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Abstract

Ionic polymer—metal composites (IPMCs) are considered as some of the favorable candidates
to be used as biomimetic actuators and sensors in an aqueous environment. Amongst all
components that compose an IPMC, the ion exchange membrane is where hydrated cations
migrate when an electric field is applied across the membrane and it eventually produces the
deformation of the IPMC. Nafion® is the most commonly used ion exchange membrane.
Many studies have been conducted on IPMCs made with Nafion®. In this study, three other
commercially available ion exchange membranes were used to fabricate IPMCs and their
performance as actuators was compared with IPMCs made with Nafion® membrane. Their
potential for use in IPMC actuators was investigated by conducting various characterizations
such as water uptake, ion exchange capacity, morphology, thermal property, blocking force

and bending displacement.

Keywords: ionic polymer—metal composite, membrane, actuator

(Some figures may appear in colour only in the online journal)

1. Introduction

An ionic polymer—metal composite (IPMC) is a type of
electroactive polymer (EAP), composed of an ion exchange
membrane and two metal electrode (Pt or Au) layers plated
on both surfaces. During recent years, [IPMCs have received
considerable attention due to their great potential for utilization
in various actuator and sensor applications [1]. IPMCs operate
when electric potential is applied across the electrodes, causing
the hydrated cations to migrate towards the anode. This creates
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apressure difference and, in turn, results in bending of the com-
posite. IPMCs stand out from other field sensitive materials
because they have a soft and flexible structure by using polymer
as a base material and they produce a high bending strain
with relatively fast response at low applied voltage ( <5 V)
[2, 3]. IPMC:s also operate in wet environments. These features
make IPMCs an attractive research subject for underwater
biomimetic robotics, and biomedical and human affinity
applications such as artificial muscle-like actuators and active
catheters [4, 5]. Active catheters, for instance, can be used
to assist surgeons in improving the safety of intravascular
procedures by providing more precise manipulation and a

© 2014 IOP Publishing Ltd  Printed in the UK
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Table 1. Description and some physical properties of the ion-exchange membranes used.

Membrane =~ Manufacturer Structure Thickness (um)  Equivalent weight (g/eq)
N115 DuPont Perfluorovinyl ether groups terminated 127 1100
with sulfonate groups onto a
tetrafluoroethylene backbone
GEFC-700  GEFC Perfluorinated backbone and sulfonate 700-710 1000
side chains
F-14100 fuMA Tech Perfluorinated sulfonic acid polymer 100 1400
blend membrane
CMI-7000S  Membranes International Inc.  Gel polystyrene cross-linked with 500 N/A

divinylbenzene with sulfonic acid

functional groups

reliable approach to the force feedback compared with manual
techniques [6].

An ion exchange membrane is an essential base material
for IPMC fabrication. Although there are a number of com-
mercially available ion exchange membranes, Nafion® has
been and still is the most commonly used membrane material
for IPMCs [7-25]. If more materials can be introduced for
use in [IPMC studies, there will be the possibility to extend
IPMC studies to applications in more fields. In this study, four
commercially available ion exchange membranes, Nafion®
N115, CMI-7000S, F-14100, and GEFC-700, were studied
and compared.

Nafion® contains perfluorovinyl ether groups terminated
with sulfonate groups onto a tetrafluoroethylene backbone.
The GEFC-700 membrane has a perfluorinated backbone
and sulfonate side chains similar to Nafion®. The F-14100
membrane is a perfluorinated sulfonic acid polymer that
is also similar to Nafion®. CMI-7000S is a gel type of
polystyrene cross-linked by divinylbenzene with sulfonic acid
functional groups. This membrane is reinforced with fibers
and is designed to be used mostly in water treatment systems.
The four abovementioned membrane materials were studied
for application in Pt electrode based IPMCs.

2. Experimental details

2.1. Materials

Four commercial ion exchange membranes were prepared,
namely Nafion® N115 (thickness of 127 um, DuPont), CMI-
70008 (thickness of 700 wm, Membranes International Inc.),
F-14100 (thickness of 100 pum, Fumatech), and GEFC-700
(thickness of 500 um, Golden Energy Fuel Cell). Table 1
includes information on the structure, thickness and equiv-
alent weight of the membranes. Tetraammineplatinum (II)
chloride hydrate (Pt(NH3)4Cl,-xH;O), ammonium hydroxide
(NH4OH), and sodium borohydride (NaBH,) were purchased
from Sigma-Aldrich and were used for platinum plating.
Hydrazine monohydrate (H,NNH,-H,0) and hydroxylamine
hydrochloride (H,NOH-HCI) were purchased from Sigma-
Aldrich and were used as the reducing agent.

2.2. Fabrication of IPMCs

The ion exchange membranes were polished with sandpaper
to increase the polymer—electrode contact area. Then, all
membranes were cleaned in 3 wt% H>O, and 1 M HpSOy4
aqueous solutions, followed by D.I. water at 65-70 °C. Then,
platinum was deposited through an impregnation—reduction
process on the roughened inner surface of the ion exchange
membrane. Each membrane was soaked in platinum salt
solution (Pt(NH3)4Cl,-xH,0O) for 3 h and then rinsed with
deionized (D.I.) water several times. Then the membranes
were immersed in an aqueous solution containing NH4OH
and NaBH, at 60-65°C for 3 h to metalize the membrane
surface. Thereafter, the membranes were cleaned in 0.5 M
H,SO4 followed by cleaning in D.I. water. The primary
plating procedure was repeated 3—4 times until the membrane
surface resistance was less than 10 Q sq~!. Next, secondary
plating was conducted to deposit platinum on the outer surface
of the membrane to reduce the electrode surface resistivity.
The membranes were immersed in platinum salt solution
at 60-65°C and two other reducing agents, 20 wt% of
H>NNH;-H;0 and 5 wt% of HyNOH-HCI, were added every
30 min for 3—4 h. Thereafter, the composite was cleaned in
sulfuric acid and D.I. water. The secondary plating process
was repeated until the membranes had a surface resistance of
less than 5 Q sq_l. Then, the membranes were immersed in
1 M LiCl solution for 24 h to replace protons with lithium ions.
The obtained IPMCs were cut into 1 cm X 5 cm rectangular
shapes for characterization. The electrode surface resistance
for all samples was in the range of 1-3 2 sq~! (by a two probe
method).

2.3. Characterization

The water uptake was determined by first drying the ion
exchange membranes in an oven at 80 °C for 24 h and weighing
them. Then, the membranes were soaked in D.I. water for
another 24 h at room temperature to be completely hydrated.
Afterward, the membranes were blotted just enough to remove
visible drops of water from the surface and weighed again.

The ion exchange capability of each membrane was
determined by titration.

Scanning electron microscopy (SEM, Mini-SEM, EVEX)
was performed to observe the cross-sectional morphology of
the membranes and fabricated IPMCs.
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Platinum (.58 um)

Figure 1. Cross-sectional morphologies of the developed IPMCs: (a) N115, (b) GEFC-700, (c) F-14100 and (d) CMI-7000S.
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Figure 2. The glass transition temperature (Tg) of each ion exchange membrane. The upward trend indicates an exothermic reaction. (a)
N115 at 95.8 °C, (b) GEFC-700 at 100.4 °C, (c) F-14100 at 101.2 °C and (d) CMI-7000S at 113.0°C.

The thermal behavior of each ion exchange membrane was
examined using differential scanning calorimetry (DSC, Q10,
TA Instruments). A dry membrane was secured in an aluminum
pan and was heated to 300 °C at a rate of 10°C min~! under
nitrogen gas purging (50 ml min~").

The bending actuation of the fabricated IPMCs was
investigated by clamping the sample in a vertical cantilever

position with a free length of 4 cm and immersing it in
D.I. water. The deflection at the tip was measured by a
laser displacement sensor (optoNCDT-1401, Micro-Epsilon)
1 cm from the edge of the IPMC tip. A signal generator
(FG-7002C, EZ Digital) was connected to a power amplifier
(LVC-608, AE Techron) and the voltage was adjusted. The
actuation measurements were conducted at AC square-wave
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Figure 3. The deflection at the tip of N115 measured at £1, 2, 3 and 4 V. The deflection at the tip at 0.1 and 0.5 Hz was out of range. (a)

1 Hz, (b) 2 Hz, and (c) 5 Hz.

voltages of 1, 2, 3 and 4 V at frequencies of 0.1, 0.5, 1, 2,
and 5 Hz.

The blocking forces of the IPMCs were measured in
air using a load cell (GSO-30, Transducer Techniques). The
sample was clamped in a cantilever position and the load cell
was placed at the tip of the IPMC.

3. Results and discussion

The water uptake of an ion exchange membrane is important in
terms of mechanical strength and bending performance. Since
IPMCs work well in water and also are intended to operate in
water, it is important to know how much water the membrane
can absorb and how its stiffness is affected. When water is
absorbed, the functional groups become hydrated and help
cation transport within the polymer membrane. The measured
values were applied into the following equation and the water
uptake was calculated:

Mary
dry

Myer —

Water uptake (%) = x 100, €))]

where My is the weight of the fully hydrated membrane
and Mg,y is the weight of the completely dried membrane.

The water uptakes of N115, GEFC-700, F-14100, and CMI-
70008 were 20.7, 21.6, 23.7, and 17.1%, respectively. N115,
GEFC-700, and F-14100 have similar chemical structures and
have similar water uptake values. In the case of CMI-7000S,
the membrane consists of polymer and fibers. Therefore, for
the same dimensions, the volume of polymer that can absorb
water is less compared to the other membranes. The fibers can
also impede swelling and expansion of the polymer, thereby
limiting the water absorption.

The ion exchange capacity (IEC) indicates the quantity
of cations that can reside in an ion exchange membrane. The
greater the number of cations residing in the membrane, the
more water that can be absorbed, and eventually the better
the transport of the cations across the IPMC. Ultimately, more
deformation at the tip can be induced. Titration was performed
to measure the IEC. Each membrane was dried in an oven at
80 °C overnight to remove moisture inside. Then, they were
immersed in 50 ml of 1 M NaCl solution overnight to replace
the sodium ions with hydrogen ions from the membranes.
The solution was titrated with 0.01 M NaOH solution. The
equivalent point was determined when the solution color
changed from transparent to light pink. The following equation
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Figure 4. The deflection at the tip of GEFC-700 measured at 1, 2, 3 and 4 V. The deflection at the tip at 0.1 Hz was out of range. (a)

0.5 Hz, (b) 1 Hz, (c) 2 Hz, and (d) 5 Hz.

was used to calculate the IEC of each membrane:

IEC = Ve ,

dry

@)

where V is the added titrant volume in ml at the equivalent
point, C is the molar concentration of the titrant, and Mgy is
the weight of the membrane in the dry condition. The IECs of
N115, GEFC-700, F-14100, and CMI-7000S were 0.97, 0.95,
0.73, and 0.97 meq g~ !, respectively. All membranes have
IEC values around 1 meq g, except F-14100.

Figures 1(a)—(d) show the cross-sectional morphologies of
the fabricated IPMCs. The thickness of the platinum layers can
vary if a greater or smaller number of platinum plating cycles
is carried out. When the platinum plating is not sufficient, the
surface resistance of the electrode is high, leading to a large
voltage drop along the electrode. When there is too much
plating, although the resistance is decreased, the membrane
becomes stiff due to the thick metal layer of platinum which
in turn affects the actuation performance. Therefore, it is
important to find the optimized thickness of the platinum to
achieve the best actuation performance.

Figures 2(a)—(d) show the thermal behavior of each ion
exchange membranes from DSC curves. The glass transition
temperature (7) is important because it indicates when the

polymer goes from a hard glassy state to a rubbery state.
The upward trend in the DSC curves indicates an exothermic
reaction. The glass transition temperatures of N115, GEFC-
700, F-14100, and CMI-7000S are 95.77, 100.36, 101.16,
and 113.02°C, respectively. CMI-7000S has a higher glass
transition temperature than the other membranes, which could
be due to the bundle of fibers in the membrane.

A bending actuation test was performed to evaluate the
tip deflection and bending strain of the IPMC. The measured
tip displacement (§) was converted to the bending strain (g)
according to the following relation:

-~ Sw

8:—L2+82, 3

where L is the free length and w is the thickness of the IPMC.

Figures 3(a)—(c) show the tip displacement of the IPMC
made with N115 membrane for different voltages and frequen-
cies. At0.1 and 0.5 Hz, the displacement at the tip could not be
measured because it was out of the range that the laser could
detect. When the frequency of 1 Hz was applied, the maximum
deflection (10 mm) occurred when 2 V was applied. At2 Hz, a
different maximum deflection occurred at 3 V with a value of
about 4 mm. At 5 Hz, the maximum deflection at each voltage
was not as large as at lower frequencies. The deflection was



Smart Mater. Struct. 23 (2014) 074001 J Park et al

15
(a)
10
€ E
£ 5 £
z £
[9) [}
© @
5 1 =
) )
a -5 2 o
o T § § § E3 a
= =
10
—o—1V|
15 T T T T 7A72V
0 2 4 6 8 10
Time (s)
3
(c)
2
= A & A A o =
E Py 4 2 Aé A% a £
Lo Lad 4 £
E 1 S A W SR s RS Y
5 AU L O U R O T
5 ol PV LT
g0 5 4 £ 3
8 S | ! g (Y B B
3 SR S N I B 5
2 k, > 4 2
ool R W B 2
= a 2 b 7 2 a i
S o 9 i, oy E o —ov
2 —s—2V —a—=2V
-3V —v—3V
Y, —s— 4V
_3 T T T T -2 T T T
0.0 0.5 1.0 1.5 2.0 25 2.00 2.25 2.50 275 3.00
Time (s) Time (s)
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Figure 7. The cross-sectional morphology of CMI700S (a) and a
magnified bundle of reinforced fibers (b).
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Figure 8. The bending strain of each IPMC measured at £1, 2, 3
and 4 V and at (a) 0.5 Hz, (b) 1 Hz, and (c) 2 Hz.

less than 0.5 mm. At higher frequencies, the largest deflection
was not observed at the largest voltage.

Figures 4(a)—(d) represent the tip deflection data for the
IPMC made with GEFC-700 membrane. At 0.5 Hz, the largest
voltage produced the largest deflection of 5 mm. At 1 Hz,
again, the largest voltage produced the largest deflection of
3.5 mm. At 2 and 5 Hz, the largest deflection was observed at
4 V. GEFC-700 is about six times thicker than N115 and the
maximum deflection at each frequency was smaller than that
for N115.

In the case of F-14100 shown in figures 5(a)—(d), at
0.1 Hz, the deflection could not be measured with the given
experimental setup. At 0.5 Hz, it was 12.5 mm at 1 V and
5 mm at 2 V. When voltages above 2 V were applied, the
deflection was again out of range and the part where the IPMC
was clamped burnt. This was also observed in the case of
N115. For thinner membranes, voltages higher than 2 V at
low frequency may damage the IPMC. At 1 Hz, the deflection
was maximum at 3 V, and this was the same for 2 and 5 Hz.
Because the membrane is thin, at higher frequency, vibrational
motion at another location may occur and has an influence on
the tip movement.

—e—N115
—A— GEFC-700
4] —v—F-14100
—e— CMI-7000S

=

Blocking Force (gf)

L4

'/,Lg_/,_:

0 ! T T T

1 2 3 4
Voltage (V)

Figure 9. The blocking forces of the IPMCs with different
membranes measured at 1, 2, 3 and 4 V DC input.

Figures 6(a)-(d) show the tip deflection of the IPMC
made with CMI-7000S membrane. The fluctuation of the
displacement curves was vigorous so the data were filtered
using a built-in function in Origin Lab to make them more
readable. The membrane was too stiff, and this affected the
tip movement, as seen in the figure. At the lowest frequency
and the largest voltage, the deflection was less than 0.5 mm.
This is much smaller compared to all other membranes.
This can be related to a lower content of solvent in the
membrane, as observed in the water uptake tests. Figures
7(a) and (b) show the cross-sectional morphology of pristine
CMI-7000S, which has a bundle of single fiber (diameter of
20 pm) inside to enhance the mechanical properties of the
membrane. These fibers can impede the swelling and shrinkage
of the polymer during the actuation process, resulting in low
actuation performance. The largest deflection was 0.3 mm (at
0.5 Hz) and the smallest deflection was 0.25 mm (at 5 Hz).

The waveforms of the displacement of each IPMC are
different because of their motion under water. The thin-
ner membranes, N115 and F-14100, move smoothly, giv-
ing smooth curves of the displacement, while the thicker
membranes, GEFC-700 and CMI-7000S, do not move as
smoothly because of their stiffness. When GEFC-700 moved
back and forth underwater, although it moved, its stiffness
induced sudden motion, and this is seen in the displacement
curve. CMI-7000S moved back and forth by about 0.2 mm.
During that short motion, the fluctuation was vigorous, as
seen in the figure, due to its stiffness. The bending strain
of each IPMC was calculated using equation (3) and plotted
in figure 8. 0.1 and 5 Hz are not discussed here because
the measurements at those frequencies were out of range for
thinner membranes. As mentioned above, the laser could not
detect the displacement of the membranes when they curled
up and were out of range. For those cases, the displacement
was estimated from the grid-graph placed in the background
of the sample. When the IPMCs were at their highest peak,
their displacement from the center was read and the value was
put into equation (3). At 0.5 Hz, the bending strain of N115
did not increase much with voltage because the IPMC curled
up at all voltages. However, exact evaluation of the strain
is difficult in this case because equation (3) does not apply
at very large deformation when the tip curls up. At 0.5 Hz,
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N115 has a larger bending strain than the other IPMCs, except
GEFC-700, which has a smaller bending strain than N115 at
1 and 2 V, but it becomes larger at 3 and 4 V. This is because
the other IPMCs curled up at the tip at higher voltages and
the deflection measurement at the tip decreased. At 1 Hz, the
bending strain of N115 is larger than the other IPMCs at all
voltages. All IPMCs have the smallest bending strain at 2 Hz
compared to the strains measured at other frequencies. For
N115, itcan be implied that it produces the largest deformation
between 2 and 3 V at 1 Hz. For GEFC-700, since the strain
increases linearly with the voltage increase, depending on
the circumstances, different conditions can be applied. For
F-14100, a low voltage (1 or 2 V) and a frequency of 0.5 or
1 Hz are preferred. CMI-7000S produces the smallest bending
strain at all frequencies and voltages.

Figure 9 shows the blocking force of each IPMC measured
at 1,2, 3, and 4 V DC input. As can be seen, GEFC-700 and
CMI-7000S have the highest blocking forces at all voltages.
N115 comes next, followed by F-14100. One parameter that
could arrange the IPMCs in the rank shown is the stiffness.
GEFC-700 has the largest thickness and the lowest modulus
among the samples. The thickness of an IPMC is determined
by the thickness of the platinum deposition on the surfaces
and the thickness of the ion exchange membrane used. The
thickness of the platinum electrodes can be determined by the
number of plating cycles. Therefore, the force can be adjusted
by adjusting the number of platinum plating cycles or the
thickness of the ion exchange membrane.

Figure 10 represents the maximum blocking stress versus
the maximum bending strain for the different IPMC samples.
The blocking force was converted to the maximum blocking
stress by dividing the maximum blocking force value by the
cross-sectional area of each IPMC. It can be seen that at
0.5 Hz the CMI-7000S and GEFC-700 membranes produce
the largest blocking stress, while F-14100 shows the lowest
maximum blocking stress. N115 and GEFC-700 have the
largest maximum bending strain, whereas CMI-7000S has the
smallest maximum bending strain. The trend stays the same at

1 and 2 Hz. In this figure, the following can be implied. The
N115 and GEFC-700 have very similar chemical structure
as well as bending strain. GEFC-700 only produces larger
blocking stress. CMI-7000S resists higher voltages compared
to the other IPMCs and has a large blocking stress. However,
increase of the applied voltage only increases the blocking
stress, while the increment in bending strain is rather small.
F-14100 has a similar chemical structure to Nafion® and
GEFC-700, but both the bending strain and the blocking stress
are less than for the other two IPMCs.

4. Conclusions

In this study, four commercially available ion exchange mem-
branes were studied as the membrane material for an IPMC.
Pt-electrode based IPMCs with the four different membranes
were assembled and their properties were comparatively exam-
ined. Based upon the characterization results, the following can
be implied. GEFC-700 is an ion exchange membrane that can
replace Nafion® for IPMC application as it produces as much
bending strain as Nafion® under the same applied voltage,
but also offers a higher blocking force. Although F-14100
has a similar chemical structure to Naﬁ0n®, it shows both
lower bending strain and lower blocking force when used
with a very similar thickness. However, F-14100 operates
well in a small voltage range from 1 to 2 V and at low
frequency (0.5 Hz). Hence, it can target applications where low
voltage and frequency are suitable. CMI-7000S membrane is
not a good candidate for IPMC application because of its low
bending strain performance in all tested conditions. Increase
of the applied voltage did not result in any noticeable increase
in the measured displacement. The low bending deformation
of CMI-7000S is probably due to the fibers in the membrane
which constrain the expansion and shrinkage of the polymer
during the actuation process.
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