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8.1 Introduction 

Machines and robots have big impacts on our life and industry to realize high-
speed, high-power, and high-precision motion; however, recently other factors are 
demanded, e.g., miniaturization or flexibility. For robots working in ordinary 
human life, it is desired to use safe and soft actuators, which are sometimes called 
artificial muscle. A high polymer gel actuator is one of the candidates for artificial 
muscle actuators due to their softness and miniaturizability.  

For several decades, electroactive polymers (EAP) 0, which respond to electric 
stimuli with shape change, received little attention because of their actuating 
limitations. During the last ten years, development of EAP materials with large 
displacement and quick response changed the potential capability, and EAP 
received much attention from engineers and researchers in many disciplines, e.g.,
robotics, medical service, and the toy industry. 

The ionic polymer-metal composite (IPMC) is one of the most promising EAP 
actuators for applications. IPMC is produced by chemically plating gold or 
platinum on a perfluorosulfonic acid membrane which is known as an ion-
exchange membrane. When an input voltage is applied to the metal layers of both 
surfaces, they bend at high speed. The phenomenon of this motion was discovered 
by Oguro et al. in 1992 0. The characteristics of an IPMC are as follows: 

Driving voltage is low (1~2 V). 
Speed of response is fast (> 100 Hz). 
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It is durable and stable chemically. (It is possible to bend more than 106

times.) 
It is a flexible material. 
It moves in water and in wet conditions. 
Miniaturization and weight saving is possible. 
It is silent. 
It can be used as a sensor. 

By exploiting the characteristics, IPMC actuators have been applied to robotic 
applications such as an active catheter [3,4], a fish-type underwater robot [4~10], a 
wiper for a nanorover 0, a micropump 0, a micromanipulator 0, and a distributed 
actuation device 0. 

It, however, also has disadvantages that the actuation force is still small and 
that the input voltage is restricted to the range where electrolysis of the ionic 
polymer does not occur. To improve performance, development of the ionic 
polymer membrane and plating method are required. 

IPMC actuators also have another noteworthy property; the characteristics of 
bending motion depend highly on counterions. In application to mechanical 
systems such as robots, the possibilities exist to change the properties of the 
dynamics adequately according to the environment or purpose. We have called this 
property the “doping effect”, and verified the effect on robotic applications. 

The goal of our study is applying an artificial muscle actuator to robotic 
applications especially to a bipedal walking robot, and we developed a linear 
actuator using IPMC. The structure of our proposed actuator is very simple, and 
the actuator transforms bending motion into linear motion. We assume that 
elementary units are connected in parallel and series to realize the desired 
displacement and force. In this paper, we describe the structure of the actuator and 
identify an empirical model of the actuator. Numerical simulations of bipedal 
walking are demonstrated, and the doping effect is investigated by the walking 
simulation and an experiment using a snakelike robot. Finally, control of doping 
speed by exercise is also considered.  

8.2 Proposed IPMC Linear Actuator 

In this section, the structure and basic properties of the proposed IPMC linear 
actuator will be explained 0. 

8.2.1 Structure of IPMC Linear Actuator 

The proposed linear actuator is composed of many basic units connected in parallel 
and series so that enough force and displacement can be obtained. The structure of 
the elementary unit is shown in Figure 8.1. This elementary unit consists of four 
IPMC films. One side of the unit is formed from a pair of films that are connected 
by a flexible material or the same thin film. When an input voltage is applied to 
electrodes on the surface with the anode outside, each membrane bends outside, 
then the actuator is constricted. The actuation force and displacement of each unit 
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are small; however, the elementary units can be connected in parallel and series as 
in Figure 8.2, so the actuator can realize the desired force and displacement. By 
shifting the series of elementary units by a half pitch to avoid interference as in 
Figure 8.2, the total actuator is made compact, and high power/volume and 
miniaturization are realized. 

Figure 8.1. Structure of IPMC actuator 

Figure 8.2. Basic concept of IPMC linear actuator 

8.2.2 Properties of the Elementary Unit 

To check the characteristics of the actuator, we carried out fundamental 
experiments. Figure 8.3 shows the experimental setup. In this experiment, one edge 
of the actuator is fixed on a board floating on water to reduce the effects of the 
weight of electrodes and ties. Displacement of the linear actuator was measured by 
a laser displacement meter. 

8.2.2.1 Response in Step Voltage 
Figure 8.4 shows the response in a step voltage without loads, where step input 
voltages of 1.5, 2.0, and 2.5 V were applied at 0 s. The IPMC film which we used 
in this experiment is Nafion®117 (DuPont) plated with gold. A counterion doped in 
the film is Na+. Though the response of the actuator varies depending on its 
condition, it was confirmed that the unit whose total length is 40 mm is constricted 
by 10 mm with a step input voltage of 2.5 V in average. As the applied voltage is 
increased, the peak value of the displacement is also increased.  

In this experiment, it is observed that when a step voltage is applied, the IPMC 
membrane bends toward the anode side quickly and bends back gradually. The 
characteristic varies according to the counterion, as mentioned below. It was also 
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observed that the current increased sharply at the moment when the input voltage 
was applied, and then it decreased exponentially. 

Figure 8.3. Experimental setup 

(a)

(b)

Figure 8.4. Step response with various inputs (a) displacement (b) current 



Robotic Application of IPMC Actuators with Redoping Capability 203 

8.2.2.2 Response with Loads 
Figure 8.5 shows the response in step voltage with loads; a step input voltage of 
2.5 V was applied in loading. As the load is increased, displacement becomes small 
but the current almost does not change. 

Note that to avoid damage of IPMC actuators by electrolysis, the control input 
voltage is limited to about 3.0 V. So it is not so effective to change the dynamic 
properties by changing the control voltage. In the following, changing the dynamic 
properties chemically is considered by changing the doped ions in the film.  

   
(a)

(b)

 Figure 8.5. Step response with various loads (a) displacement (b) current

8.2.2.3 Responses with Different Doped Counterions 
It is known that IPMC changes bending characteristics with respect to doped 
counterions 0. Figure 8.6 shows the responses of actuators for the same input 
voltage of 2.5 V, which are doped with sodium (Na+), cesium (Cs+), and 
tetraethylammonium (TEA+) as the counterion, respectively. From the figure, it is 
observed that the raising time of the unit with Na+ is shorter than that with Cs+ and 
the rising time of the unit with TEA+ is largest. On the other hand, the tendency of 
the response to decay is large for the unit with Na+ or Cs+, but it is very small for 
the unit with TEA+. The doping of the counterion is easily done by just putting the 
unit in a solution containing the target counterion, and higher condensed 
counterions are doped into IPMC films. Also, the change of the doped ion is 
reversible. The property suggests that the characteristics of the actuator can be 
changed for specific purposes. In Section 8.4.3, we will show the effect of doping 
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in the walking pattern and efficiency of a small bipedal robot, and in Section 8.5 
we will show experimental results of doping on a snakelike robot. In 0, it was 
discussed how to change equivalent characteristics of the actuator mechanically. 

    
(a)

(b)

Figure 8.6. Response with various counterions (a) displacement (b) current 

8.3 Model Identification

To know the capability of the linear actuator for a robotic system, we identify the 
linear actuator as a mathematical model. IPMC actuators have been modeled in 
various ways as a black or gray box model 0, and a detailed model based the 
physical and chemical phenomena [19~21]; however, it is difficult to represent 
these models by systems of ordinary differential equations because of their 
complexity. In this paper, in consideration of model-based control, we use a gray 
box model which has two inputs, i.e., control voltage and external force. We 
identify the actuator as a linear time-invariant model with static nonlinearity from 
input-output data using a subspace identification algorithm [15,22]. 

8.3.1 Identification Method 

First, the model of the actuator is assumed to be represented by the system in  
Figure 8.7. This model has two inputs and one output, and it consists of two 
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subsystems, P1(s) and P2(s), which are connected in series. P1(s) is a system with 
one input v, input voltage, and one output f1 which is a force generated by electric 
stimuli. P2(s) is a system with one input force f2 which is exerted on the actuator, 
and one output y, displacement of actuator. f2 is assumed to be the difference 
between f1 and fl. P(s) is defined as P2(s) P1(s).

For the moment, it is assumed that the actuator is driven in a small operating 
range, and the dynamics is identified as an LTI model as follows: 

Identification of P(s): Measure a response from input voltage v to displacement 
y; then compute the system P(s)=P2(s)P1(s) from input-output data using a 
subspace identification algorithm.  

Identification of P2(s): Measure a response from load fl to displacement y; then 
compute the system P2(s) from input-output data using a subspace 
identification algorithm. 

Computation of P1(s):  Compute the system P1(s) as P2(s)-1P(s).

 In procedures 1 and 2, we performed the system identification using the 
N4SID function in MATLAB, and from the discrete time model obtained, the 
corresponding continuous model was determined. 

Figure 8.7. Block diagram 

8.3.2 Identification Results 

We obtained estimated transfer functions of the systems as 

652434

6623

2

23

2223

1

1033.11014.41049.619.7
1081.31023.11049.3)(

1012.71023.313.6
1093.31009.11050.1)(

ssss
sssP

sss
sssP  (8.1) 

If the relative degree of P2(s) is 2, then it is easy to simulate an impulsive effect of 
collision. In procedure 2, the relative degree of P2(s) was estimated as 1, but the 
coefficient of the highest order term in the numerator of P2(s) was much smaller 
than the other. Thus we eliminated it, and obtained the transfer function whose 
relative degree is 2. In procedure 3, small coefficients of P1(s) ware also 
eliminated.
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Figure 8.8 shows a comparison between the experimental result and the 
simulation result using the identification model. It is shown that a quick transient 
of simulation result is nearly equal to the experimental one. But in part of the slow 
decay, there is a little error between them. As the results of identification with a  
linear approximate model, the characteristics of the actuator are captured. 

 When the control voltage and external load are given simultaneously, as in 
Figure 8.9, we can observe the large error between them.  The reason for the error 
can be inferred as nonlinear effects due to the large deformation of the structure of 
the unit. So we should consider other models to deal with such a large deformation 
and the nonlinearity. 

Figure 8.8. Identification result 1 

8.3.3 Introduction of Nonlinear Effect 

To reduce the error due to nonlinearity, a nonlinear compensation term is 
introduced. First, the system is identified as an LTI model and static nonlinearity 
which is represented as a polynomial or weighted sum of Gaussian functions is 
introduced, i.e., we use a Hammerstein model for the P2 part. Weights for the basis 
functions are determined to minimize the mean square error. Figure 8.9(b) shows 
the result with the nonlinear terms. To the inputs of P2(s), f1 and fl, nonlinear 
elements which are represented as a weighted sum of Gaussian functions and 
polynomials are introduced. Compared to the result of Figure 8.9 (a), it can be seen 
that the mean square error is reduced by 40% and the model is valid for a large 
operating range. 
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(a)

(b)

Figure 8.9. Identification result 2 (a) LTI identification (b) identification with nonlinear 
terms 

8.3.4 Experiment of Feedback Control  

To check the validity of the identified model, a feedback control experiment using 
an LQ servocontroller was conducted.  

A position controller was designed based on the Hammerstein model and an 
LQ servocontroller was designed for a compensated Hammerstein model. Because 
the Hammerstein model contains static nonlinearity in front of the LTI part, the 
nonlinearity is compensated by the inverse system of the nonlinear function, and a 
linear controller was designed for the LTI part. Figure 8.10 shows a whole system 
composed of the Hammerstein model and the designed controller. The controller is 
designed as follows: 

(1) Design a linear controller K for LTI part P,

(2) Put N -1K in front of the Hammerstein model P N.

Please notice that in general the nonlinear block N might not be invertible. 
There, however, exists N -1 for our model during the considered operating range. 

Figure 8.11 shows the control results. The state of the system required for an 
LQ servecontroller was estimated by a linear observer. The actuator used for the 
experiment was composed of IPMC films doped with Na+. From the figure, it is 
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observed that the desired position control is achieved, though some oscillation is 
observed. In figure (b), the control voltage of the experiment and simulation are 
shown and we can see some deviation. Especially, the actual control voltage 
gradually increased due to integral operation. The reason inferred for the deviation 
is that such a slow mode was not identified by our Hammerstein model. We 
consider, however, that our model is valid for a periodic motion with a short period 
considered below. 

Figure 8.10. Design of controller 

(a)

(b)

Figure 8.11. Experimental result of position control (a) displacement (b) input voltage 

Controller Plant 
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8.4 Application to Walking Robot

This section addresses an application of the linear actuator to a small-sized bipedal 
walking robot shown in Figure 8.12, and realization of walking with the proposed 
actuator is investigated by numerical simulations. The parameters of the robot are 
set as ml =5 g, mh =10 g, a=50 mm, b=50 mm, l=100 mm, rh =4 mm, g=9.81 m/s2,
and rf =0 mm. This small bipedal robot can exhibit passive dynamic walking 0 
without any actuator on a gentle slope. In the following simulation, we assume that 
actuators are attached between legs, as in the right side of Figure 8.12. In the 
simulations, we assume that contact between a leg and ground is pin contact and 
collision of the swing leg with the ground is perfectly inelastic. 

8.4.1 Simulation Results 

Figure 8.13 shows the simulation results of walking on level ground. The number 
of units connected in parallel and series is set as 4 and 3, respectively. In this 
simulation, we applied a square pulse as input voltage whose cycle was 0.48 s and 
whose amplitude was 2.5 V. From the results, it can be seen that a one-period 
walking gait is generated and the walking cycle synchronizes with the cycle of the 
input signal. 

Figure 8.12. Model of bipedal walking robot 
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(a)

(b)

Figure 8.13. Simulation results of walking on level ground (a) angular positions (b) input 
voltage

8.4.2 Walking Control with Synchronization 

8.4.2.1 Open-Loop Control 
In the previous section, we applied time-variant signals as open-loop inputs, i.e.,
constant periodic square pulses, and it was shown that the bipedal walking robot 
with actuators can walk on level ground with the period synchronized with the 
period of the input signal. In this section, we consider time-invariant input signals, 
that is, switch the input signals in response to the state of the robot, e.g., the angle 
of a stance leg. 

Figure 8.14 shows the simulation results of open-loop control. In this 
simulation, the parameters of the robot are set as ml= 9.6 g, mh =32.1 g, a=42.9
mm, b=56.9 mm, l=99.8 mm, rh =11.3 mm, g=9.81 m/s2, and rf =0 mm due to an 
experimental system, and the input signals are switched by the angle of a stance 
leg. From the results, it is observed that a one-period walking gait is generated. In 
comparison with time-variant input, there is not much difference in the 
convergence to steady state or the basin of attraction; however, we are able to 
simplify the experimental setup and to adjust easily the timing of inputs and the 
start of walking. Moreover, the systems with the open-loop inputs are autonomous, 
then we can apply a simple feedback control method, as described below. 
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(a)

     
(b)

          
(c)

Figure 8.14. Simulation results of open-loop control (a) angular positions (b) input voltage 
(c) phase plane 

8.4.2.2 Feedback Control 
Robots with the actuator can walk on level ground with open-loop control; 
however, the walking gait is not robust, and the basin of attraction of the limit 
cycle is limited; then it is difficult to continue walking under the disturbance. To 
realize robust walking and to enhance the basin of attraction, we apply a feedback 
control based on the linear approximate model of trajectories on a limit cycle 0. 
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Figure 8.15 shows a conceptual diagram of trajectories.  is a periodic orbit 
through the point q0, and  is a hyperplane perpendicular to  at q0; then for any 
point q  sufficiently near q0, the orbit will cross  again at a point P(q);  is 
called a Poincaré section. It is considered a discrete time nonlinear system on ,
called a Poincaré map, as follows: 

),(1 kkk uqPq  (8.2) 

q*, u* are the equilibrium state and input where the equation q*=P(q*, u*) holds. Let 
kk uq , be small perturbations from the equilibrium state and input, i.e.,

uuuqqq kkkk , . Linearizing Eq. (8.2) around q* and u* results in the 
linear system 

1k k kq qq q
u uu u

k k

P Pq q u
q u

q u  (8.3) 

Assume the cycle is stable and the pair ( , ) is controllable. To stabilize the 
walking motion and enhance a basin of attraction, we consider the regulator 
problem based on the discrete time linear system of Eq. (8.3). In this paper, a 
performance index is defined as 

)(: 2

0
k

k
k

T
k urqQqJ  (8.4) 

and we solve the LQR optimal control problem to determine a feedback control 
input kk xFu  where F is an optimal feedback gain matrix determined from J.

8.4.2.3 Numerical Simulation 
We demonstrate numerical simulations, and the parameters of the robot are the 
same as in the previous simulation. In this simulation, we define the Poincaré 
section  in the state just after the heel strike collision, and the state vector qk is 
defined as T

kkkk qqqq ]  [ 3,2,1 , where q1k is the angle of the hip joint, q2k is the 
angular velocity of the stance leg, and q3k, is the angular velocity of the swing leg. 
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Figure 8.15. Poincaré map 

Because ,  can not be obtained analytically, we computed them numerically by 
computer simulation as 

210
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 (8.5) 
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The weighting matrices Q, r are determined as follows: 

1. Check the limit of stability; let q1f, q2f, q3f be the quantity of state in the 
stability limit, respectively, and check them by numerical simulation, that 
is, we search the maximum perturbation that the robot does not even fall 
down. 

2. Determine Q; Q is set as )./1 ,/1 ,/1(diag 2
3

2
2

2
1 fff qqqQ

3. Determine r; r is adjusted manually to obtain a suitable input. 

Figure 8.16 shows the simulation results of feedback control; deviations are 
included in initial conditions. Q, r, and feedback vector F are  

)108.73 ,109.61 ,1042.3(diag 135Q
0.1r

]1080.9 ,1002.1 ,1076.7[ 121F

)(qP

q
0q
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(a)

(b) 

(c)

Figure 8.16. Simulation results of feedback control (a) angular positions (b) transition of 

1q  (c) input voltage 

Figure 8.16(a) shows angular positions, figure (b) shows the transition of 1q  on 
Poincaré section , and figure (c) shows the input voltage to the actuator, the total 
of the open-loop signal and feedback signal. From the results, it is observed that 
the convergence to steady state becomes fast in comparison to open-loop control. 
The validity of this feedback control was investigated, but more detailed analysis 
of the basin of attraction and the robustness of the control is left for future work.  
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8.4.3 Doping Effect on Walking 

As shown in the previous section, the bending characteristics of IPMC film are 
highly affected by the doped counterion. There exist possibilities to change the 
properties of the actuator according to the environment or purpose. If we consider  
walking application, we can change the property so that the actuator is suitable for 
slow walking with low energy consumption or fast walking with high energy 
consumption, or possibly running. We investigate the possibility of adaptation with 
doping of the actuator for walking control by numerical simulations 0. Recall that 
the doped ion can be exchanged as many times as required.   

We compare walking speeds and walking efficiencies with actuators composed 
of IPMC films doped with Na+ and Cs+ for the same input voltage. The input 
voltage is rectangular, its amplitude is 2.5 V, and it is applied to the system in an 
open-loop fashion. The parameters of the robot are set as ml=5.0 g, mh=10.0 g, 
a=50.0 mm, b=50.0 mm, l=100.0 mm, rh=4.0 mm, rf = 0.0 mm, and g=9.81 m/s2.
We assume also that in the simulation the number of units connected in parallel 
and series is set as 4 and 3, respectively. 

Figure 8.17(a) shows a plot of average walking speed vs. the applied frequency 
of the input where the solid line shows the plot for the actuator with Na+ and dotted 
line for that with Cs+. From the figure, it can be seen that if the same control 
frequency input is applied to the robot, faster walking is realized by the actuator 
doped with Na+ rather than by that with Cs+. The maximum speed of the robot 
doped with Na+ is higher than that with Cs+. Note here that this kind of property 
may not exist if the parameters of the robot are not designed properly. So the 
design of the robot is important for the doping to be effective for walking. Figure 
8.17(b) shows a plot of walking speed vs. the average consumed power. Because 
the input current for the actuator is almost irrelevant to the walking pattern, the 
peak value of the injected current of the actuator doped with Na+ is large, and the 
corresponding consumed power is large. 

From the observation, it can be suggested that if the input voltage is the same, 
the actuator doped with Na+ realizes high-speed walking with high energy 
consumption, and the one doped with Cs+ can generate a slow walking pattern with 
low energy consumption when the mass is rather heavy, i.e., m=5 g. On the other 
hand, when m=1 g, the actuator with Cs+ can realize a wide range of walking 
speeds with low energy consumption. Note here that even if the average input 
power is increased in the case of Cs+, the walking speed is not increased because 
the walking pattern is not proper and the energy dissipated in a collision is 
increased.  
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(a)

(b)

Figure 8.17. Simulation results of the doping effect on bipedal walking (a) average speed 
vs. walking cycle (b) average speed vs. average input power 

8.5 Application to Snakelike Robot

In the last section, it was shown that the efficiency of walking with different 
walking speeds was confirmed by numerical simulation. In this section, the effect 
is checked by a snakelike robot swimming in water experimentally.  
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8.5.1 Snakelike Robot 

Figure 8.18 shows an experimental machine, a three-link snakelike swimming 
robot with IPMC actuators. The frame of the robot is made of styrene foam. Thin 
fins are attached to the bottom of the body frame, and each frame is connected by 
an IPMC film. The total mass of the robot is 0.6 g and its total length is 120 mm. 
The IPMC film which we used in this experiment is Nafion®117 (by DuPont) 
plated with gold; the thickness of this film is about 200 m in a wet condition, and 
it was cut into a ribbon with a width of 2 mm and length of 20 mm. 

To check the performance of the robot, we also performed experiments using 
the snakelike robot as shown in Figure 8.18. 

Figure 8.19 shows the experimental results with input signals whose cycle is 2 
s, amplitude is 2.5 V, phase shift is 90 ,  and the kind of counterion is sodium 
(Na+). From figures (a) and (b), it can be confirmed that the robot performs an 
undulating motion and moves forward. Figure 8.20 shows sequential photographs 
of the experiment. For more details of the experimental setup and the properties of 
the motions, refer to 0. 

Figure 8.18. Snakelike robot using IPMC 
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(a)

(b)

   
(c)

Figure 8.19. Experimental results (a) trajectory of head position (b) angular positions (c) 
input voltages 
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Figure 8.20. Sequencial photographs of the experiment 

8.5.2 Doping Effect 

To verify the doping effect, we performed experiments on IPMC actuators which 
were doped with Na+, Cs+ and TEA+ as counterions. We compare propulsive speed 
and efficiencies of the actuators doped with each ion for the same input voltage. 
The inputs voltages were square pulses whose amplitude was 2.5 V and phase shift 
was 90 ,  and we repeated measurements at various input frequencies.  

In Figure 8.21 (a), the average propulsive speed vs. consumed power is plotted. 
The snakelike robot doped with Na+ can move faster; however, consumed power is 
large. If it need not move at high speed, we should use the actuators doped with 
other counterions that can be driven by low power. Figure 8.21(b) shows the 
average propulsion speed vs. power consumed per distance. If there is no limit to 
the capacity of a power source, it can be considered that the actuators doped with 
Na+ are effective because the robot can move for a short time; however, there is a 
region of low consumed power achieved only by the robot doped with TEA+.

From the observation, it can be summarized that if the input voltage is the 
same, the actuator doped with Na+ realizes a high-speed swimming motion with 
high energy consumption, the one doped with TEA+ can generate slow swimming 
speed with low energy consumption, and the one doped with Cs+ has 
characteristics between those of Na+ and TEA+. Note that the actuators can be 
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adjusted to various characteristics by selecting an appropriate counterion or by 
mixing several ions in appropriate proportions.  

(a)

(b)

Figure 8.21. Experimental results of doping effect (a) consumed power vs. average speed 
(b) consumed energy per distance vs. average speed 

8.6 Control of Partial Doping Effect by Exercise

The doping effect is caused by exchanging counterions and a higher condensed 
counterion is doped into IPMC films. The doping of the counterions is easily done 
just putting the actuators in a solution containing the target counterion just as the 
robots take a bath containing a nutritional supplement. When the robots cannot 
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take a bath, liquid containing the counterion can be delivered to the actuators 
through tubes like blood vessels. Figure 8.22(a) illustrates these doping processes. 
If the speed of changing the ion can be controlled by exercises, i.e., bending  IPMC 
films, the property of particular actuators can be changed by such motions. This 
phenomenon can be considered similar to muscles in a human body that can be 
trained by exercise for a particular purpose, as in Figure 8.22 (b).  

     

(a)

(b)

Figure 8.22. Image of adaptation by doping (a) Process of ion-exchange (b) Adaptation of 
partial elements by doping 

8.6.1 Experiment 

To investigate the possibility of the effect in IPMC actuators, we conducted an 
experiment as follows. Two linear actuators doped with TEA+ were prepared, and 
one of the actuators was just immersed in the Na2SO4 solution with Na+. On the 
other hand, another actuator was actuated in the same solution so that the bending 
motion was caused frequently.  

At every interval, the characteristics of the two actuators were measured. In our 
experiment, step responses for a constant voltage input are stored.  

The length, width, and thickness of the films were 25 mm, 2 mm, and 200 m, 
respectively, and they were immersed in the liquid by 15 mm. For the activated 
film, a rectangular input whose levels were 11   V and whose frequency was 
0.5 s was injected. The step responses of the films were measured at 0, 10, 30, 60, 
120, and 180 minutes where the input voltage was 2.0 V. 
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             Case A                                 Case B 
(a)

(b)
Figure 8.23. Experimental result of doping progress (a) current (b) peak value of 
current
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When the step response was measured, the actuators were immersed in pure water 
for 10 minutes to avoid changes due to the mechanical effects of motion.  

Figure 8.23 shows the experimental results. In the figure, (a) shows the changes 
in the current profile for each step input, and (b) shows peak values of the current, 
with respect to the intervals. From the figure, it can be seen that the peak values of 
the current increased according to the increase of the interval, and the property was 
changed from the property of TEA+ to that of Na+. Note that the property of the 
actuator immersed with motion changed more quickly than that without motion. 
Actually, the property of the film without motion at 180 minutes was achieved by 
the film with motion at 30 minutes.  

8.7 Conclusions 

We have discussed the development of a linear actuator using IPMC materials and 
its applications to a walking robot and a snakelike robot. In this monograph, the 
doping effects on motion were focused on especially, and it was shown by 
numerical simulations of walking control and by an experiment of a swimming 
control of the snakelike robot that the properties of the actuator can be adjusted 
according to particular motions, i.e., slow speed motion with low energy 
consumption or high speed motion with high energy consumption. Also, a 
possibility that some actuators distributed in a system can be partially doped with a 
desired ion by moving the actuators mechanically was shown by a preliminary 
experiment. The authors consider that the developed IPMC linear actuator can be 
used for biomimetic control systems where the properties of the system can be 
adapted to an environment using doping effects.  

To apply the artificial muscle actuator to a general robotic system, there exist a 
lot of problems such as limitation of output force; however, we think the mutual 
evolution of improvement of actuator technology and design of control system is 
important for further applications. 
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