polymers has not so far been 

distinctly established, because the generated potential of the mechanical sensor, which is 

induced by mechanical action, is very different from the supplied potential of the actuator 

inducing the same mechanical action. 

In the present study, the behaviors of mechanical sensors using conducting polymers are 

investigated, and a computational system for the estimation of their behaviors is proposed.  

If an enforced displacement or external force is prescribed as the input of the mechanical 

sensors, the resultant reaction force is estimated by structural analysis. In this stage, finite 

element method is employed to analyze the mechanical states of the mechanical sensor. 

Next, electric potential as the output of the mechanical sensors is estimated by an experi-

mental linear relation between mechanical stress and electric potential. Finite element 

analysis for the behaviors of the mechanical sensors is hardly reported even though finite 

element method has been well employed to analyze the actuations of conducting poly-

mers.  

If a black box model using mechanical input and electrical output is employed, structur-

al analysis becomes important in order to estimate the responses of the mechanical sensors 

more precisely. In the present study, a structural analysis method for the mechanical sen-

sors, using initial strain method which quantitatively idealizes the reduction of reaction 

force, is proposed with layered Timoshenko beam theory and finite element method. In 

addition, the numerical results, in cases of prescribed and stepwise loading conditions, are 

shown with experimental results.  
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Fig. 2.1 Black box model of mechanical sensors using conducting polymers 
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2.2    Theoretical Models 

 

A structure of mechanical sensors using the conducting polymer is illustrated in Fig. 

2.2. This type is efficiently designed by Alici et al. (2006 and 2008). The mechanism of 

mechanical sensors using conducting polymers is shown in Fig. 2.3. When mechanical 

stimulation such as an external force or enforced displacement is applied into the mechan-

ical sensors, bending deformation occurs that the gradient of pressure takes place over 

beam sections. Due to the gradient of pressure, ions and solvent are pushed out from the 

compressive sides of polypyrrole and enter into the tensile sides of polypyrrole. The 

movements of ions and solvent cause a gradual reduction of reaction forces. The ion 

movements also electronically cause the gradient of charge density, so instant electric po-

tential difference occurs. Subsequently, electric potential is decreased with time by gradu-

al neutralization of the electric charges (Wu et al., 2007 and Alici et al., 2008).   

 

 

 

Fig. 2.2 Structure of actuators and mechanical sensors using conducting polymers  

(Alici et al., 2006 and 2008) 
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Fig. 2.3 Mechanism of actuators and mechanical sensors using conducting polymers  

(Wu et al., 2007 Alici et al., 2008) 

 

In the present study, a computational system for mechanical sensors using conducting 

polymers estimates a generated electric potential as the output of the mechanical sensors 

when a prescribed displacement or external force is given as shown in Fig. 2.1. The pre-

sent computational system has to define the input-output relation of the mechanical sen-

sors. Unfortunately, applying the input-output relation of actuators to the mechanical sen-

sors is difficult, because the generated potential of the sensor is quite different from the 

potential of the actuator with respect to the same mechanical force or prescribed displace-

ment. The mechanical sensors generate microscale potential about one thousandth of the 

electric potential of the actuator. Wu et al. (2007) concluded that the difference of electric 

potential between actuator and mechanical sensors with respect to the same deformation is 

caused by that most external electric energy for electroactive actuation is stored as electro-

chemical charge in conducting polymers. That is, very small amount of external electric 

energy is converted to mechanical energy. Alici et al. (2008) measured the reaction forces 

and induced electric potential when a prescribed or stepwise displacement was applied at 

the tip of the conducting polymer sensor. As a result, a linear relation between the gener-

ated potential and bending stress was introduced. However, the bending stress was calcu-

lated from non-layered ordinary beam theory. In their experiments, the reaction force is 

instantaneously increased and subsequently decreased to static reaction force as shown in 

Fig. 2.4. 
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Fig. 2.4 Schematic of behavior of mechanical sensors using conducting polymers 

 

Based on the researches of Alici et al. (2008), the present study attempts more accurate 

analysis of the mechanical states of mechanical sensors using conducting polymers, and 

considers the reduction of reaction force. First, when an external force is given, the reac-

tion force of the mechanical sensors is calculated by layered Timoshenko beam theory. 

Timoshenko beam theory can more accurately analyze the mechanical states of the me-

chanical sensors. Layered approach is also employed because the stress and property of 

each layer are non-uniformly distributed over the section of the mechanical sensors. Next, 

the reduction of reaction force is idealized with initial strain method, using a parameter, 

C . Finally, the net stress of conducting polymers is obtained, and the generated electric 

potential of the mechanical sensors is estimated by the linear relation between axial stress-

es and potential.  

In order to predict the response of mechanical sensors using conducting polymers, the 

present study employs finite element method. Finite element method has been frequently 

employed in order to analyze the behaviors of actuators using conducting polymers, and it 

was revealed as a suitable method for the simulation of the conducting polymers. Next, the 

mechanical behavior of the mechanical sensors is assumed as bending of a beam in solid 

mechanics. The mechanical deformations of actuators and mechanical sensors using con-
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ducting polymers are experimentally observed as the bending of a beam in solid mechan-

ics (Della Santa et al., 1997, Toi and Jung, 2007, Wu et al., 2007, Alici et al., 2008). The 

estimation model of Alici et al. (2008) was based on Euler–Bernoulli beam theory. In the 

present study, layered Timoshenko beam model is employed to express the deformation of 

the mechanical sensor. The layered beam model can express the non-linear distribution of 

axial stresses, and the Timoshenko beam can consider transverse shear deformation ef-

fects. For short or sandwich composite beams, the layered Timoshenko beam model is 

more accurate than the non-layered ordinary beam. The layered Timoshenko beam in solid 

mechanics is given as follows (Toi, 2008). 
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In the above equations, the following notations are used: u  is axial displacement; z  is 

distance from neutral axis;   is rotation of the normal section; w  is lateral displacement; 

x  is axial strain;  zx  is transverse shear strain; E  is elastic modulus; G  is shear modu-

lus;   is shear correction factor employed as 5/6 in case of rectangular section. Timo-

shenko beam theory assumes that axial strains over a beam section are linearly distributed. 

Thus, we assume that axial strains over the sections of the mechanical sensors are also 

proportional to the distance from neutral axis as shown in Fig. 2.5 (Toi, 2008).  
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Fig. 2.5 Simplified displacement field of layered Timoshenko beam 

 

Mechanical sensors using conducting polymers are composites having different proper-

ties of different layers over their sections, so layered approach is employed. The beam sec-

tions of the mechanical sensors are divided into several layers, each of which has different 

property. As the number of the layers is increased, the present beam model can more accu-

rately represent the separated stiffness and stresses over the section with numerical inte-

gration. 

The reduction of reaction force is observed that is constant ratio to the total reaction 

force at instant of loading from the experiment of Alici et al. (2008) as shown in Fig. 2.4. 

After an enforced displacements are given, its reaction force is immediately generated, 

which is well-known phenomenon in elastic mechanics. Subsequently, ions and solvent at 

compressive sides move to tensile sides even when the displacement remains constant, and 

the reaction force is decreased. The reduction of the reaction force is idealized with initial 

strain method using parameter, C , in Eq. (2.11) which is determined so as to give the 

agreement between the calculated reaction force and the experimental value after the 

movements of ions and solvent. Therefore, the steady reaction force is calculated by sub-

tracting the reduction of reaction force from total reaction force.  

As final step, electric voltage as the output of mechanical sensors using conducting pol-

ymers is estimated with a relation between electric potential and mechanical stress. Alici 
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et al. (2008) proposed the linear relation between bending stress and potential as Eq. (2.7). 

Hence, the potential is estimated with the below. 

xVCV    (2.7) 

where, V is potential, and VC is a coefficient which is the ratio of the bending stress of 

the conducting polymer layer to the generated potential.  
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2.3 Numerical Formulations 

 

The layered Timoshenko beam model in the previous section is employed into finite el-

ement analysis. The finite element stiffness equation is formulated with the following 

equations (Toi, 2008). 

}{}{}]{[ redext ffdK   (2.8) 


V

T dVBDBK ]][[][][  (2.9) 


V

iniTred dVBf }{][}{   (2.10) 

}{}{  Cini   (2.11) 

}]{[}{ iniini D    (2.12) 

In the above equations, the following notations are used: ][K  is stiffness matrix; }{d  is 

nodal displacement vector; }{ extf  is external force vector; }{ redf  is reduction of reac-

tion force vector induced by the movements of ions and solvent; ][B  is strain-

displacement matrix; ][D  is stress-strain relation matrix; }{  is strain vector; C  is pa-

rameter considering the reduction of axial stresses; }{ ini   is initial strain vector; }{ ini   

is initial stress vector.  

  



34 

 

Preventing the shear locking by 1-point Gauss-Legendre integration, the element stiff-

ness matrix, ][K , is shown as follows (Toi, 2008).  
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where, L  is element length, A  is element section area.  
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2.4    Numerical Results 

 

Alici et al. (2006) optimized a conducting polymer composite for efficient actuations as 

shown in Fig. 2.6. Its structure is composed of five layers. The material of outmost two 

layers is polypyrrole (PPy), which is an electroactive polymer, and the middle layer is 

polyvinylidene fluoride (PVDF). Platinum membrane is positioned between polypyrrole 

and PVDF. This type is selected for the present simulation as a mechanical sensor using a 

conducting polymer. The elastic modulus of polypyrrole and PVDF are respectively 80 

MPa and 440 MPa. The stiffness of the platinum membrane, in mechanical structure anal-

ysis, is negligible because of very small thickness, 10-100Å (Alici et al., 2006, Wu et al., 

2007 and Alici et al., 2008).  

 

Fig. 2.6 Layered beam model 

 

Timoshenko beam theory needs a sufficient number of beam elements because of C1 

continuity of its assumed deformation field. Thus, 20 elements were used in the finite el-

ement analysis of the mechanical sensor. 

As shown in Fig 2.6, the beam elements of the mechanical sensor are divided by several 

layers in order to consider different states of different layers. The number of the layers is 

up to the property and parameter, C . of each layer. 

  Depending on the parameter, C , in Eq. (2.11), the reduction of reaction force is 

quantitatively expressed. Physically, the gradients of concentration and pressure cause the 
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movements of ions and solvent. We assume that the pressure at instant of rapid loading is 

ideally proportional to the strains of solid. The parameter, C , is constant over section, 

then, it is determined as 0.55 concerning the experimental results. 

Monotonic case at a prescribed displacement is simulated at first. The prescribed dis-

placement is enforced at the beam tip as shown in Fig. 2.7.  

 

 

Fig. 2.7 Time history of a prescribed displacement (simulation and experiment) 

 

The comparisons between the non-layered ordinary beam and the layered Timoshenko 

beam are illustrated in Figs. 2.8 and 2.9 for the referred conducting polymer sensor (Alici 

et al., 2008) on the same prescribed deflection. As shown in Fig. 2.8, the deflection and 

axial strain fields are very similar to each other, because shear deformation is negligible in 

high aspect ratio of length to thickness. On the other hand, there is a large difference in the 

stress distribution between the non-layered and layered beam models as shown in Fig. 2.9. 

The non-layered beam model assumes that stiffness is uniform over beam sections so the 

axial stresses over the thickness become proportional to the distance from the neutral axis. 

The layered beam model subdivides the section of beams into several layers to consider 

the different properties of each layer, and the different axial stresses are calculated by the 
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different stiffness. Since the experiments (Alici et al., 2008) showed that the electric po-

tential generated from mechanical sensors using conducting polymers is largely dependent 

on the mechanical stress, more accurate analysis of the axial stress distribution over thick-

ness is needed.  

In the present study, the layered beam model is selected because conducting polymer 

sensors have the non-linear distribution of axial stresses over thickness. The beam section 

of conducting polymer sensor has to be subdivided into several layers, each of which has 

different physical parameters.  

 

        

Fig. 2.8 Displacement and axial strain over length (simulation) 

 

       

Fig. 2.9 Distributions of axial stresses over length and thickness (simulation) 

Layered T.beam 
Layered T.beam 
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The simulation result of the monotonic case is shown in Fig. 2.10. The total reaction 

force is 0.875mN. Considering the reduction of reaction force, the net reaction force is 

0.3938mN which is matched with the experimental result. The average stresses at instant 

of loading and in steady state, of polypyrrole layer, are respectively 0.3277MPa and 

0.1475MPa that the former decreased to the later by 55%. 

 

 

Fig. 2.10 Time history of reaction force (simulation and experiment) 

 

Next, another simulation in case of stepwise displacements is conducted. The time his-

tory of stepwise displacements is input into the present computational system as shown in 

Fig 2.11. As a result, reaction forces are calculated as shown in Fig. 2.12. Each reduction 

of the reaction forces is constant as proportional to each total reaction force at different 

prescribed displacements. The calculation results agree with the experiment even if static 

analysis is employed. 

In the experiments of Alici et al. (2008), the linear relation between electric potential 

and mechanical stress on the steady state shows consistency in both of cases of the mono-

tonic and stepwise loadings. If the black box model were well verified with experiments, 

the present computational system could be useful for the prediction of the behaviors of 

mechanical sensors using conducting polymers.  
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Fig. 2.11 Time history of stepwise displacement (simulation and experiment) 

 

 

Fig. 2.12 Time history of reaction force (simulation and experiment) 
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2.5    Conclusion 

 

The present study has attempted to develop the computational system for the design of 

mechanical sensors using conducting polymers, focusing on structural analysis. The struc-

tural analysis of the mechanical sensors was conducted with finite element method, and 

layered Timoshenko beam model was employed to the structural analysis. In addition, the 

reduction of reaction force after a prescribed displacement was reproduced with initial 

strain method. The reduction of reaction force was quantified with a parameter from the 

observation that the reduction of reaction force is proportional to total reaction force. 

Therefore, the instantaneous and steady reaction forces were obtainable. Next, the bending 

stress of conducting polymer layer was employed into the experimental linear relation be-

tween electric potential and axial stress. As a result, the electric potential was estimated as 

the output of the mechanical sensors, and the present computational system could express 

the behaviors of mechanical sensors using conducting polymers. Lastly, the simulation re-

sults in cases of monotonic or stepwise input were validated with the experimental results. 

The researches for mechanical sensors using conducting polymers are insufficient in 

contrast with many researches for the conducting polymer actuator. Further research 

would be the following. Even though the linearity of the relation is experimentally shown, 

the electric potential is observed at instant of loading as transient response and the stresses 

are measured at steady state after a while. Time-dependant model for the mechanical sen-

sors is needed to explain the time gap of the peaks of electric potential and reaction force. 

The parameters of C  and   in the present computational system cannot help being de-

termined by experiments. This simplified model will be basis for a more complicated sen-

sor model. 
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3.1 Introduction 

 

Conducting polymers have recently received amplified expectations as a novel material 

especially in robot-engineering, micro-electro-mechanical systems (MEMS). The attention 

is thanks to attractive characteristics as follows. They are driven by low voltage (1~2V), 

micro-miniature, light weight, flexible and silent, durable and stable chemically, and 

working in water or wet condition. Owing to such advantages, some conducting polymers, 

e.g. polypyrrole, have shown a multitude of potentials as a candidate of mechanical 

actuators and sensors, from electricity to motion and from motion to electricity. The 

researches of the sensor (Wu et al., 2007, Alici et al., 2008, Toi and Mochizuki, 2010) 

have recently started in spite of the earlier researches of the actuators (Spinks et al., 2002, 

Alici et al., 2006, Nemat-Nasser and Zamani, 2006, Toi and Jung, 2007). 

Alici et al. (2006 and 2008) shows that one conducting polymer can operate as both of 

mechanical actuators and sensors like artificial muscle. When the conducting polymer 

sensors are deformed, they generate electric potential corresponding to the magnitude of 

the stimulation, conversely to the process of the actuation. The problem is, as shown in 

Fig. 3.1 (Alici et al., 2006 and 2008), the non-invertible relation that the generated electric 

potential of the sensation is very much smaller than the electric potential of the actuation 

with respect to the same displacement and structure.  

As the references (Alici et al., 2006, Nemat-Nasser and Zamani, 2006, Toi and Jung, 

2007, Wu et al., 2007, Alici et al., 2008 ) mentioned, the physical quantities over the thin 

thickness, e.g. stresses and ion concentration, is dominant factors on the behaviors of the 

conducting polymers. The mechanical sensors of the conducting polymers have very thin 

thickness comparing length and width, e.g. 0.17mm thickness and 10mm length (Alici et 

al., 2006, Nemat-Nasser and Zamani, 2006, Wu et al., 2007, Alici et al., 2008). On the 

length scale of the sensor, the researches (Spinks et al. 2002, Alici et al., 2006, 

Nemat-Nasser and Zamani, 2006, Wu et al., 2007, Alici et al., 2008) have investigated the 

macroscopic properties of the conducting polymers, but the quantitative measurements 

over the microscale thickness, which are the evidences for the validation of hypotheses, 
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have not been obtained, so the simulation is needed to help the prediction and validation. 

However, there is no simulation result over the thin thickness of the mechanical sensor.  

In the experiments of Wu et al. (2007) and Alici et al. (2008), the electricity of the 

conducting polymer sensor is induced during transient responses. However, the simulation 

model for the transient behaviors has not been established until now. Only black box 

models (Wu et al., 2007, Alici et al., 2008, Toi and Mochizuki, 2010), as shown in Fig. 

3.1, have been empirically proposed with experimental results. More detailed models 

(Nasser and Zamani, 2006, Toi and Jung, 2007), from the simulation of the actuators, 

cannot induce electricity from deformation, so they cannot be applied into the simulation 

of the sensor. In addition, Alici et al. (2006) applied numerical simulation to the geometry 

optimization of the actuators, but the simulation procedure and quantitative results of the 

sensors has not been reported for the design and control. 

 

 

Fig. 3.1 Non-invertible input-output relation in mechanical sensor and actuator 

 

The present study newly attempts the numerical simulation of the mechanical sensors 

using conducting polymers which generate electricity in the transient response to 

mechanical stimulation. In addition, the present study reports the simulation results of the 

important physical quantities over the microscale thickness that have not been obtained 

from the experiments (Alici et al., 2008). The other obtained results (Alici et al., 2008) are 
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also compared with our simulation results, and the transient behaviors of the mechanical 

sensors are explained, e.g. the non-invertible relation, relaxation and hysteresis.  

The present simulation procedure modifies and integrates the existing theories (Alici et 

al., 2006, Nemat-Nasser and Zamani, 2006, Toi and Jung, 2007, Wu et al., 2007, Alici et 

al., 2008, Toi and Mochizuki, 2010), and it is efficiently simplified as possible as transient 

behaviors are expressed. Wu et al. (2007) showed that the mobile ion movement is 

dominant factor than chemical oxidation-reduction reaction in the voltage polarity of the 

sensor. Based on the hypothesis, the present study focuses on modeling of the fluid flow 

of pores which are induced by mechanical stresses and results in the sensitive electric 

potential. In addition, the present study employs Biot poroelasticity theory (Biot, 1941) in 

order to estimate the unknown pressure of porous conducting polymers. Wang et al. 

(2008) and Scherer et al. (2009) mentioned that Poisson effect causes significant 

inaccuracy as the width-to-thickness ratio of a beam is increased. In order to compensate 

the inaccuracy, the Biot poroelastic theory is modified as Poisson effect is considered as 

initial strain. The governing equations and fields are spatially simplified as one 

dimensional in thickness direction of the sensors, because their variations over thickness 

dominantly determine the behavior of the sensor, and the time cost of two or three 

dimensional analysis becomes enormous because the large gradients of the physical 

parameters on surfaces needs very small mesh sizes. Lastly, the procedure of numerical 

simulation and discretization of a beam element are introduced. The theoretical models are 

discretized and adopted into finite element method and finite difference method, and then 

fully coupled simulation is conducted to reproduce the transient behaviors of the sensors 

so that the mechanical deformation results in the electric potential. Lastly, the results of 

the simulation are illustrated, such as the histories of the deflection, reaction force, pore 

pressure, ion concentration and electric potential with respect to position and time. The 

simulation results are validated with the experimental results, and they are discussed and 

summarized. 

The structure of the sensors using conducting polymers is identified as that of typical 

actuators. Alici et al. (2006 and 2008) introduced a type of the conducting polymer 

actuators and sensors as shown in Fig. 3.2. It is the composite of five layers. The material 

of the out- most layers is PPy (Polypyrrole), the middle layer is PVDF (Polyvinylidene 

fluoride). The PPy is an electro-active conducing polymer, and the PVDF is the reservoir 
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for electrolyte where the ion and solvent are stored for the actuation and sensation. 

Platinum is coated between the PPy and PVDF to improve conductivity. The thickness of 

the platinum is 10-100Å. The thickness is very much thin compared to the length, so the 

effects of a mechanical stiffener and an electrical conductor are negligible in the thickness 

direction. 

 

 

Fig. 3.2 Structure of mechanical sensor using Polypyrrole (Wu et al., 2007) 

 

The transient behavior of the conducting polymer sensors is characterized that the 

reaction force and electric potential have the relaxations and hysteresis. The schematics 

are illustrated in Figs. 3.3 and 3.4 from the experimental results (Alici, G. et al., 2008). 

Responding to mechanical stimulation, the reaction force is immediately generated, and 

then gradually reduced even when the displacement remains constant as shown in Fig. 3.3. 

The relaxation is caused by the fluid transport through the pores of the solid matrix as the 

typical phenomenon of porous media. In addition, electrical potential, as shown in Fig. 

3.4, is also changed with the mechanical reaction force and then gradually relaxed. It is 

due to the redistribution of charge density by the transport of mobile ions (Nemat-Nasser 

and Zamani, 2006, Wu et al., 2007, Alici et al., 2008). Wu et al. (2007) mentioned that the 

polarity of the electric potential depends on the type of counter-ions. That is, the transport 

of mobile ions is dominant factor rather than chemical oxidation-reduction reaction in the 

polarity of voltage. Provided that large ions are trapped and immobile, only small ions are 

moveable with fluid flow. Thus, the distribution of the mobile ions determines electric 

potential. Furthermore, the peak of electric potential is induced in the transient response to 

the mechanical stimulation, and has time lag behind the peak of reaction force as shown in 

Fig. 3.4. 
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The mechanism of the mechanical sensor using conducting polymers is shown in Fig. 

3.5. When the conducting polymer sensor deforms as a bending of composite beams in 

solid mechanics, the expansion or contraction of volume takes place with respect to a 

position in the beam section. By resisting the deformation, the internal stresses of the solid 

matrix and the pressure of fluid filling the pores of the solid matrix are induced. The 

pressure causes the ions and solvent to be pushed out from the shrunk side and to be 

sucked into the dilate side. The movements of the pore fluid cause the gradual relaxation 

of reaction forces. Furthermore, the movement of mobile ions causes an instant unbalance 

of the distribution of charge density, and the gradient of charge density results in electric 

potential difference. Subsequently, the mobile ion concentration is diffused, and the 

electric potential is gradually decreased to the neutralization of the electric charges. 

As the electro-active actuation of the conducting polymers are flexibly deformed when 

electric current flows. The actuation is also caused by the movements of the ion and 

solvent molecules. Therefore, the actuation and sensation can be fundamentally 

understood with the same transport phenomena. The problem is that the generated electric 

potential of the sensor is very much smaller, micro-volts as about one thousandth of the 

supplied electric potential of the actuator of the same structure with respect to the same 

displacement as shown in Fig. 3.1. To cope with the non-invertible input-output relation 

and to propose computational system for design, the present study newly attempts the 

numerical simulation for the transient behavior of mechanical sensor using the conducting 

polymers. 
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Fig. 3.3 Schematic of relaxation of reaction force  

 

   

Fig. 3.4 Schematic of relaxation and hysteresis of reaction force and electric potential 
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Fig. 3.5 Mechanism of mechanical sensor using conducting polymer (simulation) 
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3.2 Theoretical Models 

 

3.2.1 Biot Poroelastic Theory 

Conducting polymers consist of two phases, a polymer matrix and electrolyte. The 

polymer matrix is a porous solid, and the electrolyte is a fluid filling the pores of the 

polymer matrix. Resisting mechanical deformation, the internal stresses of solid matrix 

and the pressure of fluid filling the pores of the solid matrix are induced. The gradient of 

pore pressure drives the fluid flow in porous medium, and then the stresses of fluid and 

solid are relaxed until a stationary state. This transient behavior with the relaxation can be 

considered with poromechanics. 

Assuming conducting polymers as a continuum and neglecting acceleration and body 

force from Cauchy’s equations of motion, the basic governing equation is established with 

the below quasi-static equilibrium equation. 

0




j

t

ij

x


 (3.1) 

where, 
t

ij  is total stress component of a porous element. 

Next, Biot constitutive equation (Biot, 1941) is employed into idealizing the mechanical 

behavior of the conducting polymers. Biot constitutive equation considers the 

compressibility of the solid matrix and pore fluid, assuming the solid matrix and pore fluid 

as elastic bodies. Biot constitutive equation is linear quasi-static elastic theory, defining 

the stress components as a linear combination of the strain tensor and the pore pressure 

with the independent coefficients of the stress-strain relations. In case of isotropic and 

homogeneous material, Rice and Cleary (1976) renewed Biot constitutive equation using 

conventional material parameters such as Skempton coefficient and undrained Poisson’s 

ratio. Wang et al. also employed the renewed Biot constitutive equation with the 

conventional parameters. The renewed Biot constitutive equation with zero initial stress 

and fluid pressure is given as follows (Wang et al., 2008).  
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where, 
t

ij  is the total stress components, p  is the fluid pressure in pores, 
t

ij  is the 

total strain components, 
te  is the total volumetric strain, 

dG  is the drained shear 

modulus, 
dK  is the drained bulk modulus, 

sK  is the non-porous bulk modulus, b  is 

Biot coefficient, and ij  is Kronecker delta.  

Alternatively, the above constitutive equation, Eq. (3.2), can be rewritten in terms of the 

total strain components as follows.  
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where, 
dv  is the drained Poisson’s ratio, dE  is the drained elastic modulus. 

The continuity equation of the compressible fluid inside a saturated porous medium is 

given by  

)(
)(

f
dt

d
f

f



  (3.6) 

where,   is the Lagrangian porosity referring the ratio of pore space to the overall 

volume, 
f  is the density of fluid, and f  is the volume flux vector of fluid (Wang et 

al., 2008). 

The Biot poroelastic theory employed the Darcy law to govern the flow of a fluid in 

pores. The general Darcy law is given as  

 )( gpf f
h 



  (3.7) 
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where, h  is hydraulic permeability,   is dynamic viscosity of fluid, f  is density 

of fluid, and g  is body force vector (Wang et al., 2008).  

The stiffness of the porous bulk element is varied with the pressure of the fluid in the 

pores. In Eq. (3.2), the pressure of the pore fluid is unknown, so Biot (1941) employed 

additional relation of the pressure. In the original Biot poroelastic theory, the parameters 

in the additional relation had not been conventional. After Biot poroelastic theory, Rice 

and Cleary (1976) introduced the term of ‘undrained condition’ assuming that time scale is 

too short to allow the loss or gain of pore fluid in an element by diffusive transport to or 

from neighborhood element. The undrained condition is defined with the below. 

0)(  f  (3.8) 

Using the undrained condition, Rice and Cleary introduced the following relations 

which were earlier proposed by Skempton as follows (Rice and Cleary, 1976). 
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where, B  is Skempton coefficient, 
fK  is bulk modulus of pore fluid, 

uv  is undrained 

Poisson’s ratio, and the others are mentioned previously.  

Provided that the material parameters on the undrained condition are isotropic and 

homogenous, only two parameters are needed to describe the elastic behavior of the 

porous material on the undrained condition. Beside the undrained Poisson’s ratio in the 

Eq. (3.11), undrained bulk modulus can be obtained from the tensor contraction of the Eq. 

(3.2).   
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where, uK is undrained bulk modulus in the undrained condition 

Using the above Eq. (3.12) and Skempton coefficient and Biot coefficient, the relation 

between the drained bulk modulus and the undrained bulk modulus is introduced as 

follows (Wang, 1993) 
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The undrained parameters estimates the total stresses on the undrained condition 

without the unknown pressure, and then the pressure of the pore fluid is estimated by Eq. 

(3.9) which is the relation between the hydrostatic stress of bulk element and the pressure 

of the pore fluid on the undrained condition. The pressure becomes the driving force in the 

transport of the mass flux of fluid in the porous medium. Coupling Biot constitutive 

equation, Eq. (3.2), the continuity equation, Eq. (3.6), and Darcy law, Eq. (3.7), the field 

equation of the pressure, neglecting body forces, is obtained as follows (Rice and Cleary, 

1976).   
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where, 
fD is diffusivity coefficient, which was introduced by Rice and Cleary (1976). 
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In addition, the coupling of solid stress and fluid pressure needs to satisfy 

Beltrami-Michell compatibility condition with the below (Wang et al., 2008).  
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By tensor contraction, the following compatibility equation is obtained (Wang et al., 

2008). 
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The mechanical behavior of the porous conducting polymer and pore fluid can be 

analyzed by the aforementioned Biot poroelastic theory. The analysis of the transient 

behavior needs to be accurately simulated because the electric potential of the sensor is 

generated from the transient region of the mechanical response as shown in Fig. 3.4. In the 

sensation, the gradient of pressure drives the movement of mobile ions resulting in electric 

potential. In the actuation, the electric field dominantly causes the fluid transport in the 

porous medium. Hence, the pressure of the pore fluid interacts with mechanical stress and 

electric field in both of the actuation and sensation of the conducting polymers, and the 

pressure field has to be analyzed with the mechanical stress and electric potential fields. 

Coupling with the mechanical stress and electric potential fields, the field equation of the 

pressure, Eq. (3.14), is rewritten as follows. 
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where,  V  is electric potential, C  is ion concentration, h  
is hydraulic permeability, 

  is dynamic viscosity, and  F  is Faraday constant, and the others were mentioned 

previously.  

Therefore, the pressure field of the pore fluid is calculated by the above Eq. (3.19). In 

the transient behavior of conducting polymers, the mechanical total stresses and reaction 

force are instantaneously increased by the pore pressure. Subsequently, the diffusion of 

pressure in the Eq. (3.19) relaxes the total stresses and reaction force as typically 

phenomena of porous media. As for typical mechanical sensors using conducting 

polymers, the governing equation, Eq. (3.1) can be reduced by idealizing deformation 

field as a bending of beams in solid mechanics.  
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3.2.2 Layered Timoshenko Beam Model 

The mechanical deformation of actuators and sensors using conducting polymers is 

experimentally observed as the bending of a beam in solid mechanics (Alici et al., 2006, 

Nemat-Nasser and Zamani, 2006, Wu et al., 2007, Alici et al., 2008). In the present study, 

layered Timoshenko beam model is employed to express the deformation of the 

mechanical sensor to express the non-linear distribution of axial stresses as shown in Fig. 

3.6. The Layered Timoshenko beam in solid mechanics is given as follows (Toi, 2008). 
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where, u  is axial displacement, z  is distance from neutral axis,   is rotation of the 

normal section, w  is lateral displacement, 
t

x  is axial strain, 
t

zx  is transverse shear 

strain.  

The constitutive equation from Hooke’s law of elastic solids is simplified by the 

assumed displacement field of the layered Timoshenko beam model is as follows (Toi, 

2008). 
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where, 
tE  is elastic modulus, 

tG  is shear modulus,   is shear correction factor 

employed as 5/6 in case of rectangular section (Toi, 2008). 
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Fig. 3.6 Displacement field of layered Timoshenko beam model (L), and 

Comparison of axial stresses between non-layered beam and layered beam (R) 

 

 In the present study, the layered beam model is selected because the conducting 

polymer sensors have the non-linear distribution of the axial stresses over thickness. The 

beam section of the conducting polymer sensor has to be subdivided into several layers, 

each of which has different physical parameters. That is, each layer in a finite beam 

element corresponds to each grid of the fields of other physical parameters such as fluid 

pressure, ion concentration and electric potential.  

The total stresses in transient behavior of porous beams are significantly affected by the 

pressure of the pore fluid as the typical drainage phenomenon in poromechanics. 

Regarding the bending of porous beams, Wang et al. (2008) showed the inconsistency 

between Eq. (3.16) and Eq. (3.17) on the assumption of the traction- free condition at the 

lateral surface. After that, Scherer et al. (2009) compared the approximated analytical 

solution for the pure bending behaviors of the porous beam with the numerical result from 

the three-dimensional finite element analysis, and demonstrated that the deficiency from 

the traction-free condition is negligible even on the transient response. However, the 

difference between theory and experiment can be observed in the mechanical sensors 

using conducting polymers. In the experiment of Alici et al. (2008), the peak of the 

reaction force of the conducting polymer sensor, as shown in Fig. 3.4, is three times larger 
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than the relaxed reaction force. The peak reaction force is dominantly caused by the 

pressure of pore fluid, because the electrical and chemical effects on that condition are 

negligible, e.g. the one thousandth of the actuation electric potential and the independency 

of polarity on chemical reactions. In addition, the transverse shear deformation and its rate 

are negligible because of the high ratio of length to thickness as shown in Fig. 3.7. 

In spite of the large reaction force in the experiment, the elastic modulus of the porous 

beam on the undrained condition is about 1.2 times larger than the one on the drained 

condition. The deformation field of a bending of beams results in the uniaxial stress state 

but fluid cannot resist uniaxial stress. Thus, the uniaxial state cannot express the peak 

reaction force which is three times larger than the relaxed reaction force. If the pore fluid 

cannot freely flow on the undrained condition, the pressure of the pore fluid is not zero. 

Thus, the total hydrostatic stress with the pressure of the pore fluid, in Eq. (3.9), is not 

zero because Biot poroelastic theory is analogous to the thermal expansion model. Scherer 

et al. (2009) also mentioned that the pressure distribution over the width of a beam causes 

Poisson effect to the axial direction and that the Poisson effect causes significant 

inaccuracy of the analytical solution as the ratio of width to thickness. 

Even though the Poisson effect is considered, the peak of the fluid pressure on the 

undrained condition, which is obtained from the undrained bulk modulus and Poisson’s 

ratio of the Biot poroelastic theory, can be lower than the one to express the experimental 

reaction force. That means that three-dimensional finite element analyses also can result in 

lower undrained reaction forces. Wang et al. (2008) mentioned that the accuracy of the 

transient behavior of poroelastic beams is dependent on the Poisson’s ratio and 

compressibility of the constituents. It is expected that the Poisson’s ratio and Poisson 

effect of fluid-saturated porous beams on the undrained condition are varied with the 

dimensions of the mechanical sensor using conducting polymers.  

The present study modifies the undrained Poisson’s ratio obtained from Eq. (3.11) in 

the Biot poroelastic theory, and employed the Poisson effects of the pore pressure to the 

axial direction. Therefore, the constitutive equation of the beam model is proposed as 

follows:   

uB vv    (3.26) 
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where, 
Bv  is beam undrained Poisson’s ratio,   is correction factor of the Poisson 

effect, and 
dG  is drained shear modulus. The correction of the undrained Poisson’s ratio 

makes the peak of the numerical reaction force reached at the peak of the experimental 

reaction force.  

Using the undrained bulk modulus and beam undrained Poisson’s ratio, the undrained 

hydrostatic stress is obtained and substituted into the field equation of the pressure, Eq. 

(3.19). In the numerical simulation, the effect of the pore pressure is implemented as a 

kind of external force in order to consider the Poisson effect and to remove additional 

constitutive relation, because the Biot poroelastic theory is analogous to the thermal 

expansion model.  

 

 

3.2.3   Poisson-Nernst-Planck Equations  

Alici et al. (2008) measured the reaction forces and electric potential generated from the 

conducting polymer sensor when a prescribed or stepwise deflection was applied, and 

proposed an experimental relation that the generated electric potential is proportional to 

the non-layered ordinary bending stress. Earlier black-box models have been proposed for 

simplicity, but the non-invertible relation between electric potential and bending stress 

results in different parameters between the actuation and sensation of the same conducting 

polymers. Furthermore, the electric potential is generated during the transient behaviors. 

Recently, the analysis of ion transport has been applied in many fields. Even though the 

analysis for the sensation of conducting polymers has not been reported, the electro-active 

actuation has been more accurately analyzed with the consideration of ion transport 

phenomena (Nemat-Nasser and Zamani, 2006, and Toi and Jung, 2007). Nemat-Nasser 
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and Zamani (2006) employed Poisson-Nernst-Planck equations for the analysis of ion 

transport and electric potential. The present sensor model employed 

Poisson-Nernst-Planck equations to analyze the ion distribution and electric potential as 

the actuator models do. Poisson-Nernst-Planck equations are the coupling of 

Nernst-Planck equation and Poisson equation. Nernst-Planck equation is the balance 

equation of the concentration of particles defined in continuum based on mass 

conservation principle. Poisson equation is well known as the field equation to analyze 

electric potential field from the distribution of charge density in electrostatics. In the 

present study, Poisson-Nernst-Planck equations are spatially simplified as one- 

dimensional in the thickness direction of the sensors, in order to correspond to the other 

fields of the physical quantities such as the mechanical solid stress and fluid pressure. The 

flux of I species is obtained by Nernst-Planck equation as follows (Nemat-Nasser and 

Zamani, 2006) 

Cf
RT

CD
J    (3.30) 

where, J  is mobile ion flux, C  is ion concentration, D  is diffusivity coefficient and 

  is chemical potential of I species, respectively. R  is gas constant, T  is absolute 

temperature, f  is the volume flux of fluid. The chemical potential is defined by 

(Nemat-Nasser and Zamani, 2006) 

zFVCRT  )ln(0    (3.31) 

where, 0  is reference chemical potential,   is affinity, z  is species charge, F  is 

Faraday constant and V  is electric potential. 

Wu et al. (2007) observed that the polarity of voltage is dependent on the type of 

counter-ions. The observation leads that mobile ion movement is a dominant factor than 

chemical oxidation-reduction reaction. If conducting polymer molecules and large dopants 

are immobile, only mobile ions are redistributed by the fluid flux. Thus, it is assumed that 

the gradient of the concentration of mobile ions dominantly determines the distribution of 

charge density which results in electric potential. Reducing Eq. (3.30) for one type of 



61 

 

mobile ions, the transport equation of the mobile ion from Eq. (3.30) and Eq. (3.31) is 

rewritten as (Nemat-Nasser and Zamani, 2006) 
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The continuity equation is also employed as    
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The generated electric potential in the mechanical sensor using conducting polymers is 

micro-volts as about one thousandth of the supplied electric potential in the actuator with 

respect to the same displacement and structure. The very small amount of electricity from 

the initially neutral condition is caused by the gradient of mobile ion flux as the pore fluid 

flows by the gradient of the pore pressure. Embedding the effect of the pressure diffusion 

into Nernst-Planck equation, the redistribution of the mobile ion concentration is obtained 

as follows: 
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Next, the well known Poisson equation in electrostatics is employed as  
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 (3.35) 

where, ek  is electric permittivity, and 
0C  is concentration of immobile ions.  

According to Poisson-Nernst-Planck equations, Eq. (3.34) and Eq. (3.35), the mobile 

ion concentration is redistributed and its distribution causes electric potential as the output 

of the mechanical sensor. In the numerical simulation, Poisson-Nernst-Planck equations 

with the Biot poroelastic theory and layered Timoshenko beam model are implemented for 

the analysis of the transient behavior of the mechanical sensors using conducting 

polymers. 
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3.3 Numerical Formulations 

 

In the numerical simulation for the transient behavior of the mechanical sensor using 

conducting polymers, the typical structure (Alici et al., 2006, Alici et al., 2008) is selected 

as shown in Fig. 3.2. The dimensions of the structure are illustrated in Fig. 3.7. The 

platinum membrane is negligible in the thickness direction because of its very thin 

thickness. As shown in Fig. 3.7, each beam element is subdivided into different layers, so 

the fields of fluid pressure, mechanical total stress, ion concentration and electric potential 

are spatially discretized as one-dimensional in the thickness direction of the sensor. 

 

 

Fig. 3.7 Discretization in thickness direction 

 

As illustrated in Fig. 3.8, the procedure of numerical simulation is the followings. 

First, the Biot coefficient in Eq. (3.4), Skempton coefficient in Eq. (3.10), the undrained 

bulk modulus in Eq. (3.13) and beam undrained Poisson’s ratio in Eqs. (3.11) and (3.26) 

are respectively determined with the material parameters.   

Second, the undrained volumetric strains are, using the undrained bulk modulus and 

beam undrained Poisson’s ratio, numerically obtained with the finite element method. The 

finite element method has well employed to the simulation of porous media and 

conducting polymers (Alici et al., 2006, Toi and Jung, 2007, Wang et al., 2008, Scherer et 

al., 2009). The finite element formulation is as follows (Toi, 2008,). 
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}{}]{[ extu fuS   (3.36) 

dVBDBS
V

uTu

 ]][[][][  (3.37) 

}]{[}{ uBu   (3.38) 

where, ][ uS  is undrained stiffness matrix, }{ u  is nodal displacement increment 

vector, }{ extf  is external force increment vector, ][B  is strain-displacement matrix, 

][ uD  is undrained stress-strain relation matrix, }{ u  is undrained strain increment 

vector, and n  is number of each layer. The present study employs the layered 

Timoshenko model in section 3.2, and the undrained bulk modulus and beam undrained 

Poisson ratio are converted to elastic modulus and shear modulus. The element stiffness 

matrix is, ][ t

eS , preventing the shear locking by 1-point Gauss-Legendre integration, as 

follows (Toi, 2008).  
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 (3.39) 

where, L  is element length, A  is element section area, and 
ut KK  , 

Bt vv  on the 

undrained condition. Solving Eq. (3.36), nodal displacements are obtained, and then the 

layered axial undrained strains, 
n

u

x , are obtained by Eq. (3.22).  
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Third, using the layered axial undrained strains, the pseudo pore pressure on the 

undrained condition, 
p

np , is obtained with the below. 
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Fourth, the field equation of the pore pressure, Eq. (3.19) is discretized as shown in Fig. 

3.7, and the pore pressure is updated as follows. 
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 (3.41) 

The increment of the undrained pressure, the last term in Eq. (3.41), is updated, and 

then the other terms are calculated.   

Fifth, using the obtained pore pressure from Eq. (3.41), the total stresses with the 

pressure are calculated based on Eq. (3.2). The pore pressure is implemented as a kind of 

external force, because the Biot poroelastic theory is analogous to the thermal expansion 

model. In case of beam model, the Poisson effect of the pore pressure is additionally 

considered because undrained condition is not uniaxial stress state, so the Poisson effect is 

embedded into the axial total stress using Eq. (3.28). Therefore, the mechanical states with 

the pressure diffusion of the pore fluid are calculated, and the finite element stiffness 

equation is as follows. 
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where, ][ dS  is drained stiffness matrix, }{ pf  is force increment vector of the fluid 

pressure in pores, }{ ppf  is force increment vector of the Poisson effect in the beam 

model, ][ dD  is drained stress-strain relation matrix, }{ t  is total strain increment 

vector, and }{ t  is total stress increment vector. Using the element stiffness matrix on 

the drained condition, 
dt KK  , 

Bt vv  , the total displacements or reaction forces are 

calculated in Eq. (3.42). 

Next, the fields of the mobile ion concentration and electric potential are obtained with 

Poisson-Nernst-Planck equations, Eqs. (3.34) and (3.35), using the finite difference 

method. The field equations of mobile ion concentration and electric potential are 

discretized as 
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Finally, the electric potential is obtained from the above equations as the output of the 

sensor model, and the transient behavior of the mechanical sensor using conducting 

polymers are numerically analyzed. 
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Fig. 3.8 Flowchart of numerical simulation 
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3.4 Simulation Results 

 

The material parameters are determined by macroscale experiments. As for the sensor 

in Fig. 3.7, its physical parameters were determined from the references (Spinks et al., 

2002, Alici et al., 2006, Wu et al., 2007, Alici et al., 2008) as shown in Table 1. Using the 

material parameters, the monotonic case at a prescribed displacement is simulated on the 

basis of the experiment (Alici et al., 2008). As the prescribed displacement at the beam tip 

is input as shown in Fig. 3.9, the results of the simulation are obtained as shown in Figs. 

3.10~3.17.  

 

Table 3.1 Material parameters for numerical simulation 

 

 

As shown in Fig. 3.10, the reaction force gradually decreases with time even on the 

constant deflection. In addition, the peak of reaction force is more than two times of the 

relaxed reaction force. Such a large reaction force cannot be expressed by the pure 

bending of the Biot poroelasticity. The present study modified the undrained Poisson’s 

ratio with the correction factor, so numerical reaction force could be agreed with the 

experimental reaction force. The black box models (Wu et al., 2007, Alici et al., 2008, Toi 
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and Mochizuki, 2010) between reaction force and voltage are available only for relaxed 

monotonic condition. The present study insists that the relation between reaction force and 

voltage depends on the internal conditions such as pore pressure and ion concentration.  

As illustrated in Fig. 3.11 and 3.12, the pressure of the pore fluid was obtained with the 

interactions of the bending stress and electric field. The pore pressure over thickness is 

simultaneously increased along with the increase of the reaction force in Fig. 3.11. It 

shows that the reaction force is peaked by the pore pressure on the undrained condition. 

Subsequently, the pore pressure is decreased with the relaxation of the reaction force at the 

same time in Fig. 3.12. The relaxation of the reaction force is expressed by the pressure 

diffusion. 

Alici et al (2006) assumed the distribution of volume expansion over thickness, but the 

present simulation result gives precise prediction with time. In the present result, the peak 

of the pore pressure is positioned near the interface but inside of the inert PVDF. The 

gradient of pressure means the direction of the pore fluid, so the flow of the pore fluid is 

disturbed by the peak. The present study proposes that the sudden change of permeability 

and porosity near the interface of the PPy and PVDF is a major factor on the design and 

control of the sensor. If the position of the pressure peak is controlled, the generated 

electricity increases and leakage decreases. 

The distribution of the mobile ion concentration with respect to time is shown in Fig. 

3.13 and 14. The distribution of the mobile ion concentration is following the distribution 

of the pore pressure a little bit later. The movements of the mobile ions are caused by the 

mass flux of the pore fluid with the pressure diffusion in Fig. 3.13. The mobile ion 

concentration is peaked even when the pressure of pore fluid is being decreased, and then 

the mobile ion concentration is, after time lag, decreased. It is understood that the 

movements of the mobile ions are not from instantaneous stresses but from the diffusion 

of pore pressure, so the time lag between reaction force and electric potential occurs. 

The pore pressure and ion concentration over the microscopic thickness is difficult to be 

measured, so these numerical results would be helpful for other indirect prediction from 

macroscopic observation. If the distribution of the ion concentration is controlled by the 

material parameters such as porosity and permeability in Table 1, the performance of the 

sensor would be enhanced. 
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Finally, the electric potential is obtained from the mobile ion concentration as shown in 

Figs. 3.15 and 3.16. The mobile ion concentration determines the distribution of charge 

density, and then the distribution of the charge density results in the electric potential. 

Therefore, the difference of the electric potentials on the top and bottom is obtained as the 

output of the transient response of the mechanical conducting polymer sensor. The time 

history of the electric potential generated in the sensor is shown in Fig. 3.17.  

In summary, the present numerical simulation well expressed the transient behavior of 

the mechanical sensor. The numerical simulation quantitatively expressed the transient 

behavior, and its results gave good understanding for the mechanism and features of the 

transient behavior. The mechanical deformation of the sensor induces the pressure of the 

pore fluid in polymer matrix, which results in the peak of mechanical reaction forces, and 

then the gradient of the pore pressure drives the mass flux of the pore fluid with the 

relaxation of the pore pressure and reaction force. The fluid flow also causes the 

movements of ions, but only mobile ions are movable so that the distribution of charge 

density is changed. The distribution of charge density finally causes electric potential as 

the output of the mechanical sensor which is very small amount than the electric potential 

of the actuator on the same structure and deflection. From the simulation results, it is 

concluded that the relaxation and hysteresis are dominantly induced by the pressure 

diffusion of the pore fluid as transient behaviors. In addition, the transport phenomena are 

very important in the transient behaviors of the mechanical sensor using conducting 

polymers, so the properties related to the transport are key factors for design and control.  
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Fig. 3.9 Time history of prescribed deflection (simulation and experiment) 

 

 

Fig. 3.10 Time history of reaction force (simulation and experiment) 



71 

 

  

    

Fig. 3.11 Pressure distribution at beam root until peak (simulation) 

 

 

Fig. 3.12 Pressure distribution at beam root during relaxation (simulation) 
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Fig. 3.13 Mobile ion concentration at beam root until peak (simulation) 

 

 

Fig. 3.14 Mobile ion concentration at beam root during relaxation (simulation) 
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Fig. 3.15 Electric potential at beam root until peak (simulation) 

 

    

Fig. 3.16 Electric potential at beam root during relaxation (simulation) 
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Fig. 3.17 Electric potential with respect to time (simulation and experiment) 

 

Additionally, the reaction force and electrical potential with different correction factors 

of the Poisson effect,  , on the same prescribed deflection are illustrated in Figs. 3.18 

and 3.19. The results show that the transient behavior of the sensor is significantly 

sensitive to the Poisson effect. The sensitivity is magnified by the bulk modulus of the 

pore fluid which is much stronger than the bulk modulus of the solid matrix. The 

Poisson’s ratio is related to the volumetric strain of beams, so has a significant effect on 

the undrained pore pressure which is from the uniform stresses of the undrained stiffness 

even when three dimensional analysis. The undrained reaction force from the beam of the 

Biot poroelasticity, 0.1 , is lower than the experimental result as shown in Figs. 3.18 

and 3.19, so the previous results in Figs. 3.10~3.17 employs the one parameter of the 

correction factors of Poisson effect, 975.0 .  
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Fig. 3.18 Reaction force with different correction factors of Poisson effect,  , on the 

same prescribed deflection in Fig. 3.9 

 

 

Fig. 3.19 Electric potential with different correction factors of Poisson effect,  , on the 

same prescribed deflection in Fig. 3.9 
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Lastly, an example for the transient behaviors of the mechanical sensors is introduced. 

As shown in Fig. 3.20, the rapid loading and unloading deflections, which is 

instantaneously increased and rapidly came back to initial position before relaxation, are 

prescribed. As a result, the reaction force and electric potential are obtained as shown in 

Fig. 3.21 and 3.22. As shown in Fig. 3.21, the reaction forces become positive and 

negative even when deflections are positive all the time. In Fig. 3.22, electric potentials 

has time lag, so the stepwise deflections during the time lag cannot be estimated from 

electric potential. From the simulation results, the hysteresis of reaction force and electric 

potential can be observed. It is shown that the transient behavior of the mechanical sensors 

is different from monotonic or static behaviors. In this case, empirical relations between 

mechanical deformation and electric potential are not reasonable any more. This 

simulation shows the insufficiency of black box models.  

 

 

 

Fig. 3.20 Time history of prescribed stepwise deflection (simulation) 
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Fig. 3.21 Time history of reaction force (simulation) 

 

 

Fig. 3.22 Electric potential with respect to time (simulation)  
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3.5 Conclusion 

 

The computational system for the mechanical sensors using conducting polymers has 

been scarce and insufficient in contrast with many simulations for the actuators. The 

experimental relations between the mechanical stress and electric potential are very much 

different in the actuation and sensation for the same conducting polymer, and the peaks of 

the mechanical stress and electric potential are generated in the transient response with 

relaxation and hysteresis. In the present study, the computational system for the transient 

behavior of the mechanical sensors was newly introduced. As a result, the transient 

behavior of the conducing polymer sensors was well expressed by the numerical 

simulation compared with the experimental results. It is concluded that the transport 

phenomenon of pore fluid is very important in the transient behaviors of the mechanical 

sensors, so mechanical properties related with the transport of the pore fluid such as 

porosity and permeability are key factors for design and control of the mechanical sensors. 

In addition, the relaxation and hysteresis of the mechanical reaction force and electric 

potential are explained by the pressure diffusion as the typical phenomena in 

fluid-saturated porous media.  

In the computational system for the mechanical sensor, the Biot poroelastic theory, 

layered Timoshenko beam model and Poisson-Nernst-Planck equations are mainly 

employed, which are also applicable to the actuators. Embedding driving forces into the 

theoretical models with physical variables such as solid stress, fluid pressure, ion transport 

and electric potential, the governing equations consider the interactions between porous 

solid, pore fluid and mobile ions, and express the transient response of the mechanical 

sensors. The governing equations are employed into the fully coupled simulation with the 

time-marching, using finite element and finite difference methods.  

The variations of physical variables over the thickness of the mechanical sensors 

dominantly determine the behavior of the mechanical sensors. The present study is 

simplified to one-dimensional analysis in the thickness direction. The transient behavior of 

porous beams is significantly sensitive to the Poisson effect, so the Poisson effect is added 

into the present beam model on the basis of the analogy between the Biot poroelastic 
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theory and thermal expansion model. The experimental reaction force can be larger than 

the analytical or numerical reaction force, so the undrained Poisson’s ratio of the Biot 

poroelastic theory is modified using the correction factor in this study. Further research is 

more detailed consideration, such as three-dimensional analysis, multi-phase ion transport, 

energy loss and so on. 
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4.1. Introduction 

 

IPMCs (ionic polymer-metal composites) have been known as intelligent materials 

having actuating and sensing functions, e.g. from electricity to deformation and from 

electricity to deformation. Owing to versatile characteristics such as low voltage, 

lightweight, easy access and flexibility, IPMCs have attracted attention as prospective 

applicants for artificial muscles, robotics, MEMS and so on (Jung et al., 2010). For 

example, Wang et al. (2009) introduced bio-inspired tactile sensors based on Flemion. 

Such applications are based on actuating and sensing functions with mechanical and 

electrical measures. In order to investigate the actuating and sensing functions, some 

papers (Nemat-Nasser and Zamani, 2006 and Jung et al., 2010) have attempted to 

establish the simulation model of IPMCs, but the simulation of the mechanical sensing 

behaviors of IPMCs has not been reported except for black box models. Hence, the 

present study newly attempts the numerical simulation of the mechanical sensors using the 

IPMCs.  

IPMCs have both of actuating and mechanical sensing functions, but the functions are 

not compatible with each other. Wang et al. (2009) investigated Flemion-based IPMCs 

with the generated voltage of mechanical sensing mode and the supplied voltage of 

actuating mode. The generated voltage of sensing mode is very much smaller than the 

supplied voltage of actuating mode with respect to the same displacement and structure. 

The non-invertible response of the mechanical sensors is shown in Fig. 4.1. 

The typical structure of IPMCs is illustrated in Fig. 4.2. It consists of an ionic polymer 

and metal deposits. The ionic polymer is a membrane that play roles electrolyte in the 

transport of ions and solvent, and the metal deposits function as electrodes. In the 

membrane, ionomers are composed of hydrophobic backbone polymers and the covalently 

attached anions which are hydrophilic. Through the backbone polymer, mobile cations and 

water molecules move with mechanical and elector-chemical forces (Nemat-Nasser and 

Wu, 2003). 
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Fig. 4.1 Non-invertible black box of mechanical sensor and actuator using the same 

IPMC 

 

 

Fig. 4.2 Typical structure of IPMCs 

 

The very small electric potential of mechanical sensors using IPMCs is explained with 

the following mechanism. When a porous IPMC is mechanically deformed, the pressure 

of pore fluid is changed by mechanical interaction between solid matrix and pore fluid. 

Subsequently, non-uniform pressure causes water and ions to be pushed out from shrunk 

side and to be sucked into dilate side as shown in Fig. 4.3. The movement of the ions 

causes the instant unbalance of charge density distribution, and the gradient of charge 

density results in electric potential. Therefore, electricity is generated corresponding to the 

magnitude of the mechanical stimulation (Wang et al., 2009). 
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Fig. 4.3 Ion transport of IPMCs 

 

Upon the above mechanism, the distributions of interesting parameters in the microscale 

thickness of IPMCs are very important, but the distributions are not easy to be obtained 

experimentally. Here, numerical simulation can be added to the quantitative estimation 

and design of mechanical sensors using IPMCs. Until now, the distributions of the 

interesting parameters in the mechanical sensing response have not been reported in spite 

of those in the actuating response. The detailed models of IPMC actuators (Nemat-Nasser 

and Zamani, 2006 and Jung et al., 2010) have been proposed, but the existing models of 

the actuators cannot be inversely applied to the mechanical sensors. Therefore, the present 

study proposes the simulation model of mechanical sensors using IPMCs and reports the 

simulation results with the distributions of interesting parameters in the thickness direction 

of IPMCs.  

We previously attempted the numerical simulation of mechanical sensors using 

conducting polymers such as PPy-PVDF-PPy composite (Yoo and Toi, 2013). Differently 

from the conducting polymers, the ionic polymers of IPMCs, e.g. Flemion and Nafion, 

have significant hydration effects on volume and mechanical stiffness. Zhao et al. (2011) 

experimentally showed the volume swelling of Nafion with water absorption. 

Nemat-Nasser and Wu (2003) measured the volume and mechanical stiffness of Flemion 

and Nafion with respect to water uptake. The ionic polymers have the significant changes 

of volume and mechanical stiffness as water is absorbed due to hydration.  
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The above hydration effect is modeled with the followings. The total strains of ionic 

polymers are decomposed as stress-induced and hydration-induced parts, and the 

hydration-induced strain is considered as eigen-strain. The hydration-induced strain covers 

the eigen-strain due to applied electric force in actuating mode. Nemat-Nasser and Zamani 

(2006) and Jung et al. (2010) expressed the actuating deformation of IPMCs with 

eigen-strain. They identified the parameter of ‘hydration’ as water uptake which is defined 

as the volume fraction of water to polymer, and the hydration parameter leads to 

eigen-strain in structural analysis. In the present study, the pressure of water in a hydrated 

IPMC is divided into stress-induced and hydration-induced parts. The stress-induced 

pressure accounts for the instantaneous increase and subsequent relaxation of pore 

pressure when mechanical forces are externally applied. The hydration-induced pressure 

accounts for the contribution of water migration due to hydration. Next, the stress-induced 

strain and stress-induced pressure are embedded into the constitutive equations of Biot 

poroelasticity (Biot, 1941). The coefficients of the constitutive equations, which mean 

mechanical stiffness, are expressed by empirical relations with water uptake from 

conventional mechanical tests. 

The sensing response of IPMCs shows the relaxation and time lag of reaction force and 

electric potential. In the experiment of Wang et al. (2009), Flemion-based IPMCs show 

that reaction force is sharply increased and quickly relaxed but electrical potential is 

gradually increased and slowly decreased. The transient response is resultant from the 

interactions between polymer matrix, water, mobile ion and electric potential. Modeling 

the interaction terms, Yoo and Toi (2013) integrated basic equations, e.g. layered 

Timoshenko beam model, Biot poroelastic model, Darcy-flow model and 

Poisson-Nernst-Plank model, and they numerically expressed the relaxation and time lag 

of reaction force and electric potential. The present study employs and modifies those 

models with the followings. The layered Timoshenko beam model simplifies the 

deformation of the mechanical sensors to reduce the time cost of calculation (Yoo and Toi, 

2013). The Biot poroelastic model (Biot, 1941) considers the mechanical interaction 

between polymer matrix and water. The Biot poroelastic model was introduced with 

undrained parameters (Rice and Cleary, 1976). The undrained parameters are also 

employed into the modeling the instantaneous peak of reaction force. In the bending of a 

poroelastic beam, axial stress is affected by the lateral distribution of pore pressure 
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(Scherer et al., 2009). The Poisson effect is modeled with modified undrained Poisson’s 

ratio (Yoo and Toi, 2013). In Darcy-flow model, water migration due to hydration is 

modeled by embedding hydration potential. The hydration potential is modeled with the 

empirical chemical potential in the free-swelling of IPMCs. Zhao et al. (2011) obtained 

the water activity of Nafion with respect to water uptake at free swelling equilibrium. 

Poisson-Nernst-Plank model analyzes ion transport and electric potential (Nemat-Nasser 

and Zamani, 2006). With the existence of porous polymer, the total concentration of ion to 

bulk IPMCs is used, and the convention and diffusion terms are embedded into the 

Poisson-Nernst-Plank model. As a result, the distributions of mechanical stress, pore 

pressure, ion concentration and electric potential are estimated with time.  

Next, the procedure of numerical simulation is introduced that the multi-fields of 

layered finite beam elements are discretized and the basic equations are numerically 

formulated. Lastly, the transient behaviors of a mechanical sensor using a Flemion are 

numerically simulated with different deflections, and the numerical results are compared 

with experimental results. 
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4.2 Theoretical Models 

 

4.2.1 Constitutive Equations 

IPMCs consist of an ionic polymer and metal deposits as shown in Fig. 4.2. The ionic 

polymer is considered as a mixture of solid and fluid components. For example, the total 

volume of the mixture is decomposed into each volume of polymer matrix and water. On 

the conventional framework, the present study introduces two parameters, water uptake 

and porosity.  

Water uptake is employed as a parameter to account for the hydration level of ionic 

polymers. Dry ionic polymers absorb a significant amount of water and their volume is 

spontaneously swollen. The phenomenon is known as hydration. Furthermore, mechanical 

stiffness is significantly changed with the water absorption. Nemat-Nasser and Wu (2003) 

identified the parameter of ‘hydration’ as water uptake, and they measured the volume and 

stiffness of ionic polymers with water uptake. The water uptake is actually estimated by 

the mass fraction of absorbed water to dry polymer. The present study would define the 

water uptake as  

dry

dryt
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f

m

mm
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   (4.1) 

where w  is water uptake, 
fm  is the mass of absorbed water, 

sm  is the mass of 

polymer matrix, 
tm  is the total mass of a hydrated ionic polymer, and 

drym  is the mass 

of the ionic polymer on dry condition.  

Porosity is a very common parameter in poromechanics, and is defined as the volume 

fraction of pores to bulk materials (Biot, 1976). If water is saturated in pores, porosity is 

equal to the volume fraction of fluid to bulk materials. The porosity is, referring to initial 

volume, introduced as 

t

f

V

V
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                                            (4.2) 
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where,   is porosity, 
fV  is the volume of fluid component, and 

tV0  is the total 

volume of a hydrated ionic polymer on initial condition ( 0t ).  

Assuming that polymer matrix and water are incompressible (but total volume is 

changed with pore volume), the water uptake in Eq. (4.1) becomes 
sf VVw / . Thus, 

the following relation between water uptake, porosity and volumetric strain is derived as 

01 w

w
e t

kk

t




                                             (4.3) 

where, 
te  is the total volumetric strain of bulk material, 

t

kk  is the total strains of bulk 

material and 0w  is initial water uptake.  

The volume of ionic polymers is significantly changed with the humidity of 

surroundings. In case of actuating mode, ionic polymers are deformed when electricity is 

externally applied. On stress-free condition, ionic polymers can be deformed as 

electrochemical state is changed. In order to consider the electrochemically induced 

deformation, the present study decomposes the total strains of ionic polymers into 

stress-induced strains and hydration-induced strains as follows. 

ij

h
s

ij

t

ij

e


3
                                            (4.4) 

Where, 
s

ij  is stress-induced strains, 
he  is hydration-induced strain and ij  is 

Kronecker delta. The stress-induced strains are observed when mechanical forces are 

applied, and the hydration-induced strain is observed when water is migrated by 

electrochemical forces. The hydration-induced strain is considered as eigen-strain in 

structural analysis. Nemat-Nasser and Zamani (2006) modeled the actuating deformation 

of IPMCs with eigen-strain. The eigen-strain due to electric force is also included in the 

hydration-induced strain. 

In the sensing mode of IPMCs, pore pressure is instantaneously changed and relaxed 

like reaction force (Yoo and Toi, 2013). On stress-free condition, the pore pressure of a 

hydrated ionic polymer is initially different from the pressure of surroundings like 
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osmosis. The present study decomposes the pore pressure as stress-induced and 

hydration-induced parts.  

hst ppp                                             (4.5) 

where, 
tp  is pore pressure, 

sp  is stress-induced pressure and 
hp  is 

hydration-induced pressure. The stress-induced pressure accounts for the transient part of 

pore pressure with relaxation when mechanical forces are externally applied. The 

hydration-induced pressure accounts for the contribution of water migration due to 

hydration. The hydration-induced pressure becomes the total pore pressure on free 

swelling condition including the actuation due to electricity. Nemat-Nasser and Wu (2006) 

introduced the pressure of clusters assuming one spherical inclusion problem. Jung et al. 

(2010) modeled fluid pressure to lead to the volumetric strain of Flemion-based actuators. 

Those pressures in other actuator models are included in the hydration-induced pressure. 

Yoo and Toi (2013) employed Biot poroelastic constitutive equations to consider the 

transient response of mechanical sensors using conducting polymers. Upon the 

decompositions of strain and pore pressure, the stress-induced strain and stress-induced 

pressure are embedded into the Biot poroelastic constitutive equations. The thickness of 

IPMCs is very thin compared to the length, so the bending deformation can be considered 

within elastic range. The constitutive equations of a hydrated ionic polymer are proposed 

as 
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 (4.6) 

where, ij  is total stress, E  is elastic modulus, v  is Poisson’s ratio and b  is Biot 

coefficient. As mentioned before, the mechanical stiffness of ionic polymers are changed 

as water is absorbed. Nemat-Nasser and Wu (2003) obtained the elastic modulus of 

Nafion and Flemion with respect to water uptake. They observed that elastic modulus 

exponentially decreases with water uptake. The coefficients in constitutive equations are 
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conventionally obtained from static tensile experiments. On the conventional framework, 

the coefficients of a hydrated ionic polymer are expressed with empirical relations with 

water uptake. For example, the elastic modulus and bulk modulus of a hydrated ionic 

polymer can be expressed as exponential functions of water uptake.  

)exp( 0QwEE dry 
                                           (4.7) 

)exp( 0RwKK dry 
                                           (4.8) 

where, dryE  is elastic modulus on dry condition, K  is the bulk modulus of a hydrated 

ionic polymer, dryK  is bulk modulus on dry condition, Q  and R  are empirical 

coefficients.  

The Biot coefficient in Eq. (4.6) is introduced as (Scherer et al., 2009). 

sK

K
b 1                                            (4.9) 

where, 
sK  is the bulk modulus of solid matrix.  

The sensing response of IPMCs shows the instantaneous peak of reaction force higher 

than static reaction force (Wang et al., 2009). The instantaneous peak is explained with the 

instant contribution of absorbed water to the mechanical stiffness of total bulk. If fluid in 

pores has not enough time to flow, then the pore fluid instantly resists deformation. The 

instantaneous behaviors are modeled with pore pressure on undrained condition as 

0)(  f , where f  is the density of fluid. On the undrained condition, the relation 

between the stress-induced pressure and the undrained stress is introduced as (Rice, J.R. 

and Cleary, M.P., 1976) 
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where, B  is Skempton coefficient, fK  is the bulk modulus of fluid in pores, and the 

others are mentioned previously.  

On the undrained condition, the mechanical stiffness of a hydrated IPMC will be 

increased, so the undrained stiffness is additionally estimated. The undrained bulk 

modulus and Poisson’s ratio are introduced as (Rice, J.R. and Cleary, M.P., 1976) 
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where, 
uK  is undrained bulk modulus and 

uv  is undrained Poisson’s ratio.  

 

 

4.2.2 Basic Equations 

The solid stresses of IPMCs can be obtained by the quasi-static equilibrium equation 

as 

0




j

ij

x


                                           (4.14) 

The deformation field of IPMCs can be idealized as a bending motion, thereby their 

constitutive equations are reduced (Nemat-Nasser and Wu, 2006). Yoo and Toi (2013) 

mentioned that pore pressure is non-linearly and significantly varied in micro-thickness of 

IPMCs and dominantly affects on the sensitivity of IPMCs. The present study employs 

layered approach into a beam model to obtain interesting parameters in thickness direction 

as shown in Fig. 4.4. The layered Timoshenko beam model (Toi, 2008) is introduced as 

follows.  

21 xu                                             (4.15) 
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where, 1u  is axial displacement, 2u  is lateral displacement, 2x  is distance from 

neutral axis,   is rotation of normal section, 
t

11  is axial strain, 
t

21  is transverse shear 

strain.  

 

Fig. 4.4 Layered Timoshenko beam element 

 

Scherer et al. (2009) mentioned Poisson effect that the uniaxial stress of a beam in 

transient behaviors is affected by the distribution of pore pressure. Yoo and Toi (2013) 

simply added the Poisson effect into axial stress of beam with modified undrained 

Poisson’s ratio. Employing the Poisson effect, the constitutive equations of Eq. (4.6) are 

reduced in layered Timoshenko beam model as follows.   
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tG 2121                                              (4.19) 

uB vv                                             (4.20) 

where, G  is total shear modulus,   is shear correction factor, 
Bv  is beam undrained 

Poisson’s ratio, and   is the correction factor of Poisson effect.  
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Next, water transport in a hydrated ionic polymer is introduced. From Biot poroelastic 

theory (Biot, 1941, and Rice and Cleary 1976), water transport in a porous material is 

modeled as 

0
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e
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t


                                          (4.21) 

where, wf  is the volume flux of water in pores.  

Rice and Cleary (1976) introduced undrained volume change with undrained 

parameters from Biot poroelastic theory. The present study models the volumetric strain 

rate with stress-induced and hydration-induced pressures. 
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The volume flux in Eq. (4.21) can be described with Darcy law (Biot, 1941). The 

present study models water migration due to hydration with hydration potential, then the 

volume flux of water in a hydrated ionic polymer becomes  

)( 



FczHppf cationcation

hs

w

h
w                    (4.23) 

where, h  is hydraulic permeability, w  is dynamic viscosity, H  is hydration 

coefficient,   is hydration potential, cationz  is cation valence, cationc  is cation 

concentration, F  is Faraday constant and   is electric potential.  

Next, the modeling of hydration-induced strain is introduced with water migration due 

to hydration. Zhao et al. (2011) estimated the water activity of Nafion with respect to 

water uptake. From such experiments, the water activity of a hydrated ionic polymer 

without any external force can be expressed as an empirical relation with water uptake. 

For example, the water activity in a certain range can be simply assumed as an exponential 

function with water uptake. 

)exp(1)( Awwaw                                             (4.24) 
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where, wa  is the water activity of a hydrated ionic polymers without any external force 

and A  is an empirical coefficient. 

The hydration potential in Eq. (4.23) is modeled as an empirical chemical potential 

which is obtained from free swelling equilibrium without any external force. If the 

empirical chemical potential is expressed with the above water activity, then hydration 

potential is expressed as a function of water uptake. 

)(ln0 waRT www                                              (4.25) 

where, 0w  is the chemical potential of pure water, R  is gas constant, and T  is 

absolute temperature. 

The hydration-induced pressure is resultant from electrochemically induced 

phenomena, but it is hydraulic pressure. On free swelling condition, the change of 

hydration potential accompanies the change of pore pressure with the balance of the 

mechanical interaction of fluid and solid. Therefore, the hydration coefficient in Eq. (4.23) 

is modeled as 
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Differentiating the hydration potential in Eq. (4.25) with water uptake leads to  
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From Eq. (4.3) and Eq. (4.22), the variation of hydration-induced pressure with water 

uptake is 
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From Eq. (4.27) and Eq. (4.28), the hydration coefficient in Eq. (4.23) is obtained as 
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From Eq. (4.23) and the related parameters, hydration-induced strain in the transient 

behaviors of IPMCs is obtained as 
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Next, the transport phenomena of ions in IPMCs are analyzed with 

Poisson-Nernst-Plank model. The molar concentration of ions is obtained by 

Nernst-Planck equation, and electric potential is obtained by Poisson equation with the 

molar concentration of ions. In ionic polymers of IPMCs, covalently attached anions are 

assumed as uniformly distributed and fixed, then mobile cations are only considered in the 

Poisson-Nernst-Plank model (Nemat-Nasser and Zamani, 2006). In the present study, the 

total concentration of mobile cation in ionic polymers refers to the amount of ion to the 

total volume of bulk material, II cC  , where 
Ic is molar concentration referring to the 

amount of ion to the volume of absorbed water. In the present study, the convection with 

water flow is added in order to express the generation of electric potential in sensing 

mode. In addition, the interaction between ions and polymer is added with the fraction of 

ions to the volume of polymer matrix, wcVVc I

sf

I  . The Poisson-Nernst-Plank 

equations are modified as follows. 
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where, IwD  is ion-water diffusivity, Iz  is valence, IpD  is ion-polymer diffusivity, ek

is electric permittivity, and 
0

IC  is concentration of immobile ions. As a result, water 

flow in pores results in the redistribution of ion concentration, then electric potential is 
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generated. The aforementioned Poisson-Nernst-Plank equations, Biot poroelastic theory 

and layered Timoshenko beam model express the hydration and transient behaviors of 

mechanical sensors using IPMCs.  



99 

 

4.3 Numerical Formulations 

 

Finite element method is employed into the numerical analysis of mechanical sensors 

using IPMCs. The sensor is subdivided by layered Timoshenko beam elements. The beam 

elements are also discretized in the thickness direction on the fields of interesting 

parameters such as axial stress, pore pressure, ion concentration and electric potential as 

shown in Fig. 4.5. Based on the discretization, basic equations are numerically formulated 

with the followings.  

First, the instantaneous response of IPMCs, when mechanical force is applied, is 

obtained by considering the undrained condition. Using the undrained stiffness from Eq. 

(4.12) and (4.13), the incremental formulation of finite element stiffness equation is as 

follows.  

    extuu fuS                                    (4.33) 

dVBDBS
V

uTu

 ]][[][][                                   (4.34) 

}]{[}{ uu uB                                    (4.35) 

where ][ uS is undrained stiffness matrix, }{ uu is undrained nodal displacement 

increment vector, }{ extf  is external force increment vector, ][B is strain-displacement 

matrix, ][ uD  is undrained stress-strain relation matrix, }{ u is undrained strain 

increment vector. The coefficients in the undrained stress-strain relation matrix are 

determined by undrained parameters. Yoo and Toi (2013) introduced the components in 

the above stiffness matrix. The undrained behavior accompanies the instantaneous pore 

pressure on water in pores.  

Second, the obtained increment if the undrained strains in Eq. (4.35) are used for the 

estimation of the instantaneous change of pore pressure with Eq. (4.10). The change of 
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pore pressure on the undrained condition is added into stress-induced pressure. The 

stress-induced pressure of n -th layer, 
s

np , is updated as follows. 
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Third, the above stress-induced pressure becomes non-uniformly distributed, so water 

in pores starts to flow. The amount of migrated water is estimated by the gradient of the 

non-uniform stress-induced pressure. At the same time, the stress-induced pressure is also 

relaxed as water is migrated. The phenomenon is modeled from Eq. (4.23), then the 

increment of stress-induced pressure is obtained with the followings. 
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where, 
1wf  is volume flux with stress-induced pressure and 2x  is local coordinate in 

the thickness of a beam element as shown in Fig. 4.4. 

Fourth, hydration-induced strain is calculated with Eq. (4.30). The increment of the 

hydration-induced strain is as follows. 
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where, 
2wf  is volume flux with hydration-induced pressure, 

3wf  is volume flux with 

hydration potential and 
4wf  is volume flux with electric potential,  

Fifth, total pressure, porosity and water uptake are also updated from Eq. (4.3) and Eq. 

(4.21). 
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Using the stress-induced pressure in Eq. (4.38) and the hydration-induced strain in Eq. 

(4.39), the structural analysis of mechanical IPMC sensors is conducted with Biot 

poroelastic constitutive equation. The stress-induced pressure, beam Poisson effect and 

hydration-induced strain are implemented as external forces into finite element 

formulation. The finite element stiffness equation with initial strain method is as follows. 
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where, ][S is stiffness matrix, }{ sf  is the force increment vector of stress-induced 

pressure, }{ hf  is the force increment vector of hydration effect, ][D is stress-strain 



102 

 

relation matrix with water uptake. }{ Bf  is the force increment vector of the Poisson 

effect only for beam models. Since the pore pressure acts on the lateral direction of 

uniaxial stress condition, the Poisson effect of the pore pressure is added. In order to 

match with the peak of reaction forces in experiments, the undrained Poisson’s ratio is 

modified by the correction factor from the Eq. (4.20). Solving the Eq. (4.44), the 

mechanical states with the relaxation are numerically analyzed.  

Lastly, the fields of mobile ion concentration and electric potential are obtained with 

Poisson-Nernst-Plank equations, Eq. (4.31) and Eq. (4.32). The field equations of mobile 

ion concentration and electric potential are obtained as follows. 
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From the above equations, the electric potential is obtained as the output of the sensor 

model. Through the aforementioned procedure, the transient behaviors of mechanical 

sensors using IPMC are numerically analyzed with the fields of the stresses and strains of 

IPMCs, pore pressure, ion concentration and electric potential of each layer in Fig. 4.5. 

 

 

Fig. 4.5 Discretization of IPMCs 
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4.4 Simulation Results 

 

The numerical formulation in the previous chapter is adopted into the in-house code of 

finite element program, and the transient response of a mechanical sensor using Flemion 

in the experiment of Wang et al. (2009) is numerically simulated. The experiment 

measured electric potentials from the different deflections with time. The geometry of the 

mechanical sensor is illustrated in Fig. 4.2. Regarding the mechanical sensor, the physical 

parameters for the present simulation are determined as shown in Table 1. The material 

parameters can be determined by macroscale experiments. 

As shown in Fig. 4.5, the region of ionic polymer is only discretized, and the outer 

surfaces of the polymer are assumed that water cannot be leaked. As the boundary 

condition of the structural analysis, the root of the mechanical sensors is fixed and the free 

tip is prescribed with different deflections as shown in Fig. 4.6. In details, 4, 5, 6 and 

10mm deflections are prescribed for 1 sec, the deflections are kept for 9 sec, and return to 

initial positions for a second. As a results, reaction force, pore pressure, water uptake, ion 

concentration and electrical potential are obtained with respect to time and thickness 

direction as shown in Figs. 4.6-4.13.  

As shown in Fig. 4.7, reaction forces are obtained as different deflections are input. 

Responding to loads by the prescribed deflections, the reaction forces are instantaneously 

increased with small amounts of peaks. And then, the peaks are quickly relaxed and the 

reaction force becomes steady on constant deflections. The magnitudes of the peaks and 

steady reaction forces are almost proportional to the magnitudes of prescribed deflections. 

At 10 sec, the deflections are prescribed to initial position. The unloading behaviors 

apparently show the same peaks and relaxation with the loading behaviors, and return to 

zero reaction force. 

From Fig. 4.8, the numerical results are shown only for 4mm deflection case, in order 

to show the time histories of interesting parameters. The other cases of 5, 6 and 10 mm 

deflections have the same patterns in the distributions of interesting parameters. The 

distributions of pore pressure over the thickness at fixed root are shown in Fig. 4.8 and 

4.9. As shown in Fig. 4.8, the stress-induced pressure is spontaneously increased with the 
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deflection and reaction force for a second, and then the stress-induced pressure is relaxed 

to zero. The stress-induced pressure is induced on the undrained condition resulting in the 

transient reaction force, and shows the typical distributions of Biot poroelasticity. In Fig. 

4.9, the change of total pore pressure from initial pore pressure is shown with respect to 

time and thickness. At 1 sec, the pore pressure peaks and then relaxed due to the 

contribution of the stress-induced pressure, but the pore pressure does not return to initial 

pore pressure even when static state is reached. The remained pore pressure means the 

change of hydration-induced pressure. After unloading, the hydration-induced pressure 

returns to initial pore pressure. 

Water uptake is also shown in Fig. 4.10. The distribution of water uptake in thickness 

direction with time shows water migration in pores. During loading, water in pores is 

rapidly migrated due to the stress-induced pressure, and then slowly flows even when 

deflection is fixed. The peak of water uptake is delayed than the peak of pore pressure. 

That is, water migration is derived by the gradient of pore pressure. However, the driving 

force due to hydraulic pore pressure balances with driving force due to hydration and 

electric potential resulting in the constant gradient of water uptake and pore pressure from 

2sec to 10sec in Fig 4.9 and 4.10. On unloading, water in pores is rapidly migrated and the 

volume flux is gradually decreased until uniform distribution. The transport of water 

solution in ionic polymers also has an effect to the distribution of ion concentration that 

water flow delivers mobile ions. The distribution of total concentration of cation is 

illustrated in Fig. 4.11. Following the water transport in Fig. 4.10, the cations are 

redistributed, and spontaneously result in the redistribution of charge density. The 

redistribution of charge density determines electric potential. The time history of 

distributions of electric potentials is illustrated with thickness and time in Fig. 4.12. With 

the molar flux of cation, the electric potential is spontaneously changed, but the 

redistribution of cation is slower than the response of pore pressure. Related to the 

transports of water and ions, the electric potential shows relatively-smooth peaks and 

gradual relaxations with time. As the output of mechanical sensors using IPMCs, the time 

histories of electric potentials are obtained with different deflections, as shown in Fig. 

4.13. The obtained electric potentials from the present simulation are well agreed with the 

electric potentials of the experiments of Wang et al. (2009).  
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Therefore, the non-invertible black box between actuating and mechanical sensing 

modes is explained with interesting parameters from the numerical results, and the very 

small electric potential in mechanical sensing response is numerically expressed. 

Furthermore, the transient behavior, e.g. relaxation and time lag, are modeled and the time 

dependency of the mechanical sensing behaviors of IPMCs is shown. The hydration effect 

on the mechanical sensors is also estimated in the present study. 

 

Table 4.1 Material parameters for the present simulation 

Input parameters 

Initial water uptake 3470.00 w  

Initial porosity 2576.0)1/( 000  ww  

Elastic modulus on dry condition MPaEdry 2.2461  

Empirical coefficient of Elastic modulus 2409.7Q  

Elastic modulus MPaQwEE dry 5.199)exp( 0   

Bulk modulus on dry condition MPaKdry 10255  

Empirical coefficient of Bulk modulus QR   

Bulk modulus MPaRwKK dry 665)exp( 0   

Bulk modulus of polymer matrix dry

s KK   

Hydration coefficient QA   

Initial concentration of cation to water McI 01.00   

Initial total concentration of cation McC II 002576.0000   

Valence of cation 1Iz  

Hydraulic permeability 214100.1 mmh

  

Dynamic viscosity sMPaw  910862.0  

Ion-water diffusivity 
21510186.1 mmDIw

  

Ion-polymer diffusivity 
21510186.1 mmDIp

  

Electric permittivity mmFke /105.7 6  

Absolute temperature KT 293  

Correction factor of shear stiffness 6/5  

Correction factor of Poisson’s ratio 0.1  

Elastic modulus of gold MPaE 1946  

Poisson’s ratio of gold 42.0v  
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Fig. 4.6 Prescribed tip deflection with time (simulation and experiment) 

 

 

Fig. 4.7 Reaction force with time (simulation) 

 



108 

 

 

Fig. 4.8 Stress-induced pressure over thickness with time in case of 4mm deflection 

(simulation) 

 

 

Fig. 4.9 Total pore pressure over thickness with time in case of 4mm deflection 

(simulation) 



109 

 

 

Fig. 4.10 Water uptake over thickness with time in case of 4mm deflection 

(simulation) 

 

 

Fig. 4.11 Ion concentration over thickness with time in case of 4mm deflection 

(simulation) 
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Fig. 4.12 Electrical potential over thickness with time in case of 4mm deflection 

(simulation) 

 

 

Fig. 4.13 Time history of voltage with different deflections  

(simulation and experiment) 
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4.5   Conclusion 

 

The present study has attempted the numerical modeling of mechanical sensors using 

IPMCs and introduced its simulation procedure and results. The model of mechanical 

sensors using conducting polymers in the previous work (Yoo and Toi, 2013) was 

modified, and the hydration effects of IPMCs were newly considered with the followings. 

First, the hydration effects on volume and stiffness has been considered. The present 

study decomposed the total strains of IPMCs as stress-induced strain and 

hydration-induced strain. The hydration-induced strain covered the electrochemically 

induced strains including actuating deformation, and the hydration-induced strain was 

handled as eigen-strain. Furthermore, pore pressure was decomposed into stress-induced 

pressure and hydration-induced pressure, and the stress-induced strain and stress-induced 

pressure were embedded into Biot constitutive equation. The volume swelling due to 

hydration was modeled with water migration due to electrochemically induced driving 

forces. The driving force was expressed with hydration potential employing an empirical 

chemical potential at free swelling equilibrium. The hydration potential was embedded 

into Darcy flow model with the modeling of hydration coefficient. As a result, the water 

migration due to hydration and electric potential was estimated and the hydration- induced 

strain was estimated with Biot poroelastic theory. The hydration-induced strain was added 

into the structural analysis of the mechanical sensing responses. 

Second, the transient response with relaxation and time lag of reaction force and electric 

potential has been numerically simulated. The simulation of mechanical sensors using 

IPMCs was employed Timoshenko beam model, Biot poroelastic model and 

Poisson-Nernst-Plank model. The instantaneous pore pressure in the transient behaviors 

was estimated on the undrained condition, water migration due to the pore pressure was 

expressed and the ion transport following the water migration was modeled to induce 

electricity. In Timoshenko beam model, Poisson effect due to pore pressure was 

considered for the transient response of a porous beam. In Biot poroelastic model, 

hydration-induced strain and pressure were embedded, and undrained beam Poisson’s 

ratio was employed. In Poisson-Nernst-Plank equations, ion transport with water flow and 
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interaction between ions and polymer were considered, and charge density to the total 

volume of bulk material was obtained. Next, the related models were numerically 

formulated, and they were employed into one-dimensional finite element program because 

the variations of physical quantities over microscale thickness are dominant. 

Third, interesting parameters, which are significantly important in the mechanism of the 

mechanical sensors, were obtained with respect to time and thickness of IPMCs, and the 

non-invertible relation between deformation and electric potential in actuating and 

mechanical sensing modes were investigated. That is, the qualitative explanation for the 

very small output of electric potential was quantitatively estimated. From the simulation 

results, the distributions of solid stress, fluid pressure, water uptake, ion concentration and 

electric potential would be helpful for understanding the mechanism of IPMCs. The water 

transport in IPMCs is a key factor for design and control of mechanical IPMC sensors. 
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5.1 Final Conclusion 

 

The present study has newly attempted to simulate mechanical sensors using ionic 

electroactive polymers, conducting polymers or IPMCs (ionic polymer metal composites).  

Conducting polymers and IPMCs have attracted attentions as electroactive materials 

since the late 1980s. They have a strong advantage of low voltage requirement, 1~3V. 

Such a low voltage range is harmless for human body, so conducting polymers and IPMCs 

have been received amplified attentions in the fields of robotics, MEMS, artificial muscle 

and medical engineering. Massive reports for the electroactive properties of conducting 

polymers and IPMCs have so far been accumulated, but the reports of numerical 

simulation are almost for actuators not for mechanical sensors. Conducting polymers and 

IPMCs show both of actuating and mechanical sensing behaviors, e.g. mechanical 

deformation is induced by electric potential, and electric potential is generated by 

mechanical deformation. The mechanical sensing behaviors have given an expectation for 

the integration of actuating and mechanical sensing functions like human muscles. 

Recently, the mechanical sensors have been investigated and bio-inspired sensors have 

been invented with the mechanical sensors. Numerical simulation can be added to the 

investigation and design of the mechanical sensors. 

In order to simulate the mechanical sensors, the present study has developed 

computational systems. In chapter 2, simple computational system has been introduced 

with black box model. In chapter 3 and 4, more complicated model with Biot poroelastic 

theory and Poisson-Nernst-Planck equations has been introduced.  

The performances of the actuators and mechanical sensors are directly related to 

mechanical properties and behaviors. In order to predict the performance of the 

mechanical sensors more precisely, structural analysis is needed to be accurate. Therefore, 

the present study has employed layered Timoshenko beam theory, and introduced finite 

element analysis. 
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For the estimation of mechanical sensors, black box model has been conventionally 

employed. The black box model means an empirical relation between the input and output 

of the mechanical sensors. However, the empirical relation is non-invertible, because the 

generated electric potential of mechanical sensing mode is very much smaller than the 

electric potential of actuating mode with respect to the same displacement. The black box 

model cannot explain the non-invertible relation. Therefore, the mechanism of the 

mechanical sensors have been modeled in detail, and the internal process of the 

mechanical sensing behaviors has been quantitatively explained with the numerical results 

of reaction force, pore pressure, water uptake, ion concentration and electric potential . 

Furthermore, mechanical sensors using conducting polymers or IPMCs show transient 

responses with relaxation and time lag of reaction force and electric potential. That is, the 

performances of the mechanical sensors are time dependent. Therefore, the transient 

responses are modeled and numerically reproduced. 

In addition, IPMCs shows hydration effect that mechanical stiffness and volume are 

significantly changed as water uptake is absorbed. The hydration effect was modeled in 

chapter 4. Total strain was decomposed as hydration-induced strain and stress-induced 

strain, and pore pressure was also decomposed as hydration-induced pressure and 

stress-induced pressure. Here, the stress-induced strain and stress-induced pressure were 

embedded into Biot poroelastic constitutive equations. Nest, water migration due to 

hydration was modeled with hydration potential and hydration coefficient. From the 

present simulation results, we would emphasize that fluid transport in the pores is a key 

factor for design and control of mechanical sensors. 

The applications of the present study can be thought as follows. As mentioned before, 

mechanical sensors using ionic electroactive polymers such as conducting polymers or 

IPMCs show dependencies on time, initial condition, water uptake and so on. In order to 

analyze the behaviors of the mechanical sensors more precisely, the present computational 

system could be helpful. Until now, a lot of researches have been conducted based on 

black box model using linear relations between mechanical stress and electric voltage, but 

the present study attempted to overcome the black box model. Furthermore, the present 

study tried to analyze the continuous measurements of the mechanical sensors using the 

time history of electric potential. If the measured history of electric potential is reproduced 

by the present model, we can estimates the history of mechanical stimulation or verify the 
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measurement. For fabrication or design of the mechanical sensors, more complicated 

model can give understanding and prediction, not only time-dependent response but also 

the distributions of important parameters over thickness, which are difficult to be 

measured, and their contributions on performance. For users, the data for time dependant 

responses has to be provided because of the relaxation and time lag and hydration effects 

on the performance of the mechanical sensors. The fundamental phenomena in the present 

study can be found in other materials and applications, e.g. transient responses, hydration 

and ion transport of porous materials. 
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