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A Study on the Control of an IPMC Actuator Using an Adaptive 
Fuzzy Algorithm 

Sin-Jong Oh, Hunmo Kim* 
School o f  Mechanical Engineering, Sungkyunkwan University, 

Chunchun-dong Jangan-Gu Suwon 440- 746, Korea 

The Ionic Polymer Metal Composite (IPMC) is one of the electroactive polymers (EAP) that 

was shown to have potential application as an actuator, it bends by applying a low voltage 

current (1--3 V) to its surfaces when containing water. In this paper, the basic characteristics 

and the static & dynamic modeling of IPMC is discussed. In modeling and analysis, the 

equations of motion, which describe the total dynamics of the system, are driven. To control the 

position of the IPMC actuator, an adaptive fuzzy algorithm is used. IPMC is a time varying 

system because the some parameters vary with the passage of time. In this paper, the modeling 

and control of IPMC is introduced. 
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I. Introduction 

Research on EAP applications has progressed 

over the last few years. IPMC among various 

EAPs have many advantages. IPMC can be driv- 

en at low voltage ( l~3vo l t ) ,  can be miniaturized 

easily, and is made of flexible material. Therefore, 

many studies about the possibility of utilization 

are under way. For example, IPMC was applied 

to an active catheter system (Guo et al., 1995), a 

distributed actuation device (Tadokoro et al., 

1998), an underwater robot (Guo et al., 1998), a 

micropump (Guo et al., 1999), micro manipula- 

tors (Tadokoro et al., 1999), a face-type actuator 

(Tadokoro et al., 1999), and a wiper of an 

asteroid rover (Bar-Cohen et al., 2000). 1PMC 

was especially utilized in the endoscopic micro- 

capsule studied by the author together with elec- 

trostrictive polymer (EP) (Kornbluh et al., 2000; 

Zhenyl et al., 1994 ; Heydt et al., 1998), because it 
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is good for the human body. 

We will develop the cilium of a micro en- 

doscope, which can play a role in shifting dir- 

ections. Fig. 1 shows the IPMC cilium of a micro 

endoscope. The dimension of a saw-toothed 

IPMC is 2 . 5 m m X 2 m m X 0 . 2 m m  in Fig. 1. As 

the saw-toothed IPMC located at the end of an 

actuator bends backward and forward, the sys- 

tem changes directions. To apply IPMC to many 

actuators, a system model must be established. 

Ordinary industrial products are designed using 

models and CAE, by which design efficiency 

becomes much higher than the methodology as a 

result of experiments, and trial and error. It is 

really difficult in a practical sense to use mec- 

hanisms and materials that do not have appro- 

priate models for CAE, even if they have many 

Fig. 1 IPMC actuator 
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advantages. Up till now mathematical modeling 

has closely studied by a few researchers.(Kanno 

et al., 1996; Tadokoro et al., 2000a, 2000b) But 

the general characteristics and the non-linearity 

of |PMC have not been carried out accurately. In 

this paper, the static modeling of the IPMC is 

performed through some experiments. 

The relations between voltage and displace- 

ment are derived from experimentation. The dy- 

namic modeling based on the static modeling of 

the IPMC is performed using Lagrange's equa- 

tion, but this model is not enough to express the 

nonlinearity of the IPMC actuator because it is 

not completely developed in terms of the inner 

physical characteristics of IPMC. Also, this mo- 

del is assumed to be the time invariant system 

with time constant parameters. A fuzzy control 

algorithm is only suitable for simulation, so 

finally the controller consists of an adaptive fuzzy 

algorithm with reference model. It is for this 

reason that we need a way to automatically tune 

the fuzzy controller so that it can adapt to differ- 

ent plant conditions. 

2. General Characterist ics of IPMC 

2.1 Principle of operation 
The general IPMC is composed of a per- 

fluorinated ion exchange membrane, which is 

chemically plated with a metal such as gold 

(Yoshiko et al., 1998) or platinum. The typical 

chemical structure of a polymer is 

[- (CF2-CFz)~- (CF-CF2) -] m 

l 
O-CF-CF2-O-CF2-SO3-......M + 

r 
CF~ 

where n~6.5 ,  100<m<1000,  and M +  is the 

counter ion ( H + ,  L i +  or N a + ) .  The mechanism 

for electrical actuation is considered due to elec- 

tro-osmotic pressure (Okade et al., 1998). When 

a certain voltage is applied to a normal elec- 

trolyte, cations and anions that migrate in oppo- 

site directions with there being both ion-dipole 

interaction and momentum transfer can carry no 

net momentum transfer to the solvent. In Nation, 

the SO3- group is fixed to the matrix while the 

counter-ion (cation) is free to move. When vol- 

tage is applied to the hydrated sample, the counter- 

ion will migrate to the cathode and simulta- 

neously push water to this side. As a result. IPMC 

swells and expands at the cathode. A concentra- 

tion gradient in water will be induced and back- 

diffusion may be responsible for the observed 

relaxation of the membrane. It has measured the 

water transference coefficient for a variety of 

cations in Nation. 

2.2 Distinguished characteristics 
IPMC have the following characteristics that 

are distinguished from actuators 

• The driving voltage is low (1.0~2.5V) 

• Its response frequency is high ( >  100 Hz) 

• It is a soft material (E---2.2 × 10 s Pa) 

• Miniaturization is possible ( < l  mm) 

• Durability is high ( > I × l06 bending cycles) 

• The force generated is small, so excessive force 

cannot be applied (0.8 gl at the tip of a can- 

tilever-shaped actuator (5 mm x 25 mm ×0.2 

mm)) at 3 V 

• It moves when it contains water (in a wet 

condition). 

• It is not a force-type actuator, but a position- 

type actuator. 

• Its distributed actuator function realizes actua- 

tion with multiple degrees of freedom. 

3. Static Modeling 

3.1 Basic experiment 
In the meantime, there has been a lot of work 

phenomena, in which bending motion phenome- 

non appears when electric force is supplied. 

Although a relative equation was derived through 

analyzing the driving principle of IPMC mec- 

hanical, electrical, and chemical aspects, all the 

properties of the IPMC were not expressed. 

(Kanno et al., 1994) System Identification (SI) is 

accomplished by input and output values before 

deriving the general equation inside the material 

in this paper. 

Fig. 2 shows the experimental setup for mea- 

surement of displacement and force. Fig. 3 shows 
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(a) 

Fig. 2 

(b) 

(a) The measurement device set for displace- 
ment and force of IPMC (b) Experimental 
setup 
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Fig. 3 IPMC (5 mm x20 mm x0.2 mm) between 
copper electrodes for experiment 

IPMC specimen ( 5 m m × 2 0 m m X 0 . 2 m m )  dou- 
ble coated with platinum fixed between copper 

electrodes lbr the experiment• After each point 

((~), (~), (~), (~)) of  the specimen is marked with a 

white pen, its displacement for change of  input 

voltage is measured using a laser displacement 
s e n s o r .  
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(b) 
Displacement of each point of IPMC with 
respect to input voltage 

Displacement values at each point in the IPMC 

as in Fig. 4, when various input voltages (I.5 Hz 

frequency) are supplied• If a point is far from the 

copper electrode, displacement is larger• In other 

words, it has been discovered that the bending of 

an edge of IPMC is the largest. 

3.2 Relation between force and displace- 

ment 

This experiment is repeated as the voltage chan- 

ges, and the equation expressing the relation be- 

tween supplied voltage and maximum deflection 

(displacement), (I) is derived. 

9.4 
&'x=12525 XL (I) 

×(-0.0016 V(t)s+0.69] V(t)%o.611V(t)) 

The relation between a force and displacement is 

obtained from Fig 4. 

Po (L_x)5_P2~ LS(L_x) E I .  W ( x )  = 120L 
(2) 

+~0 L4 
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By substituting amx in (1) into W(x) in (2), P0 

is obtained as 

po = 3 ~ I .  8rex (3) 

Using (3), the assumed force applied IPMC is 

derived as 

i o _  
P(x) = - ~ -  ( x - L )  

30EI 
- L ~ "  8max(x-L) 

(4) 
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4. Dynamic Modeling lO'a 

4.1 Assumpt ion  

IPMC is a time varying system because the 

parameters involved in its dynamic equations, 

such as a density and Young's modulus, vary with 

time. IPMC works normally in a wet condition as 

previously stated. Fig. 5 shows the variation of 

the water content of  IPMC with respect to time. 

Equation (5) is based on this result. 

# ( t )  = 2 . 4 4 ×  10 -3. (0.857+0.143.e -°'°°°ast) (5) 

Young's modulus is also derived from the water 

content and equation is represent as (Grot et al., 

1972) 

E/E°=exp[-a(c-+1200-Meq)]20 (6) 

E0=0.275 GPa, a=0.294,  

c=grams of water per lO0 g of dry polymer 
M e q = l l 0 0  for Nation l l 7  

Equation (6) is transformed into time equation as 

follows " 

E (t) =0.275" e -O'°2s~xtls'sr'e ......... +S) 

× 109 (g/mm2) (7) 

From (6) and (7) new variable, H ( t )  is ob- 

tained as : 

E(t) 
H(t)  - 

o(t) (8) 
0.275' e -°'°2°4×<tS"~7.e- . . . . . . .  +s~ × 10 9 (g/ram 2) 

2.44 × l0 -3. (0.857 +0.143. e -°'°°°3st) 

Fig. 6 shows the equation H(t) .  Equation (8) is 
iinearized as follows: 
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Fig. 6 
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Linear approximate of E(t)/p(t) with re- 
spect time 

H(t)=(O.O128t+59.637) ×10 g (9) 

In this paper, the gradient of  H (t) is regarded as 

zero in a short period. And it is assumed that the 

water is supplied during IPMC actuation. And 

because density and Young's modulus hardly 

change over a short time, density and Young's 

IPMC modulus is regarded as constant and the 
system is time invariant as a result. 

4.2 Equat ions  of  mot ion  

Fig. 7 shows the simplified model considered in 

this study. To obtain the equations of  motion, 

Lagrange's equation (Robert 1998) is used. From 

Fig. 7, the kinetic energy, T and the potential 

energy, Vare  represented, respectively as 

l L 
T = - f  f ° pA W2dx (10) 

1 L 
V = T f  ° EI(W")2dx ( l l )  

where p is the mass per unit length, A is the cross 

section and EIis the flexural rigidity of  the beam. 
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Fig. 7 

D 

Simplified model of IPMC as applying an 

input voltage 

Because the IPMC is assumed to be the can- 
tilever beam, the boundary conditions are re- 
presented as : 

w(0, t)=0, w'(0, t)=0, 
(12) 

W"(o, t)=0, W"(0, t)=0 

Integration of (11) by parts leads to:  

1 L v = T f  ° E l i  "~W(x' t).]2dx L ax 2 
= [  ~W(x,  t) 82W(x. t) ~ 

Ox Ox 2 
(13) 

~ W ( x ,  t) 
- W(x, t)" ax 3 

L ~W(x,t)Ox, dx] " l E g  + fo W(x,  t)" 

Substitution of (12) into (13) results in the fol- 
lowing : 

v = f o L W ( x ,  t ) .  O*W(x, t) dx (14) 
Ox* 

From (10) and (14) 

1 L 
L= T -  V=Tf.o pA W2dx 

' O4W(x, t) (15) 
I Elfo W(x, tl" dx 2 ~x 4 

where L is a Lagrangian function. To obtain the 
equations of motion, the Lagrange' equation is 
used as follows: 

OL OL 
( ~ ) - ~ w = P ( x )  (16) 

By substituting (15) into (16), equations of 
IPMC are derived as: 

4.3 Moda l  analys i s  

4.3.1 H o m o g e n e o u s  solut ion 

In (17), by letting P ( x ) = O ,  the following 
equation is obtained : 

C=" ~ W ( x ,  t) ~ ~ W ( x ,  t) = 0  (18) 
OX 4 Ol 2 

where c = f -E I  
V p A  

To solve the partial differential equation in 
(18), taking the separation of variables as: 

W(x,  t) = X ( x )  • T( t )  (19) 

where deflection, W(x,  t) is assumed to be relat- 
ed to the function including only x and t respec- 
tively. Substitution of (19) into (18) results in:  

c 2 d4X(x) 1 d 2 T ( t ) - w  2 (20) 
X(x)  dx 4 

Equation (20) 
equations as : 

d4X (t) 
dx 4 

T (t) dt 2 

can be decomposed into two 

~4X(x) =0, 1~= ~-2 (21) 
c 

d2T( t )  
~oJ 2. T ( t )  = 0  (22) dt 2 

where (21) represents the mode shape and (22) 
determines the modal amplitude. Solving the 
differential equation of (21) leads to:  

X.(x) =I (cosh ~.x-cos ~.x) -a.(smh ~.x-sm B.) ] (23) 

where 

sinh f l . L - s i n  f l .L 
a . =  cosh /5 ' .L+cos  B.L (24) 

including the modal damping term, 2~w" T ( t )  
with the modal equation, (22) results in : 

d 2 T (x) d T  (t) 
dt 2 ~2~w. d~+OJZ"  T( t )  = 0  (25) 

Solving (25). the modal amplitude, Tn(t) is 
obtained as : 

T,(t) = e-'~°"t{ c0 c0sCw,(I-~. 2 .t)+c~ sin(w.,/rl-~. 2 't)} (26) 
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By substituting (23) and (26) into (19), the homo- 
geneous solution, Wh(x, t) is obtained as :  

W,(x. t)= ~X.(x) . T.ft) 
~=1 

= Y. [(cosh fl.x-cos B,x)- a, (sinh fl,x-sin/~,x) ] (27) 
n=l 

X bo-t~at{ Co COS ((/)tl l~-~ ~j" t) Ji- Cl Sin ((/)llffT---~t12. it)} 

M (x, O)= W (x, O ) - ~ b ( x ) = - ~ b ( x )  (35) 
(x,  0) = W ( x ,  0) = 0  

In (27) W(x,  t) is displaced with M(x,  l) as :  

M (x. t) = ~t[ (cosh/?,x-cos/~,x) - a, (sinh B,x-sin B,x)] 
(36) 

x e-"~'{ co cos (oJ.¢l--8 z' t) + el Sin(0)l [~f[--~ ' '  t)} 

4.3 .2  P a r t i c u l a r  s o l u t i o n  

Equation (17) is not solved by the separation 
of  variables because of  the P(x)  term. So the 
deflection. W(x. t) is assumed to have a solution 
of  the form : 

W(x,  t ) = M ( x ,  t)+qb(x) (28) 

The substitution of  (28) into (17) leads to :  

34M(x, t) 04¢(x) 
oAM+EI" ax' t ax' - P ( x )  (29) 

0 '¢(x)  
Ox 4 

P(x) = o  (30) 

If  the chosen ~b(x) satisfies (30), the boundary  
conditions in (12) are described as 

W(0,  t ) = M ( 0 ,  t ) + ~ b ( 0 ) = 0  
W'(O, t ) = M ' ( 0 ,  t ) + ¢ ' ( 0 ) = 0  

(31) 
W"(L, t ) = M " ( L ,  t ) + ¢ " ( L ) = 0  
W"(L ,  t ) = M " ( L ,  t ) + ¢ ' ( L ) = 0  

where, if qb(O)=qY(O)=qb"(L)=qb"(L)=O, 
(31) is simply rewritten as:  

W(0,  t ) = M ( O ,  t ) = 0  
W'(0, t ) = M ' ( 0 ,  t ) = 0  

(32) 
W" (L, t) =M" (L, t) = o  
W"(L ,  t ) = M " ( L ,  t ) = o  

Substitution of  (4) into (30) offers: 

o~)(x) _ 30EI 
Ox 4 L s • 8 r e x ( x - L )  (33) 

Solving the differential equation, if(x) is ob- 
tained as : 

¢(x)=El'8~( x5 5x4 5x3 Jr 5xz 
- 4 ~ + 4 L ,  2L 3 ~L2]  (34) 

If the initial velocity and displacement of  IPMC 
is zero, there is W(x,  O) = W(x,  o) = 0  Equation 
(28) is represented as :  

By substituting t = 0  into (36), it is rewritten as : 

M(x. O)= ~. [(cosh B,x-cos B.x)-~,(sinh B,x-sin B,x)] xc0 
n=l 

=-El'd~(- xS + 5x'-Sfl + 5fll (37) 
4L s 4L ~ 2L 3 2L' ] 

To solve (37), the orthogonali ty is used as 
follows : 

i t[ (cosh B.x-cos B,x) -a ,  (sinh B,.x-sin B.x)]'M (x, 0). dx 
(38) 

=c0× (L[ (cosh B.x- cos ~.xl - o.(sinh #.x-sin/~.x) ]2dx 

Solving M ( x ,  o) by the same methods, co and cl 
are obtained as:  

1 
foLg.(x)  "M(x, O)'dx (39) co= O. (x) 

1 foLX,(x) .M(x ,  O).dx (40) c , -  O. (x) 

where 

Q(x) =i t [  (cosh B,x-cos B~x) - a,(sinh B,x-sin Ba) ]'dx (41) 

From (35) c~=0. And Co is rewritten as:  

1 X f t  _ . _ /  xs 5x~ 5x 3 5x 2\ 
c o : ~  I "-151'~xi-~+~-~+~)Xnlx) 'dx(42) 

S.(x) 
l?.ix) 

where 

t X s 5X 4 5fl 5fl 
S,(x)= f .-EI,a.,.(-Tff+TE-Tff+~)X.(x).dx (43) 

From (36) and (42), M(x.  l) is rewritten as:  

M (x. t) = ~ [ (cosh B~x-c0s B~x) - a, (sinh B~x-sin Ba)] 
.= l  (44) 
x[co.e -~0" cos(w, I,/i7- $'.t)] 
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From (28), (34) and (44), the deflection, W ( x ,  t) 

is obtained finally as: 

W (x, t) = ~ [ (c0sh ~,x- cos B,a') - tr, (sinh B,x- sin B,x) ] 
n=l 

X [co.e - '~ '  cos (~,,~"/S---$ z. t)] (45) 

+ EI. S~(  xS 5P 5x ~ 5x 2\ 

5. Adapt ive  F u z z y  Contro l l er  

5.1 Fuzzy model reference learning control 
(FMRLC) 

A control is necessary for shifting the direction 

of  the IPMC actuator. If the common PID control 

method is used as the position control of an 

IPMC actuator, it is difficult to obtain accuracy. 

Because the system modeling derived in the pre- 

vious section provides some assumptions and un- 

certainties. 

Meanwhile fuzzy logic generally does not re- 

quire a perfectly precise system model in the 

design of the controller. (Mamdani,  1974 ; Yager 

and Filev, 1994) Also, a fuzzy control design 

method can be easily applied via human expert's 

knowledge (through many experiments) based on 

a dynamic system established in advance. Because 

the design process for fuzzy controllers that is 

based on the use of  heuristic information from 

human experts has found success in many indus- 

trial applications. In this paper, an adaptive fuzzy 

controller is used. It is for this reason that we 

need a way to automatically tune the fuzzy con- 

troller so that it can adapt to different plant con- 

Fig. 8 Fuzzy model reference learning controller 
(FMRLC) 

ditions (density and Young's modulus in here). 

Fig. 8 shows the diagram of FMRLC.  It has four 

main parts :  the plant, the fuzzy controller to be 

tuned, the reference model, and the learning 

mechanism (an adaptation mechanism). A refer- 

ence model is used with a mathematical model in 

Chapter. 4. 

To make a fuzzy controller, control inputs are 

defined as an error (e) and a change in error (c) 

as follows : 

e ( k T )  = r ( k T )  - y ( k T )  

c ( k T )  = e ( k T )  - e ( k T -  T)  (46) 
T 

T = sampling time 

r (k T)  = reference input 
y (k T)  = measurement input 

And control output (u)  is defined as input vol- 

tage to actuate the IPMC. 

For easy computation, the membership func- 

tions of the linguistic terms for each input vari- 

able is represented to the triangular shape func- 

tions (see Fig. 9). Seven linguistic terms: NB 

(negative big), NM (negative medium), NS 

(negative small), ZE (zero), PS (positive small),  

PM (positive medium), and PB (positive big) are 

defined for input fuzzy variables, as shown in 

. . . . . . . .  i . . . . . . . . . . . . . .  [ . . . . . . . .  T . . . .  

-5 -4 -3 -2 -1 0 t 2 3 4 5 
( a )  

I . . . . . . . . . . . . . . . . . . . . . . . . . .  P M  PB 

-5 -4 -3 -2 -1 0 1 2 3 4 5 
(b) 

Fig. 9 (a) Membership funct ions o f  error a n d  

change in error (b) change in output  (for 

fuzzy model)  
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Table 1 Membership function 

--5 

--4 

--3 

--2 

--1 

0 

I 

2 

3 

4 

5 

NB NM NS ZO PS PM PB 

1.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.5 0.5 0.0 0.0 0.0 0.0 0.0 

0.0 1.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.5 0.5 0.0 0.0 0.0 0.0 

0.0 0.0 1.0 0.5 0.0 0.0 0.0 

0.0 0.0 0.5 1.0 0.5 0.0 0.0 

0.0 0.0 0.0 0.5 1.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.5 0.0 I 0.0 

0.0 0.0 0.0 0.0 0.0 1.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.5 0.5 

0.0 I 0.0 0.0 0.0 0.0 0.0 1.0 
I 

Table 2 Rule base for fuzzy controller 

e• NB NM NS ZO PS PM PB 

NB 0 0 NM NB NM 0 0 

NM 0 0 NS NM NS 0 0 

NS 0 0 ZO NS ZO 0 PM 

ZO NB NM NS ZO PS PM PB 

PS NM 0 ZO PS ZO 0 0 

PM 0 0 PS PM PS 0 0 

PB 0 0 PM PB PM 0 0 

Table  1. A rule-based table for output  variables 

of  the fuzzy logic control  system is shown in 

Table  2. 

The rule base is determined throughout  the 

characteristic experiments of  the IPMC.  It is 

composed of  the form of  ' I f - T H E N '  as:  

IF  ~ is ff~ and  ~ is C T H E N  (¢ is V (47) 

Fuzzif icat ion performs a mapping from a scaled 

crisp input value and the Mamdani  method 

(Robert ,  1998 ; Mamdani ,  1974) is used for fuzzy 

inference : 

ll~(e, c, u)=Min(/z~(e) ,  12c(C), Izu(u)) 
(48) 

/Lu,(u) = M a x - M i n  (/~E (e'),  I~c (c'), t2v (u') ) 

5.2 Learn ing  m e c h a n i s m  

The learning mechanism tunes the rule-base of  

the direct fuzzy control ler  so that the closed loop 

system behaves like the reference model.  These 

Table 3 Fuzzy rule base fuzzy inverse model 

e •  NB NS ZO PS PB 

NB 0 NM NB NM 0 

NS 0 ZO NS ZO PM 

ZO NB NS ZO PS PB 

PS NM ZO PS ZO 0 

PB 0 PM PB PM 0 

1 NB NS ZO PS PB 

-6 -3 0 3 6 
(a) 

-6 -3 0 3 6 

(b) 
Fig. 10 (a) Membership functions of error and 

change in error (b) Membership function of 

change in output (for fuzzy inverse model) 

rule-base modif icat ions are made by observing 

data from the control led process, the reference 

model,  and the fuzzy controller.  This  rule-base  is 

described in Table  3. and membership  function 

for fuzzy inverse model  is depicted in Fig. 10. The  

learning mechanism consists of  two par ts :  a 

"fuzzy inverse model  (Tsoukalas  and Uhrig,  

1997)' and a ' knowledge-base  modifier ' .  

The rule-base for the fuzzy inverse model  

contains rules of  the fo rm:  

IF Ye is Ye ~ and  :9c is Yc t T H E N  1~ is pm (49) 

where Yg and Yc t denote linguistic values an 

d /Sin denotes the linguistic value associated with 

the mth output  fuzzy set. Ye and Yc is represented 

as follows : 
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y , ( k T )  = y m ( k T )  - y ( k T )  

y c ( kT )  = y e ( k T )  - y e ( k T -  T) (50) 
T 

y ,  (k T) = reference model output 

Let bm(kT) denote the center of the mth output 

membership function at time k T .  For all rules in 

the active set, use 

bm(kT) = b = ( k T -  T) + p ( k T )  (51) 

to modify the output membership function cen- 

ters. 

6. Results 

6.1 Simulation 
To verify the dynamic modeling of the IPMC 

actuator performed in Chapter 4, computer sim- 

ulation is executed• 

Fig. 11 shows the displacement of the end point 

of the IPMC (20 mm × 5 mm × 0.2 mm) according 

to the time when various voltages are applied. 

Fig. 12 shows the displacement of the whole 

length of IPMC as time changes (0.5 sec, 1 sec, 

3O 

25 

i 20 

~ 5 

o 

-5 

4 
3.5 

3 
i 2.5 2 

1.5 

1 

0 .5  

0 

-11.5 

Fig. 11 

" 2 . o r  
- !  ii . . . . . . . . . . . . . . . .  , . . . . . .  i : :1 2.5v,  
: " '~ : / . . . . . . .  3 0 V ;  

a . . . . . . .  i 

| 2 3 4 5 6 7 8 10 

t Lme(sec) 

(a) 

F 0 . 5 V ~  

i '. ,~ ~ : 1 . o v _  
, ~A", : ' ' ' /  '~ " ~ ' -  1 . 5 V  I . . . . . .  

t i~ ,e (sec)  

(b) 
Simulation result of IPMC (Displacements 
of the end point of IPMC at different step 
input voltages) 

2 sec, 3 sec) when the same voltage (2 volt) is 

applied. 

We find that the displacement is the largest at 

the early stage (0.5 see). After some oscillations 

are generated the end point of IPMC fixes any 

displacement in Fig. 12. 

Fig. 13 shows the result of the fuzzy controller 

versus no control. 

6.2 Experimentation 
The actuator was set up in a cantilever config- 

uration from a set of electrodes. The tip displace- 

ment was measured by a laser sensor LK-081. 

Voltage to the IPMC was applied through an 

A D / D A  board containing a DC-power supply• 

An adaptive fuzzy algorithm is coded by C-lan-  

guage. 

Fig. 14 shows the experimental measurement of 

the end point of the IPMC for step inputs• The 

measurement result between 0.3 sec and 0.55 sec 

is not obtained because the laser sensor cannot 

7 . ' . . . .  
- - -  t,,O.5 f '  

i : / / i  
1..  "il a 

2~!!2 ' s,~ "~~,;=,~ ........... i: ........ !~ ....... 

length(ram) 

Fig. 12 Simulation result of IPMC (Displacements 
oflPMC with respect to constant time @ 2.0 
volt) 

Fig. 13 

[ - - -  ~qzzy cormLr~ o~J~Ul I 
i - -  m [ 

- -  i 

2 . 6  

0 . 5 1 /  : 

o o15 i , s  a 25  ~ ~5  , 4 5  
tlme(14)¢) 

Simulation control for fuzzy controller 
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Fig. 14 
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{ [--,vo,, 
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t ime (sec )  

Experimental measurement of the end point 
of the IPMC for step inputs 

0.5 1 ' 

0 
0 

Fig. 15 

0.5 1 1.5 2 2.5 3 3.5 4 

f i rm(see) 

Comparison of the results of Experiment 
and simulation at ! Volt (step input) 

1 . . . . . . . . .  

o[ . . . . . . .  ! ' 
0 0.5 1~5 2 2:5 3 3i5 

-1 . . . . . . . . . . . . . . . . . . . . . . . . . . .  
t ime(see) 

Fig. 16 Comparison of the results of Experiment 
and simulation at 2 Volt (step input) 

2.5 

z 
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1 
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Fig. 17 

-V ~/ ' : " ~ / v v : v w  

. . . .  S imula t ion  resu l t  

- - - E x ~ e r i m e n t  resu l t  

. . . . . .  reference 

1.5 2 2.5 3 3.5 

l ime(see) 

Control response 

oscillations decrease at a steady state. 

7. Conclusion 

To control the IPMC actuator, the following 

study was performed: 

(I) The relation of voltage and maximum dis- 

placement was derived from the basic experiment 

of the IPMC. 

(2) The static model of a strip type was fined 

as a base of experimental expression. 

(3) The dynamic modeling was based on the 

static model, derived by using the Lagrange's 

equation. 

(4) The computer simulation verified the mo- 

deling results. 

(5) An adaptive fuzzy algorithm was used for 

position control of the IPMC actuator. And dif- 

ferences between simulations and experimental 

measurement are shown. 

This paper has shown that adaptive fuzzy con- 

trol in IPMC, and the control algorithm was 

suitable for controlling IPMC. 
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