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3.1 INTRODUCTION

In the past decade, a variety of electroactive polymers have been widely
studied as they provide substantial deformations in response to electric voltage signal
[1-4]. Among the electroactive polymers (EAPS), dielectric elastomers, conducting
polymers, ionic gels, carbon nanotubes based actuators, ionic polymer metal
composites (IPMCs) actuators are considered attractive to the researchers because
they are driven electrically at low voltage [5-8]. IPMC is one of most flexible and
compliant smart materials because it exhibits large strain where the induced force is
generated by providing electrical stimulation and the stiffness of material is controlled
through a voltage which provides a dexterous behavior of IPMC [9-14]. In particular,
IPMCs conjugate their electromechanical coupling capability while working as
actuator. These actuators can be used in soft robots, micro-grippers and microrobots
for microrobotic assembly, artificial muscles, aerospace and biomedical applications
[15-22]. An IPMC is a polymer film sandwiched between platinum (Pt), silver (Ag) or
gold (Au) electrodes, developed by electroless or chemical plating. Under an applied
electric voltage, cations in the IPMC membrane along with water molecules move
towards the cathode leading to bending displacement towards the anode [23-26]. The
movable cations present in the IPMC membrane is not free to move in the dry state of
the membrane. Thus, the deformation in the IPMC membrane is because of the
movement of cations with the water molecules [27]. Various perfluorinated polymer-
based ionomers are commercially available for IPMC actuator applications because of
their good chemical and physical properties [28-32]. However, loss of inner solvent at
temperatures higher than 80 °C, drop in proton conductivity, as well as membrane
dehydration and the high cost are major drawbacks of perfluorinated polymers.
Therefore, to substitute the perfluorinated ionic polymers with non-perfluorinated
ionic polymers that hold onto an excessive amount of water (H,O) in a broad
temperature range and are also cheap to synthesize are particularly attractive [33].
Over the last decade, scientists and engineers have been working together to modify
conventional ionic polymeric materials as an alternative to the perfluorinated ionic
polymers as bending actuators. Several types of sulfonated and carboxylated ionic
polymers such as sulfonated styrene (s-Sty) [34-38], sulfonated poly(vinyl alcohol) (s-
PVA) [39,40], sulfonated poly(arylene ether sulfone) (s-PAES) [41], sulfonated
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polyetherimides (s-PEI) [42-44] and sulfonated polyimides (s-P1) based ionomeric

polymers [45], have been investigated to prepare IPMC actuators. These IPMCs were
characterized for their bending deformation, thermal stability and tip displacement.
However, back relaxation was the foremost drawback of ionic polymer metal
composite actuators that limits the bending movement and effective frequency range
[46-48]. Furthermore, rapid water loss from IPMC membranes upon applied electric
potential causes fast performance decay, back relaxation behavior and long processing
times [49], which are the major problems of IPMC actuators. To overcome these
problems, a non-perfluorinated sulfonated poly(vinyl alcohol) and polypyrrole
(SPVA-Py) based IPMC membrane with Pt electrode (SPVA-Py-Pt), using an
electroless plating method is proposed in this chapter. The actuation principle of this
actuator is similar to the nafion based IPMC actuator because the property of non-
perfluorinated sulfonated poly(vinyl alcohol) and polypyrrole is similar to nafion. The
ionomeric membrane should possess fixed cationic groups such as —SO5>, —POs*~
etc. Nafion is a perfluorinated sulfonated polymer while poly(vinyl alcohol) is a non-
perfluorinated, sulfonated polymer. Non-perfluorinated polymers have various
advantages such as good film forming capability, short processing time, low cost of
fabrication, good flexibility, high thermo-mechanical stabilities and easy modification
of chemical properties such as ion exchange and water holding capacities, and proton
conductivity. The coating of the conducting polymer over a conventional ionic
polymer metal composite actuator may enhance the actuator performance by
preventing the formation of ‘mud cracks’ [26]. In this study, the same principal of
using polypyrrole coating over a non-perfluorinated organic polymer was applied.
The use of the non-perfluorinated polymer as an ionomeric membrane has significant
advantages over the perfluorinated one. The major studies were the:

a) Design and development of a novel SPVA-Py IPMC membrane with a Pt
electrode (SPVA-Py-Pt) using an electroless plating method based micro-
gripping system.

b) Characterization of an SPVA-Py-Pt ionic actuator and demonstration for
micro-gripping system.

Both of these contributions lead to a new era of IPMC actuator using SPVA-

Py-Pt which has large deflection capability for developing the microrobotic system.
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The proposed IPMC has remarkably large flexibility in comparison to other smart
materials e.g. piezoelectric, EAPs and shape memory alloys [1-4]. Other important

advantages of proposed IPMC includes the small operating voltage (0-5.25 V), light

in weight, use in different sizes and shapes and need of simple controller for the
development of microrobots.
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3.2 EXPERIMENTAL

3.2.1 Reagents and instruments

The main reagents used for fabrication of IPMC membrane were poly(vinyl
alcohol) (cold), ferric chloride, hydrochloric acid (HCI) (35%) (Central Drug House
Pvt. Ltd., India), 4-sulfophthalic acid (50 wt% solution in water) (Sigma-Aldrich
Chemie Pvt. Ltd. USA), ammonium hydroxide (25%) and toluene (Merck Specialties
Pvt Ltd., India), tetraamineplatinum(ll) chloride monohydrate [Pt(NH3)4Cl>.H,O
(crystalline)] (Alfa Aesar, USA), pyrrole (Spectrochem Pvt. Ltd. India), sodium
borohydride (NaBH,) (Thomas Baker Pvt. Ltd. India) were used. All other reagents
and chemicals were of analytical reagent grade. A digital ultrasonic cleaner (LMUC
series), magnetic stirrer (LMMS-1L4P), hot air oven (Biogen, India), digital balance
(MAB 220, Wensar, India) and potentiostat/galvanostat (302N Autolab, Switzerland)

were used.

3.2.2 Preparation of the reagent solutions

The solutions of ferric chloride (0.1 M) and pyrrole (33.33% v/v) were
prepared in HCI (1M) and toluene respectively. An aqueous solution of
tetraamineplatinum(ll) chloride monohydrate (0.04 M), NH,OH (5.0%) and NaBH,
(5.0%) were prepared using demineralised water (DMW).

3.2.3 Fabrication of membrane

An aqueous solution of poly(vinyl alcohol) (PVA) was prepared by dissolving
PVA (4 g) in demineralised water (100 mL) and stirring at 60 °C for 6 h. The solution
was filtered and to the filtrate, 4 mL of 4-sulfophthalic acid was added for sulfonation,
followed by constant stirring for 15 h at 60 °C. Then the homogeneous solution of
sulfonated poly(vinyl alcohol) (SPVA) polymer was cast into Petri dishes (50 mm x
17 mm), covered by using Whatman filter papers and left for slow evaporation of the
solvent at 45 °C in a thermostat oven. The dried film was removed from the petri dish.
In-situ polymerization of the pyrrole monomer was carried out by adding FeCl; and
pyrrole monomer solutions in a 1:1 ratio into the SPVA membrane by putting it in a

beaker with constant stirring for up to 30 min. Gradually a black layer is deposited

84



Chapter 3

over the SPVA membrane. The in-situ polymerized membrane was kept for 5 h at

room temperature (25+3 °C) for digestion. After 24 h, the in-situ polymerized
membrane was rinsed with DMW followed by drying at room temperature (25 + 3
°C). Finally, the SPVA-Py-Pt ionic actuator was kept in distilled water at normal
room temperature for analysis purposes. Figure 3.1 shows the graphical
representation of an IPMC membrane sandwiched between Pt electrodes and its

bending behavior upon an applied electric potential.

3.2.4 Water uptake or water holding capacity

The water holding capacity of the SPVA-Py polymer membrane was
determined at room temperature as well as at an elevated temperature 45 °C for
different durations (2, 4, 6, 8, 10 and 20 h), as described in Chapter 2, Section 2.2.4.

3.2.5 lon-exchange capacity
lon-exchange capacity (IEC) of SPVA-Py-Pt membrane based IPMC actuator

was determined by titration method as described in Chapter 2, Section 2.2.5.

3.2.6 Electroless plating
Electroless plating technique was used to platinise Pt metal on both the surface

of SPVA-Py polymer membrane as described in Chapter 2, Section 2.2.6.

3.2.7 Proton conductivity
Proton conductivity of the SPVA-Py-Pt membrane was determined as
described in Chapter 2, Section 2.2.7.

3.2.8 Water loss
Water loss of SPVA-Py-Pt IPMC membrane was determined as described in
Chapter 2, Section 2.2.8.

3.2.9 Fourier transform infra-red study
The Fourier transform infra-red (FTIR) spectrum of the SPVA-Py-Pt IPMC

membrane in the range of 4000-500 cm™ was recorded using FTIR spectrometer
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Figure 3.1: Graphical representation for the fabrication and bending of an IPMC
membrane
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(Spectrum-Two, Perkin-Elmer, USA).

3.2.10 Scanning electron microscopy study
Scanning electron microscopic (SEM) images of SPVA-Py-Pt IPMC
membranes were taken by scanning electron microscope (JEOL, JSM, 6510-LV,

Japan) at an accelerating voltage of 20 kV.

3.2.11 Electrical properties

The electrical properties of SPVA-Py-Pt IPMC membrane was determine by
cyclic voltammetry (CV) and linear sweep voltammetry (LSV) (Autolab 302N
modular potentiostate/galvanostate) in DMW at triangle voltage input of £6 V and 3

V with a step potential of 50 mV s™ respectively.
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3.3 RESULTS AND DISCUSSION

3.3.1 Chemical Properties

3.3.1.1 Water uptake or water holding capacity

The bending behavior of IPMC membranes under an applied potential is due
to the movement of cations along with water moiety towards the cathode. The
performance of IPMC actuators is supposed to depend upon factors such as the nature
of polymers, replaceable/counter ions, immovable ions and solvent holding capacity.
The higher water uptake gives better performance. The maximum water holding
capacities of SPVA-Py-Pt membranes at 45 °C for 6 h of immersion time and at room
temperature (25 + 3 °C) for 8 h of immersion time were found to be 80 and 82.23%
respectively (Figure 3.2) and after a certain time interval the water holding capacity
decreases due to saturation of the available sites for water uptake. The water uptake is
time dependent. At equilibrium, the water uptake would be maximum and after
equilibrium it would decrease. It was due to the kinematic chemistry of the material.
After that saturation was found to be predominant. The high water uptake capacity
due to the presence of —SO3>~ groups at the SPVS-Py-Pt membrane was responsible

for better bending performance.

3.3.1.2 lon-exchange capacity and proton conductivity

The ion-exchange capacity (IEC) and proton conductivity of the membranes
were found to be 1.20 meq g * and 1.6 x 10> S cm™* respectively as shown in Table
3.1. The high proton conductivity of the SPVA-Py-Pt membrane enables the better
performance of the polymer membrane by the transfer of more protons through the
membrane. The high IEC value of the SPVA-Py-Pt membrane allows a higher level of
water uptake and also allows more Pt particles to be deeply rooted on both surfaces of
the IPMC membrane. The higher the Pt particles density on the surface, the lower the
resistance and hence a fast and large bending performance is achieved [50-53]. However,
the higher water uptake is not necessarily responsible for high proton conductivity [54].
The high proton conductivity of the IPMC membrane indicates that more hydrated
cations can move quickly toward the cathode side, showing a large displacement and fast
actuation [52].
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Figure 3.2: % Water uptake of SPVA-Py ionic polymer membrane at room
temperature (R. T.) and 45 °C
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Table 3.1: The IEC and proton conductivity of the SPVA-Py-Pt IPMC membrane

Material lon-exchange capacity Proton conductivity ()
(meq g™ of dry membrane) (mS cm™)
SPVA-Py-Pt 1.2 1.6
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3.3.1.3 Scanning electron microscopy study

SEM micrographs of an SPVA-Py-Pt membrane before and after actuation at
different magnifications are shown in Figures 3.3 (a-d). The smooth surface of the
SPVA-Py-Pt membrane (Figures 3.3 (a), (c)) changes into a slightly rough surface
with a few visible cracks upon applied electric voltage (Figures 3.3 (b), (d)). Thus,
there is very little change in the surface morphology of the SPVA-Py-Pt membrane
after application of electric potential. Therefore, it was assumed that the leakage of
water from the fractured electrode layer responsible for the short life time of the
SPVA-Py-Pt IPMC membrane actuator would be negligible. Hence, electrolysis and
natural water evaporation were major factors involved in the water loss from the
IPMC membrane. The cross-sectional image of SPVA-Py-Pt membrane was also
taken as shown in Figure 3.3 (e) where the Pt electrode layer on the surface of the
IPMC membrane can be clearly seen. The microscale mud cracks/damages observed
on the overall electrode surface decreases the performance of the actuator because
water molecules evaporate and metallic cations can leak out through the cracked
metallic electrodes, resulting in a reduced actuation performance for long term

actuation.

3.3.1.4 FTIR Study

Figure 3.4 shows the FTIR spectrum of the SPVA-Py-Pt IPMC membrane
indicating the presence of functional groups of —SO3H, PVA and polypyrrole. The
bands at 3400 cm™*, 1000 and 1150 cm™* are assigned to the stretching vibrations of
hydroxyl group (—OH) and C—O stretching respectively [55]. Further a characteristic
C=0 band appears at 1757 cm . The bands around 1030 and 1140 cm * are attributed
towards bending vibrations and band around 1270 cm ™ is assigned to C—N stretching
of polypyrrole. Another band at 871 cm ™ is assigned to =C—H in-plane vibration [56,
57]. The bands around 1500 and 1460 cm* are assigned to C=C and C—C stretching

vibrations respectively.
3.3.1.5 Water loss

The main factors for the small life of ionic polymer metal composite membrane

actuators are damage of the electrode layer and loss of water [27, 39]. The water loss
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from the IPMC membranes were determined by weighing the pre-weighed

membranes after applying 3, 4 and 5 V electric potential for different intervals of time
(4, 8 and 12 min.) as shown in Figure 3.5. It was observed that water loss from the
IPMC membrane increases with the applied voltage accordingly. The micro structures
before and after applying the voltage are shown in Figure 3.6. The maximum water
loss for an SPVA-Py-Pt membrane was found to be 31% at 5 V for a maximum time
of 16 min. The slow water loss from an SPVA-Py-Pt IPMC membrane shows the

better performance.

3.3.2 Electrical properties

The electrical property of the proposed ionic polymer metal composite
membrane was determined by cyclic voltammetry. A current-voltage (I-V) hysteresis
curve was recorded under an applied triangle voltage of +6 V with a scan rate of 100
mV s ! (Figure 3.7). It was observed from the I-V curve that the current density of the
ionic polymer metal composite membrane actuator was considerably increased with
the applied voltage. The higher proton conductivity and smoothness of the electrode
surface were significant parameters for higher current density of IPMC membrane.
The observed current density of the SPVA-Py-Pt ionic polymer metal composite
membrane was significantly higher than nafion, kraton and sulfonated polystyrene
based IPMC membrane actuators [33,34]. In order to improve the quality of actuation
with the required current rating, electrical resistance is one of the most important
parameters. For achieving the required electrical characteristics of the power supply,
an electrical circuit was developed as shown in Figure 3.8. By using the appropriate
current rating (50-300 mA), the considerable change in the curvature of the actuator
was observed. This provides the large deflection without any damage of the IPMC
structure. The electrical resistance of the electrode was 128 Q. The higher the current
density, higher will be the bending deformation under an applied electric potential. It was
also observed (Figure 3.9) that the current density of the membrane sharply increases at
1.5 V from 1 to 5.5 mA cm 2. This shows better performance for this particular type of

IPMC membrane.

3.3.3 Electromechanical characteristics

The deflection with voltage of the SPVA-Py-Pt membrane actuator was
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Figure 3.3: SEM micrographs of SPVA-Py-Pt membrane (a, ¢) before actuation, (b,
d) after actuation and (e) cross sectional image showing Pt plating
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Figure 3.4: FTIR spectrum of SPVA-Py-Pt IPMC membrane
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Figure 3.5: % Water loss of SPVA-Py-Pt IPMC membrane
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Figure 3.6: Microstructure behavior of SPVA-Py-Pt IPMC membranes
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Figure 3.7: Current-voltage (I-V) hysteresis curve of SPVA-Py-Pt IPMC membrane
at 6 V with a scan rate of 100 mV sec™
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Figure 3.8: Electrical circuit for improving the I-V performance
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