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In this study, we theoretically model and experimentally investigate the electrode electrical
properties and the mechano-electrical properties of the ionic polymer-metal composite (IPMC)
sensor. A physics-based model of the electrode was developed. In addition, based on the
Poisson-Nernst-Planck system of equations, the current in the polymer membrane was modeled.
By combining the physics of the polymer membrane and the electrode, the model of the surface
electrical potential of the IPMC sensor was proposed. Experiments were conducted to test the
electrical characteristics of the electrode and validate the model. The results demonstrate that the
model can well describe the resistance, capacitance, and surface electrical potential of the IPMC
electrode under external oscillation. Based on the model, a parametric study was done to
investigate the impact of the parameters on the IPMC electrode properties. The results show that by
changing the parameters of the electrode, such as the particle diameter, the electrode thickness, and
microstructure, the electrical properties of the electrode can be changed accordingly. The current
method of examining the electrode properties may also be applied to the study of electrodes for

other smart materials. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4876255]

. INTRODUCTION

The study of smart materials has significantly attributed
to the development of underwater sensors and actuators.'~'2
The ionic polymer-metal composite (IPMC) is one of the
promising smart materials used for soft underwater
sensing.'*™'? It is made of an ionic polymer membrane with
chemically plated gold or platinum acting as electrodes on
both sides.?>*' The most interesting characteristics of IPMC
are its softness, lightness, and unique ability to deform under
the presence of an applied electric field, due to ion redistribu-
tion in the polymer membrane. As a result, actuated
biomimetic underwater robots have been widely studied.
Furthermore, the IPMC is capable of generating a detectable
voltage if subjected to a mechanical deformation as a result
of ion distribution in the polymer membrane. This character-
istic allows the application of IPMC as soft sensors in force,
pressure, and displacement measurements.

Many works concerning the actuating performance of
IPMC have been reported. De Gennes et al. presented a
model that describes the effect of an applied electric field on
the spontaneous curvature and an imposed curvature on the
electric field.** Shahinpoor and Kim found that electrode
conductivity has an influence on the transduction behavior of
IPMC.** Nemat-Nasser and Li first proposed a model that
describes mechanoelectrical transduction in relation to the
electrostatic interaction within the polymer.>* The underly-
ing cause of the actuation is explained by the internal stress
induced by the interaction between the ion pairs inside a
cluster. Chen and Tan investigated the electrical dynamics of
the IPMC based on Nemat-Nasser’s work.”> They expanded
the model and added the effect of surface resistance.
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Recently, Porfiri showed that the electrodes do significantly
affect the charge dynamics and hence the actuation perform-
ance of IPMC.?® Pugal er al. developed a physics based
model that couples the currents in the polymer to the electric
current in the continuous electrodes of IPMC.?’

In comparison to the extensive work on the actuating
performance, studies on the IPMC sensing performance have
been limited. As early as 1996, Shahinpoor first discovered
the sensing capabilities of IPMCs.?® The phenomenon of
flexogelectric effect in connection with dynamic sensing of
ionic polymeric gels was discussed. Shahinpoor et al. also
discussed the potential applications of IPMCs as biomimetic
sensors.”’ ! The sensing capabilities of IPMC were investi-
gated, and it was found that IPMCs are highly capacitive at
low frequencies, while they are highly resistive under high
frequency excitations.*> IPMC sensors were also designed to
measure the blood pressure, pulse rate, and rhythm.>
Chemical processes of fabricating IPMCs and IPMC varia-
tions suitable for applications of fuel cells, electrolysis, and
hydrogen sensors were also discussed.>® Farinholt and Leo
developed a charge sensing model of IPMC sensors based on
Nemat-Nasser’s model which indicates that induced stress
will produce a capacitive discharge in the polymer.>
Bonomo et al. conducted a systematic study on the IPMC as
a motion sensor.’® Chen er al. presented a dynamic model
for IPMC sensors which relates a short-circuit sensing
current to an applied deformation.>” Aureli and Porfiri devel-
oped a chemo-electromechanical model for the IPMC in
response to the mechanical deformations. The model is
derived from the Poisson-Nernst-Planck equations and
describes the impact of the voltage field and the counterion
concentration on the IPMC.>® The energy harvester

© 2014 AIP Publishing LLC
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capabilities of the IPMC were also investigated.® Kim ez al.
geometrically modeled the electrode of the IPMC and esti-
mated the impedance properties of the electrode based on the
previously noted parametric studies.*” However, the current
model cannot describe the impedance of the electrode well
due to the limitation of the estimations of the curved electro-
de’s properties. To date, few studies have been done on the
electrical characteristics of the IPMC electrodes.

The goal of this paper is to study the electrical properties
of the IPMC electrode. First, a microstructure model of the
electrode was developed. The model describes the metal
particle arrangement-microstructure in the electrode. The
arrangement of particles used in this model was inspired by
the primary metallic crystal structures (i.e., the face-centered
cubic (FCC), body-centered cubic (BCC), and hexagonal
close packed (HCP) structure).“H14 The model started from
a basic cubic and was expanded to include vacancy defects.
Based on the volume change of the electrode caused by the
IPMC beam bending, the variation of the resistance and
capacitance of the IPMC was obtained. Second, a physical
model of the membrane was proposed based on the Ramo-
Shockley theorem®>*® and was used to calculate the current
in the continuous electrodes of the IPMC. Finally, the elec-
tric potential of the electrodes was obtained by combing the
model of the surface electrode and the polymer membrane.

In addition, experiments were conducted to identify the
model parameters and validate the theoretical model. A scan-
ning electron microscope (SEM) was used to study the
microstructure of the IPMC. An experimental apparatus was
implemented. The resistance, capacitance, and surface poten-
tial of the electrode were measured. Based on the results, the
parameters in the proposed model were identified. The theo-
retical results were compared with the experimental results
to verify the model.

The parametric studies were performed for a compre-
hensive understanding of the electric properties of the IPMC
electrode, and the impact of the parameters on the IPMC
electrode properties was obtained. Different microstructures
of the electrode were also modeled, and the simulation
results were presented. Current model can be extended to the
model to explaining the mechanoelectrical phenomenon of
IPMC. The surface voltage of the IPMC can be used to sense
the deformation. The current study is also beneficial for the
sensing performance of the IPMC by varying the electrical
characteristics of the electrode.

J. Appl. Phys. 115, 194902 (2014)

The rest of this paper is organized as follows: a
physical-based model of the IPMC sensor electrode is devel-
oped in Sec. II; experimental results and comparisons with
the model prediction are presented in Sec. III; discussion on
the electric properties of the IPMC electrode is presented in
Sec. IV; and Sec. V is the conclusion.

Il. MODELING OF IPMC SENSOR ELECTRODE
A. Microstructure model of the electrodes

In this section, we focus on the electrical properties of
the IPMC electrode. The model of the resistance and capaci-
tance was developed. Previous work reported that the coagu-
lation of the platinum atoms is generated through the
electroless plating process.”’! The incipient particles, with
diameters less than 10nm, coagulate during the reduction
process and eventually grow to 50-100nm. It is assumed
that the electrode satisfies the following restrictions: (1) The
coagulated platinum particles are spherical and conserve the
electrical properties of platinum; (2) during the deformation
of the electrode, the distance between the metal particles and
the size of the cube changes accordingly; (3) the electrode of
the IPMC consists of two parts: the metal particles and the
voids between the particles; (4) the upper part of the elec-
trode, which mainly results in the resistance, and the inner
electrode, which results in the capacitance, form the layer of
the electrode.*’ The arrangement of particles in the electro-
des was assumed to have three kinds of structure: the FCC,
the BCC, and the HCP structure. The reason of using unit
cell for defining the particle arrangement is that the imped-
ance of the electrode can be calculated conveniently by inte-
grating the unit cell in the three dimensions along with the
defective cell. In addition, the influence of the deformation
can result in the changing of the cell size. The model of the
electrode, which describes the metal particle arrangement-
microstructure, is developed based on these three structure
forms separately. The vacancy defect was also included in
the model. Figure 1 shows the schematic drawing of the
three forms.

1. Resistance

We assume the tip displacement of the IPMC is much
smaller than its length, and the IPMC is assumed to bend
vertically at the tip denoted by v(f). The length and width

FIG. 1. Three common microstructures of metal: (a) The body-centered cubic; (b) the face-centered cubic; (c) the hexagonal closed packed structure.
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thickness of the IPMC beam is L and W. The thickness of the
membrane and electrode is 24 and h,. See Fig. (2). The
radius of the curved IPMC midline can be expressed as

L
r(t) = —, @))]
@ 7(1)
where 7y is the angle of the curved IPMC and is donated as
v(1)
t t) =—-. 2

Take unit cell of the electrode as an example. The length of
the midline in relative with the cube is assumed as dz. The
angle of the cube is written as

dy(t) = —. 3

The length of the stretched electrode can be expressed as
dL(t) = dy(t)(r(e) + h + h), @)

where / is the position of the cube along the thickness direc-
tion of the electrode. We study the FCC first. Two kinds of
cubes are considered: the normal cube and the cube with a
vacancy defect. The side length of cube, a, and the distance
between the layers, /g, can be denoted as*0

a=+2D, hy= ?D, 5)

where D is the diameter of the particle. Next, we consider
the contact area between the particles. The number of par-
ticles in the electrode can be determined by n = N, - N,, - N,.
N,, N,,, N, are the number of layers in the x, y, z direction and
can be expressed as*’

6h, —D 2V3W —-D
N,:ie, +1, Nwzi—, 1,

2 D 3
N =EZP oy (6)
! lj 9

J. Appl. Phys. 115, 194902 (2014)

D =D+/1 -2,

where f is the contact area ratio.*® The number of the voids
and the size of the void cube in the electrode is

Lh,W _dL() () +h+h
= = . = 7
nli gg k) Sli SU dZ Sli r(t) b ( )
with
. 3V
Sy = )
ny

where V, and g, are the volume of the void and the gaps
between the centers of the voids.*® The resistance of the nor-
mal cube can be expressed as

 ppla—=2s)r(t) + h+h
N a? (1)
20,p,50
prsg + pu(az - 2‘5%)

AR, (1)

r(t)+h+h
r@)

where p,, and p, are the resistivity of the particle and void. In
the current study, the IPMC is hydrated and the void is water.
We assume the particle in the center of the defective cube is
missing, as shown in Fig. 3(a). The resistance of the defec-
tive cube can be expressed as

®)

Cppla—s)r(t)+h+h
& (1)
PpPySo r(t)+h+h
20,58 + p(@®> —2s3)  r(r)

AR (1)

)

Then we integrate the resistance of the cube (see Egs. (8)
and (9)) in the z, y, x direction separately. The reciprocal of
the electrode resistance R(f) can be obtained as follows:

AR.(1) = L(l — P.)AR, (1) %L + L PZARd(t)%L
:i—L(r(t)Jthrﬁ), (10)

FIG. 2. Schematic illustration of IPMC
beam: (a) Dimensions of the IPMC;
(b) IPMC with the bending radius.
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1 JW 1-P, aw
ARy(t)  Jo E(r(t)+h+h)L/a a
JW Py aw
+ G —_—,
O L /() +h+h)Lja ¢
g O+ bt )L fa
J
=, (1D
r(t)+h+h
1 J”f , L=P d_/% J”e P.r(1) d_ﬁ
R(t) Jo r(y+h+nha Jo Gr(t)+h+h)L/W a’
1-P, PXWr(t)> r(t)+h+h
=\J 1 12
< a« " GaL )" r(t)+h (12)
where
F(1-P,) GP,
= =7 + —,
r(1) r(z)
F— ,Op((l - ZSU) zpppusl‘
a2 2ppsg + pv(az - 25%) ’
G — pp(a B Sv) PpPuSv
@ 2p,52 + p,(a* = 252)’
_ (A =P)W  PWr()
=" tTar

where £, is the thickness of the electrode, and P,, P,, P. are

the percentages of the defective cube in the x, y, z direction.

By inverting Eq. (12), the resistance of the electrode is

obtained. The percentage of the vacancy can be expressed as
1

P,==(1-(1

) _Px)(l_Py)(l_PZ))~ (13)

The resistance of the BCC and HCP structure can be calculated
by using a similar method. The side length of cube, a, and the
distance between the layers, /4, of the BCC can be denoted as
23 3
=230 :%D. (14)
The number of layers of the BCC in the x, y, z direction can
be expressed as

3h, —D 3W -D
3Dy, WD
3 D 2 D
s (15)
3L-D
]V? - —E{————j——--% 1.

We assume the particle in each side of the defective cube is
missing. See Fig. 3(b). The resistance of the normal and de-
fective BCC can be expressed as

ppa—2s)r(t) + h+h

ARy (1) = a? r(1)
PpPuSs r()+h+h
o+ o —5D) (0
PpPuSy r(t)+h+h

(16)
2p,52 + p,(a® — 2s2) r(1)

J. Appl. Phys. 115, 194902 (2014)

and

ppl@—so)r(t)+h+h
a? r(1)
PpPuSo r(t)+h+h
@) )

ARd(l‘) =

a7

Then by integrating the resistance of the cube (see Egs. (16)
and (17)) in the z, y, x direction, the resistance of the elec-
trode can be obtained. The side length of the hexagon, a, and
the distance between the layers, &, of the HCP structure can
be denoted as

a=D, hy=0.82D. (18)

The unit cell of the HCP structure can be converted to a
rectangle to simplify. The number of layers of the HCP
structure in the x, y, z direction can be expressed as

he —D 2W—-D
N=123"-"41, N,=-—""+1,
D 3
I_ (19)
N]:—,+1
D

We assume the particles in the center and in the top and bot-
tom side of the defective cube is missing. See Fig. (3). The
resistance of the normal cube and the defective cube of the
HCP structure can be expressed as

2p,(V3a—=25) r(1) + h+ h

AR, (t) =
0 3as, r(1)
30,050 r(t)+h+h 20)
2007+ puGase =250 1(0)
and
ARy (1) = V3p,r(t) +h+h
T B )
\/§pppva r(t)+h+h 21

3ppas, + 3p,(ho — sv) r(t)

Through integrating the resistance of the unit cell (see Eqgs.
(20) and (21)) in the z, y, x direction, the resistance of the
electrode can be obtained.

2. Capacitance

The capacitor was formed in the inner electrode layer of
the IPMC, which was between the electrode layer and the
polymer membrane. Since the particles of the upper elec-
trode layer were connected, the upper layer cannot form a
capacitor.*® The method to calculate the capacitance of the
electrode is the same as that of the resistance. The capaci-
tance of the normal cube of the FCC can be expressed as

_ 3es2r(t) +h+h
Sy (1) ’

AC, (1) (22)
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(a)

J. Appl. Phys. 115, 194902 (2014)

{ Ty

(b) ()

FIG. 3. Vacancy defects in primary metallic microstructures: (a) The body-centered cubic; (b) the face-centered cubic; (c) the hexagonal closed packed

structure.
with

. Vaas,
=25 4= Vg +D),

where ¢ is the dielectric constant and g, is the distance
between the surface of particles. The capacitance of the
defective cube (see Fig. 3(a)) can be expressed as

&§ i()+h+h
5, (1) '

By integrating the capacitance of the electrode cube in the z,
v, x direction, one can obtain the reciprocal of the electrode
capacitance C,(t) as follows:

ACq(1) = (23)

AC,(f) = JL(1 — B)AC,(1) ‘ZL J p.Aac ()

0 a
:Eg(r(t)+h+ﬁ), (24)
AC,(f) = WE(1 —P)(r(t) +h +h)L7dYV
0 a a
LANe Ldw
+L Pym(;<z)+h+h)7 -
=J(r(t) +h+h), (25)

1 _Jﬁf 1-P,  dh Jﬁe P.r(r) dh

b

Ce(t) o J(r(t)+h+h)a GLW/a* a
1—P, Par(t)\, r(t)+h+h
(LB PaarO) r@ thdhe o
Ja GLW (1) + h
with
” _p o) . 2
_Fa P_,)+GPZ7 F:3§st’
(1) (1) Sy
P S, ;j_a —P})ELW+PyGLW
5, 72 a*r(t)

where ﬁe is the thickness of the inner electrode, and
P, Py, P. are the percentages of defective cubes in the x, y,
z direction. By inversing Eq. (26), the expression of the

capacitance of the electrode can be obtained. The percentage
of the vacancy can be expressed as

P

(1= (1=P)(1=P)(1-P)). (@7

l\)l>—‘

The capacitance of the BCC and HCP structure can be calcu-
lated in a similar method. The capacitance of the normal
cube and the defective cube of the BCC can be expressed as

5682 r(t) + h+ h

AC,(1) = A (28)
2¢§ h+h
AC(t) = j 4():?t)+ : (29)
with
V3as, . V3
Sy = zgsv a:?(gp+D)‘

Then by integrating the capacitance of the cube (see Egs.
(28) and (29)) in the z, y, x direction, the capacitance of the
electrode can be obtained. The capacitance of the normal
cube and the defective cube of the HCP structure can be
expressed as

38_§3r(t) +h+h

A1) =Tt (30)
ca’r(f)+h+h
AC(t) = N ) (31
with
a= %g(gp +D).

Through integrating the capacitance of the unit cell (see Eqs.
(30) and (31)) in the z, y, x direction, the capacitance of the
electrode can be obtained.

B. Model of the polymer membrane

The cation migration and diffusion in the polymer back-
bone are calculated using the Nernst-Planck equation*

TE LY LT 9202 |14dv L0
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%_f + V- (=DVC — 2uFCV $) = 0, (32)

where C is the cation concentration, u is the mobility of cati-
ons, D is the diffusion constant, F' is the Faraday constant, Z
is the charge number, and ¢ is the electric potential in the
polymer. As ions cannot move beyond the boundary of the
polymer, a local non-zero charge concentration starts to form
near the surface of the platinum electrodes, which in turn
results in an increase of an electric field in the opposite direc-
tion. This is described with Poisson’s equation

V-E=-V=" (33)
&
where ¢ is the absolute dielectric constant 8 = 0.2 x 107°F/m,

E is the strength of the electric field, and p is the charge den-
sity defined as

p=F(C—Co), (34)

where C, is the constant anion concentration Cy
= 1200 mol/m”. By substituting Eqgs. (33) and (34) into (32),
Eq. (32) can be rewritten as

%—f +V - (=DVC — 2u(VE + FCo)V$) =0.  (35)

Since éVE < FCy,”" Eq. (35) is expressed as

%f £V (=DVC — 2uFCyV ) = 0. (36)

By combing Egs. (33), (34), and (36), one can obtain

@_ 82p f/,LFZC()

a ot

p=0. (37)
Performing a Laplace transform for the time variable of p(x,
z, t), one converts Eq. (37) into the Laplace domain

D?p(x,z,1) . ZUF?C
ox? &

p(x,z,t)s — D plx,z,1) =0. (38)

In particular, it is assumed that the charge density, p(£4, z, s),
at the boundary of x = =/ is proportional to the induced stress
o(*h, z, 5).2* Therefore

o(*h,z,s) = ap(xh,z,s). 39)

Considering the boundary condition p(h, z, s)+ p(—h, z, s)
=0, p(x, L, s) =0 and by solving Eq. (38), one can obtain

p(x,z,5) = 2C(s)(L — z)sinh(A(s)x), (40)
where
A =22
B(s) = @.

By relating a(* 4, z, s) to external stimuli, one can obtain®’

J. Appl. Phys. 115, 194902 (2014)

A 3Yh

Cls) = 20L3W sinh(A(s)h) u(s), “D

where Y is the Young’s modulus of the IPMC beam. Using
Egs. (33), (40), and (41), the expression for the electric field is

(L — z)cosh(A(s)x)

E(x,z,5) = 2C(s) PAD)

+al(z,s), (42)

where a(z, s) is the appropriate functions to be determined
next. The ionic flux in the x direction can be expressed as*®

19p(x,z,s) FCo

flx,z,s) = _D(F&C_E(X’Z7s))’ (43)

where R is the gas constant, and T is the absolute tempera-
ture. Considering the boundary condition as

f(hyz,s) =f(=h,z,s) =0. (44)
Since E(*h, z, s) # 0, by solving Eq. (43), one can obtain

E(x, 2,5) =2€ (s) = Z);:E?)(A(s)x)

+2C(s)(L — z)cosh(A(s)h) <

F2C0 ;‘A(S)
(45)

RTA(s) 1 )

Then the ionic flux is

f(x,z,8) = —2DC(s)(L — z)(cosh(A(s)x)

+ cosh(A(s)h) <f$ - gf‘o(s)> .

(46)

By using Ramo-Shockley theorem, the local current density
at an electrode boundary can be expressed as

‘ B l h/2
j(z,5) = hJ_h/%f(vaas)dX
_ 2DC(SL(L —z) (Smhzif(‘s(;)h) + hcosh(A(S)h))
f{(S) FC
X (F B RT@AO(S)> ' 7

C. Electric potential on the electrodes

To study the electric potential in the electrode, Ohm’s
law for the current density of the electrodes is utilized and is
denoted as?’

OVV = —J. (48)

where ¢ is the electric conductivity and the following equa-
tion is true:

L

p(t) = R (O Wh, (49)

By converting the integration of current density into time do-
main by inversing the Laplace transformation, the electrode
potential of the compressed electrode can be donated as

TE LY LT 9202 |14dv L0



194902-7 Shen, Kim, and Wang

V(t) = — %F’l {L j(z, s)dz}. (50)

lll. EXPERIMENTAL VALIDATION

We studied the electrical properties of the IPMC sensor
electrode. Based on the SEM images, the microstructure of
the IPMC electrode was shown. An experimental apparatus
was developed to test the impedance of the electrodes. The
resistance, capacitance, and surface electric potential of the
IPMC sensor electrode were measured in the system.
Finally, the experimental results were compared with the
simulation results to validate the model.

A. Experimental set up

Six IPMC strips with different electrode thicknesses,
manufactured by Environmental Robots, Inc., were utilized
in the experiments. The SEM was used to study the structure
of the IPMC. Figure 4 shows the cross-sectional images of
the IPMC indicating the platinum content distribution in the
electrode and vicinity. It can be seen that the IPMC was
composed of the upper electrode, the polymer membrane,
and the inner electrode between them. The upper electrode,
where the metal particles are electrically connected, mainly
results in the resistance and cannot form a capacitor. The
inner electrode, where the metal particles are insulated by
Nafion, can build capacitors. In the model, the electrodes are
considered a bulk metal. However, in reality from the SEM
images, it can be seen that the structure is more complicated.
The thickness of the electrode could vary significantly. The
thin electrolessly plated electrodes on a polymer do not result
in a uniform conductivity in each direction at each location,
so the defective cube factor helps to take those effects into
account. With the SEM images, the parameters of the elec-
trode can be measured, which were shown in Table I. To
validate the model, IPMC strips with different electrode
thickness were chosen in the current study.

An illustration of the experimental apparatus is shown
in Fig. 5(a), while Fig. 5(b) shows the actual picture during
the experiment. A crank-slider mechanism was used to
convert the rotational motion generated by a DC motor

Upper electrode

/ Inner electrode

% A
i b . w%ﬁ:’a&{.am
Fe 0 t i 3

- oo “Polymer men%raﬁ‘! .

i

FIG. 4. Cross-sectional SEM images of the IPMC 1.
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(36SYK71, Saegmotor Co., China) into the linear, oscillatory
motion of the slider while sliding on a fixed rail. The slider
was fixed to another slider containing a rail inside vertically
at one end. A nail fixed at the rotating disk slides on the rail
of the slider. The amplitude of the translational motion can
be adjusted by changing the distance from the nail to the
disk center. A motor controller (BDMC4810, Beijing
UPTECH Robotics Co. Ltd, China) was used to monitor the
motor based on the voltage input and the encoder feedback.
By utilizing the Personal Computer (PC) to send the orders
to the motor controller, the oscillation frequency is con-
trolled. The apparatus can provide the periodic excitation
which varies from 0.01 Hz to 2Hz and 2.5mm to 15mm. A
laser sensor (OADM 20U2441/S14C, Baumer, Inc.,
Switzerland) was used to calibrate the apparatus.

The clamp at the end of the slider constrained the free
end of a cantilevered IPMC beam. The tip-bending deforma-
tion of the IPMC beam was correlated with the slider motion.
During the experiments, the contact point between the IPMC
beam and the slider changed slightly. For relatively small os-
cillation amplitude, the contact point was treated as fixed
and near the beam tip. In the experiments, the oscillation am-
plitude, D, was chosen between 5 mm and 15 mm.

A circuit, which connected the two ends at the one side
of the IPMC, was used to test the properties of the IPMC
electrode under the mechanical stimulus. Different circuits
were chosen for the separate measurement of the resistance,
capacitance, and electric potential of the IPMC electrode. A
data recorder (Nicolet Vision XP, LDS Inc., Germany) was
used to record the experimental results, which has 16 sam-
pling channels and a maximum sampling rate of 100 kHz.

B. Resistance

The circuit for measuring the resistance of the IPMC
electrode consisted of a stabilized voltage supply of 2 V and
a 10Q resistor in the series (see Fig. (5)). In our study, the
IPMC oscillated at the frequency of 0.4 Hz, 1 Hz, and 1.6 Hz,
and at the amplitudes of 5mm, 7.5 mm, and 10 mm, respec-
tively. The data recorder was used to record the voltage of
the electrode, V,,, and the voltage of the resistor, V,,. The
current in the electrode is the same as the current in the resis-
tor in the series circuit and can be obtained as

Vrr
Iy =—. 51
10 (51
Then the resistance of the electrode is presented as
Ver 10V,
R, =-<L = e (52)
Ier Vrr

The recorded experimental data was analyzed in a computer
using MATLAB. To validate the model, the parameters need
to be identified. Some are physical constants, such as R and
F. The values can be found in Ref. 27. Some can be meas-
ured directly, such as temperature, dimensions of IPMC. The
others need to be identified through curve-fitting using the
least-square method. In the current study, the microstructure
of the IPMCs’ platinum electrode is face-centered. Based on
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TABLE I. Dimensions of IPMC samples.

J. Appl. Phys. 115, 194902 (2014)

Item IPMC 1 IPMC 2 IPMC 3 IPMC 4 IPMC 5 IPMC 6
Length (mm) 51.89 50.58 34.46 38.54 28.46 42.20
Width (mm) 7.40 8.24 9.62 9.44 9.30 10.84
Thickness (mm) 0.30 0.26 0.27 0.29 0.28 0.30
Upper electrode thickness (um) 10.67 16.85 8.81 11.86 7.53 9.94
Inner electrode thickness (um) 1.28 1.50 1.15 1.33 0.89 1.15

(a) (b)

IPMC jamp

Slider
Data recorder
Nail

Rotating disk

FIG. 5. (a) Schematic illustration of the experimental set up; (b) snapshot of the experimental apparatus.

the least-square error analysis of the experimental results,
the parameters of the model were identified. Figure 6 shows
the comparison between simulation results and experimental
results of the electrode resistance. It can be seen that under
the sinusoidal tip displacement of the IPMC beam, the resist-
ance of the electrode shows a sinusoidal variation. It can be
found that the simulation results of the electrode model
match well with the electrode resistance. Figure 7 shows the
resistance and the resistance change of the IPMC electrodes.
The simulation results and experimental results were com-
pared. It is shown that the model can well describe the resist-
ance of the electrode. It is also noticed that with the
amplitude of the tip displacement increasing, the resistance
change of the electrode increased. Shahinpoor and Kim
reported a novel fabrication process of manufacturing
IPMCs equipped with physically loaded electrodes. Similar
surface resistance results were measured on the IPMCs.*’

18 — Experimental results

—_ - --Simulation results
S

Ny

o

817.5

C

©

k7

3

X 17'

C. Capacitance

To measure the capacitance of the IPMC electrode, an
alternating circuit was proposed. An alternating current (AC)
power supply which has a square signal with a peak voltage
of 2V and frequency of 1000 Hz was utilized. A resistor of
10 Q was in series with the electrode for the measurement of
the current, as shown in Fig. 5. The oscillation frequency
and the amplitude of the IPMC were the same as that of the
resistance measurement. The voltage of the electrode, V.,
and the voltage of the resistor, V,., in the experiments were
measured. The current in the electrode is presented as

Vr'c

oo =—.
10

(53)

Based on the definition of the capacitance, the capacitance of
the electrode can be expressed as

—Experimental results
- --Simulation results
T 4 a4

N
o

=
oo

—_
SN

Resistance (ohm)
>

-
N

FIG. 6. Comparison between the simulation results and experimental results of the electrode resistance: (a) IPMC 2 at an oscillation amplitude of 5mm and a
frequency of 0.4 Hz. (b) IPMC 4 at an oscillation amplitude of 7.5 mm and a frequency of 1.6 Hz.
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FIG. 7. Comparison between the simulation results and experimental results of the electrode: (a) Resistance of IPMCs’ electrode. (b) Resistance change of the

IPMCs’ electrode at different oscillation amplitudes.

1 1/f +4,
—J (Ioe — I,,)dt

1,
c =T = Ll s 4
Ce V. V. (54)

where 7, is a time point when the output voltage of the AC
power supply alternated,f is the frequency of the alternating
circuit, V, is the peak voltage of the electrode in the steady
state, and /, is the current caused by the resistance of the
electrode and is presented as

I, ==, (55)

Apart from the parameters that are physical constants and
can be measured directly, the other parameters need to be
identified based on the experimental results. The least-square
error analysis was performed in the MATLAB, and the
parameters of the model were identified. Figure 8 shows the
comparison between the simulation results and experimental
results of the electrode capacitance. Like the results of the
resistance, it is shown that the capacitance of the electrode
shows a sinusoidal change under the sinusoidal oscillation. A
plausible agreement was achieved between the simulation
results of the electrode model and the electrode resistance,

0.7} —E'xperimenfal results

— - - -Simulation results
L
£
g 0.65}
c
]
C
8 06
©
O

0.55}

and Fig. 9 shows the validation of the model in describing
the capacitance of the IPMC electrode. The simulation
results match well with the experimental results. It is also
found that the capacitance change of the electrode increases
as the tip displacement increases.

D. Surface electrical potential

We measured the surface potential of the IPMC as the
last test. The IPMC beams were under the same mechanical
stimulation as before. Some parameters of the model were
based on previous results such as the resistance parameters.
Some need to be identified such as the polymer membrane
parameters. The surface voltages of the IPMC beams were
measured, and the parameters of the model were identified.
Figure 10 gives the comparison between the simulation
results and experimental results of the electrode at different
conditions. The simulation results and the experimental
results of the surface potential match well. A sinusoidal
change was also tested due to the sinusoidal oscillation of
the IPMC. Figure 11 shows the simulation results and experi-
mental results of the surface electrical potential. It can be
found that the model can well describe the surface electrical
potential of the IPMC beams. The surface electrical potential
also increases with the amplitude of the IPMC increases.

2 . . .
— Experimental results

—_ - --Simulation results
“E- 1.8}
@
8
-9 16'
©
4]
&
S 1.4}

Yo 2 3 4 s

FIG. 8. Comparison between the simulation results and experimental results of the electrode capacitance: (a) IPMC 2 at the oscillation amplitude of 5 mm and
frequency of 0.4 Hz. (b) IPMC 3 at the oscillation amplitude of 7.5 mm and frequency of 1.6 Hz.
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FIG. 9. Comparison between the simulation results and experimental results of the electrode: (a) Capacitance of IPMCs’ electrode. (b) Capacitance change of
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FIG. 10. Comparison between the simulation results and experimental results of the electrode: (a) IPMC 5 at the oscillation amplitude of 5 mm and frequency
of 0.4 Hz; (b) IPMC 3 at the oscillation amplitude of 10 mm and frequency of 1.6 Hz.

0.5f

Voltage (V)
o

x107°

-e-Simulation results

——Experimental results

2

4
Number of IPMC

(a)

-3
x 10
6 .
-e=-Sim. Da=5mm
Z —=—Exp. Da=5mm
8 - e -Sim. Da=7.5mm
3 4t —=—Exp. DE=7.5mm
%. -0=Sim. Da:10mm
é “.. Exp. Da=10mm
(0]
o 2f
]
=
(@]
>
0
0

4
Number of IPMC

(b)

FIG. 11. Comparison between the simulation results and experimental results of the electrode: (a) surface potential of IPMCs’ electrode; (b) surface potential
amplitude of the IPMCs’ electrode at different oscillation amplitude.

IV. DISCUSSION

A. Resistance

Since the dimensions and electrode parameters of the
IPMC samples above were different from each other, the
comparison of their experimental results is unsuitable for

understanding the electrical properties of the IPMC elec-
trode. In this paper, simulations were performed based on
the validated model for the investigation of the electrode.
The dimensions of the model are: length L =22 mm, width
W =7mm, thickness 24 =0.3mm. The thickness of the
upper electrode is 20 um. The others are based on the
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previous experimental results. The simulation results of the
resistance are shown as follows. Based on Fig. 12, the elec-
trode thickness, percent of missing particles, and resistivity
of plated metal have a major effect on the resistance of the
electrode. With Fig. 12(a), we found that as the particle di-
ameter increases, the resistance of the electrode has a rela-
tively low decrease. The electrode resistance decreases as
the electrode thickness increases based on Fig. 12(b). It can
be seen from Fig. 12(c) that the resistance has a rise as the
contact area ratio of the particle increases. The electrode
resistance increases rapidly as the percent of the missing par-
ticles increases with Fig. 12(d). It is also noticed that the
electrode resistance shows a linear rise as the resistivity of

14.3F

14.25¢

Resistance (Ohm)

14.2¢

2 4 6 8 10 12
Particle diameter (m) x 1078
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16.5
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—
2
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o

-
»
(&)}

—
~

0 01 02 03 04
Contract area ratio

(c)

70
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the metal increases from Fig. 12(e). Similar results were
found in Ref. 40.

B. Capacitance

Based on the model developed above, a simulation was
performed to study the capacitance of the electrode. The
thickness of the inner electrode is 1 m. The other parameters
of the model were the same as above. The simulation results
of the capacitance are shown as follows. Based on Fig. 13, it
can be indicated that the electrode thickness, percent of miss-
ing particles, and the gap between particles have major effect
on the capacitance of the inner electrode. From Fig. 13(a), it

N
o

hm)
o

-
o

Resistance (O

[$)]

1 15 2 25 3
Thickness (m) x107°

(b)

)
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N
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FIG. 12. Modeling of electrode resistance versus (a) particle diameter, (b) electrode thickness, (c) particle contract area, (d) percent of missing particles, (e) re-

sistivity of plated metal.

TE LY LT 9202 |14dv L0



J. Appl. Phys. 115, 194902 (2014)

194902-12 Shen, Kim, and Wang
0.8
3
0.6}
©
9]
c
204
3]
®©
g
o 0.2
0

0 02 04 06 08 1
Particle diameter (nm) 447

(a)
0.28

~0.26f

mF

— 0.24}
0.22;
0.2r

Capacitance

0.18f

0.18%52 0.3 0.4 05
Percent of missing particles

()

w

Capacitance (mF)
N

1.
0 2 __ 3 4 5 6
Thickness (m) x10°°
(b)
0.8

©
(2}

.O
(S

Capacitance (mF)
o
N

85 1 15 2
Gap between particles (m) , 4477

(d)

FIG. 13. Modeling of electrode capacitance versus (a) particle diameter; (b) electrode thickness; (c) percent of missing particles; (d) gap between particles.

is found that the capacitance of the electrode increases as the
particle diameter increases. The electrode capacitance
decreases as the inner electrode thickness increases in
Fig. 13(b). Figure 13(c) shows that with the percent of the
missing particles increasing, the electrode capacitance
decreases slowly. It is noticed in Fig. 13(d) that the electrode
capacitance decreases as the gap between particles increases.
Similar results were also shown in Ref. 40.

C. Surface voltage

We performed the simulation of the surface potential
based on the above model. The voltage on the surface of the
electrode of the IPMC sensor is shown in Fig. 14. It can be
found that the electrode thickness, percent of missing
particles, and the resistivity of the plated metal have a major
effect on the surface potential of the electrode. The surface
voltage amplitude has a linear decrease as the particle diame-
ter increases based on Fig. 14(a). In Fig. 14(b), the surface
voltage amplitude rises gently as the thickness of the electrode
increases. It is also found that the surface voltage amplitude
increases rapidly as the contact area ratio and the percent of
missing particles increases based on Figs. 14(c) and 14(d).
Figure 14(e) shows that the surface voltage amplitude rises
linearly as the resistivity of the plated metal increases.

D. Microstructure of the electrode

Finally, we study the influence of the microstructure on
the electrode properties. The parameters for the models are

based on previous work and are the same. Table II shows the
simulation results of the three microstructures. It is shown
that the FCC and HCP structures result in a high electrode
resistance and are close to each other. The BCC shows a low
electrode resistance. When it comes to the capacitance, it is
the reverse situation. The electrode has the highest capaci-
tance at the BCC. It is lower with the FCC and HCP struc-
tures. The results of the surface potential show a similar
situation with the resistance. The surface potential of the
FCC and HCP structures is relatively high and are close to
each other. While the BCC produces a lower surface poten-
tial. By current study, one can change the parameters of the
IPMC electrode during the fabrication process to achieve the
necessary electrode properties.

V. CONCLUSIONS

In this study, we focus on the modeling of IPMC sensor.
A microstructure model of the electrode and a model of the
IPMC surface potential were developed. Experiments were
then performed to validate the model. The theoretical results
and the experimental results show a good agreement. A para-
metric study was done to observe the electrode properties of
the IPMC sensors. The resistance, capacitance, and the
surface potential of the IPMC electrode were presented. The
results show that parameters such as the particle diameter,
the electrode thickness, and the percent of missing particles
have a major influence on the electrical properties of the
IPMC electrode. By changing the parameters, its electrical
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FIG. 14. Modeling of surface potential amplitude versus (a) particle diameter; (b) electrode thickness; (c) particle contract area; (d) percent of missing par-

ticles; (e) resistivity of plated metal.

characteristics can be changed. We also compared the elec-
trode properties for three microstructures. It is found that the
FCC and HCP structures show relatively high resistance and
surface potential. The BCC shows relatively high capaci-
tance. The current study is beneficial for better understanding
the electrical characteristics of the IPMC electrode. This

TABLE II. Simulation results of the three microstructures.

Ttem FCC BCC HCP
Resistance (Q) 14.26 3.14 13.24
Capacitance (mF) 0.29 0.69 0.22
Surface potential (mV) 1.10 0.24 0.99

method of modeling and the experimental apparatus may
also be useful in studying the electrode of other smart
materials.

This paper focuses on the electrical properties of the
IPMC electrode. However, its influence on the sensing and
actuating performance has not been completely learned. In
the future, we will study the non-linear properties of the
IPMC sensor/actuator with the effect of the electrode.
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