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Abstract—Ionic Polymer Metal Composites (IPMC) is a smart
material used widely in many industrial and medical applica-
tions. In this paper, we propose a mathematical nonlinear model
for the IPMC by adding the external random disturbances,
then we apply the robust adaptive control method with leakage
modification to control the position of this material to reduce the
tracking error, the overshoot, and the steady state of the IPMC.
In addition, a controller is designed to ensure that the IPMC’s
displacement response is stable and robust in the presence of
different external random disturbances.
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I. INTRODUCTION

A. Motivation

IPMC, one type of electro-active polymers, has many

advantages, such as fast and significant bending, mechanical

flexibility, low excitation voltage,, ease of fabrication [1], [2],

[3], [4] for applications of robots [5], [6], [7], [8], [9], [10],

[11], [12], [13], [14], artificial muscles [7], actuators, and

transducers [15], etc. Basically, the IPMC is constructed by

[16]: Nafion 117, Au or Pt, [Pt(NH3)4]Cl2 or [Pt(NH3)6]Cl4,

NaBH4, NH2NH2- 1.5H2O, NH2OH-HCl, NH4OH HCl,

and deionized water. Figure 1 shows an SEM (Scanning

Electron Microscope) image of Au sputtered the IPMC cross

section [14]. Figure.2 shows the experimental setup with

Fig. 1. The structure of the IPMC.

a simple power generator to generate adjustable voltage in

Fig. 2. Experimental setup for checking the actuation of the IPMC.

range -3V to 3V, and also the adjustable frequency and

displacement laser sensor, model AR200-50 (from Acuity

company)[17] to check the actuation of the IPMC.

The main motivation of this paper is to build the nonlinear

model of the IPMC containing all its nonlinear capabilities.

This demonstrates its structure and parameters which will be

changed in the harsh environments such as for applications

in the harsh space environments where there are 1 Torr of

pressure and very low temperature [7]. Based on this nonlin-

ear model, we apply the robust adaptive control method with

leakage modification to design a new nonlinear controller for

its position control so that the IPMC’s displacement response

is stable and robust in the presence of random disturbances.

B. Related Work

Generally, there are many types of mathematical IPMC

model developed in the last decade, but most of them are

mathematical linear models [14], [18], [19], [20], [21], [22],

[23], [24], [16], [25], [26], [27]. These models can make it

easy to design a controller for controlling the IPMC’s position

and force. The results in these publications are very good in

term of small tracking errors, small overshoot, and eliminated

steady state, but all of these results are done in ordinary

environments with no disturbances, or these models do not

include the unstable factors in the IPMC when it works in the

varying environment conditions. For example, the imbalanced
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charge density, the distributed surface resistance [3], the RH

(Relative Humidity) factor [25], the relationship between

the electrochemical response and mechanical response [28],

and the nonlinearity of the absorbed current [29], etc can

be changed. Moreover, the external noises under very high

or low temperatures can also affect the IPMC material

negatively.

In addition, there are also many types of physical linear

IPMC model [30], [19], [29], [28], [31], [32]. All of these

models try to describe physical phenomena of the IPMC

using equivalent circuits. These models are very useful for

checking current and voltage responses of the IPMC, but

they may be difficult to be applied in mathematical control

laws to control precise position or force of the IPMC.

Moreover, although there are many linear controllers for the

IPMC, we still do not have any nonlinear controller for the

nonlinear model of the IPMC which considers both external

and internal disturbances.

The rest of this paper is organized as follows. In the next

section we propose a new nonlinear model for the IPMC.

Section III presents the existing control methods used to

control the IPMC, and then we present a control method

called robust adaptive control with leakage modification.

Section IV presents the simulation results. Finally, Section

V shows the conclusion and the future work of this paper.

II. A NONLINEAR MODEL OF THE IPMC

Although the nonlinear models of the IPMC have been

conducted in [29], [33], they do not take into account the

external disturbances, for example the temperature, or the

internal disturbances of the IPMC such as the imbalanced

charge density, the RH, the absorbed current and voltage,

etc which can change the structure and parameters of math-

ematical IMPC model when the IPMC is applied to work in

changing environments or harsh environments. Therefore, in

this paper we expect to model IPMC with all its nonlinear

capabilities by adding disturbance factors from outside com-

ing into the IPMC based on the linear model of the IPMC

created by other authors. Based on this, the model of the

IPMC in [21] can be rewritten as follows:

G(s) =
d2a3s3 + a2s3 + a1s+ a0

b4s4 + b3s3 + b2s2 + b1s+ b0
=

c0

s2 + d1 + d0
+

q1s+ q0

s2 + k1s+ k0
(1)

Where a3, a2, a1, a0 and b4, b3, b2, b1, b0 are known as

follows: a3 ∈ [1.207, 7.208], a2 ∈ [1906, 2299], a1 ∈ [2.04e+
5, 9.816e + 5], a0 ∈ [4.32e + 5, 1.355e + 7], b4 = 1, b3 ∈
[22.66, 500.3], b2 ∈ [2.068e+5, 6.805e+5], b1 ∈ [1.932e+
6, 1.602e+7], and b0 ∈ [5.109e+5, 3.266e+7]. Hence, we

can easily find out parameters c0, d2, d1, d0, q1, q0, k1, k0.

We suppose that G0(s) is the transfer function of the IPMC

with no disturbance (the ideal model) and demonstrates the

Fig. 3. The model of the IPMC with disturbance du(s).

dynamics of viscoelastic beam in the polymer layer of the

IPMC, and assume that G(s) and G0(s) are related by [34]:

G(s) = G0(s)+ ∆(s) (2)

Where ∆(s) is an additive plant perturbation or uncertainty to

demonstrate the electrodynamic of two electrode layers which

contain the nonlinear factor such as the effect of distributed

surface resistance, the imbalanced charge density, and the

absorbed current, etc. From (1) and (2), we have:

G0(s) =
c0

d2s2 + d1 + d0
(3)

∆(s) =
q1s+ q0

s2 + k1s+ k0
(4)

Here G0(s) is called the linear approximate model to cover

the principle characteristics [33].

In [33] the nonlinear characteristics of the IPMC were

identified by the Hammerstein model, or we also do that

with other models such as Wiener model, NARMAX model,

etc. Based on these results, we clearly see that the IPMC

is a nonlinear object. Therefore, we must build its model

by considering nonlinear characteristics to achieve an appro-

priate model in large range. To demonstrate the nonlinear

factors of the IPMC we can build a nonlinear model for

the IPMC by adding the external disturbance into ∆(s) as

Figure 4. This figure shows a nonlinear IPMC model with

an external disturbance affecting the IPMC where du(s) is

a bounded random disturbance. It demonstrates the internal

nonlinear factors of the IPMC such as the asymmetric charge

distribution, the RH factor, the electrochemical response and

mechanical response, and the nonlinearity of the absorbed

current, etc, and also the external disturbances such as the

very high or very low temperatures of the working environ-

ments of the IPMC. Therefore, we obtain the mathematical

nonlinear model for the IPMC to be:

Yp(s) = [G0(s)+ ∆(s)]Up(s)+ ∆(s)du(s) (5)

Where Yp(s) is the position response, and Up(s) is the

control voltage applied to the IPMC. Hence, with this non-

linear IPMC model when the disturbance du(s) is applied to

it, all parameters q1, q0, k1, k0, and structure of ∆(s) will

be changed. Now, our mission is to design a robust adaptive

controller to reduce the impact of disturbances and ensure

that the position response of the IPMC is stable and robust

in the presence of changed parameter and structure.
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Fig. 4. The adaptive robust control scheme with leakage modification for controlling the IPMC’s position.

III. DESIGN OF CONTROLLER

In the last decade, many control methods have been

applied to design a controller for the linear model of the

IPMC, such as the feedback control method [26], the digital

lead-lag compensators [20], [23], [16], PID (Proportional-

Integral-Derivative) [22], PID with LQR (Linear-Quadratic-

Regulator) [21], MRAC (Model Reference Adaptive Control)

with a genetic algorithm [24], Anti-windup scheme [35],

Adaptive intelligent control [27], H-infinity control to deal

with uncertanties [36], Robust adaptive control to deal with

Conjugated Polymer Actuators [37], and Fuzzy control [25].

The results of the tracking error, the overshoot, and the

eliminated steady state of these control methods are satis-

fying. However, there are a few nonlinear controllers for the

nonlinear models of the IPMC. To control a nonlinear object

as IPMC, adaptation of controller is desirable for it because

its actuation behaviors can vary remarkable over time. There

are various adaptive and robust controllers can be designed

[34] and [38]. Therefore, in this paper, we first build the

nonlinear model, and then apply a control method called the

robust adaptive control with leakage modification to control

its position.

The control scheme is shown in Figure 5 disigned for the

given model of IPMC in (7). This control scheme contains

six blocks. The saturation block with the goal limits output

voltage of the controller in the range from -3V to 3V for

protecting the IPMC. The filter Ω synthesizes and filters

the output feedback signal Yp and the control signal Up.

The Epsilon block is normalized to create the smallest error

between the parameter vector Yp and the online estimated

parameter vector θp . The robust adaptive control law with

leakage modification block creates the adaptive law based on

receiving the signals Up and ε to estimate parameters for the

controller. The controller combines Ω vector and θ vector

to generate a control voltage to control the position of the

IPMC.

A. Signal Filter

The goal of the filter is to avoid the presence of derivatives

of signals in the parametric model. Hence, we design vector

Ω as a filter to process signals Up and Yp before they come

to the controller.

Ω = [ω1, ω2, ω3, ω4] = [
1

Λ1(s)
Up(s),

1

Λ1(s)
Yp(s), Yp(s), r(s)]

(6)

where r(s) is a reference input, and Λ1(s) is a filter.

Λ1(s) = λ1s+ 1 (7)

Here constant λ1 > 0, and by substituting Λ1(s) from (7) into

(6), we get

Ω = [
1

λ1s+ 1
Up(s),

1

λ1s+ 1
Yp(s), Yp(s), r(s)] (8)

B. Normalized Estimation Error

We have to use the normalized signal in the normalized

estimation error block to ensure that the estimation error ε(s)
goes to zero as soon as possible, and it is designed as follows:

ε(s) =
1

m2(s)
(z(s)− ẑ(s)) (9)

Where m(s) is the dynamic normalized signal computed as

m2(s) = 1+ n2(s) (10)

n2(s) =

∫

(U2
p(s)+Y 2

p (s)+ δ0)ds (11)

Here δ0 is positive constant. Substitute (11) into (12) we

have

m2(s) = 1+

∫

(U2
p(s)+Y2

p (s)+ δ0)ds (12)

The parametric model z(s) is designed as follows:

z(s) =
s2

Λ2(s)
Yp(s) (13)
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The estimation of parametric model ẑ(s) is established as

follows:

ẑ(s) = Φθ
T
p (14)

here vectors θp and Φ are designed as

θp = [q̂1, q̂0, k̂1, k̂0] (15)

Φ = [−
d

ds
(

Yp(s)

Λ2(s)
), −

Yp(s)

Λ2(s)
,

d

ds
(
Up(s)

Λ2(s)
),

Up(s)

Λ2(s)
] (16)

where Λ2(s) is a filter to avoid a direct differentiation of

signals.

Λ2(s) = λ2s2 + λ3s+ 1 (17)

here constants λ2 > 0 and λ3 > 0.

C. Robust Adaptive Law with Leakage Modification

In this paper leakage modifiacation is applied to obtain

a robust mechanism for the controller. From the nonlinear

model of IPMC in (5), and expressions of parameters in (3,

and 4), and from knowledge of only parameters of ∆(s) which

are changed when the disturbance is added in it as shown in

Figure 4. Hence we need update positive parameters q 0, q1,

k0, and k1 of ∆(s) by design the estimation vector θ p as shown

in (15). In addition, these parameters are bounded by a small

constant M1 > 0 and an upper bound M2 > 0. These constants

are chosen based on the given parameters of IPMC in (1).

Therefore the leakage modification is designed as follows:

dθpi
(t)

dt
=











0 i f |θpi
(t)| < M1

σ0(
|θpi

(t)|

M1
−1) i f M1 ≤ |θpi

(t)| ≤ M2

σ0 i f |θpi
(t)| ≥ M2

(18)

where σ0 > 0 is the design constant.

D. Robust Adaptive Controller (RAC)

The main task of the controller is to control the IPMC’s

position precisely, and ensure that the displacement responses

closely follow the reference. In addition, these responses must

be stable and robust in the presence of any random distur-

bance in a certain range. Hence, the controller is designed

by combining the Omega vector which receives the output

feedback position response and reference response and the

theta vector which is updated online by a robust adaptive

law with leakage modification algorithm. This controller

generates the control voltage law as

Up(s) = ΩθT (19)

Where θ = [θ1, θ2, θ3, θ4] = [0, 0, θ3, θ4] with θ3 =
−θ2

p3
/2θ2

p2
and θ4 = θ2

p4
/2θ2

p1
, and Ω is computed as (6).

Hence we obtain the control law as follows:

Up(s) = −
θ2

p3

2θ2
p2

Yp(s)+
θ2

p4

2θ2
p1

r(s) (20)

IV. SIMULATION RESULTS

In this section we check the output position response y p,

the average tracking error et between simulated position re-

sponse and reference response, and the normalized estimation

error ε(t) . The average tracking error:

et =

∫ t+T
t |r(t)− yp(t)|dt

∫ t+T
t |r(t)|dt

(21)

Parameters used in this simulation are specified as follows:

λ1 = λ2 = 1, λ3 = 2, δ0 = 1, σ0 = 0.2, M1 = 0.02, and

M1 = 108. To demonstrate the disturbances inside the IPMC

or from outside affected to the IPMC, we use the Band-

Limited White Noise block in Matlab/Simulink software

to generate normally distributed the random numbers. The

parameters of this block are randomly chosen in bounded

ranges with the power of noise equal to 0.1, sample time

equal to 0.1, and seed equal to [2 3 3 4 1]. In addition,

another disturbance is also added in this simulation. This is

the random number disturbance block. This block generates

a normally (Gaussian) distributed random signal which is

repeatable for a given seed. Also, the parameters of this block

are randomly chosen in bounded ranges with mean equal to

zero, variance equal to 1.5, initial seed equal to 0.5, and

sample time equal to 0.4. These disturbances are put in the

IPMC model block as shown in Figure 5. The simulation

results in the presence of white noises are shown in Figure

6. All the simulated displacement responses are very close

to reference responses with the average tracking error e t less

than 10%, and the normalized estimation error go to zero

with the average time of 4 seconds.

In addition, the simulation results in the presence of

random number disturbance are shown in Figure 7. Also,

all simulated displacement responses are very close to the

reference with the average tracking error e t less than 7%, and

the normalized estimation error goes to zero in 4 seconds on

average. Although we have changed the shape of reference

responses such as the sine wave response and the other step

responses, and the different disturbance types, the simulated

position responses of the IPMC still closely follow the

reference and are stable.

V. CONCLUSION AND FUTURE WORK

In this paper we propose a nonlinear model of the IPMC by

adding the random disturbances which are bounded in a cer-

tain range, and apply the robust adaptive control method with

leakage modification to control the position of the IPMC.

The simulation results show that the average tracking error

et is less than 10%, and the overshoot and the steady state

are both eliminated. In addition, the normalized estimation

error for robust adaptive block goes to zero very fast within

4 seconds. We have tested with different disturbances, and

we obtain the similar results. Hence, we can conclude that

the robust adaptive controller with leakage modification is
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the stable and robust controller for controlling the position

of the IPMC. In future work, we expect to implement this

control method to check the actual displacement responses

of the IPMC in considering the actual noises affecting on it.

ACKNOWLEDGEMENT

We would like to thank the Vietnamese Government, and

specially thank to the MOET (Ministry of Education and

Training), who supported us to implement this project.

REFERENCES

[1] M. Shahinpoor and K. J. Kim. Ionic polymer-metal composites: I.
Fundamentals. Smart Materials and Structures, 10:819–833, 2001.

[2] K. J. Kim and M. Shahinpoor. Ionic polymer-metal composites: II.
Manufacturing techniques. Smart Material and Structures, 12:65–79,
2003.

[3] S. Nemat-Nasser and J. Li. Electromechanical response of ionic
polymer metal composites. Journal of Applied Physics, 87(7):3321–
3331, 2000.

[4] J. K. Kim and M. Shahinpoor. A novel method of manufacturing three-
dimensional ionic polymer-metal composites (IPMCS) biomimetic
sensors, actuators and artificial muscles. Polymer, 43(3):797–802,
2002.

[5] M. Shahinpoor. Conceptual design, kinematics and dynamics of
swimming robotic structures using ionic polymeric gel muscles. Smart

Material and Structures, 1(1):91–94, May, 1992.

[6] Y. Nakabo, T. Mukai, and Asaka. Propulsion model of snake-like
swimming artificial muscles. Proceedings of IEEE International
Conference on Robotics and Biomimetics, June 29-July 03, 2005.

[7] M. Shahinpoor and K. J. Kim. Ionic polymer-metal composites: IV.
Industrial and medical applications. Smart Material and Structures,
14:197–214, 2005.

[8] M. Mojarrad and M. Shahinpoor. Biomimetic robot propulsion using
polymeric artificial muscles. Proceedings of the IEEE Conference on
Robotics and Automation, pages 2152–2157, 1997.

[9] S. Guo, T. Fukuda, , and K. Asaka. A new type of fish-like underwater
microrobot. IEEE/ASME Transactions on Mechatronics, 8(1):136–141,
2003.

[10] B. Kim, D.-H. Kim, J. Jung, and J.-O. Park. A biomimetic undulatory
tadpole robot using ionic polymer-metal composite actuators. Smart

Materials and Structures, 14:1579–1585, 2005.

[11] G. Laurent and E. Piat. Efficiency of swimming microrobots using
ionic polymer metal composite actuators. Proceedings of the IEEE

Conference on Robotics and Automation, pages 3914–3919, 2001.

[12] M. Otis, R. Bernier, Y. Pasco, and et al. Development of an hexapod
biomicrorobot with Nafion-Pt IPMC microlegs. Proceedings of the

25th Annual International Conference of the IEEE EMBS, Sep 17-21,
2003.

[13] X. Tan, D. Kim, and et al. An autonomous robotic fish for mobile
sensing. Proceedings of the 2006 IEEE/RSF, International Conference

on Intelligent and System, pages 5424–5429, October 9-15, 2006.

[14] S. G. Lee, H. C. Park, S. D. Pandita, and Y. Yoo. Performance
improvement of IPMC (ionic polymer metal composites) for flapping
actuator. International Journal of Control, Automation, and Systems,
4:748–755, December, 2006.

[15] S. Nemat-Nasser and C. Thomas. Ionic polymer-metal compos-
ite (IPMC) in Electroactive Polymer (EAP) Actuators as Artificial
Muscles-Reality, Potential and Challenges, Y. Bar-Cohen, Ed.
Bellingham, WA:. SPIE, pages 139–191, 2001.

[16] N. Bhat and W. J. Kim. Modeling and precision control of ionic
polymer metal composites. Master’s thesis, Master’s Thesis, Texsas A
& M University, August, 2003.

[17] http://www.acuitylaser.com/AR200/index.shtml.

[18] C. Bonomo, L. Fortuna, P. Giannone, S. Graziani, and D. Mazza. A
circuit to model an ionic polymer metal composite as actuator. IEEE

ISCAS, pages 864–867, 2004.

Fig. 5. a) The simulated displacement response Yp (green color), and the
sine wave reference r (red color) in the presence of disturbance du (blue
color) applied to the IPMC. b) The control voltage law of controller after
the saturation block. c) The normalized estimation error goes to zero after
3 seconds. d) The displacement error between Yp and r.

1787



Fig. 6. a) The simulated displacement response Yp (red color), and other
step reference r (green color) in the presence of disturbance du (blue color)
applied to the IPMC. b) The control voltage law of controller after the
saturation block. c) The normalized estimation error goes to zero after 5
seconds. d) The displacement error between Yp and r.

[19] C. Bonomo, L. Fortuna, P. Giannone, S. Graziani, and D. Mazza. A
model for ionic polymer metal composites as sensors. Smart Materials

and Structures, 15:749–758, 2006.
[20] N. Bhat and W. J. Kim. Precision force and position control of an

ionic polymer metal composite. Proc. Instn Mech. Engrs, Part I: J.
Systems and Control Engineering, 218(I6):421–432, September, 2004.

[21] K. Yun and W. J. Kim. System identification and microposition control
of ionic polymer metal composite for three finger gripper manipulation.
Pro. IMechE, JSCE215, 220:539–551, 2006.

[22] R. C. Richardson, M. C. Levesley, M. D. Brown, J. A. Hawkes,
K. Watterson, and P. G. Walker. Control of ionic polymer metal
composites. IEEE/ASME Trans. on mechatronics, 8(2):245–253, June
2003.

[23] N. Bhat and W. J. Kim. Precision position control of ionic polymer
metal composite. Proceedings of the 2004 American Control Confer-
ence, June 30-July 2, 2004.

[24] B. C. Lavu, M. P. Schoen, and A. Mahajan. A genetic algorithm
approach for model reference adaptive control of ionic polymer-metal
composites. Proceedings of the 2004 American Control Conference,
Jun 30-July 2, 2004.

[25] H. Khadivi, B. S. Aghazadeh, and C. Lucas. Fuzzy control of
ionic polymer metal composites. Proceedings of the 29th Annual
International Conferenc of the IEEE EMBS, August 23-26, 2007.

[26] K. Mallavarapu, K. M. Newbury, and D. J. Leo. Feedback control
of the bending response of ionic polymer-metal composite actuators.
Proc. SPIE Conf. Electroactive Polymer Actuators and Devices, 5–
8:301–310, March, 2001.

[27] B. C. Lavu, M. P. Schoen, and A. Mahajan. Adaptive intelligent control
of ionic polymer-metal composites. Smart Material and Structures,
14:466–474, 2005.

[28] D. Kim and K. J. Kim. Experimental investigation on electrochemical
properties of ionic polymer metal composite. Journal of Intelligent

Material Systems and Structures, 17, May, 2006.
[29] C. Bonomo, L. Fortuna, P. Giannone, S. Graziani, and D. Mazza.

A nonlinear model for ionic polymer metal composites as actuators.
Smart Materials and Structures, 16:1–12, 2007.

[30] M. Shahinpoor and K. J. Kim. Ionic polymer-metal composites: III.
Modeling and simulation as biomimetic sensors, actuators, transducers,
and artificial muscles. Smart Material and Structures, 13:1362–1388,
2004.

[31] X. Bao, Y. Bar-Cohen, and S. Lih. Measurements and macro models of
ionomeric polymer-metal composites (ipmc). Proc.of the SPIE Smart

Structures and Materials Symposium, EAPAD Conference, March 18-
21, 2002.

[32] P. J. Branco and J. A. Dente. Derivation of a continuum model and
its electric equivalent-circuit representation for ionic polymer-metal
composite (IPMC) electromechanics. Smart Material and Structures,
15:378–392, 2006.

[33] Y. Kaneda, N. Kamamichi, M. Yamakita, K. Asaka, and Z. W. Luo.
Control of linear artificial muscle actuator using ipmc. Proc. SICE

Annual Conf, pages 1650–1655, August 4-6, 2003.
[34] P. A. Ioannou and J. Sun. Robust Adaptive Control. Prentice Hall,

1996.
[35] K. Yun and W. J. Kim. Microscale position control an electroactive

polymer using an anti-windup scheme. Smart Material and Structures,
15:924–930, 2006.

[36] Z.Chen and Z. Tan. A control-oriented, physics-based model for ionic
polymer-metal composite actuators. Proceedings of the 46th IEEE
conference on decision and control, pages 590–595, 2007.

[37] Y. Fang and X. Tan. Robust adaptive control of conjugated polymer
actuators. IEEE transactions on control systems technology, 16(4):600–
612, 2008.

[38] R. Y. Ruan, C. L. Yang, Z. M. Wang, and Y. Z. Li. Robust adaptive
output feedback-control for a class of nonlinear systems with general
uncertainties. International Journal of System Science, 37(4):207–224,
March 15, 2006.

1788


