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Chapter 4

4.1 INTRODUCTION

In the last decade, various types of electroactive polymers (EAPS) that exhibit
substantial deformation in response to electrical input voltage have emerged. lonic
polymer metal composite (IPMC) [1,2] is a new class of EAPs which converts
electrical energy into mechanical energy and possess with several advantages such as
light weight, physical flexibility, quick actuation and large bending displacement at
low voltage [3,4]. IPMCs have potential for several applications such as micro
manipulation [5,6], artificial muscle actuators [7] and bio-mimetic robots [8,9] etc.
IPMCs are prepared by plating Pt or Au electrode layers on the surface of an ionic
exchangeable polymer membrane. In the IPMC membranes, the mobility of ions,
protons along with water molecules inside the membrane are strongly involved in the
actuation mechanism under electrical potential [10]. The IPMC usually performs in
highly hydrated state. It is firmly believed that the bending of IPMC is due to the shift
of mobile hydrated ions inside the IPMC under applied voltage [11,12]. Typically,
perfluorinated IPMC membranes with the trade name of nafion are being used as
actuators and dynamic sensors because of its useful properties like high proton
exchange capacity, thermal, mechanical, chemical stabilities, large bending
deformation and low power consumption [13-18]. However, they have certain
drawbacks such as high cost and a hazardous fluorinated polymer, low actuation
bandwidth, low blocking force, at temperature higher than 80 °C and at low humidity.
These conditions are responsible for drop in proton conductivity due to membrane
dehydration [19]. Therefore, several efforts have been undertaken to develop new
polymers used in IPMCs to replace perfluorinated polymers and improve the
electromechanical performance of IPMC actuators. Different kinds of non-
perfluorinated ionomeric materials such as kraton [20], sulfonated polysulfone [21],
sulfonated polystyrene [22], sulfonated poly (arylene ethersulfone) [23], sulfonated
polyetherimides [24,25], sulfonated polyimides [26] have been used to prepare IPMC
actuators during last decade. Although, a number of critical issues remaining
unsolved, still it is the believed in the engineering community that, despite high
promise, the main reason for the vulnerable deployment of IPMC is mainly due to the
incomplete understanding of the actuation mechanism of IPMC membrane. Similarly,

the electrochemical behavior of IPMCs has been studied less or even overlooked,
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although the basic principle for the actuation is based on electrochemical reactions.

In this chapter, the polyacrylonitrile/kraton/graphene (PAN-KR-GR) based
ionomeric polymer membrane was proposed, fabricated using electroless plating
method with Pt as electrode. Addition of graphene in the polymer membrane was used
because of its high surface-area-to-volume ratio [27,28], excellent electrical, thermal,
mechanical properties and high electron mobility like other carbon based nano
materials [29]. Hydrophobic nature of polyacrylonytrile increases the stability of
IPMC membrane in the water, mechanical strength and thermal stability of ionomeric
membrane at temperature more than 80 °C. Therefore, PAN-KR-GR-Pt based IPMC
actuator can provide an easy and reliable solution for realization of novel actuators
which can show good potential in robotic applications. The major contributions in this
chapter are:

a) Design and development of novel PAN-KR-GR membrane with Pt electrode

(PAN-KR-GR-Pt) using electroless plating method based gripping system.

b) Characterization of PAN-KR-GR-Pt ionic actuator and development of IPMC
based gripping system.

These contributions show the potential towards the easy operability of PAN-
KR-GR-Pt based IPMC actuator with large deflection capability. This can be operated
through low voltage (0-7V) for developing the robotic system. In the proposed IPMC,
polyacrylonytrile increases the stability of IPMC membrane in the water and provides
high bending rate as compared to other smart materials such as piezoelectric, shape
memory alloy (SMA) and electroactive polymers (EAP). The major advantages of this
IPMC actuator are light in weight which can be used in different sizes and shapes and

doesn’t need the complicated controller while developing the robotic system.
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4.2 EXPERIMENTAL

4.2.1 Reagents and instruments

The main reagents used for fabrication of IPMC membrane were
nonperfluorinated polymer Kraton (MD9200) (Nexar Polymer, USA),
polyacrylonitrile  (Sigma  Aldrich, USA), N,N' dimethylformamide and
tetrahydrofuran (Thermo Fisher Scientific Pvt. Ltd., India), ammonium hydroxide
(25%) (Merck Specialties Pvt Ltd., India), tetraamineplatinum(ll) chloride
monohydrate [Pt(NH3)4Cl,.H,O (Crystalline)] (Alfa Aesar, USA), sodium
borohydride (NaBH,;) (Thomas Baker Pvt. Ltd. India) and hydrochloric acid (HCI)
(35%) (Central Drug House Pvt. Ltd., India). All 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.

4.2.2 Preparation of the reagent solutions

A homogeneous, transparent 5 wt% Kraton polymer solution was prepared in
tetrahydrofuran (THF) by shaking well and kept the solution for 10 h at room
temperature (25+3 °C) for complete dissolution. Graphene dispersion was prepared by
mixing 2 mg of graphene in 10 mL of THF with constant stirring up to 6 h at room
temperature. Aqueous solution of tetraamineplatinum(ll) chloride monohydrate (0.04
M), NH;,OH (5.0%) and NaBH, (5.0%) were prepared in demineralized water
(DMW).

4.2.3 Fabrication of membrane

The membrane preparation was carried out Dby dissolving 1 g of
polyacrylonitrile (PAN) in 20 mL N,N dimethylformamide (DMF) at 50 °C with
constant stirring upto 6 h. After complete dissolution the prepared solutions of PAN
and kraton polymers were mixed in 1:1 ratio followed by adding 2 mL suspension
solution of graphene with constant stirring for 2 h at 60 °C. The obtained solution was
cast in a petri dishes (50 mm x 17 mm) followed by covering with Whatman filter
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paper (No. 1) for slow evaporation of the solvents in a thermostated oven at 45 °C.

After complete evaporation of solvents the membrane was removed from petri dish
with the help of forcep and spatula. Now, the fabricated membrane was ready for

characterization.

4.2.4 Water uptake or water holding capacity

Water uptake capacity of PAN-KR-GR ionic polymer membrane was
measured at room temperature (253 °C) and 45 °C for different interval of times 2, 4,
6, 8, 10 and 20 h as described in Chapter 2, Section 2.2.4.

4.2.5 lon-exchange capacity
lon-exchange capacity (IEC) of PAN-KR-GR-Pt membrane based IPMC

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

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

of PAN-KR-GR polymer membrane as described in Chapter 2, Section 2.2.6.

4.2.7 Proton conductivity
Proton conductivity of the PAN-KR-GR-Pt based IPMC membrane was
determined as described in Chapter 2, Section 2.2.7.

4.2.8 Water loss

Water loss of PAN-KR-GR-Pt IPMC membrane was determined at 7 V for
different time interval of time (3, 6, 9 and 12 min) as described in Chapter 2, Section
2.2.8.

4.2.9 Fourier transforms infra-red study

The Fourier transform infra-red (FTIR) spectrum of the PAN-KR-GR-Pt IPMC
membrane in the range of 4000-500 cm™ was recorded using FTIR spectrometer
(Spectrum-Two, Perkin-Elmer, USA).
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4.2.10 Scanning electron microscopy study
Scanning electron microscopic (SEM) images of PAN-KR-GR-Pt IPMC
membranes were taken by scanning electron microscope (JEOL, JSM, 6510-LV,

Japan) at an accelerating voltage of 20 kV.

4.2.11 X-Ray diffraction study

X-ray diffraction (XRD) pattern of the PAN-KR-GR polymer membrane was
recorded by an X-ray diffractometer (PW 1148/89, Phillips, Holland) with Cu Ka
radiations.

4.2.12 Thermal studies

Thermogravimetric analysis (TGA) of PAN-KR-GR polymer membrane and
PAN-KR-GR-Pt IPMC membrane were carried out using thermogravimetric analyser
(Pyris 1-HT, Perkin Elmer, USA) at a heating rate of 10 °C min™ from 0-600 °C in N,

atmosphere.

4.2.13 Electrical properties
The electrical properties of PAN-KR-GR-Pt IPMC membrane was determined
by cyclic voltammetry (CV) and linear sweep voltammetry (LSV) at triangle voltage

input of +3 V with a step potential of 100 mV s™.

4.2.14 Design of PAN-KR-GR-Pt based IPMC actuator based dexterous handling
system

In order to develop the PAN-KR-GR-Pt actuator based gripping system, a
computer aided design (CAD) model of multi finger based gripping system was
developed as shown in Figure 4.1, where the fingers were designed using PAN-KR-
GR-Pt IPMC membranes. For developing this actuator, the electro-less plating method
was used for coating of Pt as electrode over the PAN-KR-GR polymer merbrane. All
three PAN-KR-GR-Pt actuator based fingers were integrated in a wrist. This aluminium
based wrist was fastened with a holder. In order to activate the PAN-KR-GR-Pt actuator
based gripper, the voltages (0-7 V dc) to each IPMC finger was supplied through a
proportional-derivative (PD) controller. By supplying the voltage through controller, all

fingers bend simultaneously and grip the object.
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Figure 4.1: Schematic diagram for PAN-KR-GR-Pt IPMC based dexterous handling
system (a) and PAN-KR-GR-Pt based micro-gripper (b)
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4.3 RESULTS AND DISCUSSION

4.3.1 Chemical properties

4.3.1.1 Water uptake capacity

The fundamental factors which affect the performance of IPMC actuator are
types of polymer, counter ion, immovable ion and water uptake. The deformation of
IPMC membrane under an applied electric potential is due to the movement of
solvated cations along with water molecules towards the cathode. Figure 4.2 showed
that the water uptake capacity of KR-PAN-GR membrane at room temperature (25+3
°C) and at 45 °C were found to be maximum 78.94% and 133.33% respectively, for 8
h of immersion. The results show that the PAN-KR-GR polymer membrane is having
higher water uptake capacity because of the presence of more active -SOsH sites. The
high water holding capacity of PAN-KR-GR membrane even at increasing
temperature may enable the movement of more hydrated cations leading to the

considerable bending actuation in the membrane [30].

4.3.1.2 IEC and proton conductivity

IEC of ionomer strongly influences the proton transfer through ionomer
membrane and determines the performance of actuator. The IEC of PAN-KR-GR-Pt
membrane was found to be 1.4 meq g™ of dry membrane as shown in Table 4.1. The
high IEC of the membrane increases the water uptake and allows more Pt particles to
deeply imbed on both the surfaces of PAN-KR-GR. The existence of more Pt particles
and uniform electroding on the surface will lower the resistance of the membrane,
hence fast and large bending performance [30, 31]. The proton conductivity of PAN-
KR-GR-Pt-based IPMC membrane was 5.26 mS cm™. High proton conductivity
enables the movement of more H™ ions in their hydrated state which results in large

actuation.
4.3.1.3 Water loss

The mechanism of water loss is responsible for short lifetime of IPMC

membrane which includes natural evaporation, leakage from ruptured electrode
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Figure 4.2: % Water uptake of PAN-KR-GR based membrane at room temperature

(R. T.) and 45 °C for different time intervals
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Table 4.1: lon-exchange capacity and proton conductivity of PAN-KR-GR-Pt based

membrane
Material lon-exchange capacity Proton conductivity ()
(meq g™ of dry membrane) (mS cm™)
PAN-KR-GR-Pt 14 5.26
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surface and electrolysis [32]. Figure 4.3 showed that the maximum water loss was

38% after applying electric potential of 7 V for 12 min. The slow water loss of PAN-
KR-GR-Pt based IPMC membrane may increase the performance in terms of bending

deformation for longer time and repeatability.

4.3.1.4 SEM

The scanning electron micrographs of PAN-KR-GR-Pt based membrane at
different magnifications were recorded to show the surface morphology as shown in
Figure 4.4 (a) to (d). The uniform coating of Pt electrode with no surface crack is
clearly seen in Figure 4 (a) and (c) before applying electrical potential. The surface of
the membrane after testing of actuation damaged to some extent, resulting in few
negligible rupture as shown in Figure 4.4 (b) and (d). The surface morphology of
PAN-KR-GR-Pt membrane after applied electrical potential showed no significant
changes. Thus, the main cause of water loss from the membrane was considered due
to electrolysis and natural evaporation. The cross-sectional scanning electron
micrograph is shown in Figure 4.4 (e), which clearly shows that the PAN-KR-GR
composite polymer membrane is sandwiched between Pt electrode layers from both
sides.

43.15FTIR

The chemical structure of the fabricated PAN-KR-GR polymer membrane was
characterized by FTIR spectroscopy (Figure 4.5). A typical peak appeared in the
spectrum at ~2242 cm™, which is due to the presence of the stretching vibration of
cyano groups (-CN), in the PAN. The peaks at around ~1085 and ~1029 cm™ are
ascribed due to the presence of S=O stretching vibration, which confirm the existence
of block styrene sulfonate unit of KR polymer [33]. The graphene oxide characteristic
bands are present at ~1726 cm™ (C=0O stretching), ~1623 cm™ (C=C stretching),
~1226 cm™ (C-OH stretching) and ~1059 cm™ (C-O of epoxy stretching) [34].

4.3.1.6 XRD and TGA
The XRD pattern of PAN-KR-GR composite polymer membrane is shown in

Figure 4.6. The XRD pattern of ionomeric membrane was carried out to study the
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Figure 4.3: % Water loss of PAN-KR-GR-Pt-based IPMC membrane at 3, 4, 5 and 6

V for different time interval
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crystal lattice i.e., the molecules are randomly distributed in the membrane. The TGA
thermograms of PAN-KR-GR polymer membrane and PAN-KR-GR-Pt based IPMC

membrane are shown in Figure 4.7. In both the membranes, about 21% weight loss

up to 200-250 °C is due to the removal of water molecules. Furthermore, about 20%
weight loss up to 450 °C may be due to the thermal annealing of the composite
materials. A horizontal curve at 500 °C onward represents the complete oxide
formation. Hence, TGA thermograms of both PAN-KR-GR polymer membrane and
PAN-KR-GR-Pt-based IPMC membrane show that there is no significant change in
the thermal stability of PAN-KR-GR membrane before and after plating of Pt

electrode layer.

4.3.2 Electrical properties

For a better performance of an IPMC actuator, one needs to check the
electrical properties of the deposited electrode layers necessary for bending behavior.
The electrical behavior of PAN-KR-GR-Pt-based IPMC membrane is investigated by
Autolab 302N modular potentiostate/galvanostate. A current voltage hysteresis curve
(1-V) is recorded under 3V with a scan rate of 100 mV s™ as shown in Figure 4.8. The
shape of I-V curve generally reflects the movement of hydrated ions due to applied
voltage resulting from electrolysis. It is observed from Figure 4.9 that the current
density of IPMC membrane increases significantly with the applied voltage. The
higher current density of PANKR- GR-Pt based IPMC membrane than several
reported IPMC membrane [20,22] is due to high IEC, uniform electroding,
smoothness of the electrode surface, and high proton conductivity. Higher the current
density, higher will be the performance of IPMC, by a larger deformation under an

applied electric potential.

4.3.3 Electromechanical properties

In order to characterize the highly water-stable PAN-KR-GR-Pt based membrane; the
graphical representation of an experimental test setup is shown in Figure 4.10. After
taking the PAN-Kr-Gr-Pt-based membrane from water solution, it was fixed in a
holder as a cantilever configuration. For activating this membrane, the voltage

between 0 and 7 V dc was applied to IPMC membrane using computer controlled
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Figure 4.4: Scanning electron microscopic images of PAN-KR-GR-Pt-based IPMC
membrane at different magnifications showing surface morphology (a and c) before

actuation, (b and d) after actuation and (e) cross-sectional image
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