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Ionic polymer-metal composite (IPMC) consists of a polyelectrolyte film both-surfaces plated by 

metallic electrodes. When the IPMC bends, a voltage is generated between the two electrodes across 

the membrane. Although the IPMC is a promising soft sensor applicable to biomedical application, it 

still requires a further signal processing technique to effectively measure the deflections. The present 

study investigated an IPMC sensor model based on a RC circuit that can be easily applicable to the 

detection of muscle movements. The RC circuit model, describing a physical composition of the 

IPMC, contains a current source that relates the amount of charge differences accumulated on each 

electrode to the applied bending angles. The effectiveness of the model was tested by comparing the 

reproduced bending angles from the inverse model with the real bending angles. Finally, the sensor 

system was applied to the detection of biceps brachii muscle movements that causes elbow flexion, 

and the results was compared with the conventional electromyography (EMG) method to identify the 

potential of the IPMC as a biomedical sensor. 
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1. INTRODUCTION 

An IPMC consists of a polyelectrolyte membrane containing cations with a solvent and metal 

electrodes chemically plated on both surfaces of the membrane. Usually, Nafion
®
 (from Dupont Inc.) 

is used for the membrane, and platinum is preferably plated for the electrodes due to its high electric 
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conductance and corrosion resistance [1-5]. In the Nafion
®
 based IPMC; SO3

-
 is the ionic termination 

on the side branches of backbone polymer. Therefore, only the cations and solvent can move in the 

membrane while the anions, SO3
-
 groups, are fixed at the backbone polymer. In a wet condition, the 

cations are surrounded by water molecules due to the electrostatic force interacting between the 

oxygen atoms of the water molecules and the cations. The hydrated cations and anions also form 

conjugate pairs in the absence of any mechanical and electrical stimuli [1]. 

When the IPMC is bent mechanically, the hydrated cations on the compressed side of 

membrane move towards the stretched side of the membrane, resulting in the imbalances in the 

number of cations contacting each electrode, and this produces output voltages across the membrane, 

as depicted in Fig. 1. 
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+
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Migration of charges

 
Figure 1. Illustration of operating mechanism of IPMC sensor. 

 

Since the IPMC is a soft and non-toxic hydrophilic material, it has a great potential for 

biomedical applications such as surface mounted sensors for muscle movement detections [2, 3]. 

However, the characteristics of the IPMC sensor have investigated by fewer researchers than those of 

the IPMC actuator [4-8], and most research efforts on IPMC sensor have been made on developing 

models for the sensor, which simulated output voltages or output currents corresponding to the tip 

displacement [2-9, 11-16]. One of the main assumptions in the models is that the charge density 

variation inside the membrane is linearly dependent on the induced stress [12-14, 16-18]. 

The present study investigated an IPMC sensor model using a RC circuit where the electric 

components were related to the physical parameters of the IPMC. A charge model that describes a 

linear kinematic relationship between the charge distributions and the applied bending angles was 

developed, and the time derivative of the charge model was implemented to the circuit model as a 

current source. The parameters were estimated by minimizing the error between the real output signal 

and the simulated output signal from the model. The effectiveness of the model was also tested using 

the inverse model that reproduces the input bending angles. Finally, the IPMC sensor was mounted on 

the surface of an upper arm to monitor the elbow flexion and extension using the inverse model that 
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was realized in an analog electric circuit using operational amplifiers. The surface mounted IPMC 

sensor successfully detected elbow flexion and extension, and its performance was compared with that 

of the conventional electromyography (EMG) method for the detection of muscle movement.  

The main contribution of this paper is the development of a practical model of IPMC sensor 

which is easily applicable to real world. Another contribution is that the performance of the IPMC 

sensor is demonstrated in a real biomedical application, which shows that further biomedical 

applications of the IPMC sensor are possible. 

 

 

 

2. MODELING OF IPMC SENSOR 

In the present study, we assumed that the membrane maintained the number of cations before 

and after the bending motion. The relationship between the amount of net charges (q) and applied 

bending angles (θB) can be explained by a geometric diagram, as shown in Fig. 1. When IPMC is bent 

by a bending angle (θB), the number of hydrated cations increases on the stretched side of electrode 

and decreases on the compressed side of electrode. Therefore, the amount of net charge (q) produced at 

the bent electrodes is assumed to be proportional to the difference in area (∆S) between the area of 

stretched and compressed side of electrodes.  

Based on the diagram in Fig. 1, the length of each electrode can be found as 

 

180
)(1

CtL


  ,                                 (1) 
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2
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
 ,                                 (2) 

 

where  is the radius of curvature at the deformed inside surface of the electrode and the 

membrane thickness (t) is assumed to be constant. θC is the arc angle and L1 and L2 represent the 

lengths of inside and outside electrode, respectively. The expression for the difference of area (∆S) is 

obtained as 

 

)( 21 LLbS  ,                               (3) 

 

where b represents the width of the IPMC. In particular, the linear relationship between the 

bending angle (θB) and the arc angle (θC) is assumed as   

 

BC   ,                                      (4) 

 

where α is coupling constant between the angles. 

Using the Eqs. from (1) to (4), the expression for the generated net charge can be approximated 

as 
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For a further simplification, Eq. (5) can be rewritten using an aggregated constant as 

 

BKq  ,                                 (6) 

 

After taking the time derivative of Eq. (6), the relationship between the current (I) generation 

and the bending angle (θB) can be obtained as 

 

dt

d
KI B .                                (7) 
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Figure 2. Circuit model of the IPMC sensor. 

 

Fig. 2 shows the circuit model of IPMC sensor that has the current source expressed by Eq. (7). 

The circuit model is connected to the measurement device through the resistances (Re1 and Re2) acting 

as the resistances along the surface of the IPMC. Since the polymer membrane is sandwiched between 

the two electrodes, the IPMC has a capacitance (C), as shown in Fig. 2. Rc represents an ion diffusion 

resistance, and R represents the resistance of polymer.  

Because the input buffer resistance of DAQ is much greater than the surface resistances of 

IPMC, the effects of Re1 and Re2 are ignored for the simplification of the model. Then, the output 

voltage (Vo) is written by 

 

To ZIV  ,                                 (8) 

 

where Laplace domain expression of ZT is  
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After assuming all the initial conditions are zero, the governing differential equation between 

the input bending angle (θB) and the output voltage (Vo) is represented by 
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The model described in (10) was tested using Simulink in Matlab
®
. 

 

 

 

3. EXPERIMENTAL PART 

3.1 Output Signal Measurement 

IPMC was fabricated using a Nafion
®

 117 membrane with a thickness of 178 µm and platinum 

particles. The particles were electrolessly plated on both sides of the membrane by the method in [18] 

that was originally proposed by Dr. Oguro [19]. After the fabrication procedure, the IPMC was cut into 

a size of 20 mm × 3 mm for the experiment. 
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Figure 3. Illustration of experimental setup. 

 

Fig. 3 describes the output measurement system of the IPMC sensor. The output voltage across 

the sensor was measured through the copper electrodes inside the clamp which was holding the IPMC. 

A guider, fixed on the rotational disc of a stepper motor, slightly held the opposite end of the sensor. 

Since the guider located 15 mm away from the center of the disc, the rotation of disc applied bending 

motion to the sensor. The rotation of disc was controlled by a stepper motor by a step-angle of 1.8°. 
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The bending angle was defined by θB in Fig. 3 to describe the tip displacement of the sensor. Note that 

the bending angle is proportional to the rotation angle of the stepper motor shaft. The bending angles 

were also measured simultaneously by a potentiometer which was placed at the end of the motor shaft. 

The stepper motor was controlled by a microprocessor (PIC 16F876, Microchip). The output 

voltage of the sensor and the bending angle data from the potentiometer were acquired via a data 

acquisition board (NI USB-6211, National Instruments). Matlab
®
 was used to control the data 

acquisition board to collect data. 

 

3.2 Parameter Estimation  

The model was tested by using Matlab
®
, and parameters were also estimated in time domain by 

minimizing the RMS error between the output signal from the real sensor and the simulated output 

signal from the model. The reproduced bending angle (θR) was calculated using the inverse model of 

the sensor. 

 

3.3 EMG Measurement 

In order to acquire EMG corresponding to the elbow flexion and extension, a pair of adhesive 

silver/silver chloride (Ag/AgCl) snap-electrodes (BIOPAC Systems, Inc.) was placed over the biceps 

brachii muscle of the human upper arm that acts to flex the elbow. Data recording began about 4 sec. 

prior to the motion of forearm. The flexion of elbow lasted about 8 sec. and then extended to the 

starting position. The total recording time was 16 sec. The electromyogram was recorded using a 

BIOPAC
®
 MP35 data acquisition unit.  

 

3.4 Output Signal Measurement from the Surface-mounted IPMC 

 
 

Figure 4. The image of coated IPMC sensor. 

 



Int. J. Electrochem. Sci., Vol. 8, 2013 

  

4104 

One end of the IPMC was inserted into a thin plastic clamp in which metallic copper foils 

contacted the electrodes of the IPMC to transmit the electric signal across the IPMC sensor. Then, the 

IPMC was coated together with the clamp using thin silicone membranes with a thickness of 150μm to 

retain the solvent inside the IPMC during the experiment, as shown in Fig. 4. The IPMC sensor was 

then placed on an adhesive tape and attached over the biceps brachii muscle.  

 

 
 

Figure 5. The inverse circuit model of IPMC sensor. 

 

In order to realize the inverse model, the analog circuit shown in Fig. 5 was built and tested. 

The part 1 is for converting the output from IPMC sensor (Vo) to the current (I) in Fig. 2, using 

the inverted amplification relationship between Vo and Vx, which is represented as 
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Since I=Rx/Vx, 

 

T

o

Z

V
I  .                                (12) 

 

The transfer function of the integrator in part 2 represents the inverse of charge model in Eq. 

(7), which converts the current (I) to the voltage proportional to the reproduced bending angle (θR). 

The output voltage (VIO) from the integrator is 
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Since Vx=IRx, 
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 dtI
CR
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IO .                            (14) 

 

The bending angles corresponding to the elbow flexion and extension were monitored by 

measuring the VIO from the analogue circuit. 

 

 

 

4. RESULT AND DISCUSSION 

4.1 Output Signals from the Model and Inverse Model 
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Figure 6. Simulation results of output voltage and bending angles. 

 

Figure 6(a) shows the plot of the real output voltages obtained from the sensor and the 

simulated output voltage from the estimated model. Table 1 shows the estimated parameters of the 

model. When a step bending motion is applied to an IPMC sensor, the peak values appear quickly in 

the output voltages as shown in Fig. 6(a), followed by slow exponential decays. This phenomenon has 

been explained by the immediate charge movement due to a sudden deformation of the membrane and 

the subsequent charge redistribution due to the electrostatic forces applied between cations and fixed 

anions [1, 9, 15]. The results show that the proposed model can simulate the output peaks and 
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exponential decays although some negligible differences are observed between the real and the 

simulated signal.  

 

Table 1. Estimated parameters. 

 

Parameters Value 

C (mF) 
3.10 

Rc (Ω) 
5.01×10 

R (KΩ) 
4.42 

K (C/θB) 
1.20×10

-7
 

 

Fig. 6(b) shows the reproduced step bending angles (θR) from the inverse transfer function of 

the model. In order to validate the effectiveness of bending angle reproduction using the inverse 

model, we applied an arbitrary bending motion to the sensor by randomly rotating the stepper motor 

shaft. Fig. 6(c) shows the real and the reproduced arbitrary bending angles. The results show that the 

inverse model reproduces the trend of bending angle variations fairly well, which implies that the 

behavior of IPMC sensor can be explained using the proposed model.  

 

4.2 Output Signals from the Surface-mounted IPMC 
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Figure 7. EMG measured on biceps brachii. 

 

Fig. 7 shows EMG acquired from the biceps brachii muscle during elbow extension and 

flexion. After the recording begins, no significant output signals are shown for 4 sec. since the forearm 

is rested on the table during that time keeping the elbow is being extended. Highly activated output 

signals are shown with the onset of elbow flexion corresponding to the contraction of muscle for 8 sec. 
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After the elbow is extended and relaxes, no activation of output signals is observed. Since the biceps 

brachii muscle is not the main muscle that acts to extend the elbow, no significant activations of output 

signals are observed during the extension [20, 21]. 

 

 

 

Figure 8. Output signals from the IPMC sensor placed over the biceps brachii muscle. 

 

Fig. 8 shows the output signals from the IPMC sensor placed on the same place for EMG 

measurement during elbow flexion and extension. During the forearm is being extended resting on the 

table, no output signals are detected since the IPMC is not deformed, as shown in Fig. 8(a). During the 

elbow flexion, the surface over the muscle swells corresponding to the contraction of muscle, which 

causes bending motion of the IPMC sensor resulting in the generation of output signals as shown in 

Fig. 8(b). While the elbow flexion and extension are repeated, the biceps brachii muscle is contracted 

and stretched causing continuous bending motion of the IPMC; therefore the output signal is oscillating 

corresponding to the motion as shown in Fig. 8(c). 

In the experimental result, EMG method better detected muscle contractions than the 

extensions since myoelectric signals are mostly generated by the contraction of muscles. On the other 

hand, the output from the IPMC sensor detected both muscle contraction and extension at the same 

place on the body, corresponding to the elbow flexion and extension.  
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5.  CONCLUSIONS 

In this study, an effective monitoring method of the bending angles applied on the IPMC sensor 

was investigated using circuit models. The performance of output voltages fairly well and the 

corresponding inverse model also reproduced the input bending angles without significant errors. 

An IPMC sensor was applied to the monitoring of curvature variations at a surface of upper 

arm due to the muscle movement during elbow flexion and extension. When compared with the 

conventional EMG technique, the IPMC produced more noiseless signals with a good signal to noise 

ratio corresponding to the motion of elbow even under the extension of muscle in which only poor 

myoelectric signals were detected with the EMG technique.  

This study provided the potential of IPMC sensor for biomedical applications. Their unique 

attributes and favorable responses demonstrated in this study show their high potential as not only a 

bending sensor but also a surface mounted sensor on a human body. 
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