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ABSTRACT 

IPMC (Ionic Polymer Metal Composite) actuators have numerous promising applications in 

such as for a medical device of catheter, micro pump, a soft actuator for designing 

electroactive soft motion robots. Among various type of IPMC, Selemion CMV-based IPMC 

is focused in this research work. This research work presents the experimental and theoretical 

study of dynamic characteristics, the stability analysis and the feedforward, feedback and 

two-degree-of-freedom control analysis of bending behavior of the Selemion CMV-based 

IPMC in response of external electric stimulation. Selemion CMV-based IPMC actuator is 

highly impacted by the environmental factors; especially the absolute humidity levels. 

Therefore, experimental work was carried out in the humidity-controlled environment. By 

the use of experimental data obtained, theoretical analysis about the bending behavior of 

Selemion CMV-based IPMC. It is know that the IPMC bending behavior has heavy 

dependence on the charge it undergoes. Therefore, in order to theoretically analyze the 

bending behavior of Selemion CMV-based IPMC, the estimate of quantity of charge imposed 

on is necessary. For the charge quantity estimate, a circuit model previously proposed by 

other people was employed in this study. Circuit model consists of resistors and capacitors. 

Therefore, there are Faradaic and non-Faradaic charge as the charge IPMC undergoes. Both 

Faradaic and non-Faradaic charges cause the IPMC bending, but the degree of those charges 

on the bending induction was different from each other. Faradaic and non-Faradaic charges 

the Selemion CMV-based IPMC had undergone was estimated, and to what degree those 

charge causes the bending was theoretically determined by taking into consideration the 

experimental results above described. Using those theoretically obtained characteristics 

associating the charge with bending curvature of IPMC, the information for the bending 

control of Selemion CMV-based IPMC bending such as transfer function associating the 

charge and bending curvature was derived. By the use of transfer function, it is possible to 
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predict the bending behavior of Selemion CMV-based IPMC in response to the external 

electric stimulation. Then, I compared the bending curvature theoretically predicted with the 

bending curvature actually observed. The theoretical results relatively well reproduce the 

experimental results. 

In this study, using the actuators dynamics and transfer functions, feedforward, feedback and 

two-degree-of-freedom control techniques, were implemented.
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CHAPTER ONE 

INTRODUCTION 

1.1 Background of the Study 

Fabrication of a practical electroactive polymer-based actuator is one of significantly 

important topics in the material science field. It is expected that the electroactive polymer-

based actuator motion is quite similar to the real muscle motion due to its innate softness. 

Therefore a number of scientists acknowledge that the electroactive polymer-based actuator 

could exhibit unprecedentedly fascinating performance as an electroactive actuator. IPMC 

(Ionic Polymer Metal Composite) is one of polymer-based actuators. It has been investigated 

as a highly promising candidate of practical bending mode polymer-based actuator [1-6].  

 Soft actuators, also referred to as, the pulling actuators, are based on transducing 

materials configured in thin sheets or wires so that they only withstand traction forces. Hard 

actuators on the other hand have the capabilities in sustaining both traction and compressional 

forces, hence, referred to as the push-pull actuators. Thus hard actuators are two-directional 

actuators, while the soft actuators are inherently unidirectional. IPMC is electrically activated 

usually in aqueous solution or in the highly hydrated state in the air. This is one of IPMCs’ 

featuring facets. However, the primary focus by the researchers in the IPMC research field 

lies in the fabrication of IPMC utilizable in the atmosphere. But the research progress has 

stagnated these days. Designing and fabricating a practically utilizable IPMC is an uphill task. 

The reasons of this stagnation in IPMC research lie in the strong requirements for achieving 

the practical IPMC as follows: the IPMC has to be able to generate higher force and exhibit 

more precisely controllable bending behavior.  

The IPMC is a thin beam shape composite. Its structure is illustrated in Fig. 1-1.  IPMC is 

electrically activated usually in the highly hydrated state. It is due to the need of water for the 

activation of IPMC. It has been firmly believed that the bending of IPMC is due to the shift of 

mobile hydrated ions inside the IPMC under applied voltage as illustrated in Fig. 1-2 [7, 8]. 

 

 



 
 

 

   Figure 1-1 Structure of IPMC  

 

 

Figure 1-2 Shift of hydrated mobile cations contained in the IPMC causing IPMC bending 

under the applied voltage 

 

It means that a large quantity of water is needed in inducing the bending of the IPMC. 

However, contrary to that; bending mechanism firmly believed and accepted, it was found 

that one of IPMCs consisting of a Selemion CMV coated with silver exhibited relatively large 

bending under applied voltage even in the highly dehydrated state [9-12]. The Selemion 

CMV-based IPMC is an ion exchange membrane manufactured by Asahi Glass Co., Ltd., 

Tokyo, Japan. It’s worthy to note that; a completely dehydrated Selemion CMV-based IPMC 

cannot exhibit bending due to the loss of electrical conductivity, but even highly dehydrated 

(not-completely dehydrated) Selemion CMV-based IPMC exhibited large bending. The highly 

dehydrated Selemion CMV-based IPMC was found to exhibit largely improved bending 

controllability compared to the highly hydrated one and its bending curvature was well-



 
 

controllable electrically [9].  

There is another type of an IPMC with almost same properties and bending behavior as the 

Selemion CMV-based IPMC is Nafion-based one (Nafion coated with silver). Nafion is an 

ion exchange membrane manufactured by DuPont (Delaware, USA), whose chemical 

structure is quite similar to Selemion CMV. As a matter of fact, Nafion is the first IPMC in the 

IPMC research field and has been studied as an IPMC component up until today. Through the 

research work carried out previously, it was found that Nafion-based IPMC exhibited bending 

under applied voltage, too, even in the highly dehydrated state, though its bending curvature 

was quite small [13].  

It had been discovered that, the Nafion-based IPMC bending controllability was largely 

improved in the highly dehydrated state compared with that in hydrated state. The 

dehydration treatment of the Selemion CMV-based IPMC and Nafion-based IPMC led to a 

considerable amount in bending controllability improvements.  

The study of dehydrated IPMC makes it clear that there is a quantitative relationship between 

the IPMC bending curvature and the charge quantity imposed on the IPMC. It led previously 

to a successful theoretical treatment based on the circuit model for associating the IPMC 

bending curvature with the charge (current) quantity. The circuit model previously proposed 

takes into consideration of influence difference between Faradaic and non-Faradaic currents 

on the IPMC bending induction, and it successfully reproduced the experimentally observed 

bending behavior of IPMC. However, for the precise bending control of IPMC, another facet 

of IPMC bending should be focused, too. It is bending stability of IPMC. Stability analysis of 

IPMC bending has not been studied so intensively in IPMC research field. Therefore, the 

primary topic of this PhD work lies in the bending stability analysis of IPMC based on the 

circuit model. 

 

1.1.1 Circuit Model    

An equivalent electrical circuit model (RC circuit) of the highly dehydrated IPMC had been 

proposed, hypothesized and its electrical properties (resistance, capacitance) derived. 

Recently, Ikeda et al proposed a circuit model for predicting the bending behavior of 

Selemion CMV-based IPMC and successfully predicted the bending behavior in the broad 

range of absolute humidity [12]. However, the circuit model does not provide the cause of 

the occurrence of less controllable bending of Selemion CMV-based IPMC only by the slight 

raise of environmental absolute humidity. Using the circuit model designed, the bending 



 
 

behavior of Selemion CMV-based IPMC was predicted and validated through simulations in 

SIMULINK MATLAB. The experiments were carried out experimentally in humidity 

controlled environments and by employing the electrical properties derived in the circuit 

model; simulations were carried out mimicking the different environments. The simulations 

carried out, successfully predicted the IPMC bending behavior. Further simulations and 

experimental research work on feed forward control of the IPMC were carried out 

successfully. 

 

1.2 Research Problem 

A lot of studies have been conducted with the main aim of fabricating practical ion exchange 

polymer membrane actuators. An ion exchange membrane, Selemion, produced by the Asahi 

glass, Co. Ltd., Japan, has been at the center of study [1–3]. The focus has been on a type of 

Selemion which contains a functional atomic group of –SO3H, which is called Selemion 

CMV. In a semi hydrated state, the bending controllability of Selemion CMV-based IPMC is 

improved, despite the wide believe, that a large quantity of water in ion exchange membrane 

of IPMC is a minimum required thing for the induction of its bending [4–9]. The largely 

dehydrated Selemion, on practical tests, indicates a fairly linear relationship between its 

bending curvature and the amount of charge imposed on to it [10]. However, an increase in 

absolute environment humidity causes an increase in the current through the ion exchange 

membrane resulting in an overall increase in the charge imposed. This implies a heavy 

influence on the bending curvature control [11-12], which makes it very hard to control. This 

has been a major hurdle in a practical application of the IEPMs. Research studies undertaken 

so far and still ongoing, indicates that the bending curvature controllability can be achieved 

by operating the ion exchange membrane in humidity controlled environments. Through the 

dehydration treatment, the electrical controllability of bending in Selemion CMV-based 

IPMCs is highly improved. This presents a high potential for development of miniature 

robots and biomedical devices and artificial muscles. 

 

 

 

 

 

 



 
 

1.3 Objectives of the Study 

The research objectives of this study; 

(i) To   obtain, compute and analyze the actuator's dynamics and transfer functions for 

controlling purposes of the Selemion CMV-based IPMC actuators in humidity-

controlled environments. 

(ii) To conduct the stability analysis of Selemion CMV-based IPMC bending behavior in 

different absolute humidity environments, using Simulink-Matlab. 

(iii)To design a feedforward Control System incorporating a First Order low pass filter, 

applied to the Selemion CMV-based IPMC actuators. 

(iv) To design and fabricate the IPMC equivalent circuit model and measure the currents 

passing through the resistors.  

 

1.4 Value of the Study 

This study is paramount in  that, it presents stability analysis and a Control System design, 

which when applied to the Selemion CMV-based IPMC actuators, have high probabilities in 

development of miniature robots, biomedical devices and artificial muscles. This will provide 

the much needed breakthrough in designing the electroactive soft motion robots. The study 

will help the researchers know the various operating conditions in terms of absolute 

humidity environments and the corresponding bending curvatures.  

 

  



 
 

CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

This chapter summarizes the information from other researchers who have carried out 

their research in the same field of study. Specific focus has been put on the bending stability 

analysis of IPMCs and their bending control.  

The ionomers’ such as Nafion, have been employed as a component of IPMC. Nafion is a 

coplolymer synthesized by copolymerization of sulfonyl fluoride vinyl ether and 

tetrafluoroethylene [26, 27]. Nafion is easy to produce, and the Nafion-based IPMC exhibits 

light weight, flexibility, large bending deformation, quick bending response, softness, low 

actuating voltage [28, 29].  

Nafion-based IPMCs are widely used in the IPMC research field for designing artificial 

muscles, actuators and sensor transducers, biomimetic micro-collector, active catheter 

systems, micropump [30-37]. 

An actuation mechanism of Nafion-IPMC under an electric field involves an ion cluster flux 

and electroosmotic flow of water that moves from anode to cathode through hydrophilic and 

ionic channels, resulting in a bending motion of the IPMC. Nafion-based membranes have 

been used for their synthesis convenience and chemical stability [38-40]. 

Blending of polymers for preparing composite membranes for actuators has attracted 

considerable attention in recent years [41-46]. Polymers are blended to enhance 

physicochemical properties or actuation performances. Kim et al. [46] prepared 

chitosan/polyaniline interpenetrating polymer network IPMCs by freeze-drying method. 

Reinforcement by incorporation of nano-particles into polymer matrix is an emerging area to 

achieve improved mechanical and thermal stabilities, enhanced electric conductivity and 

multi-functionality over pristine polymers [46, 49]. For preparing high performance IPMC 

actuators, electrically conductive nanoparticles such as single/multi-walled carbon nanotubes 

[46-49], fullerenes, silver nanopowder, silicates, and graphite oxides are reinforced into 

conductive/non-conductive polymeric materials to enhance their physicochemical properties 

[50-53]. 

 

 

 

 



 
 

2.2 Bending Controllability 

IPMC, exhibits bending under an applied voltage [1–6].  Due to these unique characteristics: 

large bending, low consumption energy, soft motions unlike conventional actuators, a 

number of researchers have been involved in the bending curvature investigation. 

Researchers have come up with a number of IPMC applications such as catheter, micro-

pump and dust wiper but no practical IPMC has yet been fabricated [1–6].  

The Gold and platinum coated IPMCs have been intensively studied during the last two 

decades. However, gold or platinum plating is not so simple process and costly. On the other 

hand, silver plating is quite simple process and low relatively cheap. The bending 

characteristic of silver-coated Selemion CMV-based IPMC is quite unique. It exhibits large 

and fast bending in the fully hydrated state as expected. But quite intriguingly, it exhibits a 

relatively large and fast bending even in the highly dehydrated state. What is more, the 

highly dehydrated silver-coated Selemion CMV-based IPMC exhibits quite well-controllable 

electrical bending controllability. Its bending curvature is quantitatively linked to the total 

charge imposed on it, and consequently the charge quantity control results in the relatively 

precise IPMC bending control.  

 

Based on the understanding of IPMCs, a control design needs to be developed for a specific 

application.  

In order to develop a practical application, a suitable control for an IPMC actuator must be 

designed and implemented. The latest work on control approaches for IPMC can be broadly 

categorized as feedback-based and feedforward-based controls. Feedback control is a reactive 

approach that requires some sort of sensor feedback. It is the most widely applied technique 

[58]. Feedforward control that, unlike feedback control, anticipates the deficit performance 

has also been used for IPMCs.  An advantage of that control is that no sensor feedback is 

required. To include the effects of relaxation and time varying behavior of IPMC, a feedback 

controller can be combined with the feedforward controller. For instance, Shan et al. used 

frequency weighed inversion-based feedforward controller to compensate for the vibrational 

dynamics of an IPMC actuator [58]. 

 

 

 

 



 
 

2.3 Circuit Model 

 

2.3.1 Model building 

In the past, Ikeda et al conducted experimental research studies on bending behaviors of 

Selemion CMV-based IPMC and proposed an RC circuit model. This involved rigorous tests, 

assumptions and the essential conditions for building a circuit model of the Selemion CMV-

based IPMC. The outcome was an RC circuit model that mimicked the real Selemion CMV-

based IPMC. The following procedures indicate the initial preparations of the Selemion 

CMV-based IPMC strips;  

Plating the Selemion CMV surface with silver 

The Selemion CMV-based IPMC is an ion exchange membrane manufactured by Asahi 

Glass Co., Japan and contains –SO3H functional atomic groups. It dissociates into immobile 

–SO3
-
 and mobile H

+
 in hydrated state. 

The Silver plating solutions to be prepared 

Solution A: Silver nitrate (2.4 g), Normal ammonium hydroxide (4 g), deionized water (120 

g). Solution B: Sodium hydroxide (3.2g), a-glucose (1.6 g), deionized water (120g) 

Plating procedure 

(i) Surface of Selemion CMV is roughened with a sand paper. Then debris is washed 

away with water. 

(ii) The Selemion CMV sheet is placed in a container. 30g of Solution A is poured into the 

container. The surface of Selemion CMV should be well wetted with solution A 

(iii)Another solution, Solution B, is poured into the container. Because of reduction 

chemical reaction, silver emerges on the surface of Selemion CMV. Namely the 

Selemion CMV surface is coated with silver. 

(iv) After the completion of plating, the surface of Selemion CMV is washed with water. 

The same procedure from step 2 through 4 is repeated at least twice more. 

(v) On completion of entire process of silver plating, the Selemion CMV is washed with 

water and left in the air till it dries. 

The initial stage of fabricating the Selemion CMV-based IPMC was, by coating a Selemion 

CMV surfaces with silver by the silver mirror reaction process. The resulting Selemion 

CMV-based IPMC was then dehydrated by storing it in a desiccant filled desiccator which 

resulted in a highly dehydrated (not-completely dehydrated) Selemion CMV-based IPMC. 



 
 

The Selemion CMV-based IPMC (hereafter called CMV IPMC for short) sheets were then 

was cut into strips of equal sizes (20 mm × 2 mm × 120 mm) as illustrated in Figure 2.1. One 

end of the CMV IPMC was horizontally clamped with a pair of electrodes (experimental 

setup) as shown in Figure 2.2. 

 

Figure 2.1 Structure and fabrication process of Selemion CMV IPMC 

 

(a) The Equipments’ set up 



 
 

  

(b)                                                                       (c) 

Figure 2.2 Experimental setup for measuring the tip displacement of CMV IPMC 

 

Using the experimental setup, the following bending tests on CMV IPMC were carried out: 

1.5 V constant voltage was imposed on the CMV IPMC from time t = 0 s to 20 s, and 

subsequently its top and bottom surfaces were short-circuited with a resistor.  

 

 

Figure 2.3 The relationship among CMV IPMC bending direction, voltage polarity and redox 

reaction (surface color change of CMV IPMC). 

 



 
 

During the 1.5 V voltage application process for the first and initial 20 seconds, the vertical 

displacement of the CMV IPMC surface; 10 mm away from its clamping point was measured 

with a laser displacement sensor as a function of time as illustrated in Figure 2.2.  The 

vertical displacement measured out, was later converted into curvature. Simultaneously, the 

current was also measured as a function of time. Both, the current and curvature 

measurements involved a positive and a negative direction of the curvature and current are 

shown in Figure 2.2. Absolute humidity (AH) is quite substantial factor for determining the 

bending behavior of IPMC in response to external electric stimulation. The measurement for 

the low absolute humidity of around 9 gm
-3

, where the experiments shown in this research 

work were all carried out at AH  9 gm
-3

. Figure 2.3, suggests that even highly dehydrated 

CMV IPMC exhibited the discharge of non-negligible quantity of charge from t = 20 s. The 

charge was stored in the CMV IPMC in the middle of 1.5 V voltage application, and it was 

relatively large quantity of charge compared with the charge imposed on the CMV IPMC 

 

 

 

 

 

 

 

Figure 2.4 The Equivalent Circuit model 

 

Figure 2.5 Experimentally obtained data of (a) bending curvature vs. time and (b) current per  

               unit surface area vs. time about CMV IPMC at the absolute humidity is 4.5 gm
-3

. 

 

Figure 2.5a shows the relationship between the total charge induced from t = 0s and the CMV 

IPMC bending curvature which represents the CMV IPMC bending curvature vs. total charge 
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induced under voltage application of 1.5 V. Figure 5b shows the relationship between current 

per unit surface area vs. time about CMV IPMC at the absolute humidity is 4.5 gm
-3

 which 

shows the voltage dependence of current flowing through the unit surface area of the CMV 

IPMC and the voltage dependence of CMV IPMC curvature. It is noticeable that current and 

curvature started increasing around at an input voltage of 0.7 V. 

 

Figure 2.6 (a) Selemion CMV in the hydrated state   (b-1) bending under applied voltage and 

shift of mobile cations toward cathode and (b-2) its circuit model 

 

As already reported for the past several years, redox reaction of Ag ↔ Ag2O starts around 

above 0.7 V, that is, 0.7 V is threshold voltage for the induction of redox reaction [11]. 

Effective bending of CMV IPMC and effective current induction were always simultaneously 

observed and they were inevitably accompanied by the redox reaction of Ag ↔ Ag2O. Silver 

on the anode was oxidized and Silver oxide on the cathode was reduced. Polarity change of 

voltage caused opposite reaction, hence, the reversible redox reaction. The CMV IPMC 

bending, current induction and redox reaction are undoubtedly correlated to one another. The 

surface color change behavior of CMV IPMC in response to the polarity change of applied 

voltage was investigated afterwards. Figure 2.3 shows the relationship among CMV IPMC 

bending direction, voltage polarity and redox reaction (surface color change of CMV IPMC). 

Initially as shown in Figure 2.3 (a), both top and bottom surfaces of CMV IPMC were bright 

because of Ag white color. Once the 1.5 V voltage was imposed, bottom surface (anode 



 
 

connected surface) darkened due to the creation of Ag2O as shown in Figure 2.3 (b). Then 

discharging by connecting the top and bottom surfaces with a resistor caused backward 

bending of CMV IPMC and reduction of Ag2O into Ag on the bottom surface, and the 

oxidation of Ag on the top surface into Ag2O was also induced, too, as shown in Figure 2.3 

(c). Of course these two reactions were induced simultaneously. 

The process described so far introduced some of the essential requirements for building the 

appropriate circuit model explaining the CMV IPMC bending behavior. The essential 

requirements are given as indicated below: 

(i) As shown in Figure 2.6, the CMV IPMC stores a certain quantity of charge.  

(ii) As shown in Figures 2.5 and 2.6, an increase or a decrease of charge or current has a 

proportional influence on the increase and decrease of bending curvature of CMV 

IPMC, respectively. 

(iii)Effective redox reaction of Ag ↔ Ag2O is induced around at or above 0.7 V of the 

applied input voltage.  

(iv) Below the 0.7 V, the redox reaction is not induced effectively, but a small current can 

flow through CMV IPMC. That current has significantly little effect on the induction 

of CMV IPMC bending behavior. 

(v) The capacitive like discharge process causes the redox reaction of Ag ↔ Ag2O as 

shown in Figure 2.3. 

The proposed circuit model, illustrated in Figure 2.4, had to suffice the above five 

requirements. The comments (a) – (d) described below shows that the circuit model suffices 

the above requirements (i) – (v).  

(a) Selemion CMV part of the CMV IPMC is approximated by a capacitor Cℓ and a 

resistor R. Since Cℓ can store a certain quantity of charge, the requirement (i) is 

sufficed, where we will denote the capacitance of Cℓ and resistance of R by Cℓ and R, 

respectively. Silver layers are approximated by rℓ, where its resistance is denoted by rℓ, 

too. Though there are two silver layers on the surfaces of CMV IPMC, both surface 

resistances are combined into one, rℓ. A hypothesis; that charge storage in the 

capacitor Cℓ induces the CMV IPMC bending. It is the bending induced by non-

Faradaic current, and also we hypothesized that the occurrence of current Ir (see 

Figure 2.6(b-2)) flowing through the resistor rℓ inevitably causes the redox reaction, 

resulting in the induction of bending. It is the bending induced by Faradaic current. It 



 
 

was hypothesized that the downward bending of CMV IPMC was induced, when Qℓ > 

0 or Ir > 0, where Qℓ is the charge stored in Cℓ, Figure 2.6.  

(b) Since it has been reported occasionally that the curvature of highly dehydrated silver-

plated Selemion CMV IPMC (virtually same as a CMV IPMC) is proportional to the 

total charge imposed on it, a further hypothesis, that the curvature proportional to Qℓ 

and another curvature proportional to the total charge passing through rℓ could be 

induced. So, what is described about Cℓ and rℓ here suffices the requirement (ii).  

(c) Another capacitor Cs and resistor rs were introduced into the circuit model for sufficing 

(iii) and (iv), where the capacitance of Cs and resistance of rs are denoted by Cs and rs, 

respectively. A hypothesis, that current flowing though Cs and rs cannot cause any 

bending of CMV IPMC. Namely, this capacitance and resistor is a model of the path 

for the experimentally observed current causing ineffective bending of CMV IPMC 

below 0.7 V shown in Figure 2.6. Since effective bending of CMV IPMC was not 

induced up to 0.7 V, most of the current must flow though this path and the total 

charge induced up to 0.7 V was quite small compared with that at or above 0.7 V, we 

hypothesized that both Cs and rs were quite small. A point to note,  would like to urge 

the reader to firmly bear in mind that Cs and rs is just a path for a current causing no 

bending in this circuit model, and only the charge stored in Cℓ and the charge flowing 

through rℓ can cause the CMV IPMC bending.  

(d) When the CMV IPMC was applied with 1.5 V and subsequently discharging process 

carried out; in the discharging process, the direction of current flowing though rℓ is 

reversed as illustrated in Figure 2.6 (b-2). Therefore, the redox reaction during 

discharging process predicted by this circuit model suffices the requirement (v). 

 

The RC circuit model was validated by comparing the model simulation results to the 

experimental results previously obtained under different humidity controlled environments. 

The CMV IPMC consists primarily of a Selemion CMV and silver. Its structure is featured 

especially by the functional atomic groups contained in it. Since Selemion CMV is a cation 

exchange membrane, it comes to contain immobile anions and mobile cations in the hydrated 

state (even in the highly dehydrated state) as illustrated in Figure 2.6 (a). Once the constant 

voltage 1.5 V is imposed on it, it exhibits downward bending (bending in the anode 

direction). This bending process explained from the stand point of physical chemistry. All 

cations are shifted toward cathode side of CMV IPMC. It causes the swelling of cathode side 



 
 

of the CMV IPMC, while it causes the contract of the anode side, resulting in the downward 

bending as illustrated in Figure 2.6 (b-1). This state shown in Figure 2.6 (b-1) is interpreted 

as the storage of charge Qℓ in Cℓ from the stand point of the circuit model as illustrated in 

Figure 2.6 (b-2). The current charging Cℓ is non-Faradaic current. The experimental 

observation of CMV IPMC bending by non-Faradaic current is well explained by the circuit 

model proposed. As described earlier, it was hypothesized that the CMV IPMC bending is 

caused by Faradaic current as well, inducing the redox reaction of Ag ↔ Ag2O. In fact, we 

observed that redox reaction of Ag ↔ Ag2O and bending simultaneously, during the 

imposition of 1.5 V on the CMV IPMC. As easily understood, the charge storage (or release) 

process inevitably causes the current passing through rℓ in the circuit model shown in Figure 

2.6 (b-2). Direction of the current Ir passing through rℓ is shown in Figure 2.6 (b-2) and it is 

known that CMV IPMC exhibits bending in the anode direction, though the mechanism of 

bending induced by Faradaic current has not been elucidated yet. Hence the circuit model 

was quite consistent with the experimental results. The idea that Faradaic and non-Faradaic 

current have individual influence of inducing IPMC bending was also validated by 

conducting further simulations. Concerning what has been described so far, the circuit model 

with considering Faradaic and non-Faradaic current appears to well explain the bending 

behavior of the CMV IPMC. 

 

2.3.2 Parameter Estimates 

It had been hypothesized that the CMV IPMC curvature was induced by the charges, Qr, of 

Faradaic current passing through the resistor rℓ of silver layer and Qℓ, of non-Faradaic current 

stored in the capacitor Cℓ of Selemion CMV plate faces. Qr and Qℓ were assumed to induce 

the curvatures BF and BnF, given by Equations (2.1) and (2.2), respectively. The total 

curvature, B, is equivalent sum of BF and BnF as represented by Equation (2.3). 

 

BF = kFQr            (2.1) 

BnF = knFQℓ            (2.2) 

B = BF + BnF            (2.3) 

 

Where; the Coefficients knF and knF were experimentally determined. 

Figure 2.5b shows time dependence of CMV IPMC curvature under rectangular oscillating 

voltage where the amplitude = 1.5 V and its frequency = 1/ 60 Hz. This experimental result is 



 
 

rearranged into curvature vs. charge as shown in Figure 2.5a. The charge was measured by the 

ammeter shown in Figure 2.3, implying that; the charge indicated in Figure 2.5 was total 

charge passing the whole circuit, normalized by the unit surface area of CMV IPMC. A point 

to note; Figure 2.5 indicates the progression of time and the diagram in the figure, was 

expected as a typical behavior between the curvature and charge in case where the CMV 

IPMC is activated under rectangular oscillating voltage. In order to determine the curvatures 

of BF and BnF, it was necessary to calculate the charge values of Qr and Qℓ. This necessitated 

the estimation of the parameters (τs, τℓ, Qs, Qℓ, Cs, Cℓ, rs, rℓ, R) given in Fig. 16. The circuit 

equations of the RC circuit model, shown in Figure 2.4, were derived as illustrated below. 

I =  Is + Iℓ + IR            (2.4) 

Ir = Iℓ + IR            (2.5) 

V =
 Qs

 Cs
+ Isrs            (2.6) 

dQs

dt
= Is            (2.7) 

V =
 Qℓ

 Cℓ
+ Irrℓ            (2.8) 

dQℓ

dt
= Iℓ            (2.9) 

V = IRR + Irrℓ          (2.10) 

 Qℓ

 Cℓ
= IRR          (2.11) 

 

Solving the equations above resulted in Equation (2.12) where Qs and Qℓ were both zero  

at t = 0 s. 

I(t) =
Qs

τs
exp (−

t

τs
) +

RCℓ−τℓ

τℓRCℓ
Qℓexp (−

t

τℓ
) +

 Qℓ

 RCℓ
           (2.12) 

where τs = rsCs, Qs = CsV, τℓ =
Cℓ rℓR

rℓ+R
 and Qℓ =

R

rℓ+R
CℓV. 

 

2.4 Self-Sensing Control 

In the recent past, Sasaki et al has been investigating a self-sensing control of Nafion-based 

Ionic Polymer-Metal Composite (IPMC) actuators in the extremely low humidity 

environments [13]. Self-sensing controllers using feedforward, feedback and two-degree-of-

freedom techniques were tested with the Nafion-based IPMC actuator. In an extremely low 

humidity environment, Nafion IPMC bending exhibits a well-ordered characteristic that 

strongly implies that; bending of Nafion IPMC is controllable in the extremely low humidity 



 
 

environment. An attempt to control the bending of dehydrated Nafion IPMC using the three 

different control techniques required the implementation and application of an inverse control 

system using the transfer function of the Nafion IPMC. Thus, system identification was 

performed to obtain it. All the three control systems were tested in turns by implementing 

them in Simulink (within Matlab) and using the output to drive an s-BOX (MTT, Tokyo) DSP 

connected to a Nafion IPMC at the absolute environmental humidity of around 7 gm
-3

.  

(a) (b)  

Figure 2.7 (a) Bending curvature of the Nafion IPMC vs. Time at AH = 7 gm
-3

 under 

feedforward control. Fine curve: Experimental data Thick curve: Desired ideal curve. (b) The 

oscillating rectangular voltage (2V, 0.05Hz) used as input on a Nafion IPMC specimen.  

 

Exploiting the linear relationship of “bending curvature vs. total charge” of Nafion IPMC, 

self-sensing feed-forward, feedback and two-degree-of-freedom controls for bending were 

successfully implemented. Additionally, the latter two techniques were able to reject step 

disturbances. 

 

2.5 Conclusion 

This study seeks to establish the effect of different absolute environmental humidity on the 

bending controllability of Selemion CMV-based IPMCs. To understand the bending 

controllability, this study will examine the relationship between the IPMC’s bending behavior 

and the environmental humidity.  This will be achieved by using the actuators’ dynamics, 

transfer functions, and the feedforward control techniques in different absolute environmental 

humidity.
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CHAPTER THREE 

RESEARCH DESIGN AND METHODOLOGY 

3.1 Introduction 

This chapter presented the research design and methodology that was used to carry out 

the research. It presented the research design, the,  sampling, data collection and data 

analysis. 

 

3.2 Research Design  

Research design refers to the way the study is designed, that is the method used to carry out 

the research.  Correlation research design was adopted in the investigation in which quantity 

data was collected and analyzed in order to describe the specific phenomenon in its current 

trends, current events and linkages between different factors at the current time. Correlated 

research design was chosen because it enabled the researcher to establish the impact of 

absolute humidity on the bending controllability of Selemion CMV-based IPMC. 

This PhD work was carried out for the purpose primarily of achieving the precise electrical 

bending control of IPMC, the previously proposed circuit model was employed. Prior to 

explain the actual PhD work, I'd like to detail the circuit model employed for this PhD work. 

 

3.3 Derivation of transfer function  

Electrical control of IPMC bending (IPMC: Ionic Polymer-Metal Composite) is 

fundamentally important task for achieving a practical actuator of IPMC. It was previously 

elucidated that the bending controllability of IPMC was significantly improved by the 

dehydration treatment to the IPMC [1]: The bending curvature of highly dehydrated IPMC 

became basically proportional to the total charge imposed on the IPMC specimen strip 

(Bearing in mind that the IPMC was in the highly dehydrated state and not in the fully 

dehydrated state). It is interpreted that the control of charge quantity imposed on the IPMC 

leads to the control of IPMC bending. In fact, that speculation was experimentally confirmed 

before [2]. However, the scrutiny of IPMC bending resulted in the findings that the IPMC 

bending characteristics in the highly dehydrated state was not so simple as featured by the 

proportionality between its curvature and charge imposed on it. 

Using the circuit model introduced earlier, the total current, 𝐼(𝑡) given by Equation (3.1) for 

the CMV IPMC was computed. The transfer function for the CMV IPMC was then derived 

using the procedure is outlined below. MATLAB software was used to derive the transfer 
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function. The response of the CMV IPMC to the square waveform input voltage was 

simulated using both MATLAB-SIMULINK and LT Spice softwares. It was established that 

both Faradaic and non-Faradaic currents causes bending through charging and discharging 

process through the CMV IPMC system. In order to carry out the stability analysis of CMV 

IPMC bending under the rectangular oscillating voltage, we did derive the transfer function 

associating the input voltage and CMV output (bending curvature). The following procedure 

was undertaken in deriving the transfer function: Formula of current represented by I (= I(t)) 

in Figure 2.4, which flows through the entire body of CMV IPMC, is derived by solving the 

circuit equation. Procedure of solving the circuit equation is given in the ref. [12]. The 

current I(t) and bending curvature B(t), associated with voltage input V (= V(t)) is given by 

Eq. (1a) and (1b) respectively. Then, assuming V(t), which is given by Equation (3.2),  is the 

input signal (see Figure 2.4), and  I(t) , which is given by Equation (1), is the output signal, 

the transfer function G(s) is obtained by the use of Laplace transformation in MATLAB, 

where G(s) suffices I(s) = V(s)∙G(s). 

𝐼(𝑡) = 𝐼𝑠(𝑡) + 𝐼𝑟(𝑡)                                           (3.1) 

The total current, 𝐼(𝑡)  consists of a small current, 𝐼𝑠, that does not cause bending, and  

      𝐼𝑟 , the faradaic, 𝐼𝑙 and non-faradaic currents, 𝐼𝑅. 

𝐼𝑟 = 𝐼𝑙 + 𝐼𝑅               (3.2) 

Thus: 

𝐼(𝑡) = 𝐼𝑠(𝑡) + 𝐼𝑙(𝑡) + 𝐼𝑅(𝑡)                 (3.3) 

𝑉(𝑡) =
𝑄𝑠

𝐶𝑠
+ 𝐼𝑠𝑅𝑠                (3.4) 

And; 

  𝐼𝑠 =
𝑑𝑄𝑠

𝑑𝑡
, 𝑉(𝑡) =

𝑄𝑙

𝐶𝑙
+ 𝐼𝑟𝑅𝑙                      (3.5) 

  𝐼𝑙 =
𝑑𝑄𝑙

𝑑𝑡
, 𝑉(𝑡) = 𝐼𝑅𝑅𝑅 + 𝐼𝑟                          (3.6) 

   
𝑄𝑙

 𝐶𝑙
= 𝐼𝑅𝑅𝑅 , 𝑉(𝑡) =

𝑄𝑠

𝐶𝑠
+

𝑑𝑄𝑠

𝑑𝑡
𝑅𝑠                                 (3.7)      

Solving the boundary conditions for 𝑄𝑙 = 0, at 𝑡 = 0 

  𝑄𝑙 = [𝐶𝑙𝑉(𝑡) − 𝑅𝑙
𝑘

e
(𝑡 𝑅𝑠𝐶𝑠

⁄ )
 
]                      (3.8) 

Solving the constant 𝑘𝑠, gives 𝑘𝑠 =
𝐶1𝑉(𝑡)

𝑅𝑠
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  𝑄𝑠 = [𝐶𝑠𝑉(𝑡) −
𝐶𝑠𝑉(𝑡)

e
(𝑡 𝑅𝑠𝐶𝑠

⁄ )
 
]                            (3.9) 

Simplifying; 

 𝑄𝑠 = 𝑞𝑠 [1 − 𝑒
(−

𝑡

𝜏𝑠
)
]                                     (3.10) 

Where  𝑞𝑠 = 𝐶𝑠𝑉(𝑡) ; 𝜏𝑠 = 𝑅𝑠𝐶𝑠 

 

This gives the expression for the charge stored due to the current, 𝐼1 which causes virtually no 

bending of the CMV IPMC. 

    𝑉(𝑡) =
𝑄𝑙

𝐶𝑙
+ (𝐼𝑙 + 𝐼𝑅)𝑅𝑙                    (3.11) 

  
𝑉(𝑡)

𝑅𝑙
=

𝑑𝑄𝑙

𝑑𝑡
+ (

1

𝐶𝑙𝑅𝑙
+

1

𝑅𝑅𝐶𝑙
)𝑄𝑙            (3.12) 

Solving the boundary conditions for 𝑄1 = 0, at 𝑡 = 0 

     𝑄𝑙 =
𝑘𝑙(𝑅𝑙+𝑅𝑅)𝑡

e[
 
 
 
 
(𝑅𝑙+𝑅𝑅)𝑡

𝑅𝑙𝑅𝑙𝐶𝑙
⁄

]
 
 
 
 

 

−
𝑅𝑅𝐶𝑙𝑉(𝑡)

𝑅𝑙+𝑅𝑅
                       (3.13) 

Solving the constant 𝑘𝑙, gives 𝑘𝑙 =
𝑅𝑅𝐶𝑙𝑉(𝑡)

(𝑅𝑙+𝑅𝑅)2
 

  𝑄𝑙 = 𝑞𝑙 [1 − 𝑒
(−

𝑡

𝜏𝑙
)
]           (3.14) 

Where, 𝑞𝑙 =
𝑅𝑅𝐶𝑙

𝑅𝑙+𝑅𝑅
𝑉(𝑡) and 𝜏𝑙 =

𝑅𝑙𝑅𝑅𝐶𝑙

𝑅𝑙+𝑅𝑅
 

Differentiating both equations (3.5), (3.6) gives equations (3.15), (3.16) respectively. 

   𝐼𝑠 =
𝑞𝑠

𝜏𝑠
𝑒

(−
𝑡

𝜏𝑠
)
                           (3.15) 

 𝐼𝑙 =
𝑞𝑙

𝜏𝑙
𝑒

(−
𝑡

𝜏𝑙
)
           (3.16) 

Substituting 𝑄𝑙 in 
𝑄𝑙

𝐶𝑙
= 𝐼𝑅𝑅𝑅  and then simplifying, gives the following equation. 

  𝐼𝑅 =
𝑞𝑙

𝑅𝑅𝐶𝑙
[1 − 𝑒

(−
𝑡

𝜏𝑙
)
]              (3.17) 

Substituting (3.15), (3.16) and (3.17) into (3.3) results in the following; 

 𝐼(𝑡) =
𝑞𝑆

𝜏𝑆
𝑒

(−
𝑡

𝜏𝑆
)
+

𝑞𝑙

𝜏𝑙
𝑒

(−
𝑡

𝜏𝑙
)
+

𝑞𝑙

𝑅𝑅𝐶𝑙
[1 − 𝑒

(−
𝑡

𝜏𝑙
)
]        (3.18) 
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 𝐼(𝑡) =
𝑉(𝑡)

𝑅𝑠
𝑒

(
−𝑡

𝑅𝑠𝐶𝑠
)
+

𝑅𝑅𝑉(𝑡)

𝑅𝑙(𝑅𝑙+𝑅𝑅)
𝑒

(
−(𝑅𝑙+𝑅𝑅)𝑡

𝑅𝑙𝑅𝑅𝐶𝑙
)
+

𝑉(𝑡)

𝑅𝑙+𝑅𝑅
                     (3.19)  

 

Taking the supply voltage to be; 

 𝑉(𝑡) = 1.5 [𝑠𝑔𝑛 {𝑠𝑖𝑛 (
2𝜋𝑡

60
+

𝜋

2
)}]                        (3.20) 

 

Figure 3.1 The rectangular oscillating voltage (1.5V amplitude, 1/60 Hz frequency)     

               applied to the CMV IPMC. 

 

The above equation (3.20) is a square wave of 60 seconds -periodic function 𝑓(𝑡) whose basic 

function is 

𝑉(𝑡) = {
 1.5, 0 ≤ 𝑡 < 30

−1.5,30 ≤ 𝑡 < 60
}                                         (3.21) 

 

Thus 𝑓(𝑡) has the value (−1.5)𝑘 on 𝑘. 30 ≤ 𝑡 < (𝑘 + 1)30, 𝑘 = 0,1,2…. from the formula 

we have 

 

(ℒ𝑉(𝑡)) =
∫ 1.5𝑒−𝑆𝑡30

0
𝑑𝑥 − ∫ 1.5𝑒−𝑆𝑡𝑑𝑥

60

30

1 − 𝑒−60𝑆
 

 =
1

𝑆
.
(1−2𝑒−30𝑆+𝑒−60𝑆)

1−𝑒−60𝑆  

=
1.5(1 − 𝑒−30𝑆)

𝑆(1 + 𝑒−30𝑆)
 

            (3.22) 
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And considering equations (3.1) and (3.2), then the above equation (3.19) can be expressed in 

terms of the initial current, 𝐼𝑠 and the current, 𝐼𝑟 responsible for the bending action in the 

CMV IMPC. 

Since 𝑠𝑖𝑛 (∅ +
𝜋

2
) = 𝑐𝑜𝑠(∅), then 

𝑉(𝑡) = 1.5 [𝑠𝑔𝑛 {𝑐𝑜𝑠 (
𝜋

30
𝑡)}]                       (3.23) 

And thus; 

𝐼𝑠 = 𝑉(𝑡) [
1

𝑅𝑠
𝑒

(
−𝑡

𝑅𝑠𝐶𝑠
)
]         (3.24)  

𝐼𝑟 = 𝑉(𝑡) [
𝑅𝑅

𝑅𝑙(𝑅𝑙+𝑅𝑅)
𝑒

(
−(𝑅𝑙+𝑅𝑅)𝑡

𝑅𝑙𝑅𝑅𝐶𝑙
)
+

1

𝑅𝑙+𝑅𝑅
]     (3.25) 

 

The current responsible for the bending process, 𝐼𝑏𝑐, is given as by equation (3.24).  

 

𝐼𝑏𝑐 = 𝐼𝑟 + 𝐼𝑙         (3.26) 

 

𝐼𝑏𝑐 = 𝑉(𝑡) [
𝑅𝑙+2𝑅𝑅

𝑅𝑙(𝑅𝑙+𝑅𝑅)
𝑒

(
−(𝑅𝑙+𝑅𝑅)𝑡

𝑅𝑙𝑅𝑅𝐶𝑙
)
+

1

𝑅𝑙+𝑅𝑅
]    

 (3.27) 

For low humidity, the experimental parameters for the circuit model are; 

 

Table 3.1 Experimental parameters in low humidity environment (4.5 gm
-3

) 

𝜏1(𝑠) 0.35 

𝜏2(𝑠) 4.0 

𝑄1/(𝑚𝐶𝑚𝑚−2) 0.00287 

𝑄2/(𝑚𝐶𝑚𝑚−2) 0.0299 

𝐶1/(𝑚𝐹𝑚𝑚−2) 0.00191 

𝐶2/(𝑚𝐹𝑚𝑚−2) 0.0226 

𝑅1/(𝐾𝑚𝑚−2) 182.9 

𝑅2/(𝐾𝑚𝑚−2) 200.7 

𝑅3/(𝐾𝑚𝑚−2) 1513.6 

 

The current responsible for the bending process, 𝐼𝑏𝑐𝑙 in the low humidity (4.5 gm
-3

) is given 

as by equation (3.26).  
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𝐼𝑏𝑐𝑙(𝑡) = 𝑉(𝑡)[9.3818𝑥10−6𝑒−0.25𝑡 + 0.5833𝑥10−6]   (3.28) 

 

For moderate humidity (6.8 gm
-3

), the experimental parameters for the circuit model are; 

 

Table 3.2 Experimental parameters in moderate humidity environment (6.8 gm
-3

) 

𝜏1(𝑠) 0.14 

𝜏2(𝑠) 1.6 

𝑄1/(𝑚𝐶𝑚𝑚−2) 0.001246 

𝑄2/(𝑚𝐶𝑚𝑚−2) 0.01232 

𝐶1/(𝑚𝐹𝑚𝑚−2) 0.00083 

𝐶2/(𝑚𝐹𝑚𝑚−2) 0.0135 

𝑅1/(𝐾𝑚𝑚−2) 168.5 

𝑅2/(𝐾𝑚𝑚−2) 194.8 

𝑅3/(𝐾𝑚𝑚−2) 305.2 

 

The current responsible for the bending process, 𝐼𝑏𝑐𝑚 in the low humidity (6.8 gm
-3

) is given 

as by equation (3.28).  

 

𝐼𝑏𝑐𝑚(𝑡) = 𝑉(𝑡)[8.267𝑥10−6𝑒−0.623𝑡 + 2𝑥10−6]    (3.29) 

 

For high humidity (10.1 gm
-3

, the experimental parameters for the circuit model are; 

 

Table 3.3 Experimental parameters in high humidity environment (10.1g gm
-3

) 

𝜏1(𝑠) 0.15 

𝜏2(𝑠) 2.0 

𝑄1/(𝑚𝐶𝑚𝑚−2) 0.0063 

𝑄2/(𝑚𝐶𝑚𝑚−2) 0.043 

𝐶1/(𝑚𝐹𝑚𝑚−2) 0.0042 

𝐶2/(𝑚𝐹𝑚𝑚−2) 0.077 

𝑅1/(𝐾𝑚𝑚−2) 35.7 

𝑅2/(𝐾𝑚𝑚−2) 69.8 

𝑅3/(𝐾𝑚𝑚−2) 41.3 
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The current responsible for the bending process, 𝐼𝑏𝑐ℎ in the low humidity (10.1 gm
-3

) is given 

as by equation (3.30).  

𝐼𝑏𝑐ℎ(𝑡) = 𝑉(𝑡)[18𝑥10−6𝑒−0.5𝑡 + 9𝑥10−6]    (3.30) 

 

Applying Laplace transforms to equations (3.26), (3.28) and (3.30) results into equations 

(3.31), (3.32) and (3.33) respectively. 

 

𝐼𝑏𝑐𝑙(𝑠) = [
1.5(1−𝑒−30𝑠)

𝑆(1+𝑒−30𝑠)
] [

9.3818𝑥10−6

𝑠+0.25
+

0.5833𝑥10−6

𝑠
]    (3.31) 

 

𝐼𝑏𝑐𝑚(𝑠) = [
1.5(1−𝑒−30𝑠)

𝑆(1+𝑒−30𝑠)
] [

8.267𝑥10−6

𝑠+0.623
+

2𝑥10−6

𝑠
]          (3.32) 

 

𝐼𝑏𝑐ℎ(𝑠) = [
1.5(1−𝑒−30𝑠)

𝑆(1+𝑒−30𝑠)
] [

18𝑥10−6

𝑠+0.5
+

9𝑥10−6

𝑠
]       (3.33) 

 

In general: 𝐼(𝑠) = 𝑉(𝑠)𝐺(𝑠) 

 

The transfer function of a time-delay is; 

𝐻𝑆 = 𝑒−30𝑆           (3.34) 

Using the Padé approximant method, 

𝑒−𝜏𝑠 =
1−𝑘1𝑠+𝑘2𝑠2+⋯±𝑘𝑛𝑠𝑛

1+𝑘1𝑠+𝑘2𝑠2+⋯+𝑘𝑛𝑠𝑛             (3.35) 

The 4
th

 order approximation with 3
rd

 order numerator of (34) can be expressed as; 

 

                                    𝑒−30𝑠 =
7−90𝑠+450𝑠2−225𝑠3

7+120𝑠+90𝑠2+3600𝑠3+6750𝑠4   

 

And the transfer function 𝐺𝑆, as; 

 

𝐺(𝑠) =
315𝑠−570𝑠2+5737.5𝑠3+10125𝑠4

14𝑠+30𝑠2+540𝑠3+3375𝑠4+6750𝑠5
             (3.36) 

 

Where: 

1. 𝑉(𝑠) =
1.5(1−𝑒−30𝑠)

𝑆(1+𝑒−30𝑠)
, describes the transfer function of the square wave input 

voltage whose period is 60 seconds. It includes the input delay. 
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2. 𝐺𝑏𝑐𝑙(𝑠) =
9.3818𝑥10−6

𝑠+0.25
+

0.5833𝑥10−6

𝑠
, 

3.  𝐺𝑏𝑐𝑚(𝑠) =
8.267𝑥10−6

𝑠+0.623
+

2𝑥10−6

𝑠
  

4.  𝐺𝑏𝑐ℎ(𝑠) =
18𝑥10−6

𝑠+0.5
+

9𝑥10−6

𝑠
, 

Describes the transfer functions of the CMV IPMC under low, moderate and high humidity’s 

respectively.  

The above transfer functions, 𝐺𝑏𝑐𝑙(𝑠), 𝐺𝑏𝑐𝑚(𝑠) and 𝐺𝑏𝑐ℎ(𝑠) were transformed from partial 

fraction to polynomial expressions (3.31), (3.32), (3.33) and then modelled using both 

SIMULINK and MATLAB.  

 

𝐼𝑏𝑐𝑙(𝑠) = [
1.5(1−𝑒−30𝑠)

𝑆(1+𝑒−30𝑠)
] [

9.9651𝑥10−6𝑠+0.1458𝑥10−6

3𝑠2+0.25𝑠
]         (3.37) 

 

𝐼𝑏𝑐𝑚(𝑠) = [
1.5(1−𝑒−30𝑠)

𝑆(1+𝑒−30𝑠)
] [

10.267𝑥10−6𝑠+1.246𝑥10−6

𝑠2+0.623𝑠
]        (3.38) 

 

𝐼𝑏𝑐ℎ(𝑠) = [
1.5(1−𝑒−30𝑠)

𝑆(1+𝑒−30𝑠)
] [

27𝑥10−6𝑠+4.5𝑥10−6

𝑠2+0.5𝑠
]         (3.39) 

 

𝐼(𝑠) = 𝑉(𝑠)𝐺(𝑠) 

Thus; 

𝐼𝑏𝑐𝑙(𝑠) =
9.9651𝑥10−6𝑠+0.1458𝑥10−6

3𝑠2+0.25𝑠
                    (3.40) 

 

𝐼𝑏𝑐𝑚(𝑠) =
10.267𝑥10−6𝑠+1.246𝑥10−6

𝑠2+0.623𝑠
            (3.41) 

 

𝐼𝑏𝑐ℎ(𝑠) =
27𝑥10−6𝑠+4.5𝑥10−6

𝑠2+0.5𝑠
                        (3.42) 

 

In this study, an open loop system model was built using the MATLAB. Using the open loop 

transfer function expressions (3.40), (3.41) and (3.42), the following results were obtained 
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3.4 Computation and Simulation Analysis 

Transfer functions of low and moderate humidity cases are given by Equations (3.43) and 

(3.44), respectively.  

𝐺𝐿(𝑠) = 10−6 [
5.4675

𝑠+2.8625
+

4.4

𝑠+0.25
]                  (3.43) 

𝐺𝑀(𝑠) = 10−6 [
5.935

𝑠+7.15
+

3.133

𝑠+0.623
]                            (3.44) 

 

Prior to carrying out the stability analysis of CMV IPMC bending as this research aim, we 

proceeded with the assessment of the validity of these transfer functions by seeing if the CMV 

IPMC bending curvature behavior such as Figure 2.3 (a) was reproducible by the use of those 

transfer functions. Although Ikeda et al. already revealed that the bending curvature of CMV 

IPMC is not perfectly proportional to the total charge imposed on the CMV IPMC [12] it is 

not extreme to say that the CMV bending curvature is approximately proportional to the total 

charge imposed on the CMV IPMC [6-9]. Hence, we hypothesized that the CMV bending 

curvature is proportional to the total charge imposed on the CMV IPMC throughout the study 

described in this research work thesis. 

IL(s) represents the current in the low humidity environment, and it was computationally 

evaluated using the transfer function Equation (3.3). Then the total charge CMV IPMC was 

computed. Taking into the consideration the proportionality between the CMV IPMC 

curvature and the charge imposed on it, the computational prediction of CMV bending 

curvature was obtained as shown in Figure 2.6 (a). Figure 2.6 (a) also suggests that the 

computational curvature well reproduce the experimental data of curvature. Figure 2.6 (b) 

shows that the computational and experimental data of current. The computational data 

perfectly reproduces the experimental data of current. Concerning the moderate humidity 

case, good experimental data reproducibility was achieved, too. So the transfer functions of 

Equations (3.3) and (3.4) are reliable enough for further analysis of CMV IPMC bending 

stability. In order to make observations of what happens to the Selemion IPMC bending under 

applied voltage, bending tests in response to rectangular oscillating voltage were carried out 

using the setup illustrated in Figure 2.2(a) in the controlled absolute humidity environment 

[14]. The bending testing was carried out in low (4.5 gm
-3

), moderate (6.8 gm
-3

) and high 

(10.1 gm
-3

) absolute humidity environments.  

Using the same process as used in derivation of the charging current, the bending curvature 

equations were also obtained prior to stability analysis. The representations had earlier been 



38 
 

formulated by Ikeda et al. 

B = kFQr(t) + knFQℓ(t)      (3.45) 

Where  𝑄𝑠 ; 𝑄ℓ are given by, 

Qr(t) =
RCℓ

rℓ + R
V(t) [1 − e

−
t
τℓ] +

V(t)

rℓ + R
[t − τℓ (1 − e

−
t
τℓ)] 

Qℓ(t) =
R

rℓ + R
CℓV(t) [1 − e

−
t
τℓ] 

Substitution and then simplification, gives the following equations. 

B(t) = kF [
RCℓV(t)

rℓ+R
[1 − e

−
t

τℓ] +
V(t)

rℓ+R
[t − τℓ (1 − e

−
t

τℓ)]] + knF
RCℓV(𝑡)

rℓ+R
[1 − e

−
t

τℓ]  (3.46) 

B(t) =
V(t)

rℓ+R
[kF [RCℓ − RCℓe

−
t

τℓ + t − τℓ + τℓe
−

t

τℓ] + knF [RCℓ − RCℓe
−

t

τℓ]]    (3.47) 

Applying Laplace transforms to equation (3.47) results into equations (3.48) and (3.49). 

B(s) =
V(s)

rℓ+R
[kF [

RCℓ

𝑆
−

RCℓ

𝑆+
1

τℓ

+
1

𝑆2 −
τℓ

𝑆
+

τℓ

𝑆+
1

τℓ

] + knF [
RCℓ

𝑠
−

RCℓ

𝑆+
1

τℓ

]]     (3.48) 

 

B(s)

V(s)
= [

kF

(rℓ+R)𝑆2
+

kFτℓ−kFRCℓ−knFRCℓ

(rℓ+R)𝑆+τℓ
−1

+
[kF+knF]RCℓ−kFτℓ

(rℓ+R)𝑆
]   (3.49) 

 

3.5 Prototype Circuit Model 

The equivalent Selemion CMV-based IPMC circuit model for Absolute Low humidity 

environment was designed and current measurements undertaken. The following circuit 

diagrams, Figure 10, incorporated the following parameters; 

 

Table 3.4 Circuit model parameter estimates 

Capacitances Resistances 

𝐶𝑠(𝑚𝐹) = 0.00083 𝑅𝑠(𝐾) = 170 

𝐶𝑙(𝑚𝐹) = 0.0135 𝑅𝑙(𝐾) = 200 

 𝑅𝑟(𝐾) = 310 
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(a)                                                             (b) 

(c)  

Figure 3.2 (a) Wired circuit of the Selemion CMV-based IPMC (b), (c) The ON and OFF   

                    state of the circuit under an oscillating rectangular voltage (1.5V) used as input  

                    voltage. 

 

The above equivalent circuit was wired using the approximate values of the resistors and 

capacitors at room temperature. The measurements for the current flowing though the 

resistors were taken, computed and tabulated into graphs. The frequency of the input voltage 

was gradually increased with respect to time. The circuit is a low pass RC circuit, and the 

results indicated such. 

 

3.6 Bending stability analysis 

We previously performed stability analysis of Selemion IPMC bending at AH = low and 

moderate [8]. Since the curvature of Selemion IPMC was virtually proportional to the total 

charge it imposed on it at AH = low and moderate (in other words, AH < 10 gm
-3

), we carried 

out bending analysis in case AH < 10 gm
-3

 by assuming that [curvature of Selemion IPMC]  
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[total charge imposed on the Selemion IPMC]. Hence, it was quite easy to computationally 

predict the curvature expected, since [total charge imposed on the Selemion IPMC] could be 

obtained simply by taking time integration of Equation (3.2), and we derived a conclusion that 

the bending behaviour of Selemion was marginally stable. But the same analysis is 

inapplicable for the stability analysis of Selemion IPMC bending at AH = high, since 

[curvature of Selemion IPMC]  [total charge imposed on the Selemion IPMC] cannot hold 

at AH = high. There are two kinds of charges; one displays no influence on the bending 

induction and another one displays the significant influence on the bending induction as 

described earlier in this paper. The quantity of former charge is not negligibly small at AH = 

high. So, it is fundamental to individually evaluate the influence of both charges on the 

bending induction and eliminate the former charge for the bending stability analysis of 

Selemion IPMC. For carrying out the evaluation of those charges individually, it was 

necessary to estimate all the parameters in Equation (3.2) at AH = high. For the precise 

analysis of bending stability, it was necessary to assume that those parameters were not 

constant but discretely changeable. However, we employed the assumption that the 

parameters were not discretely variable but constant for simplifying the bending stability 

analysis procedure. Though it was a bold assumption, such a bold assumption provided the 

computational data of current which well reproduced the experimental data of current as 

shown in Figure 2.5. 

Ikeda et al. suggested that the total quantity of charge flowing through rℓ represented by 

Qrand another charge stored in Cℓ  represented by Qℓ  played fundamental role of bending 

induction and the rest of the charge did not influence on the bending induction at all. The 

bending curvature (B) expected is represented by Equation (3.45), where kF and knF were 

constant and can be estimated experimentally. 

Using the same process as used in derivation of the charging current, the bending curvature 

equations were also obtained prior to stability analysis. The representations had earlier been 

formulated by Ikeda et al. 

B = kFQr(t) + knFQℓ(t)      (3.45) 

The analytical expression of Qr and Qℓ can be obtained by solving circuit equation. For 

example; Qr and Qℓ at the 1st stage are respectively given by Equation (3.4) and (3.5). Hence, 

it was possible to estimate B using Equation (3.2) [3]. The analytical expression of Qr and Qℓ 

at the further stages can be obtained as well. 
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Where  𝑄𝑠 ; 𝑄ℓ are given by, 

Qr(t) =
RCℓ

rℓ + R
V(t) [1 − e

−
t
τℓ] +

V(t)

rℓ + R
[t − τℓ (1 − e

−
t
τℓ)] 

Qℓ(t) =
R

rℓ + R
CℓV(t) [1 − e

−
t
τℓ] 

Substitution and then simplification, gives the following equations. 

B(t) = kF [
RCℓV(t)

rℓ+R
[1 − e

−
t

τℓ] +
V(t)

rℓ+R
[t − τℓ (1 − e

−
t

τℓ)]] + knF
RCℓV(𝑡)

rℓ+R
[1 − e

−
t

τℓ] (3.46) 

B(t) =
V(t)

rℓ+R
[kF [RCℓ − RCℓe

−
t

τℓ + t − τℓ + τℓe
−

t

τℓ] + knF [RCℓ − RCℓe
−

t

τℓ]]   (3.47) 

Applying Laplace transforms to equation (3.47) results into equations (3.48) and (3.49). 

B(s) =
V(s)

rℓ+R
[kF [

RCℓ

𝑆
−

RCℓ

𝑆+
1

τℓ

+
1

𝑆2 −
τℓ

𝑆
+

τℓ

𝑆+
1

τℓ

] + knF [
RCℓ

𝑠
−

RCℓ

𝑆+
1

τℓ

]]    (3.48) 

 

B(s)

V(s)
= [

kF

(rℓ+R)𝑆2
+

kFτℓ−kFRCℓ−knFRCℓ

(rℓ+R)𝑆+τℓ
−1

+
[kF+knF]RCℓ−kFτℓ

(rℓ+R)𝑆
]    (3.49) 

 

For the stability analysis of Selemion IPMC, for instance at High absolute humidity, AH = 10 

gm
-3

, we employed Equations (3.3), (3.4) and (3.5) and the parameters shown in Table 4, and 

we also employed the coefficients of kF = 0.0145 m∙C
-1

 and knF = 0.0112 m∙C
-1

. Using the 

parameters given in Table 4 and the Equations (3.2), (3.3), (3.45) and (3.48), the transfer 

functions, given by equations (3.50) and (3.51) were derived. The transfer function, G(s) 

given by Equation (3.51) suffices the relationship given by Equation (3.52). As clearly 

understood, Equation (3.50) associates the transfer function with the bending curvature of 

Selemion IPMC and Equation (3.52) associated another transfer function with current.  

 

B(s) = [V(s)] [
0.001352s+0.00005121

s2+0.37s
]                                                   (3.50) 

I(s) = [V(s)] [
s+0.03

s+0.149
]                             (3.51) 

I(s) = V(s)G(s)                                (3.52) 

Primary purpose of this study lie in the bending stability analysis of Selemion IPMC, and the 

transfer functions in Equations (3.50) and (3.51) are employed for the analysis. But prior to 

carrying out the bending stability analysis, we carried out the computational prediction of 

bending curvature using Equation (3.45).  
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3.7 CMV IPMC Actuator Control system 

In an extremely low humidity environment, Selemion IPMC bending curvature exhibit well-

ordered characteristics as in Figure 2.2a, b. This is due to bending controllability of Selemion 

IPMC in the extremely low humidity environment.  

Using the experimental data shown in Figure 2.2b, we derived a transfer function Equation 

(3.54) for the Selemion IPMC which associates an output parameter (output current), 

Equation (3.53) to the input signal I(electrical signal imposed) via the equation L[O] = G(s) 

L[I] where L, represents the Laplace transform. The derivation was achieved through the 

SIMULINK-Matlab software. Procedure for solving the circuit equations is given in the ref. 

[14] 
 

𝐼(𝑡) = 𝑉(𝑡) [
1

𝑟𝑠
𝑒

(
−𝑡

𝑟𝑠𝐶𝑠
)
+

𝑅

𝑟ℓ(𝑟ℓ+𝑅)
𝑒

(
−(𝑟ℓ+𝑅)𝑡

𝑟ℓ𝑅𝐶2
)
+

1

𝑟ℓ+ 𝑅
]     (3.53) 

𝐼(𝑠) = [𝑉(𝑠)] ∗ 10−3 [
25.06𝑆2+ 37.83𝑆+1

2.398𝑆2+ 7.464𝑆+1.714
]       (3.54) 

 

In this study, we built a model using the Control Toolbox in MATLAB. The data set used for 

the input to the system was a rectangular voltage wave, as the input, shown in Figure 3 and 

the corresponding bending curvature and output current of the Selemion IPMC strip piece 

shown in Figure 2a,b as the output. The derived transfer function is shown in Equation (3.54). 

We found that the transfer function of dehydrated Selemion IPMC is fairly stable at extremely 

low absolute humidity environment, but that change with increase in absolute humidity levels.  

To validate the transfer function Equation (3.54) of the Selemion IPMC, we compared the 

simulated results to the experimental ones. The two curves match closely after an initial 

period, indicating that the transfer function Equation (3.55) is a reasonable one.  

 

3.7.1 Control Strategy of the Actuator 

We successfully attempted to control the bending of highly dehydrated Selemion IPMC   

using feedforward, feedback and two-degree-of-freedom techniques. Feedforward control 

requires an inverse control system using the transfer function of the Selemion IPMC. Thus, 

we performed a system identification to obtain it. All three control systems were tested in turn 

by implementing them in Simulink (within Matlab). All the bending control tests were carried 

out at the absolute environmental humidity of around 7 gm−3 
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3.7.2 Feedforward Control 

The diagram of the feedforward control that was implemented to control the bending of the 

Selemion IPMC specimen appears in Figure 3.3a. The input was the same rectangular wave as 

before (1.5VP, 1/60Hz). Figure 2.5b shows the output current of the specimen over time. The 

thick line represents the ideal curvature, while the fine line shows the experimentally obtained 

curvature. The two lines almost coincide.  

 

Figure 3.3 (a) Feedforward control system (b) Feedback control system. 

 

3.7.3 Feedback Control 

We implemented the feedback control system in Figure 3.3b, where P and I were determined 

by trial and error. The input signals were the step and oscillating rectangular waveforms. The 

inverse system (G
-1

(s) = inv (I(s)) given by equation (3.55) was implemented in the control 

system. 

𝐼(𝑠) = [𝑉(𝑠)] [
2.398𝑆2+ 7.464𝑆+1.714

0.02506𝑆2+0.0 3783𝑆+0.001
]      (3.55) 

 

3.7.4 Two-Degree-of-Freedom Control 

Figure 3.3(b) shows the block diagram of a two-degree-of-freedom control system. The input 

signals used were same step and oscillating rectangular input waveforms as applied earlier.  
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Figure 3.4 Two-degree-of-freedom control system.  

 

Since the experimentally measured data quantitatively agrees well with the simulated data     

for both the step and square waveforms inputs, the resulting controllability was not much 

different than that of the feedback  

Exploiting the linear relationship exhibited by the Selemion IPMC, a feed-forward, feedback 

and two-degree-of-freedom controls for output currents were successfully implemented. Thus, 

under conditions of extremely low humidity, all three control techniques worked well.  

In this research work, we would like to emphasize the fact that, the dehydration treatment 

gives rise to the simple linear relationship of “bending curvature vs. total charge” and such a 

simple relationship enables us to control the Selemion IPMC bending using the presented 

control techniques such as feed-forward, feedback and two-degree-of-freedom controls. Also, 

at extremely low humidity environments, there exists a linear relationship between the output 

current and the charge responsible for the bending of the Selemion IPMC. Thus, controlling 

the response of the input voltage, step or square, effectively controls the bending curvature.  

Furthermore, we would like to emphasize that the dehydration treatment enable us to achieve 

a longer duration time of Selemion IPMC bending control. 
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CHAPTER FOUR 

DATA ANALYSIS AND PRESENTATION 

4.1 Introduction 

This  chapter  presents  the  results  and  findings  of  the  study  based  on  the  research 

work carried out, which included the experimental and simulation analysis. The findings 

given were based on the objectives of the study as outlined earlier. The data obtained was 

enormous and thus required preparation before being analyzed, using the Simulink-Matlab, 

Dspace and MS Excel.  

 

4.2 Data Presentations  

 

4.2.1 Experimental Data 

Under a rectangular oscillating voltage (1.5Vpp, 0.0167Hz), observations of what happens to 

the CMV IPMC bending were carried out. The bending tests, considering the measured output 

current and the bending curvature in response to the applied voltage were carried out using 

the setup illustrated in Figure 2.2 in the controlled absolute humidity environments [14]. The 

bending tests was carried out in low (4.5 gm
-3

), moderate (6.8 gm
-3

) and high (10.1 gm
-3

) 

absolute humidity environments. The data obtained was first moderated using MS excel and 

then represented in a graphical way as indicated below in figure 4.1. 
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(c)  (d)  

(e)  (f)  

Figure 4.1 Experimentally obtained data of (a, c, e) bending curvature vs. time and (b, d, f) 

output current vs. time per unit surface area of Selemion IPMC at various absolute humidity 

environments. 

 

The Figure 4.1 above shows the time dependence of Selemion IPMC curvature and current 

under the rectangular oscillating voltage (1.5VP, 1/60Hz) at the low, moderate and high 

absolute humidity environments. Curvature and current exhibited quite well-ordered regular 

oscillation in accordance with the rectangular oscillating voltage imposed at all absolute 

humidity environments. 

 

4.2.2 Computational Data 

The transfer functions, 𝐺𝑏𝑐𝑙(𝑠) , 𝐺𝑏𝑐𝑚(𝑠)  and 𝐺𝑏𝑐ℎ(𝑠)  computed earlier, were transformed 

from partial fraction to polynomial expressions (3.31), (3.32), (3.33) and then modelled using 

both SIMULINK and MATLAB. In this study, an open loop system model was built using the 

MATLAB. Using the open loop transfer function expressions (3.40), (3.41) and (3.42), the 

following results were obtained and tabulated in graphs indicated below. The input voltage 

was generated using the Signal Builder of the Matlab-Simulink, Figure 4.2. The data 
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generated by the open loop systems created, was tabulated in MS Excel and directly 

compared with the experimental data at the same absolute humidity environment, Figure 4.3. 

 

Figure 4.2 The rectangular oscillating voltage (1.5Vpp, 1/60 Hz) applied to the CMV-IPMC 

system. 

 

Figure 4.3(a) The time dependence of CMV-IPMC current under the rectangular oscillating 

voltage (1.5Vpp, 1/60 Hz) at absolute low humidity of 4.5 gm/mm
3
.  
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Figure 4.3(b) The time dependence of CMV-IPMC current under the rectangular oscillating 

voltage (1.5Vpp, 1/60 Hz) at absolute moderate humidity of 6.8 gm/mm
3
.

 

Figure 4.3(c) The time dependence of CMV-IPMC curvature under the rectangular oscillating 

voltage (1.5Vpp, 1/60 Hz) at absolute low humidity of 4.5 gm/mm
3
. 
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Figure 4.3(d) The time dependence of CMV-IPMC curvature under the rectangular oscillating 

voltage (1.5Vpp, 1/60 Hz) at absolute moderate humidity of 6.8 gm/mm
3
. 

(a)  (b)  

Figure 4.3(e) The time dependence of CMV-IPMC ((a) Curvature, (b) Current) under the 

rectangular oscillating voltage (1.5Vpp, 1/60 Hz) at absolute moderate humidity of 10.1 

gm/mm
3
. 

 

4.3 Prototype Circuit Model 

The equivalent circuit was wired using the approximate values of the resistors and 

capacitors at room temperature. The measurements for the current flowing though the 

resistors were taken, computed and tabulated into graphs as indicated below. 
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(a) 𝑅𝑠                                                                            

 

(b) 𝑅𝑙 

 

(c) 𝑅𝑟 

Figure 4.4 The relationship of the current passing through the 𝑅𝑠, 𝑅𝑙, 𝑅𝑟 and the frequency of 

the input voltage. 
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4.4 Bending Stability Analysis 

An open loop system model was built using the MATLAB. Using the open loop transfer 

functions – the polynomial expressions given in Equations (3.50) and (3.51) – the 

following results were obtained: Figure 6 shows the root locus diagram, and poles and 

zeros are summarized in Table 2. For a zero steady-state error, lims0 I(s) =  and for 

limit to be finite, at least one pole must be at the origin s = 0.  

 

 

Figure 4.5 Time course of CMV (a) bending curvature and (b) current at low humidity,  

                   4.5 gm
-3

 : Fine line – Experimental, Thick line – Computational  

 

The oscillating rectangular input voltage was generated using the Signal Builder of the 

Matlab-Simulink, Figure 4.2 and step input voltage. The data generated by the open loop 

systems created, was tabulated in MS Excel and directly compared with the 

experimental data at the same absolute humidity environment, Figure 4.3. 

 

Figure 4.6 The time dependence of CMV-IPMC curvature under a Step input voltage  

                 (1.5V amplitude) at different humidity environments. 
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Figure 4.7 The root locus diagram. 

Figure 4.8 shows the experimental and computational response of current to the input of 

Heaviside step function voltage. The experimental result shown in Figure 4.8 indicates the 

existence of a large time delay and that the system was highly dumped under the high 

humidity conditions. The computational results do not well reproduce the experimental 

results. However, qualitative characteristics - a large time delay and highly dumped system - 

were relatively well reproduced. 

 

Figure 4.8 The response to a voltage represented by V(t) =1.5∙H(t), where H(t) is Heaviside   

                  Step function: Fine line – Experimental, Thick line – computational  

For high humidity condition, the pole is located close to the origin (see figure 4.9). This 

makes the whole system behave like an integrator, which is clearly shown by Figure 4.10, the 

Bode plot.  
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Figure 4.9 Nyquist root plot. 

 

Figure 4.10 The bode plot    

 

We carried out further analysis of system stability. Figure 4.9 is a Nyquist plot and it indicates 

that the system is basically marginally stable at any frequency. 
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4.5 CMV IPMC Actuators Control System 

The input voltage (Step input function of 1.5 V, Oscillating rectangular waveform of 1.5V at 

1/60Hz) was used to obtain the responses. From the responses, transfer functions between the 

input voltage vs the current or curvature was estimated. A mathematical model of the CMV 

IPMC actuator was then built. Based on the model, feed-forward and feedback controllers 

were designed and verified.  

The inverse of the model for the feed-forward controller is improper and thus a low level 

passage inverse system �̂�𝑤(𝑠) was incorporated. 

𝐺(𝑠)�̂�𝑤(𝑠) = 𝑑𝑖𝑎𝑔 {
1

(1 + 𝑠𝑇)𝛼
… . . } 

The inverse system has differentiating characteristics. An ideal differentiating element is 

virtually impossible to obtain, and a real system have the drawbacks of noise amplification in 

the high frequency range. This was not a problem because the CMV IPMC system is a low 

pass RC circuit. But to take care of the high frequency noise, low pass filtering was applied to 

derive an implementable inverse transfer function as indicated below. 

𝐺(𝑠) =
1000𝑠2 + 250𝑠

0.0003368𝑠2 + 0.2118𝑠 + 0.01628
 

 

Figure 4.11 The Selemion IPMC Inverse system Bode plot at AH = 4.5 gm
−3

, Blue plot – 

controlled system (incorporating low pass filter); Green plot – original system. 
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For the feed-back controller design, an LQI (Linear Quadratic Integral) system design was 

undertaken first. Linear Quadratic (LQ) is an optimal multivariable feedback control approach 

that minimizes the excursion in state trajectories of a system while requiring minimum 

controller effort. The behavior of a LQ controller was determined by two parameters; Raug 

(Gain) and Qaug (Error weighting matrices), whose tuning method used, was trial and error. 

The simulation results for the two-degree-of-freedom control using the inverse system 

transfer function of the LQ control step input as well as the square waveform input are 

illustrated and discussed below. 

 

a. Raug=1000, Qaug = [1000 0 0; 0 1 0; 0 0 100] 
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 b. Raug = 0.025, Quag= [10 0 0; 0 1 0; 0 0 100]   

 

b. Raug = 0.000001, Qaug = [1000 0 0; 0 1 0; 0 0 100]    

 

 

d. Raug = 0.025 Qaug = [1000 0 0; 0 1 0; 0 0 100 
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e. Raug = 0.025 Qaug = [10 0 0 ; 0 1000 0 ; 0 0 100]     

 

f. Raug = 0.025 Qaug = [- 10 0 0; 0 1 0; 0 0 100] 
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g. Raug = 0.025 Qaug = [10 0 0 ; 0 -0.01 0 ; 0 0 100] 

 

Figure 4.12 The Selemion IPMC response vs. time at AH = 4.5 gm−3 under the 2DoF control 

with different gain and error weight values for a step input.  

 

The results (for the Step input) indicate a highly damped system. A low gain value (Raug) 

causes the graph to reduce to “spikes” and shows a rise corresponding to the rectangular 

wave. Also, the graph indicates a fast and rapid rise and a consequent fall. The pulses were 

reduced to almost a spike, when the value of Raug was extremely small. The varying of the 

error weight value (Qaug), causes different variations but after rising sharply at the initial 

stage, the current decreases rapidly and starts to rise gradually. A value of 5 was attained in 

the initial rise. 
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a. Raug = 0.000001, Qaug = [10 0 0; 0 1 0; 0 0 100]      

 

 

b. Raug = 0.025, Qaug = [1000 0 0 ;0 1 0 ; 0 0 100] 
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c. Raug = 0.025 Qaug = [10 0 0; 0 1000 0; 0 0 100]       

 

 

d. Raug = 0.025 Qaug = [-10 0 0; 0 1000 0; 0 0 100] 
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e. Raug = 0.025 Qaug = [10 0 0; 0 -0.01 0; 0 0 100]     

 

f.     Raug = 1000 Qaug = [10 0 0; 0 1 0; 0 0 100] 

Figure 4.13 The Selemion IPMC response vs. time at AH = 4.5 gm−3 under the 2DoF control  

                    with different gain and error weight values for a square waveform (1.5VP,  

                    1/60Hz) input.  
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The response (for a Square waveform input) tends to rise gradually afterwards, a sharp fall 

rapidly after rising in response to the square wave. I.e. the response increases gradually 

toward the positive peak value (+1A/mm
-2

) and then decreases gradually toward the negative 

peak value (-1Amm
-2

). A spike occurs at the transition. It is assumed that, the characteristics 

match the number of negative second term, the convergence. 

The output in two-degree-of-freedom control was derived through the inverse function of the 

transfer function and the plant (LQ control (square wave)) input. 

 

The designed and derived system was the tested using the DSP System, Simulink Matlab, 

DSpace (Board ds1103) together with the Laser Displacement Meter. The Humidity level in 

the room was at 40% and the temperature at around 24 degrees Celsius. The length duration 

of the experiment: 300secs. The Generator Version: Control Desk CSV File Format Revision 

1.0 with a Sampling Period of 0.005 seconds. The displacement is indicated in micrometers. 

The following experiments were carried out in succession, one after another, starting with the 

first one. The graphs indicate that the IPMC property already underwent a change and hence 

the slight difference in the graphs. The input signal is a rectangular wave (1.5Vpp, 1/60Hz). 

The comparison of the three experiments above. 

The experiments were conducted on the same CMV IPMC strip. The subsequent experiments 

had inclusion of error as well as the reduction in amplitude. The redox action causes the 

internal characteristics of the CMV IPMC to undergo changes. The heat generated within the 

strip causes a change in internal resistance and thus affects the bending curvature.  

 



63 
 

(a)  

 

(b)  

 

(c)  
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(d)  

Figure 4.14 The Selemion IPMC responses vs. time under the DSP assisted 2DoF control  

                    (1.5VP, 1/60Hz) input. 

 

(a)  
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(b)  

 

(c)  
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(d)  

 

 

(e)  
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(f)  

Figure 4.15 The Selemion IPMC responses vs. time under the DSP assisted 2DoF control  

                    (1.5VP, 1/60Hz) input. 

Note: The Experimental set up as well as the room conditions were same as for Figure 4.14; 

however the IPMC strip used was a different one. The value of the Proportional gain (k) was 

varied and the resultant corresponding waveforms generated. 

 

 

 

Figure 4.16 The Selemion IPMC responses vs. time under the DSP assisted Open Loop 

System control (1.5VP, 1/60Hz) input. 
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Note: The Experimental set up as well as the room conditions were same as for Figure 4.14,  

4.15 however the IPMC strip used was a different one. Two output displays were used for the 

input voltage, one to monitor and ensure that no changes occur. 

 

Figure 4.17 The Selemion IPMC responses vs. time under the DSP assisted Inverse System 

control (1.5VP, 1/60Hz) input. 

 

Note: The Experimental set up as well as the room conditions were same as for Figure 4.14-

16, however the IPMC strip used was a different one. Low Humidity Parameters were used. 
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Figure 4.18 The Selemion IPMC responses vs. time under the DSP assisted Inverse System 

control (1.5VP, 1/60Hz) input. 

 

Note: The Experimental set up as well as the room conditions were same as for Figure 4.17, 

however the Humidity level was at 65% and the room temperature of 25 degrees Celsius. 

High Humidity parameters were used. 

 

(a)  
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(b)  

 

(c)  

 

Figure 4.19 The Selemion IPMC responses vs. time under the DSP assisted Inverse System 

control (1.5VP, 1/60Hz) input. 

 

Note: The Experimental set up as well as the room conditions were same as for Figure 4.17-

18, however the input signal was a Sine wave (Amplitude: 100, Freq: 0.2618 rads/sec). High 

Humidity parameters were used. The first graph (a) indicates the displacement test conducted 

on the IPMC strip first and the second test generated the second graph (b). For graph (c), the 

high humidity parameters were considered. Two output displays were used for the input 

voltage, one to monitor and ensure that no changes occur.  
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(a)  

 

(b)  
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(c)  

 

(d)  
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(e)  

 

(f)  

Figure 4.20 The Selemion IPMC responses vs. time under the DSP assisted Feedback System 

control (1.5VP, 1/60Hz) input. 
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Note: The Experimental set up as well as the room conditions were same as for Figure 4.17-

19,. Low Humidity parameters were used. The graphs indicate the displacement test 

conducted on the IPMC strip for the feedback gains (K), of 0, 0.02, 0.04, 0.06, 0.08, and 0.1. 

 

4.6 Summary and interpretation of results 

Based on the circuit model, the transfer functions were derived. Those transfer functions 

successfully reproduced the experimentally obtained bending and current behaviors of CMV 

IPMC. Hence, the transfer functions derived are quite reliable. Analysing the transfer 

functions we obtained and validated, it was found that the bending behaviour of Selemion 

CMV-based IPMC in response to the electrical stimulation was quite susceptible to the 

environmental absolute humidity, and the environmental absolute humidity increase appeared 

to cause the unstable bending of Selemion.  

It was found that the dehydrated Selemion IPMC exhibits linear relationship of curvature vs. 

charge in the low absolute humidity environment. The simple linear relationship of curvature 

vs. charge enables us to control the Selemion IPMC bending actuator. 

We successfully achieved the bending control of the Selemion IPMC using feed-forward, 

feedback and two-degree-of-freedom controls. The experimentally measured output current 

quantitatively agrees well with the desired ideal bending curvature.  

By analyzing the electrical properties of the IPMC actuator dynamics, a modified control 

circuit model of the polymer actuator was derived, designed and implemented. 

Using the circuit model derived to determine the parameters, and by comparing the simulated 

results with the experimental results, the feasibility, usefulness of the circuit model was tested 

and verified. 

An attempt to control for the circuit model by varying parameters such as weight gain was 

made and the results indicated. 

The results also indicated that CMV-based IPMC CMV IPMC has the following 

characteristics. 

(i) There exists a large time delay in the current in response to the voltage 

input. 

(ii) Current is highly dumped. 

(iii)Bending behavior is marginally stable under the input at any frequency. 
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CHAPTER FIVE 

SUMMARY, CONCLUSION AND RECOMMENDATIONS 

5.1 Summary 

One of the objectives of the study was to determine the actuator's dynamics and transfer 

functions for controlling purposes of the Selemion CMV-based IPMC actuators in humidity-

controlled environments. Afterwards, using the transfer functions, to conduct the stability 

analysis of Selemion CMV – based IPMC bending behavior in different absolute humidity 

environments, using Simulink-Matlab. 

The other one was to design a feed-forward Control System incorporating a First Order low 

pass filter, applied to the Selemion CMV-based IPMC actuators. This was to aid in the 

bending controllability of the CMV IPMC. To validate that the CMV IPMC equivalent circuit 

was actually a low pass RC circuit, there was a need to design and fabricate the IPMC 

equivalent circuit model and measure the currents passing through the resistors.  

The study established that the  time  dependent  charge  behaviors  obtained  by  employing  

the  circuit  model successfully  resulted  in  the  prediction  of  bending  behavior  of  the  

IPMC.  However, it does not provide us with any information of bending stability. In this 

study, using Simulink – Matlab, an open loop model was built, based on the circuit model 

and the stability analysis of Selemion CMV-based IPMC bending was carried out.   

Based on the circuit model, the transfer function was derived. Those transfer functions 

successfully reproduced the experimentally obtained bending and current behaviors of CMV 

IPMC. Hence, the transfer functions derived is quite reliable. Analyzing the transfer 

functions we obtained and validated, it was found that the CMV IPMC has very promising 

characteristics provided Selemion can sustain such a quantitative relationship between its 

curvature and charge for a long time, it is quite preferable, since the bending of IEPM 

actuators should be precisely controllable, and it must have a long working time practically. 

 

5.2 Conclusions 

The study established that, for high humidity condition, a pole located close to the origin 

make the whole system behave like an integrator, which is clearly shown by the Bode plot 

diagram. On carrying out further analysis of system stability, the Nyquist plot indicates that 

the system is basically marginally stable at any frequency. 

The findings also indicated that the computational curvature well reproduced the 

experimental data generated during the bending curvature experiments as indicated by the 
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figures. Likewise, the computational and experimental data of current also indicated a linear 

relationship. For the bending curvature, computational data reproduces the experimental data 

curves. Concerning the current response, good experimental data reproducibility was 

achieved, too. Thus, the transfer functions equations were proved to be reliable enough for 

further analysis of CMV IPMC bending stability.  

The study concluded that the experimental results shown indicate the existence of a large 

time delay and that the system was highly dumped for the high humidity conditions. The 

results also show that; the computationally obtained current does not really reproduce the 

experimental results as the case with low humidity conditions. However, qualitative 

characteristics - a large time delay and highly dumped system - were relatively well 

reproduced. Although Nafion is the most popular material as the IPMC membrane, Selemion, 

which is less expensive and better performing membranes have been explored.  CMV IPMC 

has various advantages over Nafion in terms of bending deformation, blocking force and 

power consumption. 

This research work brings IPMC materials much closer to their envisioned applications in 

bio-and micro-manipulation, robotics, and biomedical systems, where position and/or force 

outputs need to be closely controlled or monitored. Future work includes applying the control 

systems in actuator to such applications, one of which is precision control of microinjection 

of Drosophila embryos [85]. 

 

5.3 Study Recommendations 

From the findings and conclusions the study noted that; to develop a high-performance 

IPMC actuator, in order to use the actuators in various applications, capable physics based 

models and control designs are necessary.  Although fundamental physics based models were 

proposed already over a decade ago, the recent models focus more on investigating a specific 

aspect of the actuators either to understand the underlying physics or to optimize design for a 

specific application. Based on the models, both feedback and feedforward control designs for 

IPMC have been developed. Furthermore, as IPMCs can function also as voltage or current 

sensors in response to an applied deformation, self-sensing IPMC based designs have been 

proposed for various applications. 

 

The study recommends that; the future research ought to be aimed at improving the CMV 

IPMC bending stability and efficiency in the different and varying absolute humidity 
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environments. There is need in developing various control models and improving the 

fundamental understanding is leading the way to new avenues of applications. 

The bending controllability of CMV IPMCs modeling has been a large research focus in the 

past decades and there is still no widely accepted model for the actuation response. This 

research study will have a major impact in this field and will aid in the implementation of 

IPMCs into real systems, where until now have been restricted due to limitations in modeling 

and control. The CMV IPMC is a dynamic system and much susceptible to changes in 

relative absolute humidity and as such the plant dynamics will change between and even 

within an iterative experiment. 

 

                      

  



78 
 

REFERENCES 

[1] H. Ngetha, M. Sasaki, H. Tamagawa, S. Ito, K. Ikeda, “Dynamic Characteristics of Selemion 

CMV-based IPMC Actuators in High Humidity Environment,” Journal of Computer and 

Communications, Vol.2-11, pp. 45-52, 2014. 

[2] Harrison NGETHA, Minoru SASAKI, Hirohisa TAMAGAWA, Satoshi ITO, Kota IKEDA, “The 

Study of Dynamic Characteristics of Selemion CMV-based IPMC Actuators in Humidity 

Controlled Environments,” Journal of JSAEM, Vol. 23 No. 4, pp. 742-747, 2015. 

[3] Kota Ikeda, Minoru Sasaki, Hirohisa Tamagawa, Harrison Ngetha, “Influence of Environmental 

Absolute Humidity on Curvature Vs. Charge of Selemion CMV-based IPMC,” Proceedings of 

IMME2015, Thailand, 2015. 

[4] Harrison Ngetha, Minoru Sasaki, Hirohisa Tamagawa, Satoshi Ito, Kota Ikeda, ”Two- Degree-of-

Freedom Control of Selemion CMV-based IPMC Actuators in Extremely Low Humidity 

Environment,” Journal of JASETD, in publication process. 

[5] Harrison Ngetha, Minoru Sasaki, Hirohisa Tamagawa, Satoshi Ito, Kota Ikeda, “Stability Analysis 

of Selemion CMV-based IPMC Actuators in Humidity Controlled Environments,” Proceedings of 

the 1
st
 DeKUT-STI2014, Vol. 1, pp. 4-14, 2014. 

[6] Minoru Sasaki, Yoshiaki Ariga, Harrison Ngetha, Satoshi Ito, “Robust Motion Control of a    

Piezoelectric Actuator,” Proceedings of the KSEEE-JSEAM 2014, pp. 93-98, 2014. 

[7] H. Ngetha, M. Sasaki, H. Tamagawa, K. Ikeda, S. Ito, “A Stabilized Controllability of Selemion 

CMV-based IPMC Actuators in Extremely Low Humidity Environment,” Proceedings of the 

KSEEE-JSAEM 2103, pp. 1-7, 2013. 

[8] K. Oguro, Y. Kawami, H. Takenaka, “Bending of an ion-conducting polymer film-

electrode composite by an electric stimulus at low voltage,” Trans. J. Micromach. Soc., 

Vol. 5, pp. 27-30, 1992. 

[9] K. Asaka, K. Oguro, Y. Nishimura, M. Mizuhara, H. Takenaka, “Bending of 

polyelectrolyte membrane-platinum composite by electric stimuli I, response 

characteristics to various waver forms,” Polym. J., Vol. 27, pp. 436-440, 1995. 

[10] K. Salehpoor, M. Shahinpoor, M. Mojarrad, “Linear and Platform Type Robotic Actuators 

Made From Ion-Exchange Membrane-Metal Composites, San Diego,” Proc. SPIE Smart 

Mater. Struct., Vol. 3040 pp. 192-198, 1997. 

[11] U. Dole, R. Lumia, M. Shahinpoor, M. Bermudez, “Design and test of IPMC artificial 

muscle microgripper,” J. Micro-Nano Mech., Vol. 4, pp. 95-102, 2008. 

[12] Ngetha H., Sasaki M., Tamagawa H., Ikeda K.,
 
Ito S., “A Stabilized Controllability of 

Selemion CMV-based IPMC actuators in the extremely low humidity environment,” 



79 
 

Proceedings of the 22nd Annual International Conference of MAGDA, Miyazaki, Japan, 

2-3 December 2013, pp. 555-560. 

[13] Bar-Cohen, Y.; Xue, T.; Shahinpoor, M.; Salehpoor, K.; Simpson, J.; Smith, J. Low-mass 

muscle actuators using electroactive polymers (EAP). Proc. SPIE Smart Mater. Struct. 

1998,  3324, 218–223. 

[14] H. Tamagawa and F. Nogata, “Bending response of dehydrated ion exchange polymer 

membranes to the applied voltage,” J. membrane Sci., Vol. 243, pp. 229-234, 2004. 

[15] H. Tamagawa and F. Nogata, “Atomic structural change of silver-plating layers on the 

surfaces of Selemion, resulting in its excellent bending controllability,” Sens. Actuators B: 

Chemical, Vol. 114, pp. 781-787, 2006. 

[16] H. Tamagawa and F. Nogata, “Charge and water in need for the precise control of 

Selemion bending,” Sens. Actuators B: Chemical, Vol. 121, pp. 469-475, 2007. 

[17] H. Tamagawa, W. Lin, K. Kikuchi and M. Sasaki, “Bending control of Nafion-based 

electroactive polymer actuator coated with multi-walled carbon nanotubes,” Sens. 

Actuators B: Chemical, Vol. 156, pp. 375-382, 2011. 

[18] Ngetha H., Sasaki M., Tamagawa H., Ikeda K.,
 
Ito S, “Dynamic Characteristics of 

Selemion CMV-based IPMC Actuators in High Humidity Environment,” Journal of 

Computer and Communications, 2014, 2, 45-52. 

[19] Yun, K.; Kim, W.J. System identification and microposition control of ionic polymer 

metal composite for three finger gripper manipulation. Proc. IMechE JSCE215 2006, 220, 

539–551. 

[20] La, H.M.; Sheng, W. Robust Adaptive Control with Leakage Modification for A Nonlinear 

Model of Ionic Polymer Metal Composites (IPMC). In Proceedings of the IEEE 

International Conference on Robotics and Biomimetics, Bangkok, Thailand, 22–25 

February 2009; pp. 1783–1788. 

[21] M. Sasaki, T. Ozeki, S. Ito, and H. Tamagawa, “Position control of a dual-stage actuator,” 

Inter. J. Appl. Eletromagnetics and Mech., Vol. 33, pp. 839-847, 2010. 

[22] Takeno, T. Ozeki, M. Miwa and T. Yokoi, “Periodic Micro-necking of Polyester 

Filament,” J. Society of Fibre Science and Technology, Japan, Vol. 63, pp. 172-176, 2007. 

[23] Y. Onouchi, H. Tamagawa and M. Sasaki, “Dependence of curvature of dehydrated 

Selemion on the total charge and environmental humidity,” Inter. J. Appl. Eletromagnetics 

and Mech., Vol. 17, pp. 59-64, 2009. 



80 
 

[24] K. Ikeda, M. Sasaki and H. Tamagawa, “IPMC bending predicted by the circuit and 

viscoelastic models considering individual influence of Faradaic and non-Faradaic 

currents on the bending”, Sens. Actuators B: Chemical, Vol. 190, pp. 954– 967, 2014. 

[25] R.C. Richardson, M.C. Levesley, M.D. Brown, J.A. Hawkes, K. Watterson, P.G. Walker, 

“Control of ionic polymer metal composites,” IEEE/ASME Trans. Mechatr., Vol. 8, pp. 

245–253, 2003. 

[26] K.A. Mauritz, R.B. Moore, “State of understanding of Nafion,” Chemical Reviews, Vol 

104, pp. 4535–86, 2004. 

[27] A.J. Duncan, D.J. Leo, T.E. Long, “Beyond Nafion: charged macro- molecules tailored for 

performance as ionic polymer transducers,” Macromolecules, Vol. 41, pp. 7765–75, 2008. 

[28] N. Fujiwara, K. Asaka, Y. Nishimura, K. Oguro, E. Torikai, “Preparation of  gold-solid 

polymer electrolyte composites as electric stimuli- responsive materials,” Chemistry of 

Materials, Vol. 12, pp. 1750–1754, 2000. 

[29] K. Onishi, S. Sewa, K. Asaka, N. Fujiwara, K. Oguro, “Morphology of electrodes and 

bending response of  the polymer electrolyte actuator,” Electrochimica Acta, Vol. 46, pp. 

737–743, 2001. 

[30] J.H. Jung, S. Vadahanambi, I.K. Oh, “Electro-active nano-composite actuator based on 

fullerene-reinforced Nafion,” Composites Science and Technology, Vol. 70, pp. 584–592, 

2010. 

[31] M. Shahinpoor, K.J. Kim, “Ionic polymer–metal composites: IV. Industrial and medical 

applications,” Smart Materials and Structures, Vol. 14, pp. 197–214, 2005. 

[32] F. Carpi, E. Smela, editors, “Biomedical applications of  electroactive polymer actuators,” 

Chichester, UK:  John Wiley & Sons Ltd., p. 496, 2009. 

[33] R. Tiwari, K.J. Kim, “Disc-shaped ionic polymer metal composites for use in mechano-

electrical applications,” Smart Materials and Structures, Vol. 19, pp. 065016/1–7, 2010. 

[34] K. Krishen, “Space applications for   ionic polymer–metal composite sensors, actuators 

and artificial muscles,” Acta Astronautica, Vol. 64, pp. 1160–116, 2009. 

[35] S.M. Cho, D.W. Lee, “A biomimetic micro-collector based on an ionic polymer metal 

composite,” Microelectronic Engineering, Vol. 86, pp. 916–919, 2009. 

[36] B.K. Fang, M.S. Ju, C.C.K.  Lin, “A  new  approach  to  develop ionic polymer–metal  

composites  (IPMC) actuator:  fabrication  and control  for   active  catheter  systems,” 

Sensors and  Actuators A, Vol. 137, pp. 321–329, 2007.  

[37] J. Santos, B. Lopes, P.J.C. Branco, “Ionic polymer–metal composite material as a 

diaphragm for micropump devices,” Sensors and Actuators A, Vol. 161, pp. 225–33, 2010. 



81 
 

[38] S.W. Yeom, I.K. Oh, “A biomimetic jellyfish robot based on ionic polymer metal 

composite actuators,” Smart Materials and Structures, Vol. 18, pp. 085002/1–10, 2009. 

[39] K. Jung, J. Nam, H.  Choi, “Investigations on actuation characteristics of IPMC artificial 

muscle actuator,” Sensors and Actuators A, Vol. 107, pp. 183–192, 2003. 

[40] M.  Shahinpoor, “Mechanoelectrical phenomena in ionic polymers,” Mathematics and 

Mechanics of Solids, Vol. 8, pp. 281–288, 2003. 

[41] S. Liu, R. Montazami, Y. Liu, V. Jain,  M. Lin, X. Zhou, J.R. Heflin, Q.M. Zhang, 

”Influence of  the conductor network composites on the electromechanical performance of  

ionic polymer conductor network composite actuators,” Sensors and Actuators A, Vol. 

157, pp. 267–275, 2010. 

[42] J.H. Jung, J.H. Jeon, S. Vadahanambi, I.K. Oh, “Electro-active graphene- Nafion 

actuators,” Carbon, Vol. 49, pp. 1279–89, 2011. 

[43] J. Lu, S.G. Kim, S. Lee, I.K. Oh, “Fabrication and actuation of electroactive polymer 

actuator based on PSMI-incorporated PVDF,” Smart Materials and Structures, Vol. 17, 

pp. 045002/1–10, 2008. 

[44] V. Panwar, K. Cha, J.O. Park, S.H. Park, “High actuation response of PVDF/PVP/PSSA 

based ionic polymer metal composites actuator,” Sensors and Actuators B, Vol.  161, pp. 

460–470, 2012. 

[45] C.A. Dai, C.J. Chang, A.C. Kao, W.B. Tsai, W.S. Chen, W.M. Liu, W.P. Shih, C.C. Ma, 

“Polymer actuator based on PVA/PAMPS ionic membrane: optimization of ionic transport 

properties,” Sensors and Actuators A, Vol. 155, pp. 152–562, 2009. 

[46] S.J. Kim  , M.S. Kim  , S.R. Shin, I.Y. Kim  , S.I. Kim  , S.H. Lee  , T.S. Lee  , M. Spinks, 

“Enhancement of  the electromechanical behavior of  IPMCs based on 

chitosan/polyaniline ion exchange membranes  fabricated by freeze-drying,” Smart 

Materials and Structures, Vol. 14, pp. 889–894, 2005. 

[47] B.J. Landi, R.P. Raffaelle, M.J. Heben, J.L. Alleman, W. VanDerveer,  T. Gennett, 

“Development and characterization of  single wall carbon nanotube-Nafion composite 

actuators,” Materials Science and Engineering B, Vol. 116, pp. 359–362, 2005. 

[48] D.Y. Lee, I.S. Park, M.H. Lee, K.J. Kim, S.  Heo, “Ionic polymer–metal composite 

bending actuator loaded with multi-walled carbon nanotubes,” Sensors and Actuators A, 

Vol. 133, pp. 117–127, 2007. 

[49] B.J. Landi, R.P. Raffaelle, M.J. Heben, J.L. Alleman, W. VanDerveer, T. Gennett, “Single 

wall carbon nanotube-Nafion composite actuators,” Nano Letters, Vol. 2, pp. 1329–1332, 

2002. 



82 
 

[50] C.K. Chung, P.K. Fung, Y.Z. Hong, M.S. Ju, C.C.K Lin, T.C. Wu, “A novel fabrication of 

ionic polymer–metal composites (IPMC) actuator with silver nano-powders,” Sensors and 

Actuators B, Vol. 117, pp. 367–375, 2006. 

[51] V.K. Nguyen, J.W. Lee, Y. Yoo, “Characteristics and performance of ionic polymer–metal 

composite actuators based on Nafion/layered silicate and Nafion/silica nanocomposites,” 

Sensors and Actuators B, Vol. 120, pp. 529–537, 2007. 

[52] V.K. Nguyen, Y. Yoo, “A novel design and fabrication of multilayered ionic polymer–

metal composite actuators based on Nafion/layered silicate and Nafion/silica 

nanocomposites,” Sensors and Actuators B, Vol. 123, pp. 183–190, 2007. 

[53] Y. Lian, Y. Liu, T. Jiang, J. Shu, H. Lian, M. Cao, “Enhanced electromechanical 

performance of graphite oxide-Nafion nanocomposite actuator,” Journal of Physical 

Chemistry C, Vol.  114, pp. 9659–9663, 2010. 

[54] S.M. Kim, K.J.  Kim, “Palladium buffer-layered high performance ionic polymer–metal 

composites,” Smart Materials and Structures, Vol. 17, pp. 035011/1–6, 2008. 

[55] S.J. Kim, I.T. Lee, Y.H. Kim, “Performance enhancement of IPMC actuator by plasma 

surface treatment,” Smart Materials and Structures, Vol. 16, pp. N6–11, 2007. 

[56] J.J. Hubbard, M. Fleming, K.K. Leang, V. Palmre, D. Pugal, KJ. Kim, “Characterization 

of sectored-electrode IPMC-based propulsors for underwater locomotion,” Proceedings of 

ASME Smart Materials, Adaptive Structures and Intelligent Systems, Vol. 1, pp. 171–180, 

2011. 

[57] D. Pugal, K.J. Kim, A. Aabloo, “Modeling the transduction of IPMC in 3D 

configurations,” Proceedings of SPIE, Vol. 7644, pp. 1T/1–9, 2010. 

[58] K. Asaka, K. Oguro, “Bending of polyelectrolyte membrane platinum composites by 

electric stimuli: Part II. Response kinetics,” Journal of Electroanalytical Chemistry, Vol.  

480, pp. 186–198, 2000. 

[59] Z. Chen, D.R. Hedgepeth, X. Tan, “A nonlinear, control-oriented model for ionic 

polymer–metal composite actuators,” Smart Materials and Structures, Vol. 18, pp. 

055008/1–9, 2009. 

[60] T. Wallmersperger, A. Horstmann, B. Kroplin, D.J. Leo, “Thermodynamical modeling of 

the electromechanical behavior of ionic polymer metal composites,” Journal of   

Intelligent Material Systems and Structures, Vol. 20, pp. 741–750, 2009. 

[61] T. Wallmersperger, A. Horstmann, B. Kroplin, D.J. Leo, “Electrochemical    response in 

ionic polymer transducers:  an experimental and   theoretical   study.   Composites Science 

and   Technology, Vol. 68, pp. 1173–1180, 2008. 



83 
 

[62] C Zheng, T. Xiaobo, “A control-oriented and physics-based model for ionic polymer–

metal composite actuators,” IEEE/ASME Transactions on Mechatronics, Vol. 13, pp. 519–

529, 2008. 

[63] Z. Zhu, H. Chen, L. Chang, B. Li, “Dynamic model of ion and water transport in ionic 

polymer–metal composites,” AIP Advances, Vol. 1, pp. 040702/1–14, 2011. 

[64] M.  Porfiri, “Charge dynamics in ionic polymer metal composites,” Journal of Applied 

Physics, Vol. 104, pp. 104915/1–10, 2008. 

[65] D. Pugal, P. Solin, K.J. Kim, A. Aabloo, “Modeling ionic polymer–metal composites with 

space-time adaptive multimesh hp-FEM,” Communications in Computational Physics, 

Vol. 11, pp. 249–70, 2012. 

[66] D. Pugal, P. Solin, K.J. Kim, A. Aabloo, “A novel hp-FEM model for IPMC actuation,” 

Proceedings of SPIE, Vol. 7978, pp. 0E/1–13, 2011. 

[67] D. Pugal, K.J. Kim, A. Aabloo, “An explicit physics-based model of ionic polymer–metal 

composite actuators,” Journal of Applied Physics, Vol. 110, pp. 084904–84909, 2011. 

[68] G. Nishida, K. Takagi, B. Maschke, T. Osada, “Multi-scale distributed parameter 

modeling of ionic polymer–metal composite soft actuator,” Control Engineering Practice, 

Vol. 19, pp. 321–334, 2011. 

[69] K.J. Kim, D. Pugal, K.K. Leang, “A twistable ionic polymer–metal composite artificial 

muscle for marine applications,” Marine Technology Society Journal, Vol. 45, pp. 83–98, 

2011. 

[70] K. Mallavarapu ,  K.M. Newbury,  D.J.  Leo, “Feedback control of the bending response 

of ionic polymer–metal composite actuators,” Proceedings of SPIE, Vol. 4329, pp. 301–

310, 2001. 

[71] C.L. Brijesh, P.S. Marco, M. Ajay, “Adaptive intelligent control of ionic polymer–metal 

composites,” Smart Materials and Structures, Vol. 14, pp. 466–474, 2005. 

[72] T. Zhang, L. Hao, C. Wang, “The periodic output feedback control for creep 

characteristics of Ionic Polymer–Metal Composite (IPMC),” Proceedings of the 

IEEE/CCDC, pp. 3992–3997, 2010. 

[73] A.J. McDaid, K.C. Aw, S.Q. Xie, E. Haemmerle, “Development of a 2DOF 

micromanipulation system with IPMC actuators,” Proceedings of the IEEE/ASME-AIM, 

pp. 518–23, 2011. 

[74] S. Kang, W. Kim, H.J. Kim, J. Park, “Adaptive feedforward control of ionic polymer 

metal composites with disturbance cancellation,” Journal of Mechanical Science and 

Technology, Vol. 26, pp. 205–212, 2012. 



84 
 

[75] N. Tomita, K. Takagi, K. Asaka, “Development of a quadruped soft robot with fully IPMC 

body,” Proceedings of IEEE/SICE, pp. 1687–90, 2011. 

[76] Y. Nakabo, T. Mukai, K. Asaka, “Kinematic modeling and visual sensing of multi-DOF 

robot manipulator with patterned artificial muscle,” Proceedings of IEEE/ICRA, pp. 4315–

4320, 2005. 

[77] Z. Chen, X. Tan, “Monolithic fabrication of ionic polymer–metal composite actuators  

capable of  complex deformation,” Sensors and Actuators A, Vol. 157, pp. 246–57, 2010. 

[78] M. Yamakita, A. Sera, N. Kamamichi, K. Asaka, “Integrated design  of   IPMC   

actuator/sensor,” Advanced Robotics, Vol. 22, pp. 913–28, 2008. 

[79] A. Punning, M. Kruusmaa, A. Aabloo, “A self-sensing ion conducting polymer metal 

composite (IPMC) actuator,” Sensors and Actuators A, Vol. 136, pp. 656–664, 2007. 

[80] Z. Chen, K.Y. Kwon, X. Tan, “Integrated IPMC/PVDF sensory actuator and its validation 

in feedback control,” Sensors and Actuators A, Vol. 144, pp. 231–241, 2008. 

[81] B.L. Stoimenov, J, Rossiter, T. Mukai, “Soft ionic polymer metal composite (IPMC) robot 

swimming in viscous fluid,” Proceedings of SPIE, Vol. 7287, pp. 2B/1–8, 2009. 

[82] M. Yamakita, N. Kamamichi, Y. Kaneda, K..Asaka, Z.W. Luo, “Development of    an   

artificial muscle linear   actuator   using ionic polymer–metal composites” Advanced 

Robotics, Vol. 18, pp. 383–399, 2004. 

[83] B.K. Fang, C.C.K Lin, M.S. Ju, “Development of sensing/actuating ionic polymer–metal 

composite (IPMC) for active guide-wire system,” Sensors and Actuators A, Vol. 158, pp. 

1–9, 2010. 

[84] M. Konyo, S. Tadokoro, K. Asaka, “Applications of ionic polymer–metal composites: 

multiple-DOF devices using soft actuators and sensor,” In: K.J. Kim, S. Tadokoro, editors. 

Electroactive polymers for robotic applications: artificial muscles and sensors. London, 

UK:  Springer Verlag, pp. 227–62, 2007. 

[85] Y. Shen, U.C. Wejinya, N. Xi, C.A. Pomeroy, “Force measurement and mechanical 

characterization of living Drosophila embryos for human medical study”, J. Eng. Med., 

Vol. 221 (2), pp. 99–112, 2007. 

  



85 
 

APPENDICES 

 

Appendix I: Humidity Environment condition parameters 

 

PARAMETERS HUMIDITY ENVIRONMENTS 

Low  

(4.5 gm-3) 

Moderate 

(6.8 gm-3) 

High 

 (10.1 gm-3) 

s /s 0.35 0.14 0.15 

ℓ /s 4.0 1.6 2.0 

Qs /mCmm
-2

 0.00287 0.001246 0.0063 

Qℓ /mCmm
-2

 0.0299 0.0123 0.043 

Cs /mFmm
-2

 0.00191 0.00083 0.0042 

Cℓ /mFmm
-2

 0.0226 0.0135 0.077 

rs /K mm
2
 182.9 168.5 35.714 

rℓ /K mm
2
 200.7 194.8 69.767 

R /K mm
2
 1513.6 305.2 41.344 

𝐤𝐅 0.0279 0.0145 0.01377 

𝐤𝐧𝐅 0.0178 0.0112 0.0639 

 

 

 


