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Abstract— We are studying about robotic application of Ionic
Polymer-Metal Composite (IPMC). The characteristics of IPMC
highly depend on the type of counter-ions, and it is considered
that the performance of the actuators can be improved by
combining the actuators with several types of counter-ions and
applying an integrated control. IPMC has also a sensor function,
as the IPMC film generates electromotive force when it is
deformed. It has possibility to be integrated into IPMC actuator
with soft actuation. In this paper, we consider an integrated
design of IPMC actuator/sensor, and investigate a control of the
combined IPMC actuators using H∞ control and the construction
of IPMC sensor system.

I. INTRODUCTION

A. Ionic Polymer-Metal Composite (IPMC)

Ionic Polymer-Metal Composite (IPMC) [1], which is
known as also Ionic Conducting Polymer gel Film (ICPF),
is one of the most promising Electro-Active Polymer (EAP)
actuators [2] for applications. It is produced by plating gold
or platinum chemically on a perfluorosulfonic acid membrane
which is known as an ion-exchange membrane. When voltage
is applied between the both metal layers, the IPMC film bends
rapidly (Fig. 1). This phenomenon was discovered by Oguro
et al. in 1992 [1]. The characteristics of IPMC are as follows:

• Driven by low voltage. (1∼2 [V])
• Fast response. (> 100 [Hz])

(The maximum speed depends on the thickness, counter
ion, etc.)

• Durable and stable chemically.
(It is possible to bend over 1 × 106 times)

• Flexible.
• Movable in water or wet condition.
• Possibility of miniaturization and weight saving.
• Silent.

By exploiting these characteristics, IPMC actuators have
been applied to robotic applications such as a fish-type robot
[3]–[6], a snake-like robot [7], a wiper for nanorover [8],
micromanipurator [9], a distributed actuation system [9], and
so on.

IPMC has good property of response and durability, further-
more, it also has noteworthy properties of doping capability
and sensor function. In this paper, we focus on these properties
to enhance the functions of IPMC actuator/sensor. Based on

Fig. 1. Bending behavior of IPMC actuator.

the properties, we consider an integrated design of IPMC
actuator/sensor.

B. Doping Capability

It is known that IPMC changes the bending characteristics
with respect to the doped counter ions [10]. In applying to
mechanical systems such as a robot, there are possibilities
to change the properties of the dynamics according to an
environment or a purpose adequately. We have called this
property “doping effect”, and verified the effect on some
robotic systems.

Figure 2 shows the responses of IPMC actuator, for the
same input voltage of 2.5 V, which are doped with sodium
(Na+), cesium (Cs+) and tetraethylammonium (TEA+) as the
counter ion, respectively. From this figure, it is observed that
a raising time of the actuator with Na+ is shorter than one
with Cs+ and a raising time of one with TEA+ is largest. On
the other hand, tendency to decay of the displacement is large
for the actuator with Na+ or Cs+ but it is very small for one
with TEA+. The counter ions are easily doped by just putting
IPMC films in a solution containing the target counter ions,
and higher condensed counter ions are doped into IPMC films.
Also, the change of the doped ions is reversible.

It is considered that a good actuator can be made by
combining the several IPMC actuators that are doped with
different counter-ions and have different characteristics. In
Sec. 2, we will couple the IPMC actuator doped with TEA+

which has high gain in low frequency and that doped with
Na+ which has high gain in high frequency, and we consider
a design of the appropriate feed-forward controller based on
H∞ control theory in order to realize an efficient actuating
system.
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Fig. 2. Response with various counter-ions. (a) Displacement. (b) Current.

C. IPMC Sensor

It is known that IPMC also has a sensor function, as the
IPMC films generate electromotive force when it is deformed
as in Fig. 3.

M. Shahinpoor et al. [11], [12] reported that the output of
IPMC sensor had quasi-static relationship to the displacement,
and that the IPMC was usable as a motion sensor or a
pressure sensor. Konyo et al. [13] reported that the velocity
of deformation was in proportion to a sensor output voltage,
and the modeling and simulation of the sensor function were
performed. Furthermore, the IPMC films had been already sold
as a sensing device.

In order to realize the control and soft actuation of IPMC
actuators, a ’soft’ and ’light’ sensing device is needed. Then
the most effective devices is IPMC itself. IPMC has important
advantage for the utilization as a sensing device:

• It is highly sensitive, and outputs voltage of mV order.
• It is usable in a wide range of deformation.
• It is flexible, and can be integrated into soft actuator

system.

Some researches about qualitative property and application
of the IPMC sensor were reported, however, a sensor system
which measures an accurate displacement or a deformation
was not constructed. In this paper, we construct an IPMC
sensor system which outputs a displacement. In Sec. III,
identification of sensor dynamics and construction of sensor
system are explained, and feedback experiments of IPMC
actuator/sensor are demonstrated.

II. INTEGRATED DESIGN OF COMBINED IPMC
ACTUATORS WITH VARIOUS COUNTER-IONS

As shown in Fig. 2, the characteristics of IPMC actuator
highly depend on the type of the counter-ions. The IPMC ac-
tuator doped with TEA+ has high gain in the low frequency, on

 Sensor output Bending IPMC film

Fig. 3. IPMC sensor.

-
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Fig. 4. LTI model of IPMC actuator.

the other hand, that with Na+ has a better property in the high
frequency. It is considered that the characteristics of actuators
are adjustable for purposes by selecting an appropriate counter
ion or by mixing several ions in appropriate proportion.

Furthermore, it is considered that the performance of the
actuators can be improved by combining the actuators with
several type of counter-ions and applying an integrated control
method. In order to realize an efficient activation of IPMC
actuator in a wide band, we consider an integrated control
of IPMC actuators with various counter-ions. In this paper,
we design a feed-forward controller for the coupled IPMC
actuators based on the H∞ control theory, and confirm the
efficiency of the control method.

A. Model of IPMC Actuator

As the model of the IPMC actuator, various models were
considered, e.g. a black box model [9], [14] or a detailed model
in consideration of the physical and electrical phenomenon
[15], [16]. In this study, we consider a gray box model, and
identify the dynamics of the IPMC actuator from input-output
data as a linear time invariant (LTI) system. It is advantageous
to use simple model which is represented by LTI system for
applying the linear control theory. It was also confirmed that
the model is appropriate enough and available for the control
of the actuator by a feedback experiment.

Figure 4 shows the LTI model of IPMC actuator. P1 is
the transfer function from input voltage to force, P2 is the
transfer function from internal force to angle, fl is a external
force. Figure 5 shows the results of feedback control based
on the identified LTI model, and position control using LQ
servo controller were conducted. In this figure, the simulation
result and the experimental result are plotted. From this result,
the LTI model is considered to be efficient to express the
characteristic of IPMC actuator.

Then, we introduce a model of coupled IPMC actuators
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Fig. 5. Simulation and experiment of feedback control.

which have different characteristics each other. The state space
expression of the actuator 1 is represented as follows;

P1

{
ẋ11 = A11x11 + B11u11

y11 = C11x11,
(1)

P2

{
ẋ12 = A12x12 + B12u12

y12 = C12x12.
(2)

If we assume that a force applied to actuator 1 is fl1, then we
have u12 = y11 − fl1, so that,[

ẋ11

ẋ12

]
=

[
A11 0

B12C11 A12

] [
x11

x12

]
+

[
B11

0

]
u11

+
[

0
B12

]
fl1, (3)

y12 =
[
0 C12

] [
x11

x12

]
. (4)

The augmented system can be written as

ẋ1 = A1x1 + B1u1 + Bl1fl1 (5)

y1 = C1x1, (6)

where, x1 = [xT
11 xT

12]
T , y1 = y12. As same as the actuator 1,

the system of actuator 2 is represented as;

ẋ2 = A2x2 + B2u2 + Bl2fl2 (7)

y2 = C2x2. (8)

From (5) and (7), an augmented system of the total system is
obtained as

ẋ = Ax + Bu + Blfl, (9)

where,

x =
[
xT

1 xT
2

]T
, fl =

[
fl1 fl2

]T
,

A =
[
A1 0
0 A2

]
, B =

[
B1 0
0 B2

]
, Bl =

[
Bl1 0
0 Bl2

]
.

We add a constraint condition that outputs of both actuators are
equal, which means that the actuators attached to a common
object. It is written by

y1 = y2, (10)

that is,

C1x1 − C2x2 = 0. (11)

w
u2

u1

y

-

+ z

C(s) P (s)

M(s)

Fig. 6. Block diagram of control system.

The following equation is necessary to satisfy equation (11),

[
C1 −C2

] [
ẋ1

ẋ2

]
= 0. (12)

Since the constraint force is λ = fl1 = −fl2, we have[
E B′

l

J 0

] [
ẋ
λ

]
=

[
Ax + Bu

0

]
. (13)

Here, x = [xT
1 xT

2 ]T , B′
l = [BT

l1 −BT
l2]

T , J = [C1 −C2], and
E is a unit matrix of an appropriate dimension. By deleting
the constraint force λ in the equation, we obtain the following
equations,

ẋ = Acx + Bcu, (14)

where,

M =
[
E B′

l

J 0

]
, Ac = [E | 0] M−1

[
A
0

]
,

Bc = [E | 0] M−1

[
B
0

]
.

B. Design of H∞ controller

We design a feed-forward controller for the system (14) by
applying H∞ control theory. We show the block diagram of
the system to be designed in Fig. 6. M(s) is a target model,
C(s) is the H∞ controller, and P (s) is the system of the
actuator. w is an external signal and z is an error between
output y and the reference signal w. We design a controller
C(s) such that H∞ norm of transfer function from w to z is
minimized. We set M(s) as a 3rd order Butterworth low-pass
filter. Then, we use ’hinfsyn’ function in MATLAB to design
the controller.

C. Results

We evaluate the performance of the actuator with the H∞
controller by a bode diagram. Figure 7 shows the gain plots
of the target model and the controlled system. It shows that
the controlled system is matched to the target model very well.

Next, in order to confirm the efficiency of coupling, the
characteristics of the feed-forward controller will be compared
with those of Na+ or TEA+ only.

Figure 8 is the frequency characteristics of the feed-forward
controller for IPMC actuator using only Na+ or TEA+ and the
H∞ controller. In the figure, H∞-Na+ and H∞-TEA+ show
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Fig. 8. Frequency property of the feed-forward controller.

the frequency gains of ω to u1, and ω to u2, respectively. It
shows that the gain of the H∞ controller is lower than Na+

or TEA+. Figure 9 shows the simulative results of controlled
system, and it can be seen that output well tracks the reference
signal. Figure 9(b) shows the input voltage of IPMC actuators
in the case of using “Na+ and TEA+” or “only Na+”. The
case of “only TEA+” is omitted since the input is too large. It
shows that the coupled actuators can be operated by a smaller
input voltage than that of Na+ though the transient voltages
are almost same.

III. IPMC SENSOR SYSTEM

As mentioned previously, it is well known that IPMC films
generate electromotive force by deformation. By utilizing
the property, we develop an IPMC sensor system. Since the
characteristics of output voltages are dynamic, we should
compensate for the dynamics to estimate the deformation of
IPMC sensor film. Then we identify the dynamics from input-
output data as a linear time-invariant (LTI) system as before,
and construct a sensor system using an observer based on the
linear system control theory.

A. Identification of Sensor Dynamics

As well as the model of the IPMC actuator in the previous
section, we identify the dynamics of the IPMC sensor from
input-output data as a linear time invariant (LTI) system.

The IPMC films that we used in the experiment are Nafion�

117 (DuPont) plated with gold. The thickness of the thin films
is about 200μm in a wet condition, and it was cut into a
rectangular pieces of width 2mm and of length 20 mm.
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Fig. 9. Simulative results. (a) Output. (b) Input voltage.

Figure 10 shows a comparison between an experimental
result and a simulative result of the identified model. It is
observed that the characteristics of the IPMC sensor are
captured enough. From this result, it seems that dynamics of
the IPMC sensor can be modeled as a LTI system in this
operating range.

As same as an IPMC actuator, the characteristics of IPMC
sensor highly depend on the type of the counter ions. We also
verify the doping effect of IPMC sensor. Figure 11 shows the
gain property of IPMC sensors which are doped with sodium
(Na+) and tetraethylammonium (TEA+) respectively. Each
property is plotted using the identified model. From this figure,
it can be seen that IPMC changes the sensing characteristics
with respect to the doped counter ions. In this case, the sensor
doped with TEA+ is superior to that with Na+ because of
large gain and wide band.

B. Design of Sensor System Using Observer

In order to estimate the displacement or deformation from
output voltage of IPMC sensor film, we apply an observer
based on the linear system control theory.

The model of the sensor can be represented as{
ẋ = Ax + Bu

y = Cx + Du
(15)

where y is the output of the system whose output voltage, u is
the input of the system which is displacement or deformation
of IPMC sensor, and x is a state of the system.

Assuming that the variation of the input is not fast, that is,
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Fig. 10. Result of identification. (a) simulative results of output voltage. (b)
Displacement.

u̇ ≈ 0, then the augmented system is represented as{
˙̄x = Āx̄

y = C̄x̄
(16)

where, x̄ = [x, u]T is the state of the augmented system, and

Ā =
[
A B
0 0

]
, C̄ =

[
C D

]
.

If the system of Eq. (16) is observable, the input u can be
estimated by an observer, since the input u is a part of the
state of the augmented system.

In this paper, we construct the observer based on the
stationary Kalman Filter. The observer is represented as

˙̂x = (Ā − KC̄)x̂ + Ky (17)

where, K is a gain matrix of optimal observer. The matrix K
is leaded as

K = PCT R−1. (18)

P is a positive definite symmetric matrix and a solution of
Riccati equation which is described as follows:

PAT + AP − PCT R−1CP + Q = 0 (19)

where, Q,R are the covariance matrices of the assumed noise.
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displacement.)

We constructed the sensor system based on the observer
as the above procedure, and verify the performance of the
sensor system. Figure 12 shows the experimental results on
the estimation of the bending angle of the sensor film. By
utilizing the identified model and observer, the bending angle
of the sensor film can be measured with high accuracy.

C. Experiment of Feedback Control

In order to confirm the validity of the sensor system, we
conducted an experiment of a position control using IPMC
actuator/sensor. In the experiments, pair of IPMC films are
connected in parallel. One of the IPMC films is used as an
actuator, and another is used as a sensor. Then the bending
angle of the IPMC actuator is controlled using the estimated
value of bending angle from the sensor system. Experimental
results are discussed in comparison with true value of the
bending angle which is measured by a laser displacement
sensor.

In this feedback experiment, we used the IPMC sensor
doped with TEA+ because of the characteristics of large gain
and wide band as compared to that of Na+ . On the other hand,
we used the IPMC actuator doped with Na+ because of the fast
response. It is worth noted that different or complementally
counter-ions are selected for the closed loop system to have a
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Fig. 13. Experimental results of feedback control. (a) Step response. (0.2
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high loop gain.
Figure 13 shows the experimental results of position control

using the signal of the IPMC sensor system. The figure plots
the estimated, real, and reference angle over time. The IPMC
is controlled in position by a PID controller. It can be seen that
the estimation of position and feedback control were realized
sufficiently though some errors of estimation are remained.

The stationary error of the estimation was appeared as a
result of changes of dynamical characteristics, and it seems to
be caused by changes of wet condition of IPMC films. The
stationary error may be removed by keeping the condition, e.g.
coating the films perfectly or using in the water.

Figure 14 shows the frequency characteristics of sensor
system. It can be seen that wide bandwidth up to 50 Hz is
realized.

IV. CONCLUSION

It can be considered that it is efficient to combine several
IPMC actuators doped with various counter-ions, which have
different characteristics. In this paper, we designed the feed-
forward controller for the combined IPMC actuators based
on H∞ control theory, and evaluated its efficiency. In this
paper, the designed controller is a feed-forward one, however,
feedback controllers also can be designed easily in the same
manner.

Also, we showed a method how to make a position sensor
with IPMC film and demonstrated the sensor performance. We
constructed a position feedback control system with the devel-
oped sensor system and it was shown that good responses can
be obtained for a step or sinusoidal reference signals. Future
researches may be more compact sensor/actuator integrated
system design with IPMC films.
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