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Abstract

Electrochemical actuators based on polypyrrole (PPy) have been constructed and
characterized. The actuation performance was analyzed in terms of several main parameters:
thickness, scan rate, applied stress, cycle life and creep. Two different dopants and two
different forms (tubes and free standing films) were produced to investigate their effects on
the actuation performance and the underlying mechanisms of actuation.

The actuation strain generated by the PPy materials when an external load was applied
was found to be the sum of three individual time-dependent processes: strain generated
directly from charge and solvent injection; strain generated from elastic modulus changes;
and strain caused by creep. It was found that the strain generated from charge and solvent
injection behaved like a diffusion-controlled process and the process were found to be
relatively slow, whether during ramp or step voltage scanning. A semi-empirical model
based on Fickian diffusion was built to predict the actuation strain under different loads at
different scan rate in ramp voltage scanning and for different actuator thicknesses. By using
the model, work and power of PPy actuators were analyzed. A consequence of the slow
charging process is that the thicker PPy materials produce a larger work output but a lower
power output.

The effect of dopant used for the PPy was quite significant with bis-(trifluoromethane-
sulfonimide) (TFSI) producing higher strains for equivalent conditions than
hexafluorophosphate (PFs) doped PPy. PPy/TFSI films were found to respond slowly to a
step voltage change with a significant amount of strain occurring after the applied current

had decayed to zero. This contribution to strain was assumed to be due to solvent ingress



associated with osmotic pressure. It was also found that the large strains produced in
PPy/TFSI degraded rapidly cycle by cycle. Several approaches were investigated to
improve stability. Current stimulation rather than voltage stimulation ensures equal
oxidation and reduction per cycle and resulted in a constant 4% strain for at least 100 cycles.

Creep of PPy at different redox state was investigated and modeled for the first time
using classical spring-dashpot models. The model could successfully fit and predicting the
creep behavior of PPy at different redox states. The viscoelastic parameters are found to be
voltage-dependent with the modulus (instantaneous and delayed) and viscosity decreasing
when the PPy/TFSI was reduced. By using Boltzmann superposition principle, an attempt

to combine all strains was conducted.



A = »

@

v
CPs

o m oo

[y

L
Li.TFSI
MB
PPy
PANI
PTh

VI

ABBRAVATIONS

volume fraction

area

modulus shift factor
concentration

cyclic voltammograms
conducting polymers
oxidized layer thickness
diffusion coefficient
potential

force

current

length
bis-trifluoromethanesulfonimide lithium
methyl benzoate
polypyrrole
polyaniline
polythiophene

strain to charge ratio
strain

elastic modulus

stress
hexafluorophosphate
charge

time

scan rate

resistance

silver|silver ion reference electrode



PC

a

< © =

propylene carbonate
relaxation time
viscosity term
power density

work density

VI



VIII

LIST OF FFIGURES AND TABLES

FIGURES

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6
Figure 1.7

Figure 1.8

Figure 1.9
Figure 1.10

Figure 1.11

Figure 1.12

Figure 1.13
Figure 1.14

Figure 1.15

Three typical conducing polymers. Top to down:
Polyaniline (PAN1); Polypyrrole (PPy); Polythiophene
(Pth).

Schematics of actuation: muscles (a) and conducting

polymer actuators (b).

Proposed mechanisms of actuation via ions insertion

accompanied by solvent.
Polymerization pathways of PANi.

Redox states of PANi (switching property):

leucoemeraldine, emeraldine salt and pernigraniline.
Polymerization pathways of Pth.
Reaction pathway of PPy chemical polymerization.

Typical constant potential (up) and current (down)

deposition of PPy.
Reaction pathways of PPy electropolymerization.
Conjugated and partially conjugated PPy.

The switching property of PPy where A represents anion
incorporated into the polypyrrole, X represents the cation

from the electrolyte.

The chemical formulas of NapTS (top left), NaDBS (top
right), TBAPF¢ (down).

Schematic structure of PPy bender and its working state.
The structure of microfluidic pump.

Schematic diagrams of Braille cell (left) and single pin



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9
Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

IX

(right).

The electrochemical polymerization cells for actuator

preparation. a) for helix tubes; b) for free standing films;

Cyclic voltammogram. a) a ramp voltage signal versus

time; b) a typical CV of redox process.

A typical chronoamperometry experiment of PPy. a)
voltage is switched from V; (usually V;=0) to V,,; b)

recorded current signal.
The four point probe used for measuring the conductivity.
Schematic diagram of a SEM.

Tensile stress-strain curves for five types of polymeric
material (a) and typical stress-curve for CPs (b). Five
types of curves represent: i) soft & weak; ii) soft & tough;
ii1) hard & tough; iv) hard & strong; v) hard & brittle.

Shimazu EZ Tensile test machine.

The experiment set up for actuation test. a) for tubes; b):
for films.

Dual mode lever system for actuation test.
Schematic diagram of actuation test system.

Cross section of PPy helix tubes obtained after different
polymerization times: a) 4hours; b) 8hours; c) 16 hours

and d) 20 hours.

a) typical chronopotentiogram of PPy polymerization
using two electrodes system (20hrs); b) The relationship
between PPy helix tube wall thickness and polymerization
time and charge passed during polymerization. The error

bars represent 3 standard deviations.

Cyclic voltammogram of PPy helix tubes at 5, 10, 25, 50



Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

mV/s (a-d) and for different wall thicknesses, as indicated.
The arrow shows an example of a reductive current

observed during the initial stages of the anodic scan.

Charge passed during the anodic scan for helix tubes of
varying thicknesses (d) and as a function of scan rate (r); a)
total charge integrated from anodic current; b) Charge
normalized to the theoretical charge capacity and plotted
against scan rate; Same data plotted against c¢) 1/ r; and d)
1/dr*?. Symbols correspond to the wall thickness of helix
tubes: 5 pm, 15 um, 34 um and 44 pm.

Overlapping cyclic voltammetry and actuation curves for a
Sum thick PPy helix tube at scan rate (a) SmV/s and (b)
50 mV/s, 44 um thick PPy helix tube at a scan rate of (c)
S5mV/s and (d) 50 mV/s.

Schematic illustration of reduction processes at a) slow
and b) fast scan rates. At left are suggestion electron / ion
transport processes. The three panels show cross-sectional
views of the PPy on platinum with the approximate
electrode potential illustrated by the cross at top. At slow
scan rates, anions are readily expelled as electrons are
transported from the Pt electrode (far left) to the oxidized
surface layer (far right). At faster scan rates, however,
electrons may be transported to the surface chains
allowing for fast anion expulsion or inclusion of
electrolyte cations (as suggested by the expansion
observed during reduction at fast scan rates).

Contractile actuation strain in PPy helix tubes prepared at
different wall thicknesses and tested at different strain
rates: a) 5 um thick wall thickness; b) 15 pum thick wall
thickness; ¢) 34 um thick wall thickness and d) 44 um

wall thickness.



Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 4.1

XI

The actuation strain of PPy helix tubes having different
wall thicknesses and tested at two different scan rates: 5
and 50 mV/s 2.6 MPa.

a) strains measured at different isotonic stresses for 34um
tube thickness against charge passed; b) Isotonic actuation
strain measured at low stresses (<30 kPa) and at different
strain rates for various helix tube thicknesses: 5 um, 15
um, 34 um, 44 pm. Linear fits of strain to charge ratio by
using 34 um and 44 pum thick tubes is presented with dot
line.

Modulus shift factor determined as a function of fractional
charging. Calculated isotonic strains at the indicated scan

rates for 15 um (b) 34 um (c) and 44 um (d) helix tubes.

Calculated free strain, modulus shift factor and the overall
expected isotonic strain for 34um & 44pm thick helix
tubes.

Work for cycle for PPy/PFs helix tubes with different
thickness under various stress levels. a) 15 um; b) 34 um;
c) 44 pum. Dash, dot and solid lines represent the
prediction value of each scan rate. d) Theoretical
prediction of work density as a function of charge ratio; e)
theoretical maximum work density prediction and the

correspondence stress.

Calculated Work (a) and Power (b) outputs per reduction
cycle for PPy/PFs helix tubes with different thickness
under various stress levels.

Volumetric power density for PPy/PF¢ helix tubes with
different thickness under various stress levels. a) 15 um; b)
34 um; c) 44 um. Dash, dot and solid lines represent the

prediction value of each scan rate.

The morphology of PPy films; a) PPy/LiTFSI/MB; b)



Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

XII

PPy/LiTFSI/PC; c¢) PPy/TBATFSI/MB d) the electrode
side of PPy/TBATFSI/PC.

The actuation of PPy films. Scan from -0.9~0.7V (VS
Ag/Ag") at 2mV/s. All samples were tested in 0.1M
LiTFSI/PC solution.

Actuation of PPy in different concentrations of Li.TFSI in
PC over a potential window of -0.9 V to +0.7V; b) Their
CV voltammograms. Scanning from -0.9V to 0.7V versus
Ag/Ag” with 2 mV/s scanning speed; c¢) actuation of first

cycle versus voltage; d) strain to charge ratio over cycling.

Free standing PPy/TFSI film in a 0.1 M Li.TFSI propylene
carbonate electrolyte. Scan rate: 2 mV/s. a & b) the
observed actuation; c) the cyclic voltammogram of the 1*
and 20" cycle; d) Consumed positive volumetric charge; e)

strain to volumetric charge ratio.

The observed actuation of PPy films at different scan rates
(a) and their cyclic voltammograms: b) scan rate at SmV/s;
c) scan rate at 100 mV/s; d) scan rate 400mV/s; e)
consumed charge (positive only); f) strain to charge ratio

over cycles.

Transmission line model for charging of a conducting film;
with R; representing ionic resistance per volume and C;
represents the capacitance per volume. Ry is the solution

resistance and Cj is the unit surface capacitance.

Electrochemical capacitance actuation of free standing
PPy films (a); their C-V deformation while cycling: b)
scan range -0.5~0.5V; c): scan range -0.5~0.35V d): scan
range -0.5~0.2 V; the actuation behaviour for the scan
range ¢) -0.5~0.5V; 1) -0.5~0.35V; g) -0.5~0.2V;h) Charge
consumed (Positive only); 1) Strain to charge ratio over

cycles; All scan rates were 2 mV/s.



Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 5.1

Figure 5.2

XIII

In situ modulus test during actuation. Voltage scan range is
from -0.9V to 0.7 V with scan rate of 2 mV/s. As shown in
the upper panel, a small amplitude stress pulse was also
applied giving a resultant strain that could be converted to

an elastic modulus value.

The elastic modulus of PPy films during voltage scanning.
A potential window of -0.9 to +0.7 V was applied. First
three cycles of using 2 mV/s, 5SmV/s and 100 mV/s are

shown in b)~d) respectively.

The elastic modulus of PPy films during voltage scanning
for a potential various potential windows. First three
cycles of -0.5V~0.2V and -0.5 V ~0.5 V were shown in b)
& c).

The strain (a), maximum/minimum potential of each pulse
cycle (versus Agl/Ag") (b) & elastic modulus (c) changing
of PPy films by current scanning. First 100 cycles were

presented.

Relationship between actuation strain and Young’s
modulus for various experimental conditions and over

multiple redox cycles.

The current flow and actuation of the free standing
PPy/TFSI film under O stress; a)~d) +0.6V,+0.4V,-0.4V &
-0.8V (versus Ag|Ag)).

Attempts of fitting free strain experiment at 0.4V versus
AglAg'. a) fitting using single diffusion parameter; b)
fitting using two diffusion parameter; c) fitting using one
exponential function; d) fitting using two exponential

functions.



Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

X1V

The strain generators, including a fast and a slow charging

part.

The actuation behaviour of PPy/TFSI films under
continuous voltage stimulation (VS Ag|Ag"). A low stress
of 30 kPa was applied to keep the free standing film
straight.

The creep and recovery behaviour of Polypyrrole films
under open circuit conditions. An initial load of 30 kPa is
applied to keep the samples straight. Stresses between 0.5
and 1.5 MPa were applied for 300 s, and returned to 30
kPa for another 300 s.

The creep and recovery of polypyrrole films. An initial
load of 30 kPa is applied to keep the samples straight. a)
A voltage of 0.6V vs Ag|Ag" was applied. The stress was
added in after 20mins and kept for 20 minutes. Then it
reduced to 30 kPa for another 20 minutes. b) same test as a)
using 0.4V vs Ag|Ag’" c) A voltage of -0.4V vs Ag|Ag"
was applied. After 2 hours, stress was introduced to the
system and kept constant for 20 minutes. Then it returned
to 30 kPa for another 20 minutes. d) same test as ¢) using -
0.8V versus Ag|Ag’. All tests were conducted under room

temperature.

Standard 4-element linear viscoelastic model.

Instantaneous modulus of free standing PPy/TFSI films
measured over time at constant voltage stimulation (VS

AglAg)).

The Young's modulus of PPy/TFSI film at different redox



Figure 5.10

Figure 5.11

Figure 6.1

2. TABLES
Table 1.1.
Table 1.2.
Table 1.3.
Table 4.1.
Table 5.1.

Table 5.2.

Table 5.3.

XV

state: -0.8V (dash line), open cycle (solid line) and +0.6V
(dot line). All sample tested in PC/TFSI solution (0.1M).
Reference used is Ag|Ag'. Before testing, the samples

were kept under constant volts for 1 hour.

The modelling and experimental strain of PPy/TFSI films
under different constant stress at +0.4V. Modelling results
(dashed lines) are based on an instantaneous change in
viscoelastic properties at t=20 min; the dotted line is the
calculated strain response assuming no change in

viscoelastic properties.

The modelling and experimental strain of PPy/TFSI films
under different constant stress at a) -0.4V and b) -0.8V
(VS Ag/Ag"). The dashed lines represent the modeling

prediction.

Actuation process under external load.

The properties of skeletal muscles.

Comparison of biological muscles & PPy actuators.
Summarizing the performance of PPy actuators.
Summary of PPy film thickness and properties.
The first guessing fitting parameters.

The empirically fitting parameters of voltage induced

strain.

Summary of the fitted viscoelastic parameters.



CONTENTS
DEDICATION
CERTIFICATION
ACKNOWLEDGMENTS
ABSTRACT
ABBREVATIONS
LISF OF FIGURES AND TABLES

CONTENTS

CHAPTER 1 LITERATURE REVIEW

1.1 Thesis motivations

1.2 History of conducting polymers

1.3 Conducting polymer actuators
1.3.1 Natural muscles
1.3.2 Actuators based on CPs

1.4 Materials used to build CP actuators
1.4.1 Polyaniline actuators
1.4.2 Polythiophene actuators
1.4.3 PPy actuators

1.4.3.1 Synthesis of Polypyrrole

1.4.3.2 The switching principles of PPy actuators

1.4.3.3 Rate limits of actuation

1.5 Strain calculation of conducting polymers actuators

XVI

v

VI

VIl

XVI

10
11
12
17
21

22



1.5.1 Strain to volumetric charge ratio
1.5.2 Solvent induced strain by osmotic pressure
1.5.3 Strain caused by elastic modulus shifting
1.5.4 Creep strain

1.6 Performance of PPy actuators and their improvement
1.6.1 The performance of PPy actuators
1.6.2 Ways to improve PPy actuators
1.6.3 PPy actuators examples

1.7 Research Questions

1.8 Structure of thesis

1.9 References

CHAPTER 2 EXPERIMENTAL

2.1 Introductions
2.2 Methods used for Polymer preparation
2.2.1 Electrochemical polymerization
2.2.2 Techniques used for polymer characterization
2.2.2.1 Cyclic Voltammetry (CV)
2.2.2.2 Chronoamperometry
2.2.2.3 The electrical conductivity
2.2.2.4 Scanning electro microscope (SEM)
2.2.2.5 Mechanical properties
2.3 Techniques for actuation test
2.3.1 The design of the electrochemical cell

2.3.2 Mechanical properties test and actuation test

23

23

24

25

26

26

28

32

36

38

39

48

49

49

49

52

52

53

54

55

56

58

58

58

XVII



XVII

2.4 Reference 59

CHAPTER 3 THE EFFECTIVE OF THICKNESS AND

CHARGE TRAPPING 00
3.1 Introduction 61
3.2 Experimental 62
3.2.1 Reagents and materials 63
3.2.2 Instrumentation 63
3.2.3 The preparation of PPy helix tube 63
3.2.4 Thickness measurements 64
3.2.5 Electrochemical studies 64
3.2.6 Actuation tests 64
3.3 Results and Discussion 65
3.3.1 Tube Thickness 65
3.3.2 Cyclic voltammograms of PPy helix tubes 67
3.3.3 A semi-empirical diffusion —based charging model 71
3.3.4 Mixed Mode Actuation and Charge Trapping 76
3.3.5 Effect of External Load on Actuation 81
3.3.6 Actuation Strain-Charge Relationship 86
3.3.7 Effect of Modulus Shift on Actuation Strain 88
3.3.8 Work and Power output 93
3.4 Conclusions 101

3.5 References 105



CHAPTER 4 HIGH STRAIN POLYPYRROLE ACTUATORS

4.1 Introduction
4.2. Experimental
4.2.1 Reagents and materials
4.2.2 Instrumentation
4.2.3 The preparation of PPy films
4.2.4 Electrochemical studies
4.2.5 Actuation tests
4.2.6 Physical characterization
4.3 Results and discussion
4.3.1 Physical properties of PPy films
4.3.2 Slow Scan-Rate Actuation
4.3.3 Effect of electrolyte concentration on actuation behaviour
4.3.4 Stability of PPy/TFSI/PC films
4.3.5 Effect of scan rate on actuation stability
4.3.6 Actuation over a limited potential range
4.3.7 Effect of cycling on elastic modulus
4.3.8 Current control versus voltage control
4.4 Relationship between modulus change and actuation stability
4.5 Conclusions

4.6 References

CHAPTER 5 CREEP BEHAVIOUR OF PPY-EMPIRICAL

MODELING

107

108

110

110

110

111

111

111

112

112

113

114

116

119

122

126

132

138

141

143

145

147

XIX



5.1 Introduction
5.2 Experimental

5.2.1 Polypyrrole film preparation

5.2.2 The actuation test

5.2.3 The creep test

5.2.4 Fitting methods
5.3 Results and Discussion

5.3.1 Stress-Free Actuation

5.3.2 Viscoelastic Behaviour PPy/TFSI films

5.3.3 Viscoelastic Modelling of PPy/TFSI films

5.3.4 The elastic modulus shift under constant potential
5.4 PPy actuation under combined stress and voltage stimulus
5.5 Summary and Conclusions

5.6 References

CHAPTER 6 GENERAL CONCLUSIONS AND FUTURE

WORK

6.1 General conclusions
6.1.1 Time dependant charging process
6.1.2 Zero-stress actuation response
6.1.3 Effect of redox state on PPy mechanical properties
6.1.4 Actuation under external load
6.1.5 Instability of PPy/TFSI system
6.2 Future work

6.3 References

148

149

150

150

151

152

152

152

163

166

170

172

177

182

183

184

184

187

189

190

192

193

195

XX



Chapter 1 literature review

CHAPTER 1 LITERATURE REVIEW



Chapter 1 literature review

1.1 Thesis motivations

It is always interesting and challenging to build actuators that can mimic natural
muscles. Since conducting polymers (CPs) were discovered by Hideki Shirakawa, Alan
Heeger and Alan G MacDiarmid [1], using those new types of materials offers a new
approach to fabricate actuators [2, 3]. During the last decades, conducting polymer
actuators have made great progress in actuator performance by material selections,
actuator designs and polymerization optimization. All those achievements greatly
extend the application of actuators.

For macro scale linear actuations, a simple way to predict its position (actuation) is
necessary for engineering applications. It is widely proposed that the total actuation
strain is a combination of the free actuation strain (strain occurring at zero external load),
strain caused be a shift in the elastic modulus and creep induced strain. The aim of this
thesis is to evaluate those strains under different conditions and attempt to
mathematically prediction the total strain by combining them. Free strain, elastic strain

and creep strain will be discussed separately.

1.2 History of conducting polymers

Back to the mid of 1800s, perhaps the first conductive polymer was synthesized as
the discovery of aniline. But the ability to conduct charge was not noticed at that time.
After a century, as early as 1963, three Australia researchers produced conductive PPy
which reached the conductivity of 1S/cm [4]. Theoretically, those PPy belongs to the
semiconductors. After 14 years, in 1977, Hideki Shirakawa, Alan Heeger and Alan G

MacDiarmid synthesized the halogen doped (CH) x and (SN) x with 10° S/cm
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conductivity which is 10” times more conductive than its undoped state. These materials
were called ‘organic metals’. Their work was soon widely recognized and initiated a
great deal of research into the synthesis, characterization and application of similar
organic conducting polymers.

Generally, the conductivity in CPs was from polarons and bipolarons[5]. Under an
electrical field, the movement of bipolarons conducts the charge. The formation of
polarons and bipolarons is due to the electron structure in CPs. In CPs, the © molecular
orbit is overlapping because of the high degree of m bond conjugation. The
delocalization of m electrons generates the polarons and bipolarons. The bipolarons
widely exist in the conducting polymer as it has a lower energy than polarons.

However, the stability of (CH) x and (SN) is very poor, limiting their application.
Most of applications are using more stable CPs such as polypyrrole (PPy), polyaniline

(PAN1) and polythiophene (Pth).

ot

Figure 1. 1 Three typical conducing polymers. Top to down: Polyaniline (PANi); Polypyrrole (PPy);
Polythiophene (PTh)

As listed in Figure 1. 1, PANi, PPy & Pth are three main CPs actuator material
widely reported in the literature. Diaz et al synthesized PPy, PANi and Pth successfully
through electrochemical methods [6-8]. When oxidizing CPs, electrons are removed

from polymer bulk and counter ions will transfer into polymer bulk to balance charge.
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And when reducing them, electrons flux in and counterions will move out. Such

irreversible process generates a pair of redox peaks in cyclic voltammograms.

1.3 Conducting polymer actuators:

Nowadays, there are so many applications for conducting polymers in electronics,
batteries, electro chromic devices, bionics, solar cells, drug delivery systems, corrosion
protection, electrochemical sensors and actuators [9-17]. Among those tremendous
applications, actuators attract a lot of scientists because of its similarity to natural

muscles and potentially wide application.

1.3.1 Natural muscles

The typical natural mammal skeletal muscles can generate around 30% of
deformation and stress to 0.35MPa. A summary of the performance of skeletal muscles

is listed in Table 1. 1

Table 1. 1 The properties of skeletal muscles [18].

Property Typical value Maximum value
Strain (%) 20 >40

Stress (MPa) 0.1 (sustainable) 0.35

Work density(kJ/M } ) 8

Density (kg/m”) 1037

Strain rate %/s 500

Power to mass (W/kg) 50 200

Efficiency % 40
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Cycle life 10°

Modulus (MPa) 10-60

1.3.2 Actuators based on CPs:

The early use of conducting polymers as artificial muscles to emulate natural
muscles has been reviewed by Baughman[3]. As seen in Figure 1. 2, because of their
similarity to natural muscle, conducting polymer actuators is also sometimes called
‘artificial muscles’. Conducting polymer actuators and natural muscles have many
features in common: both of them are driven by electro stimulation and flux of ions;
they are both soft and flexible; only operate in a wet state (in contact with an ion
reservoir); both transfer chemical energy to mechanical energy; and are easily

controllable [19].

a) b)
Brain Computer

Nerves
Conductor

Muscle CPs

Figure 1. 2 Schematics of actuation: muscles (a) and conducting polymer actuators (b)

Generally, the dimensional changes in CPs are the result of ions and solvent
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molecular influx and efflux. Such volume changes are required to accommodate the
anions and cations, and sometimes also solvent molecules which accompany redox
reactions in CPs. This general process is illustrated in Figure 1.3. Reversible redox
reactions in CPs lead to electrochemical charging and discharging. These processes
generate charged sites on the polymer backbone and each site is accompanied by an
oppositely charged “counter-ion”. Counterions enter and leave the polymer from and to
an external electrolyte. The electrolyte commonly consists of ions dissolved in a solvent
and it is known that solvent molecules can also enter the CP. The solvent content varies
with the extent of charging, so solvent ingress/egress can contribute to the volume

changes that drive actuation.

~- Polymerchain @ cations @ Solvent

Figure 1. 3 Proposed mechanisms of actuation via ions insertion accompanied by solvent.

Through a continuing effort on selecting dopant counterions and solvents, CP
actuators are now much improved compared to the early versions. As compared in Table
1. 2, PPy actuators generate much higher work density and can work under 100 times
more stress than mammalian skeletal muscles. But CPs actuators can’t last as long as

muscle does.
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Table 1. 2 Comparison of biological muscles & PPy actuators[18].

Skeletal muscles PPy actuators
Operating stress (MPa) 0.1 MPa Typically under 10 MPa
Strain (%) 20 Up to 40
Durability Typically 10° Up to 10°
Work density (kJ/m®) 8 Up to 140

Using conducting polymer to build actuators has significant advantages compared
with other actuator materials like shape memory alloys and piezoelectric materials.
These advantages include operation at low voltage (typically 1V or less); light weight
(density is roughly 0.5~2 g/cm’); relative large dimensional changes (as large as 40% in
some special cases); and high power density (up to 300 kJ/m’). A summarization of CP

actuators’ performance is listed in Table 1. 3, Section 1.6.1.

1.4 Materials used to build CP actuators.

As mentioned before, among so many types of CPs, three of them are widely and

intensely used for studying CPs actuators. They are PANi, Pth and PPy actuators. The

methods for preparing and operating these materials as actuators, as well as their

actuation performance are reviewed in the following sections.

1.4.1 Polyaniline actuators

PANi can be produced by chemical and electrochemical oxidization from its

monomer (Figure 1. 4).
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Figure 1. 4 Polymerization pathways of PANi [20].

PAN:I films have been found to expand and contract by oxidation and reduction [21].
The actuation process of PANI is complicated as protons affect the actuation behavior. A
current accepted model for the molecular structure and oxidation levels of PANi
including all the pathways between them was summarized by Smela et.al [22, 23]. The
important states are illustrated in Figure 1.5. Polyaniline actuators are operated in an
acid environment as polyaniline is electroactive below pH4. In aqueous solution, the
electrochemical reaction changes the PANi between three states: leucoemeraldine,
emeraldine salt and pernigraniline, in which only emeraldine salt is a conductor (Figure
1. 5). When the pH is between 0 and 2, the oxidation of PANi produces an expansion
due to anion insertion as PANi changes from leucoemeraldine to emeraldine salt. If
further oxidation continues, the transition from emeraldine salt to pernigraniline leads to
a contraction as the lost of protons will trigger decomposition happens [24, 25]. The

reaction process is shown in Figure 1. 5.
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Figure 1. 5 Redox states of PANi (switching property): leucoemeraldine, emeraldine salt and
pernigraniline.

PAN:I can also actuate when operated in organic electrolytes will also expand while
turning leucoemeraldine to emeraldine even there are no protons incorporate during
redox in organic electrolytes. Continuing oxidizing will bring more anions in, further
expansion can be observed [26].

Strain generated by PANi actuators is usually below 2% at free load, which is small
compared to some recently-developed PPy actuators. The interesting part of PANi is
perhaps its high mechanical strength. Actuation strains from 1% to 3% have been
obtained at stresses of SMPa, which is attractive to engineers [3, 24, 27]. Spinks et al
have produced actuating fibers of PANi and PANi with carbon nanotubes to reinforce
the material. PANI fibers showed actuation strains of 1.2% and could operate at stresses
to 90 MPa (with diminished strain). The addition of carbon nanotubes reduced the
actuation strain to 0.8% but greatly enhance the strength so that actuation could be
achieved at 125 MPa. These materials showed a large work output (320 kJ/m™) [28].

Another advantage of using PANIi is its capability of processing suitable for mass-
production, which makes the material attractive for commercialization. PANi can be

synthesized chemically and dissolved into some certain organic solvents. The solution
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can be wet spun into fibers or cast to films to achieve different requirement [29-31]. As
mentioned above, the PANi fibres could be used to generate high strength actuators.
There are also some limitations in using PANi as an actuator material. The acidic
aqueous environment perhaps limits the further application of the PANi actuators. PANi
is also not biocompatible, which limits some applications. What’s more, the
pernigraniline is not stable and rapidly degrades in many commonly used acids [32].
Perhaps the main limitation at this stage, however, is the small strains that have been
produced using PANi. Most applications benefit from a higher strain output, which is

possible with other CP materials.

1.4.2 Polythiophene actuators

Pth and its derivatives can be prepared chemically or electrochemically through
oxidation of its monomer (Figure 1. 6). The advantages of using Pth in electrochemical
applications include its high conductivity, relative wide potential window and structure

stability.

\_. + .; . \QHHE\ 2H' /S\ \s/

Figure 1. 6 Polymerization pathways of Pth[8]
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Pth actuators have been demonstrated [33-36]. Kaneto et al realized 2%
electrochemical strain using poly (3-hexylthiophene) and poly (3-dodecyithiophene)
[37].Poly (3-methylthiophene) was utilized for fabricating actuators [38] that showed
~2% strain when used in an organic electrolyte and ~0.5% strain when an ionic liquid
was used as the electrolyte. The interesting part was that the elastic modulus of poly (3-
methylthiophene) in the expanded state was significant higher than that in the contract
state. This change in modulus leads to a higher electrochemical strain when higher
(isotonic) loads were used. This situation is most unusual, as it has been found that
elastic modulus is usually lower in the expanded state that the actuation strain
diminishes with an increasing applied load. Higher strains have been generated from a
solution-processable poly((E)-4,4’’-didecoxy-3’-styryl[2,2’:5°,2” Jterthiophene). Strains
as high as 11.5% were recorded, although the strain diminished rapidly with increasing
voltage scan rate and higher isotonic loads [39]. The solution processability allows
further developments in terms of PTh fibers, however these have not yet been reported

for actuators.

1.4.3 polypyrrole actuators

Perhaps PPy is the most attractive conducting polymers due to its high conductivity,
stability in both of the aqueous and organic solvent, high mechanical strength,
biocompatibility and large actuation strain. The strain of polypyrrole actuators is
typically 2%-10%. Bay et al [40] using PPy/DBS film achieved 12% strain at a stress of
0.5MPa. The free-standing PPy/TFSI films, without load, can show extremely high

strain as much as 40% by carefully selecting dopants and solvents [41-44].
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1.4.3.1 Synthesis of Polypyrrole
As with PANi1 and Pth, PPy can be polymerized both chemically and electrochemically.
Chemical polymerization:

Chemical polymerization of pyrrole requires an oxidant, which is typically Fe’*
[45]. Other oxidizing agents can be used as well [46, 47]. The reaction scheme is shown
in Figure 1.7. Different substrates and copolymers are also studied when chemical
deposition happens.

H, H

H
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Figure 1. 7 Reaction pathway of PPy chemical polymerization

The main limitation of chemical polymerization of pyrrole for producing actuators
is that the polymer is formed as particles or porous coatings of poor mechanical
properties. In addition, the conductivity is often low. The reasons could be that the

polypyrrole made from chemical ways forms particles instead of continuous phase and
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it is more likely to form a partially conjugated structure (Figure 1. 7). The conductivity
of chemical deposition polypyrrole is roughly at 10* S/cm and reaches 100 S/cm by
using careful polymerization methods [46, 48]. The typical conductivity of PPy formed
by chemical ways is less than that from electrochemically-produced polypyrrole by
several orders of magnitude. Nanofibers (~50S/cm) have better conductivity than
nanoparticles [49]. However, the chemically synthesized PPy still couldn’t be used as
actuator materials as the poor mechanical property limits its further application.
Chemical deposited polypyrrole has chemical activities so, chemical deposition of

polypyrrole is mainly used to develop sensors. [50].

Electropolymerization:

Electrodeposition is generally preferred by researchers to prepare PPy materials as
it provides a good control of film thickness, morphology, improved mechanical
properties and higher conductivity. Normally, the film was deposited on conductive
substrates, such as gold, platinum, glassy carbon, tin or indium-tin oxide (ITO) coated
glass. Further study shows that there are differences among the films from those
substrates[41]. Polymerization onto platinum or glassy carbon electrodes has been
found to result in smoother, better adhering films than others.

Electrodeposition can be achieved using a range of different potential or current
control methods. Typical chronoamperogram and chronopotentiogram for the
electrochemical depositions of PPy can identify several reaction / deposition steps
(Figure 1. 8). Take the chronopotentiogram for instance, when the potential is firstly
applied, a large current spike will be observed resulting from the charging of the

electrochemical double layer. After this process which will reach the lowest current in
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the whole growth, the real polymerization now begins starting with nucleation. Next,
the current reaches a plateau while PPy is continuously being formed, doped and
depositing on the electrode surface. It has been concluded that the deposition rate is

almost constant which means the films thickness increases linearly with time [51].

E
£
3
Time >
)
g
Time .

Figure 1. 8 Typical constant potential (up) and current (down) deposition of PPy.

The exact processes by which polypyrrole forms from its monomer during
electropolymerization are not fully understood. Several steps in polymerization occur
rapidly and are difficult to separate. In addition, the insolubility of the polypyrrole and
its non-crystalline nature make the characterization and analysis of the structure difficult.
As a result, there is no agreement on the mechanism. The most accepted mechanism
was explained by Diaz et al[51-53], which have been supported by Electron

Paramagnetic Resonance (EPR) studies [54] and is summarized in Figure 1.9.
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Figure 1. 9 Reaction pathways of PPy electropolymerization.

Protons released from the coupling reaction in Figure 1. 9 could prevent
electrochemical polymerization of pyrrole [55]. Otero et al proposed that acid-catalyzed
chemical polymerization leads to generation of non conjugated polymer and thus
dramatically reduce the conductivity [56, 57]. Thus in order to receive high quality of

PPy, protons release from coupling reaction must be removed. To remove protons,
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adding a proton acceptor is a simple and effective method. It is common to see that 1%
(w/w) of water is added to the electrolyte before polymerization. The small amount of
water will help to capture the reaction-released protons and prevents pyrrole from being
protonated. Hence, the partially conjugated (Figure 1. 10 right) will be less favored.
Further experiments indicate that not only water, but also other basic solvents, like
methanol, ethanol and tetrahydrofuran have similar action [58]. That critical role of
water as a proton-acceptor has long been known during polymerization, and is
especially important in the polymerization of pyrrole in non-aqueous solvents, such as

acetonitrile [6, 59-61].

/\ s

Figure 1. 10 Conjugated and partially conjugated PPy.

Other polymerization parameters such as growth temperature and current density
also could greatly influence final properties of PPy.

Growth temperature has a substantial influence on kinetics of polymerization as
well as conductivity. Generally, low polymerization temperature is helpful to obtain
high conductivity of PPy [62, 63]. It is believed that low temperature will slow down
side reaction and generate a more regular structure of PPy, thus improving conductivity.
Different current density will lead to different porosity, conductivity and mechanical
property [64-66]. Low polymerization current density allows for better alignment of
polymer chains [67]. However, low current will also lead to high compactness of PPy,
which might slow down transfer of ions and strain rate.

In this thesis, polymerization of PPy happens at a current density of 0.1 mA/cm? in
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a mixture solvent of water (1% w/w)/PC at -30°C. That polymerization conduction

could generate high quality of PPy.
1.4.3.2 The switching principles of PPy actuators

The reversible oxidation and reduction of PPy are referred to its ‘switching’
property. While reducing/oxidizing PPy electrons flow in/out of the polymer to form
charged or uncharged sites on the polymer chains. lons also have to move in/out of the
polymer to balance the extra charge. As a result of the ion movements (and other
processes) the volume of PPy will change during redox cycling (Figure 1. 11). It has
been estimated that roughly three pyrrole monomers are associated with each positive

charge in the fully oxidized state.
Gt = R
\ / N /" o \/ N /"
\ / N /" € \ / N ~\ /"

Figure 1. 11 The switching property of PPy where A" represents anion incorporated into the
polypyrrole, X" represents the cation from the electrolyte.

+ A

The changing of PPy redox state is always accompanied by ion exchange between
the polymer and the surrounding electrolyte. Gandhi et al [68] summarized that in
general cases, there are four-stages of oxidation/reduction process that may occur during

actuation:

1) oxidation by cation ejection;
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2) oxidation by anion incorporation;
3) reduction by anion ejection; and

4) reduction by cation incorporation.

These 4 processes are illustrated in Figure 1.11. While shown as two separate, reversible
reactions, it is possible (perhaps likely) that both reactions occur simultaneously during
oxidation and reduction of PPy.

It is commonly suggested that the size of ions being exchanged between the
polymer and electrolyte will affect the magnitude of the actuation strain. It has been
observed by Kaneto and co-workers that the strain was linearly proportional to the size
of anion in poly(styrene sulfonate)-doped PPy [69]. Further investigations on TFSI
derivatives ((C,F2,.1S0,)2N") as dopant reveal that the strain increased in the order of
bis-nanofluorobutanessulfonyl-imide (NFSI)> bis-heptafluo-robutanessulfonyl-
imide(HFSI)>bis-pentafluorobutanessulfonyl-imide PSFI> bis-trifluorobutanessulfonyl-
imide (TFSI) [43]. These anions are of increasing size, supporting the idea that larger
anions incorporated during oxidation of PPy cause a larger volume increase for a given
amount of charge passed.

However, it is likely that there is a critical size beyond which increasing ion size

will not bring more strain. Qi et al [70] used polyaniline films and found that anions
smaller thanBr | a larger strain was obtained for a larger anion. In their study, for
anions’ size of Br >CI” >F" | the strain obtained followed this trend. Once the anions
were larger than Br, CF,SO,” >ClO, > BF, , the largest anion CF,SO,” produced the
smallest strain. They concluded that when anions become larger, they will be more

difficult to insert into the polymer chain. In such cases, the reduction of the polymer is

favored by the incorporation of cations and subsequent oxidation involves ejection of

cations and a volume decrease. It seems the size of Br is the critical value for the PANi
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systems studied.

Experimental evidence supports the “cation-dominated” actuation in PPy prepared
with large dopant anions. Those large ions are immobile and trapped within the polymer
during polymerization and can’t be easily released during subsequent reduction.
Similarly, if large anions are found with the electrolyte they may be too large to
penetrate inside the polymer. In such cases, the PPy redox occurs by cation exchange,
leading to swelling on reduction and contraction on oxidation. So CPs actuators can be
categorized as either cation driven or anion driven actuators. Mixed ion actuation has
also been observed [65]. Polypyrrole doped with dodecylbenzenesulfonate (PPy/DBS)
and polypyrrole doped with p-toluene sulfonic acid sodium salt (PPy/pTS) are two
typical cation driven actuators, as only the small mobile cation like Na" can move in and
out of polymer as pTS and DBS were trapped in the polymer bulk [71-73]. While in
tetrabutylammonium hexafluorophosphate (TBAPF¢) system, because of the large size
of TBA", the PF¢ dominates actuation strain. In this case the actuation of PPy/PF; is

mainly driven by anion movement.

SOsNa
SOsNa

HsC

H3C
CH;
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Figure 1. 12 The chemical formulas of NapTS (top left), NaDBS (top right), TBAPF; (down).

Experimental studies show that there is no clear advantage offered by either cation-
driven or anion-driven PPy actuators. . With 100kJ/m’ work output, 2~3% of strain
under 5 MPa and 0.06% efficiency was achieved using PPy/DBS system[74], which is
comparable to most anion driven PPy actuators.

Besides ion movements, the solvent also plays a major role in the actuation process.
It is realized that the solvent and solvated ions could accompany the doping/dedoping
process [36, 75, 76]. In an aqueous electrolyte system, up to ten water molecules per
one anion has been determined to enter the polymer during oxidation [77]. The size of
solvated ions is significantly larger than naked ions; hence the actuation is strongly
affected. The solvent transportation into and out of the polymer not only depends on the
solvent bound to solvated ions, but an osmotic pressure can also drives a certain amount
of solvent and creates actuation [78-80]. The osmotic pressure is derived from the
difference in ion concentration within the polymer and compared to the ion
concentration in the external electrolyte. In highly charged PPy, the ion concentration
inside the polymer is higher that the surrounding electrolyte, this situation develops an
osmotic pressure that drives solvent molecules into the polymer.

In conclusion, the actuation strain in PPy is influenced by many parameters. Dopant
species, polymerization conditions, actuation test environment and actuator design will

all strongly affect the performance.



Chapter 1 literature review

21

1.4.3.3 Rate limits of actuation

One of the major limitations of CP actuators is their slow response compared with
natural muscle. Understanding the rate limits of conducting polymers actuation enable
actuator designers to evaluate and optimize performance. There are several aspects
involved in determining the actuation rate of CP actuators, which are summarized below.

Now it is widely accepted that the charge exchange occurs first, which is between
the interface of conducting polymer and electrode, following by transferring of the ions
and solvent through the polymer/solution interface to balance the charge. The
completeness of redox at a particular time depends on the arrival of ions and the
conduction of electrons.

While applying anionic potential, the Fermi level of electrodes drops due to the
applying of positive potential, the electrons will immediately left polymer to electrode
and create positive charge center there. The anion will immigrate to balance the positive
charge then the Fermi level of PPy raise up again. Thus the electrons could transfer into
the electrode again. That process will repeat until the polymer is fully oxidized [81].
The process could be reversed when reducing the polymer. Since color change
accompanies the change in redox state of PPy, the diffusion of ions can be observed in
thin films and the diffusion coefficient of ion species could be estimated [82, 83].

Ions transfer in PPy is believed to be a diffusion process and can be illustrated by

Fick’s law. In semi-infinite system (diffusion in plate sheet e.g.),

where C is the concentration of ions at position X and time t. The boundary conditions
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are:
C=C,, x=0_t>0
and
C=0,x>0t=0
The solution is:

_ Cerfex

~ 2.Dt

As seen from the expression, the distance of penetration of any given concentration of

ions is proportional to square root of time:
d. =2+/Dt

in which D is diffusion coefficient; t refers to time and € represents charged layer
thickness.

Diffusion coefficients measured by various experiments for ions diffusing through
PPy is in the range of ~107"° and ~10"" m?s [84-86]. The value of the diffusion
coefficient depends on the type of dopant ion involved, the solvent and the redox state
of PPy. It has been concluded that diffusion in oxidized films is significantly quicker

than in reduced films [87].

1.5 Strain calculation of conducting polymers actuators.

The ability to quantitatively predict the actuation response is most useful in
desiging actuation systems. Conducting polymer actuators have been studied by various
theoretical models based on experiment results. Different mechanisms have been

proposed to calculate volume changes occurring during the redox cycling of CPs.
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1.5.1 Strain to volumetric charge ratio

A simple way to connect charge and strain is using the strain to charge ratio (7). As

free strain (&) is believed to be only function of charge. Thus:

E=p
where £ is the charge density (charge per unit volume of actuator material) passed
through the polymer [88, 89]. The absolute value of 7 is estimated approximately as
1~5%107°m*/C, depending on dopants and solvent [90, 91].

The strain to charge ratio predicts free strain quite well. But the model only focus
on the charge passed. Later experiments shows that solvent driven by osmotic pressure
can also contribute to the strain achieved [79]. However, the osmotic process is
significant slower than charge-induced ion diffusion [92]. In short periods of time, the

solvent induced strain is limited and can be neglected.

1.5.2 Solvent induced strain by osmotic pressure

Bay et al found that PPy is soft enough to be expanded by osmotic pressure [79].
Osmotic pressure could drive significant amount of solvent in thus causes strain. The
osmotic pressure differences can be given by:

T = RT(¢pCp _¢IVCI)
where #, and 4 is the osmotic coefficient in the polymer and electrolyte; C, is the total

concentration of free particles in polymer; G is the molar concentration; V is the

number of ions formed from one unit of electrolyte salt. Combining osmotic pressure

(7), mechanic pressure (P ) and the redox state depending on potential ( E,), the
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changing in dimensions can be written as

| = f(x,P,E,)

As mentioned before, it takes time to observe solvent induced strain during
actuation [92]. Take PPy/DBS in 0.1M NaCl aqueous system for instance, a 1.9% of
osmotic strain happens in time scale of 500s [92].

The effect must be considered for long time experiment, such as creeping test.
1.5.3 Strain caused by elastic modulus shifting

Actuators usually work against an external stress. To develop actuators for practical
applications it is not sufficient to only discuss free strain. It is essential to consider how
an external stress affects the strain generated by CP actuators[93].

Mechanical properties shift while switching the redox state of CPs [94, 95]. In
some cases, the elastic modulus can increase 300% from the reduced state to the
oxidized state[96]. Since the elastic modulus determines the strain response of a
material that is subjected to a stress, then any changes in the elastic modulus will be
very critical to the actuation response [93].

Through focusing on elastic modulus shift, Spinks et al [97] thoroughly discussed
the influence of a changing modulus on the actuation. While under isotonic test, part of

the actuation strain is caused by a change in modulus and it is estimated as:
I 1
Fuatc = (=)
elastic Y Y

where O refers to isotonic stress; Y is initial Young’s modulus and Y is the Young’s
modulus after the electrochemical potential has been applied. The simple linear-elastic

model is quite successful in predicting the trend of actuation while under stress. If the
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modulus in the expanded state is greater than the modulus in the contracted state, then
changes in modulus will counteract against the “natural” actuation. If the actuation
causes a contraction at zero load, then an additional expansion will occur when a load is
applied due to the decrease in elastic modulus. The overall actuation can be taken as the
sum of the two processes and an increasing load will lead to decreasing overall net
strain. This situation has been observed widely in experiment [23, 69, 93, 98]. If the
modulus is lower in the expanded state then an increasing load will lead to increasing
net actuation strain [38]. If the modulus does not change during swelling/contraction of

the actuator material then the actuation strain will be independent of the applied load.

As analyzed by Spinks et al[97], differences between Y and Y also shift the work

output of CPs actuators. Volumetric work per cycle is calculated from:

f Al

S*1

W, =W/V = =O'*|€|=O'*(€+G*(%_Yl))

where S and | are the cross-sectional area and the length of the sample; O presents the

isotonic stress applied; If Y <Y for an expanding actuation, the net strain increases

with increasing stress, and high stress leads to high work output. If Y >Y for
expanding actuation, an increasing stress will reduce the net strain, hence there will be a

maximum value of work output and a particular stress.
1.5.4. Creep strain

Previous studies have noted that PPy suffers from creep, or irreversible, time-
dependent strain when subject to an external stress [99]. As commonly occurs in other
polymers, creep happens under load and over long time scales. Creep effects mean that

the strain in polymers is a history dependant process. Higher loads and longer times
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generate larger creep strains.

Creep and its recovery will shift final strain during actuation [100, 101].
Mechanical properties of PPy are known to change while changing the polymer’s redox
state [96].Secondly, it is known that solvent-saturated CPs are softer than in their dry
state [102]. Due to those reasons, creep of CPs is complex. However, there is lacking a
method of predicting the creep behavior of CPs. Such prediction is essential as for the

purpose of accurate position control.

1.6 Performance of PPy actuators and their improvement.

1.6.1 The performance of PPy actuators

The performance of PPy actuators with common dopants is summarized in Table 1.
3. It is clearly seen that dopants and solvents play critically roles in determining the
actuation performance. Despite the large differences in actuation strain, stress and work
density, there is no clear and obvious explanation. As described above, the actuation
strain is partly related to the size of the ions and the amount of solvent that enters or
exits the polymer. It is also apparent that the effect of the voltage (or current) control
can affect the measured performance, especially since the actuation response is rather
slow. Finally, the actuation behavior is affected by the external loading conditions and
changing mechanical properties of the polymer. Different studies reported in Table 1.3
have used different testing conditions. It is not known whether the differences in
actuation performance relate to these testing differences or to more fundamental

differences in the polymer composition or structure.
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Table 1. 3 Summarizing the performance of PPy actuators.
Materials* Testing media Work Typical Strain Operating References
density strain (%)  rate stress
(kJ/m®) (%ls) (MPa)
PPy/PFs
PPy/TFSI NaPF; aqueous 11.2~12.4  0.7~0.8 10.6~22 [103]
PPy/BF, solution
PPy/ClO,
PPy/PF¢ TBAPF-agar gel 40 2 0.5 [104]
PPy/PFs TBAPF Propylene 2.8~35 0.2~1 0.01 1.4~3.5 [105]
carbonate solution
PPy/TFSI LiTFSI water & PC 15 1.5 10.8 [106]
mixture
PPy/TFSI NH,4PF¢ aqueous 140 6 3 [100]
solution
PPy/DBS NaCl aqueous solution 100 1.4 5 [74]
PPy/BF, NaBF4/NaCF;SO; 9.5 1.3 [107]
aqueous solution
PPy/PF BMIM BF, 14 2.5 [108]
PPy/Fe(CN)g” LiCl/NaCI/KCl 1.2~2.3 Free load [109]
aqueous solution
PPy/DBS **  NaCl aqueous solution 5.6 0.6 [110]
PPy/BS NaBS acetonitrile and 73 1 3 [90]
aqueous mixture
PPy/PPs NaCl/RbCl/NaClO, 1.2 5 [69]

aqueous solution

* Chemicals in the table: PFg hexafluorophosphate; BF, tetrafluoroborate; CIO, perchlorate; PPs
phenolsulfonate; DBS dodecylbenzenesulfonate.
**co-surfactant was added when polymerization happens
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1.6.2 Ways to improve PPy actuators.

There are already some devices based on PPy have been designed and developed.
However, materials used in those devices can still be improved to better meet real

application requirements.

Reduce the resistance

In macroscopic actuators, there are significant IR (current times resistance) drop
along CP’s length. Thus, the region close to electrode is fully oxidized and reduced.
Regions far away electrode might not experience the same extent of redox process as IR
drop reduces the effective voltage. Those regions will not actuate as much during
potential scanning. Another issue is that CPs turns to insulators in the reduced state and
hinders charge flows. Those issues relating to the electronic conductivity will limit the
performance of CPs actuators.

A simple way to overcome such issues is to incorporate metal as a substrate to
conduct charge. Hutchison et al [111] coated platinum onto electrochemically
polymerized PPy film and achieved force density six times higher than unplatinised
samples. Ding et al [112] utilized a tubular geometry and helical wire interconnects. A
high work density of 83 kJ/m’, fast contract rate 13%/s and >1% strain with 8 MPa
stress was achieved. Later, those helix tubes were bundled to produce high force [113].
Similar work was performed by Hara et al [114]. PPy was electrochemically deposited
on metal micro-coils and assembled in a multi-coil bundle. A huge force lifting 22 kg

loads was obtained with a bundle that contained 1600 pieces of PPy coated metal coils.
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Increase strain rate

Typical linear actuation strain rates in CPs are quite low. By embedding supporting
electrode or carefully selecting dopants and solvents, strain rates can reach to ~10%/s
[106, 112], which still 10 times lower than mammalian skeletal muscles. As described
previously, the speed limiting step of actuation is believed to be the diffusion of ions.
Reducing film thickness will be helpful to achieve high strain rates by reducing
diffusion times. Smela et al achieved strain rate of 3%/s though testing a ultra thin PPy
film (<3um) [115]. Increasing applied voltage will also increase strain rate but can lead
to degradation [116]. Short period of high potential is helpful to avoid rapid degradation.
Electrolyte has resistance and cause ohmic (IR) drop across electrolyte. Such drop could
consume some charge which doesn’t contribute to actuation strain. Therefore,
electrochemical potential at electrode/electrolyte surface is lower and actuation strain is
slower. By using resistance compensation method, actuation strain could be increased
[117]. Such method eliminates rate limiting effects and shifts the rate limit step to

actuator itself.

Enhanced cycle life

Like natural muscle, some applications for artificial muscles will require a long
working life yet many CP actuators degrade rapidly. The biological muscle is usually
able to work for decades of years without replacing. An artificial urinary sphincter needs
16,000 working cycles for over 10 years (working 3~4times per day). A long working

cycle life is also needed for actuators acting as a pump to help contract the heart: one
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every second for at least 5 years—about 200 million cycles [99]. Unfortunately, there is
no conducting polymer actuators that can last such a long time. Conformational change,
degradation of electrolyte and overoxidation are three main reasons for instability.
Degradation in the electroactivity of CPs has been reported when the cyclic
voltammogram showed an obvious reduction in currents while cycling [118, 119].
Overoxidation of PPy results in dedoping of CPs and formation of carboxyl group and
loss of conjugation [120]. Degradation of the electrolyte will also lead to failure of the

PPy. Anodic oxidation of PC with water present will produce H,CO,. Nucleophilic

HCO; and OH ™ then attack PPy chains, interrupting conjugation and diminishing
conjugation length [121]. Obviously carefully selecting the electrolyte is helpful for
improving the stability of PPy. Ionic liquids (ILs) are good choices as they are
environmentally stable, have high ionic conductivity, high evaporating point and, most
importantly, a wide potential window. Lu et al [122] described adopting ionic liquid as
electrolyte for conducting polymer devices that lead to long periods of stable device
performance. It has also been found that CPs have a stable CV in ionic liquid, indicating
the electroactivity is maintained in ILs[118].

Conformational change in PPy can sometimes result in irreversible structural
change, especially during reduction [123]. Otero et al [124] pointed out that during
cathodic potential step, accompanied by positive charges on the polymer are neutralized
and counter ions being expelled, polymeric chains will diffuse into the free volume left
by counter ions. The ‘channel’ for ions in/out will be closed. To re-open those structures
requires more energy and time. In normal electrochemistry tests, PPy becomes
compacted during reduction and hinders the transfer of ions. Continued reduction from
cycle to cycle can lead to a gradual compaction that diminishes the ability of the

polymer to be oxidized. Later studies by same author found that such conformational
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change is irreversible and responsible of degradation of PPy [86].

Spinks et al pointed out another possible source of instability of PPy [125]. During
symmetrical cyclic voltammetry, instead of returning to its original redox state, PPy
shifts towards a higher oxidized state from one cycle to another. Thus, a slow net
oxidation of PPy causes a loss of redox capactity after several tens of cycles. In that
study, current control provided a more stable electroactivity than voltage control. With
current control, the amount of charge injected during oxidation could be matched to that
occurring during reduction. After each cycle, the polymer was returned to the same

redox state.

Reinforce of mechanical properties.

The mechanical properties of CPs measured in the dry and wet states are quite
different. The elastic modulus and the tensile strength are much lower in wet state [102].
Hence, reinforcement of CPs becomes necessary in order to achieve higher working
capacity. Building co-polymers or composites by introducing another strong material is
an effective way for improving strength. Generally, mechanical properties of composite
could be estimated through the ‘rule if mixtures’ approach. If using fibers to reinforce
CPs, elastic modulus of composites is located between:

El E2
(1-@)E, +oF,

<E, <(1-a)E, +0oF,

where E; and E; are the moduli of the CP and the reinforcement; E, is the modulus of
the composite; and « is the volume fraction of reinforcement. The left equation
represents the case where the reinforcement is transverse to the fiber direction. The right

side equation represents reinforcement along the fiber direction. If fibers are random
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dispersed in CPs, then the modulus value should between those two extremes.

Carbon nanotube is an ideal material to be used as reinforcement. Individual CNT
ropes have been shown to have an axial modulus of 640 GPa [126]. The carbon
nanotubes fibers generated from fiber spinning process have modulus of 40 GPa [127].
Such high modulus indicates that theoretically, only a small amount of CNT will lead to
substantial increasing on the modulus of CPs. The improvement on modulus and
strength be adding carbon nanotubes to other polymers is significant [28, 128].

Also, carbon nanotubes have been shown to actuate and capable of producing
2500kJ/m’ work density while electrical charged [129-132]. When CNTs are combined
with CPs, the actuation of the new composites could be estimated as:

B anenEn +ace By
&, = =

c

where subscript ¢, m and f represent to composite, CPs matrix and carbon nanotube
fibers respectively. E and V are the elastic moduli and volume fraction for each phase; €
refers to the actuation strain [28].

Another merit of adding CNTs is the improvement in the conductivity and efficieny
of conducting charge. CNTs are claimed to have low resistance. The resistance of
individual single carbon nanotube is less than 0.41 Ohm/m [133]. The addition of CNTs
to CPs allows composites to conduct charge even when CPs have been reduced and

become insulators.

1.6.3 PPy actuators examples

Bending type actuators
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Through a sandwich structure design, linear actuation can be converted to bending
actuation. A typical structure contains 2 PPy layers that forms the outside layers on
either side of a polymer electrolyte layer in the middle. The polymer electrolyte layer
could be solid state electrolyte or electrolyte saturated media (e.g. porous PVDF film).

Because the electrolyte layer and CP layers have already been integrated, benders
are able to work in air. Once a voltage is applied, one PPy layer performs as cathode and
the other performs as the anode. Since oxidation and reduction occur separately at both

sides, expansion and contraction on each side will cause bending actuation (Figure 1.

13).
PPy L\alyer Polymer electrolyte layer g@,e
N \ c}?{e
Gold layer 0136\1'

Figure 1. 13 Schematic structure of PPy bender and its working state.

One main issue with bending type actuators operating in air is a degradation process
in performance over time. The reasons are mainly focused on two aspects: the
evaporation of electrolyte and the delaminating of the tri-layer structure. By utilizing a
high boiling point electrolyte, bender lifetime has been improved and some could keep
working for weeks. Solid state electrolytes have also been used in bender technology.
Otero et al [134] developed a solid state actuators based on PPy and
poly(epichlorohydrin-co-ethylene oxide) (P(ECH-co-EO))/LiCLO4 and observed an
angular movement in the air. Polymer-in-lonic-Liquid Electrolytes (PILE) combined
good rubbery compliance and high conductivity and was first used in actuators as

electrolytes. PPy trilayer bending actuators using PILE have been working in air for 2
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months without any degradation [135]. Bucky gels, which are made from carbon
nanotube and ionic liquid, also can make actuators working lasts for a long time without
notable degradation [136].

The delaminating of layers in the sandwich structure can cause deterioration in
performance. Delaminating can be restricted by increasing the roughness of metal layers.
The adhesion between roughened gold and PPy is significant stronger than smooth on
smooth gold layers [137].

The evaluation of bender movement has been carried out through building models.
Philippe et al [138] established a lumped-parameter model for PPy actuators. Smela et
al [139]also modeled and characterized PPy (DBS) bilayer microactuators. Alici et al
[140] built up scalable models for tri-layer conjugated polymers.

Benders are semi-finished products that have been utilized in some prototype
devices. One direct use it in building a robotic fish fins [141]. Another application is

used in the cochlear implant [142].

Microfluidic pump

The design of the microfluidic pump shown in Figure 1.14 is based on the
expansion/contraction of concentric PPy tubes [143]. Application of a reducing voltage
(e.g. -1 V) at one end of the pump assembly will cause contraction to start at this inlet
end. With time the contraction progresses along the whole pump length until reaching
full contraction. Upon switching to an oxidizing voltage, the expansion will follow the
same path until whole pump becomes fully expanded. Such expansion and contraction
could transfer several pL of liquids.

Other pumps based on expansion and contraction of PPy actuators have also been
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developed [144-146].

Solutions Materials

__ E. Plastic tube

S D. Metalised PVDF membrang
Electrolyte T (PPy coated) [l
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Eluent ——
T B. Metalised polyurethane tube
(PPy coated)

A. Porous fibre (OD 600 pum)

The crosssection view

&

3em

Open-end glass capillary S

Figure 1. 14 The structure of microfluidic pump [143].

Braille cell

A multi-dot Braille cell has been proposed that utilizes CP actuators [147]. By using
this technology, a 2-D Braille screen could be developed to help visually disabled
people. The Braille cell consists of an array of pins which each end connected to a PPy
hollow actuator tube (Figure 1. 15). The pins can be lowered or raised up by contraction
or expansion of the PPy. The individual pin are well controlled hence the different
pattern of raised dots will form. Thus, the visually disabled people could learn
information on the screen through the changing of dot patterns.
®)

Pin

n Moving Pi
Spring ) Vi
<—— Connect to Auxiliary Electrode

£ i ) A A
U\(lIII{IIIII_I/III_/II/I{/III{II/II_//II/I_I//II{II//II_/II/I{I/li/{ll/l_’_//’IVII Polymer tube

Counter electrode

| | oo

Electrolyte
Electrical contact \ l
20 ~ 60 mm

70 mm
Electrolyte :
[~ 125 pm

The PPy Hollow Fibre

Connect to Working Electrode

Pt Wire

9~ 10 mm

Figure 1. 15 Schematic diagrams of Braille cell (left) and single pin (right) [112].
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1.7 Research Questions

As described in Section 1.6.3, actuating devices require accurate position control in
most applications. Robotic fish need to control the moving speed and direction which is
determined by the amplitude, speed and average position of PPy benders. Similarly, the
failure of position control of the cochlear implant during assisted surgical insertion
using a CP actuator will cause major problems. Pumps for microfluidics only transfer
several pl of liquid, thus a high level of position control is required. In Braille cells the
loss of position control will deliver the wrong information.

Can PPy actuators meet these demands? This is the central question of this thesis.
Obviously, position control is a result of strain control. Hence, all factors contributing to
the total strain must be evaluated. As pointed out at the beginning, actuation strain is

believed to be a combination of free strain, elastic strain and creep strain.

+ & + &

&=¢ elastic creep

actuation

However, there are still not enough known about the total strain of CPs during actuation.
Nor is it known whether it is appropriate to separate the three contributions as suggested
by the above equation. In this thesis, the most important factors that affect strain are

discussed. Each is summarized below.

Free strain

Free strain is induced by charge. An important parameter connecting strain and

charge is called the strain:charge ratio (y). It allows us to judge the capacity of strain

generation efficiency of CPs. Samples having different compositions can be compared



Chapter 1 literature review

37

in terms of their strain:charge ratios. As widely seen in the literature, increasing scan
rate will reduce strain in CP actuators. Most researchers relate the decline in strain at
higher scan rates to be due to incomplete charging. The strain:charge ratio may,
therefore, be constant with scan rate. There is little information in the literature
regarding how scan rate affects this ratio.

One aim of this thesis is to measure the strain:charge ratio of different PPy
materials and under different actuation conditions. The objective is to determine how
useful the strain:charge ratio is in predicting strain output and discriminating between

different PPy compositions.

Effect of redox state on PPy mechanical properties

Elastic strain contribution to actuation is caused by a changing elastic modulus
upon the application of a voltage to CPs. This effect has been thoroughly studied.
However, viscoelastic parameters under different redox state have not been investigated
yet. PPy is known to be viscoelastic and suffer from creep. The importance of these
processes to position control and the speed of actuation in CPs have not been examined
in the literature.

A second aim of this thesis is to characterize the viscoelasticity of PPy actuator
materials and determine how the redox properties are affected by the polymer’s redox

state.

Modeling

The position control of PPy actuators needs useable and accurate models to predict
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the strain response from an input. New models which combine the electrochemical
actuation and viscoelastic actuation are required. This thesis attempts to develop such

models.

1.8 Structure of thesis

The following chapter describes the general experimental details.

Chapter three will focus on evaluating the strain:charge characteristics of well-
studied PPy helix tube actuators. Tube thicknesses were varied as was the scan rate so
as to cause only partially completed redox reactions during a voltage cycle. In addition,
the strain generated against different operating stresses is analyzed. At the end, work-
stress and power-stress relationships will be explored.

Chapter four will considers the performance of high strain PPy/TFSI actuators. The
cycle-to-cycle degradation of PPy/TFSI was investigated and at last, operation
conditions were optimized.

In chapter five, the viscoelastic behavior of PPy/TFSI films under different redox
states was discussed. An empirical model which combines creep actuation will be built
to predict the deformation of PPy actuators.

Finally, a general conclusion and future work is given in chapter six.
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2.1 Introduction

The experimental method, technical and set up are briefly explained in this chapter,
including polymer preparation, electrochemistry characterization, actuation test et al.
The general procedures will be given below. The detailed process will be presented in

each chapter.

2.2 Methods used for Polymer preparation.

In this thesis, the electrochemical deposition is the main way to obtain CPs. The

reason has been explained in chapter 1.

2.2.1 Electrochemical polymerization.

Polypyrrole was obtained from electrochemical polymerization. Depending on the
geometry of samples, different designs of cells were developed. Generally, a two
electrode system was used for the deposition of PPy. The electrochemical deposition
cells are illustrated in Figure 2. 1. Different cells were used to fit to different geometries

of PPy.
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|, Auxiliary electrode:

A glass tube containing ___
Stainless mesh

polymerization solution

Working electrode: Platinum wires

b) +

Woerking electrode
A rectangul ar glass cell Glassy carbon
containing polymerization
solution
Auxiliary electroda
RVC

Figure 2. 1 The electrochemical polymerization cells for actuator preparation. a) for helix tubes; b)
for free standing films;

The substrate used for CP deposition plays a critical role as it can markedly affect
the structure of CPs which in turn influences there mechanical properties and actuation
performance [1, 2]. But all materials used as a working electrode for polymerizing CPs
must meet the criteria of being stable under polymerization conditions to avoid the
oxidation of the electrode itself. In this thesis, electrode materials used were platinum
(Pt) and glassy carbon (GC). A Pt helix was formed by a 250pum Pt wire with a 50um Pt
wire wound around it, while a glassy carbon plate, 2cm wide, 4 cm long and 0.2 cm

thick was used. These materials were chosen as it has been proven that CPs grown from
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Pt and GC are usually dense, strong and flexible. The selecting of the auxiliary or
counter electrode also should meet the stability requirements under experimental
conditions. In this thesis, stainless mesh (model 363) and reticulated vitreous carbon
(RVC) with 100 ppi were used as counter electrodes. Details of them were described in
chapter 3, chapter 4 and chapter 5 respectively.

There are typically three different kinds of electrochemical deposition approaches
according to the electrical signals provided: galvanostatic, potentiostatic and
potentiodynamic polymerization. The electro polymerization of CPs in this thesis is
under constant current, as it is easier to control the charge flow and the polymer
properties thus producing repeatable results.

During the constant current deposition process, a two electrode system was used. A
constant current signal was applied between the working electrode and the auxiliary
electrode. Monomers will gradually be oxidized and form a polymer coating on the
working electrode with dopants being incorporated also. As mentioned above, the
amount of polymer deposited can be monitored by varying the charge which depends on

current density and polymerization time. Simply, the total charge Q passed through
could be calculated as
Q= j i dt (2.1)
Where 1 and t is the current and the deposition time respectively. It must be
pointed out that the magnitude of current density is known as another critical parameter
to affect the surface morphology, conductivity, and mechanical properties of the
polymer [3].
Usually, as explained in chapter 1, a low temperature is helpful to form high quality
CPs as uniform conjugated chains. Thus polypyrrole grown from propylene carbonate

(PC) and methyl benzoate (MB) was carried out at -28°Cand -10 °C respectively. Too
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low a temperature will freeze electrolyte and more over, no coherent polymer could be

obtained [4].

2.2.2 Techniques used for polymer characterization

2.2.2.1 Cyclic Voltammetry (CV)

Cyclic voltammetry is a simple but powerful technique for initial electrochemical
studies and has proven very useful in obtaining information for even fairly complicated
electrode reactions. During the CV, the potential will linearly scan over a certain range
of voltage (Figure 2. 2 a). Potential will start from an initial value and continuously
sweep between an upper and lower limit for a number of cycles at a set linear scan rate
then return to the final potential at the end of the experiment.

The current is collected during the potential scan and a graph containing current as

Y-axis and potential as X-axis will be drawn for further analysis (Figure 2. 2 b).

a) A b) A

Voltage
W
Current

time

L 4

pc Epa Voltage

Figure 2. 2 Cyclic voltammogram. a) a ramp voltage signal versus time; b) a typical CV of redox
process.
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There are several important parameters in CV: peak anodic currenti, , peak
cathodic current i, , peak anodic potential E , and peak cathodic potential E .. In a

stable reversible system, the following conditions should be satisfied (at 21°C):

AE=E, ~E, =59/n (mV) (2.2)
i

p“/l.pc -1 2.3)

i, o r1/2 (2.4)

where n is the number of electrons transferred in the redox process, iy, is absolute value
of peak current and r is the scan rate. It must be pointed out that those conditions hold
for ideal systems and may not be observed in real system partially because of

uncompensated solution resistance.

2.2.2.2 Chronoamperometry

Chronoamperometry involves instantaneous switching from one potential (V) to

another (V,) and recording the current response over time. A typical

chronoamperometric response of a CP system is shown in Figure 2. 3.

a) b)
ry A

v, -
% ;
8 E
9 a
vV, > ~

time time

Figure 2. 3 A typical chronoamperometry experiment for oxidizing PPy. (a) voltage is switched
from V, (usually VV;=0) to V, and (b) recorded current signal.
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Usually in chronoamperometry, a decaying current can be observed. For a system
using plate in electrochemical process is under diffusion control, current could be

estimated from the Cottrell equation:

. _ nFCDV/?
L= l/2¢1/2

(2.5)
where n is the stoichiometric number of electrons, F is Faraday constant, C is the bulk
concentration of electroactive species and D is the diffusion coefficient of electroactive

species. In this thesis, the actuation of CPs under chronoamperometric stimulation will

be studied in chapter 5.

2.2.2.3 The electrical conductivity

Many of the applications of conducting polymers are based on the ability to conduct
electricity. In this thesis, the electrical conductivity is obtained by using ASTM
(American society for testing and material) 4 point probe instrument, a schematic of

theinstrument is illustrated in Figure 2. 4.

Inner electrode

QOuter electrode

— Sample

Figure 2. 4 The four point probe used for measuring the conductivity.

The current is applied between outer electrode and the potential is measured

between the inner electrodes. According to ohm’s law, resistivity can be calculated as:

whv

py =" (2.6)
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where W represents sample witdth, h is thickness of sample, Vv is potential drop, i is the
applied current, | is the distance between inner electrodes and p; is surface resistivity or
sheet resistivity.

The calculation of resistance based on ohms’ law usually varies for different
instruments. In our lab, the sheet resistance can be calculated as:

R, =4.532*V /1 (Ohms per square) (2.7)

The resistivity for films and wafers

where h is the thickness in cm. The conductivity is reciprocal of resistivity.

2.2.2.4 Scanning electro microscope (SEM)

The scanning electro microscope is a powerful and widely used tool in material
studies. While the SEM is working, a beam of high energy electrons is thermionically
emitted from an electron gun fitted with a tungsten filament cathode. When the
electrons hit the surface of the target, the electrons from x -orbit of sample’s atom will
form the secondary electrons. The images are usually captured by collecting secondary
electrons. The detailed morphology such as surface microstructure or inner structure of
fracture cross-sections was investigated by scanning electro microscope. A schematic of

a typical SEM setup is shown in figure 2.5.
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Electron gun v

4 Electron beam

First condensor lens

second condensorlens

[

Deflection cails =< | «— Objectivelens

Backscatterelectron _5 O =

detector [« Secondary electron detector
sample —>

Figure 2. 5 Schematic diagram of a SEM.

2.2.2.5 Mechanical properties.

The major mechanical property tested is elastic modulus. Elastic modulus of CPs is
obtained by fitting the linear area of a strain-stress curve (Figure 2. 4). In the linear
region, the strain-stress relationship of CPs obeys Hook’s law:

y=2 (2.9)

where Y refers elastic modulus (or Young’s modulus), o is stress applied and ¢ is strain

caused by load. Different polymer properties have varying effects on stress-strain curves.
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slope=elastic modulus

Stress
Stress

4

Strain Strain

Figure 2. 6 Tensile stress-strain curves for (a) five types of polymeric material including i) soft &
weak; ii) soft & tough; iii) hard & tough; iv) hard & strong; v) hard & brittle and (b) typical

stress-strain curve for CPs. .

CPs usually have stress-strain curves like Figure 2. 6a), a soft and weak material [5,
6]. In our lab, Young’s modulus was tested using Shimadzu EZ Tensile test machine.
According to the instrument manual, it has 0.00lmm resolution in length measurement

and 1/50000*1oad cell capacity resolution in force measurement (2N cell will give

2N/50000=0.04mN resolution).

Figure 2. 7 Shimadzu EZ Tensile test machine.
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2.3 Techniques for CP actuation tests

2.3.1 The design of the electrochemical cell.

Electrochemical actuation test was conducted in a conventional three electrodes
system and deformation changes were recorded by Aurora Scientific Inc. Dual Lever
Arm system. A convenient electrochemical cell was widely used in this thesis. Due to
the different geometry and design of the sample, two kinds of the cells were designed

and illustrated in Figure 2. 8:

a) b}
Lever Arm
Counter electrode
CJ_ :[ Reference
- | Working electrode
Hellx tube —— olyte
Electrolyte

Arubberseal —»

Free standing PPy film
Counter electrode
/

Working elecirode

Figure 2. 8 The experiment set up for actuation test. a) for tubes; b): for films.

The reference electrode used in this thesis is Agj/Ag’, which is suitable for organic

electrolyte. Whilst in aqueous systems, Ag|AgCl was employed.

2.3.2 Mechanical properties test and actuation test.

A Dual Mode Lever System was used for most actuation test (Figure 2. 9). Two

models 300B and 305B have been purchased in our lab. According to the instrument
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menu, 300B would give a force range from 0 to 500 mN with a signal resolution of 0.2
mN and length excursion of 10 mm. The 305B gives a force range from 0 to 5.0 N with
a signal resolution of 1 mN and length excursion of 20 mm. The contraction/expansion

was measured by the arm and then recorded by computer for further analysing.

Duakmode lever arm systeﬁil

Snils

Figure 2. 9 Dual mode lever system for actuation test.
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3.1 Introduction

Polypyrrole (PPy) undergoes volume changes and hence actuates by the migration
of ions and solvent in response to the electrochemical oxidation and reduction of the
polymer. The oxidation and reduction reactions for polypyrrole, the best known
conducting polymer actuator material are presented in Figure 1.10 (Chapter 1). In
response to the oxidation and reduction, solvated ions from the electrolyte form a
complex with polymer chains or are released to the solvent thereby restoring a balanced
charge [1]. This migration of ions and associated solvent is physically apparent by the
expansion or contraction of the polymer [2]. The actuation strain rate is more likely to
be diffusion limited, with the diffusion of ions through the polymer believed to be the
slowest process. Some early studies found that the mobility of the oxidized sites on the
polymer backbone was estimated to be 107 to 101° higher than that of the mobile
counter ions [3, 4].

Several previous studies have considered the processes involved in the oxidation
and reduction of conducting polymers. The Aoki model assumed that the rate
determining step of the whole process is charge transfer from the neutral species to the
oxidized species at a moving boundary from the metal connector through the polymer [5,
6]. However, fast scan rate voltammetry experiments indicated that the switching
response is also sensitive to the anion size, which is believed as a consequence of
diffusion[7]. Work by Lacroix et al. [11] suggested that the speed of boundary
movement could be determined by either electron movement or counter-ion movement
and the two processes could be explained by diffusion in a semi infinite medium using
different diffusion coefficients for electrons and counter-ions. A consequence of the

diffusion controlled process is that when the scan rate is significant high, the counter
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ions have not reached the metal electrode the polymer is only partly oxidized (or
reduced) hence the performance is limited.

For practical realization PPy actuators need to be able to produce maximum length
changes and support large loads. For example, the ability to open and close the fingers
on an adult hand requires 16 mm change and 1250 mN force [8]. Forces in the range
from 100-300 mN for individual free standing PPy films under isometric conditions
were previously been obtained [9]. Achieving a large force for PPy actuators still
remains a challenge. Through bundling PPy helix fibers, a force as large as 2 N with 0.5%
strain was obtained [10]. Kaneto’s group went further as they combined 1600 pieces of
PPy-Ni-stainless steel coil composite actuator to lift up to 22 kg of weight (216N).
However, the lifting capacity was far below the predict value 600 kg. In those cases,
relatively thick conducting polymers (more than 30 um) were used to make it easier to
bundle the fibers.

There is no conclusion yet as to the optimal thickness of PPy that should be
produced to achieve the best actuation performance. It is clear that the dimension of PPy
plays an important role in the electrochemistry of conducting polymers [11]. Relatively
thin actuators are expected to exhibit much higher strain rates at the same applied
voltage compared to relatively thick actuators as the diffusion distance is much smaller.
Understanding the effects of polymer film thickness on the observed actuation
performance are important, as the most common approach to increasing the force output
is to make an actuator of larger cross-sectional area. The purpose of this chapter is to
determine the actuation strain / stress relationships of PPy actuators of different

thicknesses and investigate the mechanisms of actuation as a function of thickness.

3.2 Experimental
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3.2.1 Reagents and materials

Tetrabutylammonium hexafluorophosphate (TBA.PFs) and propylene carbonate
(PC) were obtained from Sigma. Pyrrole was obtained from Fluka and was distilled
before use. Platinum (Pt) wires that were used as supporting substrates for the
electrochemical polymerization of pyrrole with diameters 0.25 mm and 0.05 mm

respectively were bought from Goodfellow.

3.2.2 Instrumentation

A EG&G Princeton Applied Research Model 363 potentiostat/galvanostat or a BAS
CV-27 was used to regulate and measure the current and/or voltage was used for
constant current electropolymerization of pyrrole and for all of the electrochemical cells
reported. A MacLab/4e AD analogue to digital converter was used to record

electrochemical results.

3.2.3 The preparation of PPy helix tube.

The preparation of linear PPy helix tube actuators was described previously [12].
Briefly, a 0.05 mm Pt wire is wrapped around a 0.25 mm Pt wire forming a helix spiral.
The polymerization solution consisted of 0.06 M pyrrole monomer, 0.05 M TBA.PF¢
and 0.5 %(v/v) H>O in PC. Dissolved O, was removed by bubbling with Ny gas for
300 s. Electropolymerization of pyrrole was conducted at a constant current density of

0.15 mA/cm? for 4 hours at -31°C. Following the polymerization of pyrrole, the 0.25
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mm Pt wire was removed from the PPy Pt wire helix structure. The PPy samples were

then stored in 0.25M TBA.PF¢ PC solution until further testing.

3.2.4 Thickness measurements

The wet PPy helix tubes (with Pt central core) were cut to 10 mm lengths and
mounted in room temperature curing epoxy resin. Following curing, the samples were
mechanically polished and then soaked again in PC to ensure that the PPy thickness is
similar to that used for actuators. Optical micrographs were taken of the wet polished

samples and analyzed to measure the film thickness (Figure 3. 2).

3.2.5 Electrochemical studies

Cyclic voltammograms (CV) were conducted in a 0.25M TBA.PFs PC solution
with an organic reference electrode (Ag | Ag’ in acetonitrile) and a Pt mesh counter
electrode. The scan range is from -1.0 to 0.8 V and the start point is -1.0 V at scan rates

ranging from 5 and 50 mV/s.

3.2.6 Actuation tests

The PPy helix tubes used for actuation tests were between 10 and 20 mm in length.
To achieve electrical and mechanical contact two separate pieces of 0.25 mm diameter
Pt were inserted into each end of the PPy tubes and fixed with epoxy glue. The gauge
length was the length measured between the glue at each end. The actuation testing

equipment is shown schematically in Figure 3. 1. The force was applied, and the
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change in length measured by a Model 305B Lever Arm Dual Mode System (Aurora
Scientific). Actuations tests were performed in the 0.25M TBA.PF¢ PC electrolyte
using a conventional three electrode setup. The counter electrode was stainless steel

mesh and the reference electrode was Ag | Ag’ in acetonitrile.

Computer
Lever Amm
Mac Lab
Feference electrode O | | O
Counter electrode O O
PPy helix tube Current Voltage
Ag/Ag- in ACN
Dual Model Lever Arm Controller
Stainless mesh O O Q
Length
Working electrode Force

Figure 3. 1 Schematic diagram of actuation test system.

3.3 Results and Discussion

3.3.1 Tube Thickness

The wall thickness of the PPy tube mounted in epoxy resin was measured by optical

microscopy. There was strong contrast when viewed by optical microscopy as the PPy

appears black and absorbs light whilst the epoxy was translucent (Figure 3. 2).
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Figure 3. 2 Cross section of PPy helix tubes obtained after different polymerization times: a) 4hours;
b) 8hours; ¢) 16 hours and d) 20 hours.

The wall thickness of the PPy helix tube increases linearly with the polymerization
time and hence the charge consumed during polymerization, as expected (Figure 3. 3 b).
Prior to polymerization, charge is consumed by the formation of a double layer at the
electrode surface and by undesirable reactions and as such it should take a finite amount

of time before a polymer film begins to form (Figure 3. 3 a).
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Figure 3. 3 a) a typical chronopotentiogram of PPy polymerization using two electrodes system
(20hrs); b) The relationship between PPy helix tube wall thickness and polymerization time and
charge passed during polymerization. The error bars represent 3 standard deviations.

3.3.2 Cyclic voltammograms of PPy helix tubes
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A cyclic voltammetric sweep was used to simultaneously actuate and study the
oxidation and reduction of the PPy helix tubes. At the relatively slow scan rate of 5
mV/s distinct oxidation and reduction peaks were observed for all helix tubes (Figure 3.
4). Of note, the oxidation peak potential shifted from -0.25 V to +0.08 V with increase
wall thickness from 5 to 34 um. The position of the reduction peak was similar for all
tube thicknesses. At higher scan rates, the oxidation and reduction peaks became
broader and less identifiable particularly in the thicker helix tubes. For thicker films at
higher scan rates the oxidation peaks were not observed with the potential range used,
although reduction peaks were always present. In general, the oxidation and reduction
peaks were shifted to higher anodic and cathodic potentials, respectively, as the scan

rate increased.
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Figure 3. 4 Cyclic voltammogram of PPy helix tubes at 5, 10, 25, 50 mV/s (a-d) and for different
wall thicknesses, as indicated. The arrow shows an example of a reductive current observed during
the initial stages of the anodic scan.

A curious feature was noted in the anodic scan for certain PPy samples. For tubes
15 wm and thicker, a decrease in current with a minimum was observed in the initial
part of the anodic scan at a scan rate of 50 mV/s. An arrow indicates the presence of this
minimum in Figure 3. 4 d). A summary of the circumstance when a decreasing current
with a minimum was observed in the anodic scan is presented in (Table 3. 1). It seems
that the minimum first appears at slower scan rates in the thicker helix tubes. For
example, in the 44 um thick film, a minimum was observed for scan rates above 5 mV/s,
while the reduction minimum was only observed above 10 mV/s in the 34 um thick
tubes and above 25 mV/s in the 15 um thick tubes. The minimum was not observed in
the thinnest helix tubes at scan rates up to 50 mV/s. The reasons for the appearance of

the reduction minimum during the anodic scan are considered in Section 3.4.
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Table 3. 1 Reduction peak observed during anodic scan.

Tube Thickness Scan Rate(mv/s)
(um) 0.2 5 10 25 50
5 No No No No No
15 No No No No Yes
34 No No No Yes Yes
44 No No Yes Yes Yes

3.3.3 A semi-empirical diffusion —based charging model

Analysis of the charge passed during the anodic voltage scan indicated that the
extent of oxidation depended on both the scan rate and the film thickness. Charge was
calculated by integration of current during the anodic scan of the CV
measurement. Figure 3. 5 a) shows the charge passed for the different helix tube
thicknesses at different scan rates. For each thickness, the charge passed drops rapidly
as scan rate increases, indicating that charging is a comparatively slow process.
Thickness appears to be important only for the slower scan speeds (eg. 5 mV/s) with a
gradual increase in charge passed with increasing thickness was noted at slower scan
rates. Since there is more material available to be oxidized it is expected that the charge
passed should increase with increasing PPy volume. The observation that the charge
passed does not depend on the tube thickness at faster scan rates is somewhat expected
as the process is diffusion rate limited. Figure 3. 5b) shows the charge passed expressed

as a fraction of the available charge. The theoretical charge capacity (Qymax) Was
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calculated from the volume of PPy and assuming that one in three pyrrole units could be
oxidized (and using a PPy density of 1.5 g/cm’) [13]. For the 5 um thick tube, the extent
of oxidation at the slowest scan rate slightly exceeded the theoretical charge capacity
indicating that some additional (parasitic) redox reactions may be occurring. The
fraction of anodic charging tended to decrease with increasing scan rate and for
increasing tube wall thickness. Previous studies of PPy coatings had also shown that the
extent of redox reaction decreased rapidly with increasing film thickness in the sub-
micron range [14].

Madden has proposed a model for PPy charging that involves transport of ions
through the polymer film as a rate controlling process [15]. Oxidation of the polymer
occurs first at the polymer-electrolyte interface and penetrates deeper into the polymer
over time. lon transport in PPy is treated here as diffusion controlled process with ion
transport assumed to follow normal Fickian diffusion. The model is semi-empirical in
nature and designed to capture the main features of the relatively slow charging
observed in PPy helix tubes. A more accurate model of PPy charging would require a
detailed analysis of the thermodynamic driving force that causes the diffusion of ions
into and out of the polymer. Here it is assumed that a single voltage scan (over a given
potential range) generates an “average” free energy change that causes a Fickian-type
diffusion of ions through the tube wall thickness.

To further simplify the estimation, a plate model is considered rather than the
hollow tube. It is also assumed that oxidation first occurs at the polymer-electrolyte
interface and then penetrates through whole film at a rate dependent upon the ion
diffusion kinetics. The oxidized layer thickness (d.) at the polymer-electrolyte interface
is assumed to be proportional to the square root of the diffusion coefficient (D) and

response time (t).
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d. = 2v/Dt (3.1)
The time available for oxidation is given by:
AV
t=— (3.2)

where AV and r represent the voltage range and scan rate, respectively, of the anodic
scan.

Hence the diffusion coefficient can be written as:

1dZr
=Ty (3.3)
For the simple plate model consisting of a layer of fully oxidized polymer penetrating

into the reduced polymer over time, then:

d¢ _ Qv
d Qumax (34)

in which d is the total thickness of PPy helix tube, Q, is the total charge passed and
Qumax 18 the theoretical charge as defined above. The simple plate geometry used in this
analysis introduces a geometric error of 2-15% depending on wall thickness.

Now the diffusion coefficient is given by:

1 Q3 r
D~-= ?V d? x —
4 vaaX AV
@ _ Vav
vaaX B 2\/5 d\/F (3.5)

This expression suggests a linear relationship would exist between the charge
passed and the inverse square root of the scan rate. The experimental data is shown as
1/r/2 (Figure 3. 5¢), and the values for each tube thickness appear to fall on a series of
linear lines passing through the origin. The slope of these lines increases with

12 the data for

decreasing wall thickness. When the charge passed is plotted against 1/dr
all thicknesses now fall on one linear line (Figure 3. 5 d), in agreement with the

predicted trend. This agreement between the experimental and calculated results
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suggests that the semi-empirical modeling approach taken is appropriate for describing

the charging process in the helix tubes.
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Figure 3. 5 Charge passed during the anodic scan for helix tubes of varying thicknesses (d) and as a

function of scan rate (r); a) total charge integrated from anodic current; b) Charge normalized to
the theoretical charge capacity and plotted against scan rate; Same data plotted against c) 1/r

172,

and d) 1/dr*2, Symbols correspond to the wall thickness of helix tubes: 5 pm, 15 pm, 34 um and 44

pm.
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The charge data can now be used to estimate an average diffusion coefficient for
the ionic species involved in the redox reactions. The slope of the line drawn through
the data points in Figure 3. 5 d) enables the diffusion coefficient to be calculated as:

D=3.84x10""1m?/s

This value is close to that obtained by impedance spectroscopy measurements. The
measured diffusion coefficient of ClO; in PPy is ~10711 m?/s at the oxidized state
while using PC as solvent [16]. The diffusion coefficient of NO3 in PPy in the oxidized
state is also ~1071! m? /s when water was used as solvent[17]. Those values are similar
to the diffusion coefficient calculated in the present study, but significantly larger than
the NMR measured diffusion coefficient for PFg in PPy (5% 10713 m?/s, PC as
solvent) [18]. In the NMR study, the PPy was not fully oxidized. The diffusion
coefficients of ions are likely to be the function of redox state of PPy [16, 17], with
slower diffusion occurring in the reduced state. In the present study, the redox state of
the PPy is being changed significantly, with oxidation of the fully reduced polymer
occurring at the electrolyte surface and penetrating inwards. The diffusion coefficient
determined here is likely to be related mainly to the diffusion of anions through the
oxidized surface layer as these ions need to penetrate through this layer to reach the
underlying reduced PPy to allow oxidation of the latter to occur.

The implications of this charging mechanism on the actuation behavior of PPy

helix tubes are considered in the next section.

3.3.4 Mixed Mode Actuation and Charge Trapping

The actuation strain was recorded from length change measurements under isotonic

conditions and as a function of scan rate. Examples of the strain response for two tube
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thicknesses and two scan rates are shown in Figure 3. 6. Generally, the strain increased
at anodic potentials as a result of anion ingress during oxidation of the polymer. The
strain / voltage curves show a large hysteresis and some creep (higher strain at the end
of the voltage scan compared with the beginning) was noted in the thinner tubes. The
magnitude of the strain increased with decreasing scan rate and with thinner helix tubes.

Close inspection of the dynamic actuation response showed that the thick films at
fast scan rates exhibited mixed ion actuation during reduction whilst at slow scan rates
they did not. The mixed ion actuation is evident by an increase in strain during the last
stages of the cathodic scan and is due to the ingress of cations that cause swelling of the
polymer. Significantly, the cationic actuation only occurred in situations where a
decreasing current was observed in the anodic scan (Section 3.2), so it is likely that the
two processes are connected. Cation dominated and mixed mode actuation is well
known for PPy actuators [12, 19, 20] and is normally restricted to situations where the
cation is much smaller or more mobile than the anion. In these cases both the relative
size of the ions and the solvent used for the electrolyte are critical in determining which
ionic carrier is dominant [20]. The results of the present study show that scan rate can

determine the actuation and hence the type of ion causing actuation.
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Figure 3. 6 Overlapping cyclic voltammetry and actuation curves for a 15pm thick PPy helix tube

at scan rate (a) SmV/s and (b) S0 mV/s, 44 um thick PPy helix tube at a scan rate of (c) SmV/s and
(d) 50 mV/s.

The reduction process in PPy helix tubes involves the transport of electrons from
the Pt helix to the oxidized layer adjacent to the electrolyte and, secondly, the transport

of ions to or from the electrolyte. In Figure 3. 7 a) simplified model is presented as a
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PPy film on platinum. The partially reduced PPy is assumed to exist as a layer of fully
reduced polymer adjacent to the Pt electrode and a fully oxidized layer adjacent to the
electrolyte. Further reduction of the polymer occurs by transport of electrons through
the reduced layer and expulsion of a counter-anion to the external electrolyte as shown
in Figure 3. 7a). Through this mechanism the oxidized layer becomes progressively
thinner and the rate of reduction is determined by the anion diffusion process as
described in Section 3.3.

A second mechanism is possible, however, if anion transport is slow. For example,
fast voltage scan rates would drive faster reduction and it may not be possible for anion
diffusion to keep pace. As shown in Figure 3. 7 b), in this case electrons may be
transported to oxidized chains near the surface. Here, anions could be more quickly
expelled, or cations from the surrounding electrolyte may penetrate the surface layer to
neutralize the counter-anion. Over time, this process leads to a buried layer of oxidized
polymer with reduced polymer both at the surface and near the electrode. The buried
charge becomes kinetically trapped as the diffusion distance from the electrolyte surface
to the buried oxidized layer increases. The expansion of the polymer during the final
stages of the cathodic scan at fast scan rates provides evidence for the inclusion of
cations into the polymer. The increased free volume may then allow for an increased ion
diffusion rate so that the trapped charge can be reduced through the now faster anion
diffusion. While speculative, these processes would account for the second reduction

peak that occurs at the early stage of the anodic scan at fast scan rates.
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Figure 3. 7 Schematic illustration of reduction processes at a) slow and b) fast scan rates. At left are
suggestion electron / ion transport processes. The three panels show cross-sectional views of the PPy
on platinum with the approximate electrode potential illustrated by the cross at top. At slow scan
rates, anions are readily expelled as electrons are transported from the Pt electrode (far left) to the
oxidized surface layer (far right). At faster scan rates, however, electrons may be transported to the
surface chains allowing for fast anion expulsion or inclusion of electrolyte cations (as suggested by
the expansion observed during reduction at fast scan rates).

3.3.5 Effect of External Load on Actuation

The ability for actuators to operate against an external load is important in their
practical application. The actuation strain per redox cycle has been determined for helix
tubes of different thicknesses and tested at varying scan rates and isotonic stresses. The
contractile strain during the cathodic scan is summarized in Figure 3. 8 for all
experimental conditions. It is seen that the actuation strain decreased monotonically for
increasing cyclic voltammetric scan rates for helix tubes of all thicknesses tested. The
strain also tended to decrease monotonically with an increasing isotonic stress. It
should be noted that the range of stresses studied for the different tube thicknesses were

different as a result of the limitations of the Aurora lever arm used to apply force. At a
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scan rate of 0.2 mV/s there was a large decrease in actuation strain for increasing
applied stress for the full range of thicknesses studied. The decrease in actuation strain
at increasing applied stress is likely due to a substantial decrease in the modulus of the
reduced PPy as predicted by Spinks et al. [21]. In contrast, for the thick PPy at scan
rates of 10 to 50 mV/s, the actuation strain was essentially independent of stress for the
range of stresses studied, but decreased monotonically for increasing scan rates. These
results may be related to limited redox reaction occurring in the thicker tubes and at
higher scan rates. It has been noted previously that the PPy needs to be extensively
reduced to observe a decrease in modulus resulting in a significant reduction in strain of

relatively large stresses [21-23].
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Figure 3. 8 Contractile actuation strain in PPy helix tubes prepared at different wall thicknesses
and tested at different strain rates: a) 5 um thick wall thickness; b) 15 pm thick wall thickness; c)
34 pm thick wall thickness and d) 44 pm wall thickness.

At equivalent applied stresses, it was noted that the maximum actuation occurred in
the 15 um thick helix tube. Both thinner (5 um) and thicker (34 um and 44 pm) helix
tubes gave smaller actuation strains. The effect of tube thickness on actuation strain
under load was most notable at the higher scan rates. For scan rates from 25 to 50 mV/s
the thick tubes exhibited substantially less actuation than the thin tubes at equivalent
applied stress (Figure 3. 9). As described in Section 3.3.3, the redox reactions were
incomplete during the voltage scan at higher scan rates and with thicker tubes. The
smaller strains at high scan rates are likely due to the reduced redox activity, the
quantitative relationship between strain and charge transferred is considered in Section
3.3.5.

The reason for the anomalously low actuation strain generated by the thinnest helix

tube may be due to the restricting effect of the Pt helix wire incorporated into the tube
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wall. The actual strain produced in these helix tubes must be affected by the Pt helical
wire that is incorporated into the tube wall for the purpose of improving the electrical
conductivity along the tube length. The helical wire acts as a spring (with a spring
constant measured at 0.05 N/mm) that will limit the free actuation of the PPy. As
reported previously, the actuation strain when operating against an external spring
decreases as the ratio of the helix tube spring stiffness and the PPy stiffness increases
[24]. The latter is determined by the PPy modulus, tube length and tube wall thickness.
As the tube wall thickness decreases, so too does the PPy stiffness and so the net
actuation will be smaller. This effect may account, at least in part, for the lower than

expected strains generated by the thinner helix tubes.
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Figure 3. 9 The actuation strain of PPy helix tubes having different wall thicknesses and tested at
two different scan rates: 5 and S0 mV/s 2.6 MPa.

Previous work on the effect of layer thickness on the actuation of PPy has
considered only bending-type systems. Radharkrishnan and Kar, for example, measured

the bending angles of PPy/SOj; bi-layers [25]. They found that the bending angle
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reaches a maximum at a certain PPy thickness (~8um) for a given backing material.
Below that value, the decreased amount of PPy resulted in a reduced bending angle. For
thicker PPy layers, the bending angle also decreased due to the stiffness increasing of
the whole bi-layer. These studies were conducted at the equilibrium state of PPy to,
hence redox processes were complete and so it is expected that the full thickness of PPy

was in the same redox state, unlike in the current study.

3.3.6 Actuation Strain-Charge Relationship

It has previously been reported that the extent of actuation in PPy is directly related
to the charge passed [15, 26]. The measured isotonic strains for the 4 different wall
thicknesses at three different scan rates are plotted against the charge passed in Figure 3.
10 a). No discernable trend can be seen between strain and charge in these data. The
free strain (at zero external stress) to volumetric charge ratio is given in Figure 3. 10 ¢)
and now an approximately linear relationship is seen. The strain to charge ratio for the
thinnest wall thickness (5 pm) is significant lower than thicker ones. As mentioned
above, the actuation strain in the thin tubes is likely restricted by the mechanical
resistance imposed by the Pt helix. The charge consumed was also found to be larger
than the theoretical charge for the thin tube tested at the slowest scan rate. Charge may
be consumed in other ways (parasitic) rather than directly contributing to strain
generation in those thin samples. The volumetric strain to charge ratio (y) calculated for
thick (34, 44pm) samples is 2.3*107'° m*/C (dash line), which is close to the value
reported previously [15]. The strain to charge ratio for the 15 um wall thickness was
1.7%10™"° m*/C, slightly lower than the thicker tubes and may be suppressed due to the

limiting effect of the Pt helix.
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The strain to charge ratio was found to be dependent upon the applied external
stress. Data in Figure 3. 10 b) show strains measured at different isotonic stresses for
one tube thickness (34um). For each isotonic stress, an approximately linear
relationship is seen between the strain and charge passed. The slope of these lines

clearly decreases with an increase in the applied stress.
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Figure 3. 10 a) strains measured at different isotonic stresses for 34pm tube thickness against
charge passed; b) Isotonic actuation strain measured at low stresses (<30 kPa) and at different
strain rates for various helix tube thicknesses: S pm, 15 pm, 34 pm, 44 pm. Linear fits of strain to
charge ratio by using 34 um and 44 pm thick tubes is presented with dot line.

3.3.7 Effect of Modulus Shift on Actuation Strain

It has been shown previously that an increase in modulus of oxidized PPy
compared to the reduced PPy causes a reduction in isotonic strain in direct proportion to
the applied isotonic stress [24]. The effect of isotonic stress on the actuation strain has

been analyzed using the following equation:

s=80+0(&—3—1() (3.6)
in which g is the charge induced free strain under zero load; Y and Y’ are the elastic
moduli before and after the potential applied; o is the stress applied to the actuator.

The results presented in this thesis show that the effect of isotonic stress on the
actuation strain during polymer reduction is strongly dependent upon the voltage scan

rate. The effect of scan rate is now interpreted based on its effect on both the charge
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passed and the composite modulus of the partly-reduced polymer. Thus, the free strain
during reduction of the polymer is taken as directly proportional to the charge passed so
that & = yQ, where y is the free strain to charge ratio and Q, the volumetric charged
passed during the cathodic scan.

Reduction of the fully oxidized PPy is assumed to occur by the reverse of the
diffusion-controlled oxidation model described in Section 3.3. Thus, a layered structure
is assumed to form with a fully reduced layer adjacent to the electrolyte and a fully
oxidized layer adjacent to the metal. The thickness of the reduced layer is assumed to
increase in direct proportion to the charge passed. The elastic modulus Y. of the
partially reduced polymer can be estimated by the composites “rule of mixtures”:

Ye=(1—a) Yox + o Yreq (3.7)
where o is the volumetric fraction of charged PPy:

a=-—2 (3.8)

vaax

and Ypqis the elastic modulus when PPy is fully reduced, and Y, is the elastic modulus

of fully oxidized PPy. The isotonic strain expected for partly reduced PPy is now:

e=y0Qy+ O-(Yic - i) = aYQumax + O_ﬂ( - _i) (3.9)

Yox Yred Yox

where £ is the modulus shift factor, given by:

1_1
Y. Y, (04
B= e Tor - y (3.10)
—— (- +a
Yred Yox Yox

From previous work the moduli can be estimated as Y.q ~70 MPa, and Yox ~ 140 MPa
[27]. Qumax is calculated as 0.7439 C/mm’ (using a density of 1.5g/cm’). As mentioned
above, free strain to charge ratio (y) is fitted as 2.3*10"° m*/C.

The actuation strain at different scan rate for the 15, 34 and 44 um wall thickness

tubes were calculated and are presented in Figure 3. 11 d), e) & f). The calculation for
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Sum wall thickness sample was not carried out as the Pt helix spring greatly reduces the
actuation strain (Figure 3. 10 a), and also high creep at high stress made measurement of
the contractile strain difficult. The calculated strain matches experiment result quite well
for 34 and 44pm thick helix tubes. There is some error between predicted and
experiment value for 15um sample with the predicted values higher than the measured
values, particularly at higher stresses. The composite rule of mixtures approach used to
determine the modulus of the partially reduced PPy seems to underestimate the extent of
modulus shift for the thinner helix tubes, perhaps due to the effect of the Pt spring.
Despite this error with the thinner helix tube, the method for predicting the isotonic
strain for partially reduced PPy helix tubes is able to show the general effects of applied

stress, tube thickness and scan rate.
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Figure 3. 11 a) Modulus shift factor determined as a function of fractional charging. Calculated
isotonic strains at the indicated scan rates for 15 pm (b) 34 um (c) and 44 pm (d) helix tubes.

Figure 3.12 shows the calculated free strain, modulus shift factor and the overall
isotonic strain for 34 & 44 pm wall thickness helix tubes and at different stresses plotted
against the extent of charging (a) and using y= 2.3*10"° m’/C. The strain predicted at
2.6 MPa is 0.48%, 0.73% and 2.5% corresponding to 50, 25 and 5 mV/s respectively,
matching result in Figure 3. 9. Free strains (o0 = 0) increase linearly with volumetric
fraction of charged PPy (squares) and a strain of ~15% is expected from the fully
reduced polymer. (Based on the charging model, this would take 7225 seconds or a scan
rate of 0.276mV/s for 34 um thick helix tubes). Increasing stress reduces the strain
achieved at each o value. At low a value, the modulus shift factor is small and hence the
strain under stress doesn’t change very much compared to the free strain. While at high
o value, modulus shift factor become closer to 1. Under this situation, a noticeable

decrease in strain can be seen due to an increasing stress. It is must be pointed out that

. . . Y Yred :
the modulus shift factor is also a function of —°4. However, Yr—e‘i is unique and constant
ox ox
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for given material.
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Figure 3.12 Calculated free strain, modulus shift factor and the overall expected isotonic strain for
34pm & 44pm thick helix tubes.

3.3.8 Work and Power out put

Volumetric work per cycle W, (J/m®) is another important parameter to evaluate
PPy actuators, which is given by:

f*\mf\za*

A*|

W, =W /V = €]

(3.11)

where A and | are the cross-sectional area and the length of the sample; o presents the
isotonic stress applied; ¢ is the strain generated by the actuators. The volumetric work
density produced by the PPy helix tubes is given in Figure 3. 13 for the different tube
thicknesses, scan rates and applied isotonic stress. Generally, the work density was
found to increase with increasing isotonic stress and with decreasing voltage scan rate.

Slower scan rates allow for higher strains, thereby increasing the work density. The
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thinner 15 um helix tubes tended to give higher work density (at equivalent stress and
scan rate) than the thicker 34 um and 44 pm thick tubes. Again, the thinner tubes
produced higher strains as a result of the more complete redox reactions occurring.
While the work density generally increased with an increasing isotonic stress, the
work density is expected to pass through a maximum with an increase in stress [24]. A
maximum in work output was observed for the 15 pum thick tube at the slowest scan rate.
In other cases, it is likely that the breaking strength of the helix tube was less than the
stress at which maximum work occurs, so that the peak in work output could not be

experimentally achieved.
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Figure 3. 13 Work for cycle for PPy/PF; helix tubes with different thickness under various stress
levels. a) 15 pm; b) 34 pm; c) 44 pm. Dash, dot and solid lines represent the prediction value of each
scan rate. d) Theoretical prediction of work density as a function of charge ratio; e) theoretical
maximum work density prediction and the correspondence stress.

The work output of the helix tubes could be calculated using the approach
described in Section 3.6. For partially reduced PPy helix tubes, the volumetric work

density can be estimated from:
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The calculated work density values are shown as dashed lines in Figure 3. 13 and
agree with the measured values quite well for the thicker helix tubes (34, 44um). The
work density is overestimated for 15 um thick samples, for the same reasons as given
above for the overestimation of strain. The expected work output as a function of the
extent of charging is given in Figure 3. 13 d). The work output increases non-linearly
with increasing extent of charging due to the higher strains. The effect of applied stress
is more complex with a peak in work output expected with increasing applied isotonic
stresses. For the stresses used in the calculations given in Figure 3. 13 d), the work
output generally increases with increasing stress, for a given charging ratio.

The maximum work density can be predicted as below:

dwy
g (3.13)
1 2 r
hence Wymax = 2 (O(Yvaax) B(L_;
Yox Yred

O‘Yvaax

1 1
o L—_1-
B(yOX Yred

when o =

Increasing stress would initially increase the work output. However, continued increase
in stress will lead to a drop in work output because of reducing strain. Figure 3. 13 e)
shows the expected maximum work per cycle. As shown in the figure, this maximum
work output increases for more complete charging of the PPy. The fully reduced PPy is

expected to give a maximum work output of ~800 kJ/m’, which is substantially larger
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than experimentally measured in this and other studies [14, 28]. The stress at which this
maximum work output occurs is calculated to be ~11 MPa, which is beyond the
breaking stresses of helix tubes tested in this study. Improving the strength of the helix
tubes would allow substantial improvements in the actuation performance in terms of
work output.

While the work density values are useful in determining the effect of applied stress
and scan rate on the actuator performance, the actual work output needs to be
considered when determining the true effect of the helix tube thickness. Figure 3. 14
shows calculated work outputs for different thickness helix tubes at different applied
stresses and assuming the PPy is fully reduced in each case (i.e. a=1). At each applied

stress, the work output increases with increasing tube thickness, as expected.
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Figure 3. 14. Calculated Work (a) and Power (b) outputs per reduction cycle for PPy/PF; helix
tubes with different thickness under various stress levels.

It is useful to also consider the power output of the helix tubes. Figure 3. 15 b)
shows the calculated power output averaged over the cathodic scan where the scan time
is adjusted to allow full reduction of the PPy. Thus, the scan time is determined from

a2d2 d2
20~ 2p @=D

For thicker helix tubes a longer scan time is required to allow full reduction of the
polymer. The effect of the longer charging time is that the power output of the thicker
helix tubes is now lower than that of the thinner tubes. The shorter time needed to fully
reduce the thinner helix tube more than compensates for the smaller work output, giving
a higher power output.

The effect of scan rate (and incomplete reduction) of the helix tubes on the
measured power output is shown in Figure 3. 15 as power per unit volume. Higher
power densities are produced at the higher scan rates. The decreased strain output due to

incomplete reduction occurring at higher scan rates is more than compensated by the
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shorter time when determining the power output. Calculated power densities are also
given in Figure 3. 15 with the power density of the helix tubes calculated using the
approach described in Section 3.6 and charging time estimated as in Section 3.3. Again

to simplify, the helix tube is treated as a plate.

O _ 5
vaax B 2'\/5 d\/?

1
t =—a*d*/D
24

As the total time of cathodic scan is 2t, average power density could be estimated from:

W, oec 2Do)Q, . 5 a 1 1 2D
R L Y Yo Yo Na?d?
a (l_a)Yried_i_a red ANCS
ox (3.14)

The calculated power outputs agree well with the measured values for the thicker helix
tubes. Again the power output is expected to reach a maximum at a stress well beyond
the breaking strength of these thicker helix tubes. The highest power density was

achieved with the 15 pm helix tube tested at the fastest scan rate.
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Figure 3. 15 Volumetric power density for PPy/PF, helix tubes with different thickness under
various stress levels. a) 15 pm; b) 34 pm; c¢) 44 pm. Dash, dot and solid lines represent the
prediction value of each scan rate.

3.4 Conclusions

The aim of this chapter was to investigate the effect of wall thickness on the
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actuation behavior of PPy/PF¢ helix tubes. Important actuation parameters considered
were strain, work and power output. Most practical applications for actuators require a
defined strain to be produced against a known external force in a specified time period.
A thinner PPy actuator is likely to respond faster but may produce a lower strain, since
the stress is higher. Thus, it is important to quantify the effect of PPy layer thickness on
the actuation performance.

From prior studies it was known that the strain produced by PPy actuators is
proportional to the charge transferred. It was also known that charging occurred by both
electron and ion transport within the polymer so that the rate of charging would depend
upon electron and ion conductivities and diffusion distances. One objective of the
present chapter was to quantify the effect of PPy layer thickness on the extent of
charging and, hence, actuation strain. Using cyclic voltammetry at different scan rates
and for different helix tube thicknesses, it was found that the rate of charge transfer
could be accurately determined using a simple Fickian diffusion process. Ion diffusion
was the rate controlling process with oxidation of the reduced polymer proceeding as a
layer of oxidized polymer at the electrolyte side penetrating deeper into the polymer
over time. A diffusion coefficient of 4*10™"" m%/s was determined from these studies,
which was a similar magnitude found for diffusion of other anions in oxidized PPy.
With such slow ion diffusion, the time required for full oxidation of the helix tubes
increased from 2.25 to 7744 seconds for tubes of wall thickness in the range 5 pm to 44
pum.

A form of “charge trapping” was also observed for the thicker helix tubes at faster
scan rates. Here it was postulated that the faster scan rates led to the formation of a
buried oxidized layer during the reduction of the PPy. This buried layer formed as a

result of cation ingress to the surface of the PPy leading to mixed ion actuation. The
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trapped charge could be subsequently reduced during the first part of the anodic scan
resulting in a reduction minimum.

It has also been previously recognized that the strain produced by PPy actuators
depends upon the external stress and is due to a change in modulus that accompanies a
change in oxidation state of the polymer. A second objective of this chapter was to
quantify the effect of applied isotonic stress on the actuation strain of PPy helix tubes
and to investigate the effect of modulus shift as a function of tube wall thickness.
Experimental results showed that the strain decreased with increasing isotonic stress
(particularly for the thinner helix tubes) and for higher scan rates. For a given stress, the
maximum strain was observed in the 15 um thick tubes. The thinnest tubes were
probably restricted significantly by the mechanical constraint imposed by the helix
spring.

The effect of stress on the actuation strain was modeled for the 3 thicker helix tubes
by experimentally determining the strain to charge ratio and by estimating the modulus
of the partially reduced PPy using the composites “rule of mixtures” approach. The
strain to charge ratio was found to depend upon the applied stress. The strain to charge
ratio at zero applied stress was similar to previously reported values. The effect of stress
on the strain was successfully predicted for the thicker helix tubes. The model
demonstrated that the expected strain for fully reduced PPy helix tubes should be ~ 15%.

The strain model also enabled the prediction of the work density of the actuators,
with the calculated values in close agreement with the experimental values for the
thicker helix tubes. The model results illustrate that a maximum work density would be
achieved at a stress level above the breaking stress of the helix tubes. Thus, means to
improve the strength of the helix tubes would lead to significant increases in work

density.
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Finally, the power generated by the PPy helix tubes was investigated. The power
was considered as the work done per scan time. The work density of the helix tubes was
not dependent on the tube wall thickness (for a given charging level), however, the
absolute work done increased with tube thickness (and PPy volume), as expected. The
power output, however, decreased with increasing tube thickness despite the higher
work output. The much increased charging time required for thicker tubes resulted in a
reduced power output.

In conclusion, it was determined that the charging process of PPy helix tubes of
typical wall thicknesses was a comparatively slow process dominated by ion diffusion
kinetics. Consequently, redox reactions at typical actuation times (100 seconds or less)
were incomplete and strains were lower than the maximum possible. Thinner helix
tubes would be expected to give higher strains, work and power densities within
reasonable actuation times. However, at small tube wall thicknesses the effect of the Pt
wire spring became important and strains were consequently limited. The optimal

performance occurred around 15 pum wall thickness.
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4.1 Introduction

Conducting polymer (CP) actuators usually operate at relatively low voltages and
producing competitive advantage over other actuator technologies [1]. The typical strain
and stress of PPy actuators are free stroke 1~5% and a blocking stress of 5 MPa [2],
resulting in low work density. For PPy/PF¢ helix tubes discussed at the end of chapter 3,
those values are quite low and mainly limited by the slow diffusion kinetics and low
breaking strength.

Improving the strain generated under stress is an effective way to achieve higher
work density. Through adjustments to the polymerization conditions, electrolyte and
actuation conditions, the observed strain and stress can be greatly increased. In fact,
high strain polypyrrole actuators that exhibit strains larger than 20 % were recently
reported [3-5]. These actuation strains are substantially larger than that previously
reported for any conducting polymer system and, warrant further investigation.

The high strains reported recently were obtained using unusually slow potential
sweeps by Hara et al. [3, 4]. Only a limited number of potential cycles were reported,
and strain appeared to diminish over the first few cycles shown. Whether such high
strains can be realised over many cycles or at faster strain rates is not known.
Understanding and enhancing the conditions required to achieve stable large strain of
polypyrrole actuators will help in their commercial realisation.

The degradation of conducting polymer actuators is a complex process and has
been reported in a limited number of previous studies. The degradation of actuation
with respect to time could be due to chemical degradation of one of the components [6]
or irreversible conformational relaxation of the polymer [7]. Many of the studies on

chemical degradation have focussed on the electrolyte. For example, ionic liquid [8, 9]
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was introduced to replace propylene carbonate as the electrolyte and was shown to
greatly enhance the stability of the actuators. Operating over 6000 cycles with just a
20% decrease in strain in ionic liquid compared to 3000 cycles in propylene carbonate
with a 75% decrease demonstrated the advantages using ionic liquid. However, when
using ionic liquids for high strain polypyrrole films, the stability is still limited to less
than 10 cycles [10], suggesting that electrolyte degradation is not the primary cause of
reduced actuation in such high-strain systems. Another study [11] measured the total
charge for charging and discharge of a polypyrrole actuator in operation and found that
the total charge associated with charging was significantly larger than that for
discharging. When a stimulation consisting of a constant current pulse was applied to
overcome the asymmetric redox behaviour, enhance stability was observed for at least
the first hundred cycles.

It also has been deduced that CPs become more rigid when subjected to many
charge-discharge cycles [12]. Elastic modulus is one parameter that can be measured in
situ during actuation and may give insights into changes taking place within the CP. The
solvent, oxidation state and ionic interactions have been proven to affect the elastic
modulus [13-15]. Changes to the elastic modulus during the oxidation and reduction
have already been shown to affect the observed actuation when the CP is subjected to
load [16]. However there is still a lack of information on how elastic modulus changes
during many redox cycles.

In this chapter the results of an independent investigation of the high strain systems
reported previously is provided. The aim is to provide some insight into the mechanisms
that may be the cause of the large actuation. Furthermore, the cycle life of the high
strain polypyrrole actuators is explored. To replicate the work of Hara et al, the

polypyrrole has been prepared as films (rather than helix tubes) and bis trifluoromethane
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sulfonimide (TFSI) used as dopant. Further, films were prepared using methyl benzoate
as the electropolymerization solvent, following the method of Hara et al. Films prepared
using these conditions have been compared with films prepared from propylene
carbonate and using either TFSI or hexafluorophosphate, PFg as dopant. In all cases, the

strain at low scan rates and the cycle life stability have been investigated.

4.2. Experimental

4.2.1 Reagents and materials

Bis-trifluoromethanesulfonimide lithium (Li.TFSI) salt and tetrabutylammonium
bis-trifluoromethanesulfonimidate (TBA.TFSI) were purchased from Fluka. Propylene
carbonate (PC) and methyl benzoate (MB) were obtained from Sigma. Pyrrole was
obtained from Fluka and was distilled before use. A platinum plate supporting
substrates for the electrochemical polymerization of pyrrole with dimensions 25 x 25 x

0.1 mm were obtained from Goodfellow®.

4.2.2 Instrumentation

A EG&G Princeton Applied Research Model 363 potentiostat/galvanostat or a BAS
CV-27 was used to regulate and measure the current and/or voltage during constant
current electropolymerization of pyrrole and for all of the electrochemical studies
reported. A MacLab/4e AD analogue to digital converter was used to record

electrochemical results.
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4.2.3 The preparation of PPy films.

The preparation of PPy films was described previously [17]. The polymerization
solution consisted of 0.1 M pyrrole monomer, 0.1 M electrolyte and 1 %( w/w) H,O in
PC or MB. Dissolved O,q was removed by bubbling with N, ( for 300 s.
Electropolymerization of pyrrole was conducted at a constant current density of 0.1
mA/em’ for 12 hours at -31°C.

Following the polymerization of pyrrole, the PPy film was manually peeled off the
substrate and then washed with neat solvent to remove residual monomer. The PPy
films were then stored in 0.1 M Li.TFSI/TBAPFg PC solution until further testing. Prior

to testing the wet thickness of the PPy films was found to be ~34 um.

4.2.4 Electrochemical studies

Cyclic voltammograms (CV) were conducted in a 0.1M Li.TFSI/ TBAPFs PC
solution with an organic reference electrode (Ag \Ag+ in acetonitrile) and a platinum
mesh counter electrode. A scan range of -0.9 to +0.7 V with the start point -0.9 V at

scan rates ranging from 2 to 400 mV/s was used.

4.2.5 Actuation tests

Actuations tests were performed in 0.1 M Li.TFSI/PC electrolyte using a
conventional three electrodes setup, as shown schematically in Chapter 2. The PPy
films used for actuation tests were ~10mm in length and 3 mm wide. To achieve

electrical and mechanical contact, one clip connected with working electrode was
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placed and fixed to the bottom of the cell. The top end was glued to platinum wire
using epoxy glue. The gauge length was the length measured between the glue and the
clip. When potential was applied, the change in length was measured by a Model 305B
Lever Arm Dual Mode System (Aurora Scientific). The counter electrode was platinum
mesh and the reference electrode was Ag |Ag+ in acetonitrile. The reported actuation
strain refers to the change in length due to contraction which is always smaller than or
equal to the change in length due to expansion. The contraction occurs when the PPy is
reduced. While testing, a small load (~ 30 kPa) was applied to keep the film straight
without causing mechanical creep and to avoid the effects of changing modulus on the
measured actuation strain.

A small amplitude rectangular force signal was used to measure the dynamic

AF

27 in
A,ALI L,

modulus [18]. In this case, the Young’s modulus is estimated by . =

which AF and AL are the change in force and the observed change in length,

respectively of the square wave imposed on the applied force. 4, and L, are the

original cross sectional area and the original length of the free-standing film.
4.2.6 Physical characterization

The conductivity measurements were performed using standard 4 point method
through JANDEL (model RM3). The elastic modulus was carried out by Shimazu
tensile test machine. SEM imaging was performed using Leica Stereo Scan 440

microscope.

4.3 Results and discussion
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4.3.1 Physical properties of PPy films.

The thickness, conductivity and elastic modulus in the dry state of PPy films were
determined in Table 4. 1. A significantly higher conductivity was produced in films
prepared using PC as the solvent base for the electrolyte, compared with those films
made from MB. Slightly higher conductivity was found in films when TBA.TFSI was
used as the electrolyte salt compared with LiTFSI (for the same solvent). Both solvent
and dopant affect the Young’s modulus (wet and dry), but not in accord with the change

in conductivity.

Table 4. 1 Summary of PPy film thickness and properties.

PPy/LiTFSI/MB  PPy/LiTFSI/PC PPy/TBATFSI/MB  PPy/TBATFSI/PC*

Thickness (pum) 37 34 36 35
Conductivity (S.em™)  48.6 125.2 64.7 169
Y’s modulus (MPa) 166 352 240 150
(dry)

Y’s modulus (MPa) 24.5 37.7 375 18
(wet)

*PPy/LiTFSI/MB= PPy prepared from LiTFSI/Methyl Benzoate; same to others. Elastic modulus
at wet state was performed in 0.1M LiTFSI/PC. Films for measuring elastic modulus at dried state
were washed with acetone and dried in vacuum under 35°C for over night. Films for measuring
elastic modulus at wet state were soaked in electrolyte for 0.5hr and tested in it.
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Figure 4.1 The morphology of PPy films; a) PPy/LiTFSI/MB; b) PPy/LiTFSI/PC; c¢)
PPy/TBATFSI/MB d) the electrode side of PPy/TBATFSI/PC.

Figure 4.1 illustrates the morphology of the electrolyte side of PPy films prepared
from 4 different polymerization conditions. All 4 SEM pictures show a cauliflower
structure, indicating the high surface area of PPy. PPy films prepared from MB have
much smaller surface bumps than those found on films produced from PC. Little
difference is noted in the surface structure of samples prepared from the different
electrolyte salts and from the same solvent.

The morphology of PPy/LIiTFSI/MB is as reported by Kaneto [19]. As claimed by
Kaneto et al, those materials have loosely packed polymer chains hence allow extremely

large strain.

4.3.2 Slow Scan-Rate Actuation
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Figure 4. 2 The actuation of PPy films. Scan from -0.9~0.7V (VS Ag/Ag") at 2mV/s. All samples
were tested in 0.1M LiTFSI/PC solution.

Upon oxidization-reduction, the PPy films investigated gave very high
electrochemical strain (Figure 4. 2) that decreased rapidly over the first 10 cycles. The
highest strain of 16% were obtained in the first cycle for PPy grown from
TBATFSI/MB (as reported by Kaneto [20]) and 15% strain of PPy growth from
LIiTFSI/PC. Hara et al. [3] reported 19.8 % strain for the first cycle of PPy doped with
TFSI in the same actuation electrolyte when synthesized from MB, which is slightly
higher than the strain reported in Figure 4 for the equivalent system. Small differences
in the stress applied to the samples may be the reason for the difference. High strains
were observed in all PPy/TFSI samples in their first cycle regardless of their
polymerization solvent. Without exception, the strain decreased markedly and after 10
cycles, strains were only 25 — 75% of the original value. For PPy grown from
TBATFSI/MB, stability was improved losing only 25% of the initial value after 10

cycles.
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4.3.3 Effect of electrolyte concentration on actuation behaviour.

It is still not clear why PPy/TFSI systems could produce significantly higher strains
than PPy doped with other dopants, such as PFs. It has been reported that solvent
ingress / egress by osmotic pressure can contribute to actuation in conducting polymers.
Bay et al [21] have previously shown that PPy is sufficiently soft for its volume to
expand through osmotic pressure. They also noted that the osmotic pressure in
inversely related to the ionic concentration and higher actuation strains were achieved
when low ionic concentrations were used.

To test if the high strain Li.TFSI system is dependent on the osmotic pressure,
actuation was investigated by using three different concentrations of Li.TFSI used
during actuation testing (Figure 4.3). The actuation of the PPy was largest in 0.1 M
Li. TFSI when compared to 0.01 M Li.TFSI and 1 M Li.TFSI. The actuation observed
using 0.1 M electrolyte is initially 2 times that observed using 1 M and after 10 cycles
was more than 10 times larger. The increased strain may be a result of the higher
osmotic pressure occurring at the lower electrolyte concentration.

As seen in Figure 4.3 ¢, however, the actuation in the 0.01 M Li.TFSI is smaller
than in the 0.1M electrolyte. It would be expected that the osmotic pressure should be
greater in solutions of lower electrolyte concentration, leading to larger actuation strains.
However, the ionic conductivity of the electrolyte is less efficiency using the 0.01 M
concentration leading to a compromise in electrochemistry. Evidence supporting a high
resistance cell is provided by the observation that the cyclic voltammogram of the

0.01M solution does not show clear oxidation or reduction peaks, in contrast to the CVs
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of the 1st cycle of 0.1M and 1M solutions. The higher solution resistance occurring in

the 0.01M solution may therefore restrict the actuation achieved.
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Figure 4.3 a) Actuation of PPy in different concentrations of Li.TFSI in PC over a potential window
of -0.9 V to +0.7V; b) Their CV voltammograms. Scanning from -0.9V to 0.7V versus Ag/Ag" with 2
mV/s scanning speed; c) actuation of first cycle versus voltage; d) strain to charge ratio over cycling.
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4.3.4 Stability of PPy/TFSI/PC films.

The high strains produced by PPy/TFSI films are not of practical use in many
applications because of the poor cycle life stability of these materials. Further
investigation of the cycle life stability was restricted to the PPy films prepared from
LITFSI/PC films. The actuation strain maximum decreased monotonically with each
redox cycle from 16% in the first cycle to 6 % in the 20" cycle (Figure 4.4 a). Cyclic
voltammograms were recorded in situ. Defined oxidation and reduction peaks were
observed for the first redox cycle, with oxidation occurring at -0.25 V and reduction at
-0.55 V. Comparing the first cycle to the 20" cycle, the oxidation peaks showed a shift
toward more positive potentials. Furthermore, the maximum current density of both the
oxidation and reduction peaks decreased. The rapid decrease in the charge passed per

cycle confirms the deterioration of polypyrrole electroactivity (Figure 4.4 d).
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Figure 4.4 Free standing PPy/TFSI film in a 0.1 M Li.TFSI propylene carbonate electrolyte. Scan
rate: 2 mV/s. a & b) the observed actuation; c) the cyclic voltammogram of the 1° and 20™ cycle; d)
Consumed positive volumetric charge; e) strain to volumetric charge ratio.

Analysis of the charge passed per anodic cycle shows a small decrease over the first
20 cycles (Figure 4.4 d). The decrease in charge passed per cycle is smaller than the

decrease in strain. The comparison is clearly shown in Figure 4.4 €) where the strain to
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charge ratio is determined and plotted as a function of cycle number. The strain to
charge ratio decreases by approximately 50% between cycles 1 and 20. Thus, while the
electroactivity of the PPy/TFSI clearly decreases over the first 20 cycles, this decrease
in charge capacity cannot fully account for the decrease in actuation strain. Processes
other than the deterioration in the electroactivity must also be contributing to the strain

degradation.

4.3.5 Effect of scan rate on actuation stability.

As noted in Chapter 3, the rate of actuation is strongly affected by the rate of
voltage scanning. Increasing the scan rate of the cyclic voltammogram results in a
significant reduction in the observed actuation for the PPy films grown from LiTFSI/PC
films (Figure 4.5). The results are, therefore, similar to those noted in Chapter 3 and
indicate that the PPy/TFSI films are not able to undergo full oxidation / reduction
during the voltage scan at the scan rates investigated. Of particular note is that the
actuation still degraded substantially over the first 60 cycles at faster scan rates of 5 and
25 mV/s. At even higher scan rates (100-400 mV/s) the decrease in strain is less
obvious over the first 120 cycles, although the magnitude of the strain is also
considerably smaller than noted at slower scan speeds. As a percentage of the first cycle
strain, the strain recorded in the 12" cycle was 82%, 80%, 42%, 26% and 10% for scan
rates of 400, 200, 100, 25 and 5 mV/s, respectively. As discussed in chapter 3, the
actuation process is believed to be a diffusion controlled process. Increasing scan rate

will diminish the charge passed and hence limit the actuation strain.
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Figure 4.5 The observed actuation of PPy films at different scan rates (a) and their cyclic
voltammograms: b) scan rate at SmV/s; c¢) scan rate at 100 mV/s; d) scan rate 400mV/s; e)
consumed charge (positive only); f) strain to charge ratio over cycles.

The charges passed and strain to charge ratio at selected scan rates of 5 mV/s, 100

mV/s and 400 mV/s were determined (Figure 4.5 e) and f). The decay in charge passed

is similar to the decay in strain. Again, the strain decreases more rapidly with cycling
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than the charge passed. As can be seen in Figure 4.5 f), the strain to charge ratio

decreased in all cases, but decreased more significantly at the slower scan speeds.

4.3.6 Actuation over a limited potential range.

A possible reason of the strain instability is chemical degradation associated with
over oxidation leading to a change in the actuation behaviour. Bard et al [22] already
realized that such irreversible reactions could start to occur at low potential. In their
experiment, the PPy films were found to be unstable at oxidization potentials larger than
0.6 V versus SCE in 0.1M TBABF, acetonitrile electrolyte [22]. Lewis et al have shown
that in aqueous solution the overoxidation of PPy begins at 0.65 V versus Ag/AgCl in
pH 6 solution [23]. Further studies using FTIR found that overoxidation of PPy is
accompanied with irreversible changes in the molecular structure. The conjugated
length can be diminished as nucleophilic attack generates sp® carbons on polymer chain
[24, 25].

PPy reduction can also lead to a loss in cycling stability. PPy films could become
highly compacted with a dense structure when submitted to cathodic potentials. Re-
oxidising and re-opening the closed structure requires a higher anodic potential [26].
Otero has noticed that such conformational changes are irreversible [27]. The ‘close
potential’ is defined as the potential beyond which no reducing current is observed [28].
The close potential of PPy/CIO, in LiClO, acetonitrile starts at -0.8 V versus SCE [28].
As can be seen in Figure 4.4 c), the close potential of PPy/TFSI is below -0.9 versus
Ag/Ag”.

To avoid actuation instability as a result of overoxidation or a conformational

change, the actuation of PPy films has been studied over a limited potential range.
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Hence, the minimum voltage was increased to -0.5 V, and the maximum potential
limited to +0.2, +0.35 or +0.5V. As evident in Figure 4.7 b), c) & d), over a limited
potential range, the shape of the CV resembles that of a capacitor as analysed previously
by Madden as a “transmission line” type electrochemical model [29, 30]. The
transmission line model described the actuation and electrochemical mechanism while
doping level of PPy is low [29]. In the model, as electronic resistance is small compared
to the ionic resistance, the system consists of ionic resistance and volumetric
capacitances (Figure 4. 6). Those capacitors are gradually charging while external

potential is applied, generating rectangular shape of C-V voltammograms.

:

G - -
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Figure 4. 6 Transmission line model for charging of a conducting film; with R, representing ionic
resistance per volume and C; represents the capacitance per volume. R; is the solution resistance
and C; is the unit surface capacitance.

Considerable actuation of the PPy film occurs even though the polymer is not
undergoing fully oxidation and reduction. Indeed, for a scan range of -0.5 to -0.5 V the
actuation strain for the first cycle was larger than 6% and was still exhibiting more than
2% after 60 cycles (Figure 4.7 €). When the maximum potential was further limited, the
strain was reduced. Significantly, a major reduction in strain over the first 60 cycles is
evident for all potential ranges investigated. Charge passed also decreased for all

potential ranges over the initial cycles (Figure 4.7 g). The charge passed decreased less
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significantly than the strain, so the strain to charge ratio also decreased with cycling

(Figure 4.7 h)
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Figure 4.7 Electrochemical capacitance actuation of free standing PPy films (a); their C-V
deformation while cycling: b) scan range -0.5~0.5V; c): scan range -0.5~0.35V d): scan range -
0.5~0.2 V; the actuation behaviour for the scan range e) -0.5~0.5V; f) -0.5~0.35V; g) -0.5~0.2V;h)
Charge consumed (Positive only); i) Strain to charge ratio over cycles; All scan rates were 2 mV/s.

The charge consumed decreased by less than 20% in all cases (Figure 4.7 h), which
was a much smaller decrease than noted above for the wider potential range. It is likely
that the limited potential range successfully avoided major conformation changes and
overoxidation. However, reducing the potential scan range does not help to enhance the
stability. As found in Figure 4.7 e~g), strain losses of more than 60% were obtained for
all cases. Even when the potential was limited to the range of -0.5 V to 0.2 V, the strain

was still reduced from 1.2% to 0.4% over 60 cycles.

4.3.7 Effect of cycling on elastic modulus

The elastic modulus was measured in-situ during actuation to gain an insight into

structural changes that might be occurring within the PPy. For these tests, a small

amplitude square wave stress pulse between 0.16 MPa and 0.22 MPa was applied
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(Figure 4.8). The maximum applied load of 0.22 MPa is sufficiently small to avoid

mechanical creep of the PPy films over the period of the test. The resultant strain was of
the order of 0.05% and was considerably smaller than the actuation strain. Two groups
of in-situ elastic modulus were recorded corresponding to the test condition listed in
section 4.3.5: -0.9V~0.7V versus Ag/Ag" using various scan rates and over a narrow

scan range using 2 mV/s scan rate, as shown in Figure 4.9 & Figure 4.10.
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Figure 4.8 In situ modulus test during actuation. Voltage scan range is from -0.9V to 0.7 V with
scan rate of 2 mV/s. As shown in the upper panel, a small amplitude stress pulse was also applied
giving a resultant strain that could be converted to an elastic modulus value.
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Figure 4.9 a) The elastic modulus of PPy films during voltage scanning. A potential window of -0.9
to +0.7 V was applied. First three cycles of using 2 mV/s, SmV/s and 100 mV/s are shown in b)~d)
respectively.
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Figure 4.10 a) The elastic modulus of PPy films during voltage scanning for a potential various
potential windows. First three cycles of -0.5V~0.2V and -0.5 V ~0.5 V were shown in b) & c).

In all cases, there was observed a gradual increase in modulus with each cycle. At a
scan rate of 2 mV/s in three scan ranges, the dynamic modulus started at around 20 MPa,
before climbing to about 60 MPa after 40 cycles (Figure 4.10). Similarly, at a scan rate
of 5 mV/s, the modulus started at 20 MPa and climbed each cycle to 35 MPa after 40
cycles. In contrast, at a scan rate of 100 mV/s, the modulus increased only slightly from
16 MPa to 19 MPa over the first 100 cycles. The increase in Young’s modulus
corresponds to the degradation of actuation strain and is probably a consequence of the
same process.

The Young’s modulus change per voltage cycle showed a complicated behaviour.
During a typical cathodic scan, the modulus first increased and then decreased with
increasing potential (Figure 4.9). The change in modulus in all cases was quite small

and the change in modulus tended to decrease with increasing scan rate (Figure 4.9). By
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increasing scan rate and reducing scan range, the modulus tended to increase
monotonically with potential.

It should be noted that the change in modulus does not account for the decrease in
actuation strain, as the latter was measured at near zero applied stress so that the effect
of a changing modulus on strain is negligible. As pointed out previously, the evolution
of PPy can be reflected on shifting of elastic modulus.

The modulus of polypyrrole films is comparable to that of a rigid elastomer, being
larger than that for swollen elastomers, but less than that for dry polymers. At small
and moderate strains the modulus is governed by intra-molecular interactions. A
modulus in the order of 10 MPa implies either a very highly swollen system such that a
reduction in entropy is contributing, or strong intra molecular interactions that are not

readily screened by the solvent.

4.3.8 Current control versus voltage control.

Spinks et al [11] have shown that careful selection of the current control parameters
allows for a dramatic increase in cycle life stability compared to voltage scanning with a
linear ramp. In their study they found that during linear ramp voltage scanning, even
using equilibrium voltage, PPy is still progressing to a more oxidized state cycle by
cycle. Evidence is the positive charge is slightly larger than negative charge in one cycle.
The result is a reduced capacity to oxidize the polymer in later cycles, resulting in a
smaller actuation strain. Using current control will effectively avoid such phenomena
since the amount of charge injected during the oxidation and reduction cycle can be
matched. A merit of using current control is the prevention of over oxidation [24] of the

PPy which was proposed as the reason for the increase in cycle life [11].
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In this experiment, actuation strains were measured by employing a square wave
current stimulation with a current density similar to that observed during the cyclic
voltammograms. Through optimizing the current density and pulse time, the strain
stability was significantly enhanced over the first 100 cycles. Two examples are shown
in Figure 4.11: 8 mA/cm? for 30 s (240 mC/cm?) and 12 mA/cm? for 15s (180 mC/cm?).
In the former case a strain in the first cycle of ~8% dropped to 4.5% over 40 cycles and
then remained constant. In the latter case a smaller charge was injected per cycle over a
shorter period of time and resulted in an initially smaller strain of ~4%. Significantly,
the strain remained approximately constant for 100 cycles. The voltage needed to
produce each current pulse cycle was recorded and shown in Figure 4.10 b). A stable
voltage was noted for the shorter pulses / smaller charge, whereas some drift in voltage
was noted for the longer pulses / higher charge. It was also noted that the voltage range

was much wider than applied during voltage scans, particularly in the cathodic region.
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Figure 4.11 The strain (a), maximum/minimum potential of each pulse cycle (versus Ag|Ag") (b) &
elastic modulus (¢) changing of PPy films by current scanning. First 100 cycles were presented.

The in situ elastic modulus measured during current cycling also proves that current

control can avoid structure change within the PPy films. As seen in Figure 4.11, the in

situ elastic modulus measured during the longer pulse / higher charge increased
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approximately two times of its original value during the first 60 cycles, which is similar
to the change in modulus noted above for voltage cycling. When shorter /smaller charge
pulses were used, however, very little change was noted in the in situ modulus over 100
cycles. These same conditions gave very stable actuation results, confirming that the
structural changes leading to an increase in modulus are linked to the decline in

actuation capacity.

4.4 Relationship between modulus change and actuation stability

The results presented in this chapter demonstrate a clear link between changes to
the actuation strain and changes to the Young’s modulus of the PPy films that occur
upon repeated redox cycling. In each case, it is likely that the two changes are
linked. Figure 4. 12 plots the measured actuation strain against the measured Young’s
modulus for repeated cycling at different electrochemical conditions. In all cases, there
IS @ monotonic decrease in strain caused by a steady increase in modulus that occurs
upon repeated cycling. The rate of strain decay and modulus increase is greatest when
wider potential limits were used and when slower scan rates were used.

It is well established that the equilibrium swelling of polymers by solvents is
determined by a thermodynamic balance between the affinity of the polymer for the
solvent and the mechanical elasticity of the polymer network [31]. In crosslinked
rubbers and hydrogels, the extent of swelling is reduced when the crosslink density is
increased. Similarly, there is a direct connection between the extent of crosslinking (or
other intermolecular interactions) and the polymer’s modulus. Since actuation in PPy is
caused by the swelling due to ingress of ions and solvent, the extent of actuation will be

sensitive to the degree to which the polymer chains are bonded together. Any process
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that increases the molecular interactions will reduce the amount of actuation strain.

Such processes will also result in an increase in modulus.
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Figure 4. 12 Relationship between actuation strain and Young’s modulus for various experimental
conditions and over multiple redox cycles.

Heinze et al have previously described a mechanism whereby oxidation of conducting
polymers can lead to increased intermolecular bonding [32], and it is possible that such
processes may be the cause of decreased actuation in PPy/TFSI described in this chapter.
Heinze et al also have proposed a reaction mechanism whereby the close proximity of
two radical cations (polarons) formed during the oxidation of conducting polymers can
form a “dimerized” state. Thus, a covalent bond forms between the two adjacent sites.
The reaction can be reversed, although the higher stability of the dimerized state means
that a lower potential is needed to achieve the original unbound state. The series of
reactions and intermediary steps were successfully modelled by Vorotyntsev and Heinze
to generate cyclic voltammograms with close similarity to experimentally measured
curves [33]. Clearly, if chemical bonds form during the oxidation of PPy/TFSI and if

these bonds are not completely reversed during the reduction cycle then the swelling in
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the subsequent oxidation would be expected to be smaller. Similarly, it would be

expected that such reactions would lead to an increase in modulus.

4.5 Conclusions

High strain actuators based on PPy doped with TFSI were investigated. The high
strains, slow response and poor cycle-life stability as reported in recent literature were
all confirmed. First cycle strains as high as 16% were recorded at low scan rates, but
diminished rapidly at higher scan rates. The possible contribution of solvent
ingress/egress to the actuation due to osmotic pressure was investigated by altering the
electrolyte concentration. The results were inconclusive. While previous work had
suggested that lower electrolyte concentrations would favour a larger osmotic pressure
contribution to actuation, the results presented in this thesis show a more complicated
behaviour. Upon reducing the electrolyte concentration from 1M to 0.1M to 0.01M, the
actuation strain first increased and then decreased. The possible contribution to the
reduced actuation at the lowest electrolyte concentration from a low electrolyte

conductivity was a suggested as a possible cause of this unexpected behaviour.

Cycle life stability was found to be poor whenever large strains were achieved.
Strains decreasing by as much as 75% over the first 50 cycles or so. The most stable
response was obtained by using current control for actuation, where a stable 4% strain
was produced for 100 cycles. Quite stable responses were also obtained when fast
voltage scan rates were used, however, the strains were small due to incomplete redox

reactions occurring.
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The effect of voltage scan range was investigated to determine whether over-
oxidation or conformational changes that may occur at potential extremes may be
responsible for the poor cycle stability of actuation. Significant changes in the shape of
the CVs was noted upon repeated cycling over a wide potential range. The charge
passed per cycle also decreased and this reduction in electroactivity of the PPy was
thought to be at least partially responsible for the diminished actuation. However, it was
observed that the strain:charge ratio decreased upon repeated cycling, demonstrating
that the actuation decay was caused by processes other than the degradation in
electroactivity. Cycle life studies conducted over a narrow potential range also showed a
decrease in charge passed per cycle. The strain and strain:charge ratio also decreased
per cycle showing that the degradation was not due solely to the higher anodic or
cathodic potentials.

A clear relationship was observed between the actuation stability of the PPy films
and their elastic modulus. The degradation of actuation strain in PPy was accompanied
by increasing modulus in all cases. Prior work had suggested that oxidation of
conducting polymers may introduce covalent bonds between chains that are not easily
reversed during cathodic potential scans. The increase in bonding between PPy chains
would account for both the decrease in actuation strain and the increase in modulus.

Finally, it was observed that current pulses effectively increased the stability of
actuation strain. In these circumstances, the modulus was also stable over repeated
cycles. For reasons that are not yet known, the current pulses appear to produce
reversible changes in the structure of the PPy, thus allowing for a stable actuation
response. Perhaps the lower cathodic potentials that result from current pulsing enable
the full reversal of any intermolecular bonding that is produced from the oxidation of

the polymer. Further structural investigations are needed to confirm these suggestions.
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5.1 Introduction:

Practical applications for actuators require that those materials operate against an
external load. The actuation behaviour against isotonic load has been well analysed by
Spinks and Truong[1], showing that a change in elastic modulus affects the actuation
strain and work output. More studies indicate that the load plays an important role
during the actuation: in most cases, the strain amplitude will decrease as the load
increases [2]; the energy conversion efficiency will have a maximum value [3]; the
electrical response changes because of the configuration of the polymer chain under
load [4].

An important issue related to the effect of external load is the problem of creep.
Polymers usually creep under stress with slow and permanent strain occurring at
constant stress. Thus, if accurate position control is required, creep must be eliminated
or controlled. The creep behaviour of poorly solvated materials like conducting
polymers is not understood. Thermoplastics below their glass transition have been
studied for many years, with creep at low stresses being very slow due to the slow
relative motion of polymer chains. In contrast, the molecular reorganisation of
synthetic rubbers and chemically crosslinked hydrogels is so fast that relative motion is
only hindered by crosslinks, and hence, creep does not occur without chemical reaction
or rearrangement of localised physical bonds. Conducting polymers immersed in an
electrolyte fall between these two boundaries, the polymer is above its glass transition
temperature, but, has strong intramolecular bonding, as such is not highly swollen. The
intermolecular bonds are usually prone to creep under low loads.

Previous studies have noted creep in PPy can produce a large deformation when

stressed and recovery after release the stress [5]. The creep was also apparent at both the
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oxidized and reduced state [3, 6]. Madden et al have concluded that the stress which
will cause obvious creeping is significantly lower than the tensile strength of PPy films.
The materials they were using have tensile strength of 120MPa (in dry state) while the
creep can be found under stress of 20MPa [7]. While PPy soaked in electrolyte (PC for
instance), the mechanical stiffness and strength decreased considerably [7] and as PPy
become softer, the creeping is easier to observe, even under low stress.

The creep behaviour of CPs could be more complex than conventional polymers as
the mechanical properties of CPs varies depending on their oxidized/reduced state. It is
well established that the elastic modulus of CPs changes significantly with oxidation
state. However, the effect of oxidation state on the creep behaviour has not previously
been fully investigated.

In this chapter, the actuation of PPy under various constant voltages and external
loads has been examined and analysed through a simple model in an attempt to analyse
the creep behaviour. The actuation strain is considered to be the sum of the charge-
induced strain and load-induced strain. The latter is influenced by the viscoelastic
properties of the PPy. Thus, the viscoelasticity of polypyrrole doped with
trifluoromethanesulfonimide (PPy/TFSI) has been investigated as a function of the
applied electrochemical potential. A mathematical description based on the classical 4
element spring / dashpot model was adapted to fit the time-dependent strain behaviour
of PPy/TFSI. Another empirical model describes the charge-induced strain. An attempt
is made to predict the experimental results resulting from a change in applied voltage at
a constant applied load by combining the charge-induced strain with the spring/dashpot

viscoelastic model.

5.2 Experimental
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5.2.1 Polypyrrole film preparation:

PPy films were produced using a similar method as described in chapter 4. Bis-
trifluo-romethanesulfonimide lithium (LiTFSI) and propylene carbonate (PC) were
obtained from Sigma. Pyrrole was obtained from Fluka and distilled before using. The
PPy/TFSI film was deposited on the glassy carbon electrode, by adapting the constant
current of 0.1mA/cm®. The polymerization solution consisted of 0.1 M pyrrole, 0.1M
LiTFSI and 0.1% (w/w) deionised water. Oxygen was removed by bubbling dried
nitrogen for 10 minutes. Before reaction, the solution was stored in a freezer at -30°C
for 8 hours. After 12 hours polymerization, the polypyrrole film was peeled off from
the substrate. The film was then washed with acetone and soaked in Li.TFSI/PC
solution before further testing. Generally, the films were cut to around 3mm wide and

12mm long and the thickness of the film was approximately 34 pum.

5.2.2 The actuation test

Actuation tests were performed in 0.1 M Li.TFSI/PC electrolyte using a
conventional three electrode setup. The PPy films used for actuation tests were cut to
~10 mm in length and 3 mm wide. To achieve electrical and mechanical contact, one
end connected to the working electrode was fixed to the bottom of the electrochemical
cell. The other end was glued to platinum wire using epoxy glue. The gauge length
was the length measured between the glue and the clip. The actuation testing equipment

is shown schematically in Chapter 2.
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When potential was applied, the change in length was measured by a Model 305B
Lever Arm Dual Mode System (Aurora Scientific). The counter electrode was platinum
mesh and the reference electrode was Ag | Ag' in acetonitrile. The reported actuation
strain refers to the change in length due to contraction which is always smaller than or
equal to the change in length due to expansion. The contraction occurs when the PPy is
being reduced. While testing, a small load (~ 30 kPa) was applied to keep the film

straight without causing mechanical creep.

5.2.3 The creep test

The creep test in this chapter is different to the approaches used by Kaneto et al [3,
5, 6] where a voltage pulse was applied to a PPy film held at constant stress. In the
present study, the creep behaviour was investigated when PPy was first stabilized under
different redox state.

The set up for the creep test was exactly the same as the actuation test. The creep of
PPy was determined in three different redox states: oxidized state by applying a positive
potential, state as freshly grown and reduced state by applying negative potential. At
each state, a step force was applied and lasted for at least 600s. Creep test under
oxidized and reduced state was determined as follow: apply voltage; wait until the PPy
reaches its equilibrium state (i=0); apply step force for another 20 minutes holding
voltage constant; finally removing the stress to allow for strain recovery. All those tests
were conducted at room temperature.

Note that new Samples were always used when starting another round of tests to
avoid the history dependant effect and the instability of PPy/TFSI system as described

in Chapter 4.
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5.2.4 Fitting methods

The fitting parameter family was determined by using Origin 8.0 non-linear fitting
tool box. This curve fitting tool allows all parameters to be determined that yield an
analytical strain which best fits the experimental strain. The equations were written by
Origin C. The initial guess data were chosen using approximate fits generated using

Microsoft Office Excel.

5.3 Results and Discussion

In order to avoid the cycle-to-cycle variation in actuation in PPy/TFSI films (as
described and discussed in Chapter 4), each test was performed using fresh samples. All
the samples were tested under relatively low stress and strain for short periods of time in
an attempt to remain in the linear creep region. The samples were saturated with 0.1 M

LiTFSI/PC solutions before testing.

5.3.1 Stress-Free Actuation.

Initially the actuation at near-zero load was considered to investigate the time
dependency of strain resulting from electrochemical charge injection. Note that the
effects of changes in mechanical properties on the overall strain are negligible at near
zero stress. The effects of higher stress on the actuation behaviour are considered in

subsequent sections.
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Figure 5. 1 The current flow and actuation of the free standing PPy/TFSI film under O stress; a)~d)
+0.6V,+0.4V,-0.4V & -0.8V (versus Ag|Ag").

Figure 5. 1 illustrates the experimental data showing the current passed and strain

resulting from an applied constant potential of 0.6V (a), 0.4V (b), -0.4V (c) and -0.8

V(d). While the current rapidly decays to nearly zero within the first 30-60 seconds, the
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strain continues to increase for a much longer time. As described in previous work,
there may be two contributions to the charge-induced strain in PPy. Skaarup at co-
workers have shown, for example, that strain in PPy involves two processes. A fast
response where cations with tightly bound water enters the polymer and a slower
process involving the ingress of loosely bound water as a result of osmotic pressure [8].

As has been analysed in chapter 3, the strain generated in PPy helix tubes during a
voltage ramp could be analysed based on a normal Fickian diffusion model. The
charged layer thickness (d.) could be estimated from:

d. = 2v/Dt (5.1)

in which D is the diffusion co-efficient and t is time.
For the simple plate model consisting of a layer of fully oxidized polymer penetrating

into the reduced polymer over time, then:

de o W (5.2)

d  Qumax

in which d is the total thickness of PPy film, Q, is the total charge passed and Qymax 18

the theoretical charge as defined in chapter 3 .

VDt
Qy = 2vaaxT (5.3)
Through using a strain to charge ratio (), the actual strain can be estimated as:
VDt
&= va = ZvamaxT (54)
Hence the strain is proportional to square root of time. To simplify, let
vD
K= 2vamaxT (5.5)
Then we get
£ =K\t orex t (5.6)

A similar relationship is found in electrochemistry where the Cottrell equation

shows that the charge accumulated is also proportional to+t.
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Figure 5. 2 shows the strain measured when a voltage of +0.4V was applied for 10
minutes. The strain increases rapidly at first and then more slowly. The dashed line in
the figure is the best fit of a diffusion model to the data. Clearly, the agreement between
experimental and calculated values is poor. In an attempt to improve the fitting, two
diffusion based elements were included (Figure 5. 2 b) to simulate fast and slow
actuation processes. A better fit to the experimental data was achieved with two
diffusion components to the actuation strain. It should be noted that a single diffusion
term was found to be sufficient to describe the actuation under voltage ramp described
in Chapter 3. One possible difference relates to the time duration. In chapter 3 for
instance, the typical time spent on SmV/s anodic ramp scanning to +1 V for each cycle
is 200s, much less than the time involved in the creep studies. Longer test time allows
the slow actuation part to be more significant. It is also possible that the PPy.TFSI
films show a larger “osmotic pressure” component to actuation strain than occurs in
PPy.PF¢. Since the osmotically driven solvent ingress appears to be a slow process, the
accurate modelling of strain over longer time periods in PPy.TFSI requires the two

separate contributions.



Chapter 5 Creep behaviour of PPy- empirical modelling

157

2.0

a) ----experimental g
——fitting

Strain (%)

0'0 L 1 L 1 L 1 L 1 1 L
0 100 200 300 400 500 600
timel’2 (s1/2)
2.0 T " T T T T
b) ----experiment 0.4V |
—fitting

Strain (%)

0.0

1 " 1 " 1 " 1 1 "
0 100 200 300 400 500 600

timellz (s 1/2)



Chapter 5 Creep behaviour of PPy- empirical modelling

158

2.0

c) ----experimental 0.4V
—fitting

—_ - e~ =T
P

Strain (%)

00 L 1 L 1 L 1 L 1 1 L
0 100 200 300 400 500 600
time (s)
20 T T T T T T T T T
d) ----experiment 0.4V

—fitting

Strain (%)

0.0

L 1 1 L 1 L 1 1 L
0 100 200 300 400 500 600
time (s)

Figure 5. 2 Attempts of fitting free strain experiment at 0.4V versus Ag|Ag®. a) fitting using single

diffusion parameter; b) fitting using two diffusion parameter; c) fitting using one exponential
function; d) fitting using two exponential functions.

An alternative to the simple diffusion model for PPy charging has been given by

Otero [10] where an exponential relationship was introduced:

In(l— Ov )=—bt

vmax

(5.7)
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where

p=2" (5.8)

in which d is thickness of polymer film, D is diffusion coefficient and b is a linear
variation which is function of anodic potential [9].

Hence, the injected charge is calculated as:

Qy = vaax (1 — exp (_ %)) (59)

and again by using strain to charge ratio:

€ =YQv = YQumax (1 — €xp (_ Zd_z)) (5.10)

2
Letz, = ;—D ,if ty refers to time when charge induced, then:

Q = Qumas (1 - exp () (5.11)
£ = Equu (1 - exp("-0)) (5.12)
Tq

The strain produced at +0.4V is modelled using one and two exponential functions,
as shown in Figure 5. 2 ¢) and d). Excellent agreement between the calculated and
experimental values is obtained with two exponential strain terms. Thus, two strain
generators are used in series to represent fast and slow strains resulting from the

application of an electrochemical potential (Figure 5. 3).
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Figure 5. 3 The strain generators, including a fast and a slow charging part.

The strain response is empirically fitted to two separate charge-induced processes.
It has been assumed that the faster actuation process (&,,) is based on a component that

is directly related to the charge transfer and is modelled as an exponential element with

a relaxation time for charge injection (7, ) and a maximum strain (&, ) expected from

charge injection:

t, -t
Em = Eqmax (1 —exp(%)) (5.13)
Q

The second actuation strain element is the strain resulting from other processes such
as solvent ingress/egress resulting from osmotic pressure differences between the PPy
film and the exterior electrolyte. This second process is also modelled as an exponential

with time too:

Err = Eqp (1 exp(tO%tl» (5.14)

S

Here ¢, is the maximum strain expected from solvent diffusion and other processes and
7, is the relaxation time for these processes.

Charge relaxation time Tz can also be evaluated. Since we know that:
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Qo = Qomax(1 = exp (— 1)) (5.15)

when t =75, Qy ® 0.633Qymax. Relaxation times for charge injection at different
potentials has been determined from the integrated current data given in Figure 5.1 and
are given in Table 5.1. Using these values and the estimated parameters listed in Table
5.1, the strain / time data at each potential were fitted with two exponentials. A

comparison of calculated and experimental results is given in Figure 5.4 and the final

fitted parameters are given in Table 5.2.

Table 5. 1 The first guessing fitting parameters.

Charge per volume Charge induced Charge relaxation
(mC/mm°) strain time (s)
(%)(calculated)
0.6V 30 3.0 25
0.4V 12 1.0 15
-0.4V -50 -8.5 30
-0.8V -67 -10.5 16

Table 5. 2. The empirically fitting parameters of voltage induced strain.

ngaX Z-Q gSmax TS
0.6V 3.08% 23.2 1.98% 179
04V 0.86% 15.2 0.64% 192
-04V -8.85% 30.3 -5.86% 680

-0.8V -10.40% 15.0 -6.54% 392
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Figure 5. 4 The actuation behaviour of PPy/TFSI films under continuous voltage stimulation (VS
Ag|Ag). A low stress of 30 kPa was applied to keep the free standing film straight.

At all potentials it is seen that there is excellent agreement between the
experimental and calculated strain response. Since the calculated results are based on a

semi-empirical approach, the interpretation of the fitting parameters is limited. However,
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there appears to be an increase in the direct charge induced strain when more extreme
(anodic or cathodic) potentials were applied. A higher applied voltage will lead to more
charge transfer and consequently increased injection/ejection of ions. Higher potentials
also increase the amount of strain resulting from slower, osmotic-type processes. This
semi-empirical approach will be used below to estimate the strain resulting from a

voltage pulse for PPy films under constant load.

5.3.2 Viscoelastic Behaviour PPy/TFSI films:

The strain response of PPy films resulting from an applied stress were determined
at different redox states. Tensile creep tests at constant stress were performed on PPy at
open circuit conditions for a 5 minute loading (Figure 5. 5), and under various applied
potentials for 20 minutes loading (Figure 5. 6). As shown in Figure 5. 5, the PPy film
shows a typical viscoelastic response with a fast increase in strain occurring upon the
application of an external stress followed by a slower strain that continues to increase
over the constant stress period. The stress was removed after 5 minutes and the PPy film
showed a fast following by a slow recovery that was not fully completed after the 5
minute recovery time. Creep tests were performed at open circuit conditions at three
different stresses. The strains increased approximately linearly with stress.

Figure 5. 6 shows the results of similar creep tests performed on PPy/TFSI films at
various electrochemical potentials. In each case the film was conditioned at near zero
load by applying the potential until the actuation strain (i.e. voltage-induced strain)
achieved a steady state. A conditioning time of 20 minutes was required for positive
potentials and 2 hours for negative potentials. After this conditioning period a stress in

the range of ~0.5 MPa was applied and held constant for roughly 20 minutes followed
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by a recovery at near zero load for a further 20 minutes. The loading and recovery
phases of the test are shown in Figure 5. 6. The most significant feature observed
from Figure 5. 6 is that the creep strain is larger and recovery less complete when
oxidation potentials were applied (+0.4 and +0.6V) compared to the behaviour at both

open circuit and negative potentials.
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Figure 5. 5 The creep and recovery behaviour of Polypyrrole films under open circuit conditions.
An initial load of 30 kPa is applied to keep the samples straight. Stresses between 0.5 and 1.5 MPa
were applied for 300 s, and returned to 30 kPa for another 300 s.
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Figure 5. 6 The creep and recovery of polypyrrole films. An initial load of 30 kPa is applied to keep
the samples straight. a) A voltage of 0.6V vs Ag|Ag” was applied. The stress was added in after
20mins and kept for 20 minutes. Then it reduced to 30 kPa for another 20 minutes. b) same test as a)
using 0.4V vs Ag|Ag® c) A voltage of -0.4V vs Ag|Ag* was applied. After 2 hours, stress was
introduced to the system and kept constant for 20 minutes. Then it returned to 30 kPa for another
20 minutes. d) same test as c) using -0.8V versus Ag|Ag®. All tests were conducted under room

temperature.

5.3.3 Viscoelastic Modelling of PPy/TFSI films:
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A simple linear 4 element spring-dashpot viscoelastic model was used to describe
the viscoelastic response of the polymers (Figure 5. 7). The spring element at the top
gives the instantaneous elasticity, which is described by the ‘instantaneous modulus’
(E,). The dashpot in series with the top spring gives the non-recoverable creep strain
and is characterized by the viscosity term 77,. The spring and dashpot in parallel offer
the delayed elastic strain (delayed modulus) and a relaxation time, which are
characterized as E, andz. When a stress o is applied each contribution to strain at

time (t) between tp and t; can be determined as follows:

Instantaneous elastic strain:

£ty ~t)=— (5.16)
El
Delayed elastic strain:
—(t-t
£ty ~ 1) =1 - exp(— ) (5.17)
P T
Viscous strain:
&t ~tl>=;i<t—to> (5.18)
1

If the stress, o, is released at time = ty, the strain elements at time (t) between t; and t,
are given by the superposition principle, which leads to:
Instantaneous elastic strain:

&(t ~t,)=0 (5.19)

Delayed elastic strain:

£4(t, ~1,) =&, "exp(— ) (5.20)

(t_tl)
T

Viscous strain:
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et ~t)=¢' (5.21)
Where theg,' ¢,' are the delayed elastic strain and viscous strain at t;, respectively.
The total strain (¢ ) is given as below:
E=¢ t&y t+e, (5.22)

E,

miRl

Es % I:I n, T

l G
Figure 5. 7 Standard 4-element linear viscoelastic model.

Table 5. 3 Summary of the fitted viscoelastic parameters.

E,(MPa) E,(MPa) n,(Pa-s) 7(S)
Open cycle state 454 119.25 4.9%10% 120
Oxidized state (0.6V) 15.0 30.7 5.7%10" 1240
Oxidized state (0.4V) 21.0 41.5 3.4%10" 315
Reduced state (-0.4V) 64.7 120 3.4%10" 386

Reduced state (-0.8V) 60.3 120.1 3.5%10" 400
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The fitting parameters and the goodness of fit to the experimental results are
summarized in Table 5. 3, Figure 5. 5 & Figure 5. 6. For each experimental condition,
the fitting values were calculated from the lower stress test and then applied to the other
stress conditions. Reasonable agreement between the calculated strains and the
experimental results were achieved at open circuit conditions (Figure 5. 5). The strains
predicted from the fit to the viscoelastic behaviour at 0.5 MPa and applied to the 1.0
MPa and 1.5 MPa results give reasonable agreement. The main discrepancy in results
was evident in the final strain, where the predicted strains tended to zero, while some
residual strain was experimentally measured at the end of the relaxation time.

Similar analyses were applied to the PPy/TFSI films conditioned at various
potentials before application of the stress pulse Figure 5. 6. In all cases, the 4 element
model was capable of representing the general shape of the creep and recovery curves,
with reasonable accuracy. In most cases it appeared that the instantaneous recovery
upon removal of the stress was smaller than the instantaneous strain initially measured
when the stress was first applied. Such behaviour suggests that the elastic modulus of
the film increased during the hold period. An increase in the instantaneous modulus (E;)
implies that the intermolecular bonding within the PPy increased whilst the sample was
under load. An increase in elastic modulus during loading is not unusual in materials;
in particular, rubber goes through an increase in E under applied load due to stress
induced crystallisation. The mechanism for the increase in PPy modulus whilst under
load is not understood. It should be pointed out that the four — element model assumes
that the viscoelastic parameters remain constant and so the calculated values from this
model will not match exactly the real behaviour of the PPy films.

Despite the differences in the experimental and measured strain data, it is possible

to compare the viscoelastic parameters for PPy/TFSI as a function of oxidation state.
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One significant effect is the dramatic decrease in viscosity that occurs when the sample
is both oxidized and reduced. At open circuit potential, very little permanent viscous
response occurs, while when the film is either oxidized or reduced there is considerable
non-recovered creep. Secondly, the elastic strain response is also sensitive to the
applied potential, with an increase in both the instantaneous modulus and the delayed
modulus as the PPy becomes more reduced. These moduli values increase in the order

of oxidized, open circuit, reduced.

5.3.4 The elastic modulus shift under constant potential.

Various previous studies have considered how the modulus of PPy depends on
different oxidation/reduction or contraction/expansion state [6, 10-12]. Pytel et al. show
how the modulus shifts while switching the potential [13]. They concluded that the
elastic modulus was increasing while ions are expelled from the film and decreasing
while ions are brought in. They attributed the decreasing of the modulus to the
plasticization of the polypyrrole, which has also been observed before through static
experiments [11].

Dynamic changes to the elastic modulus at constant potentials were further
considered in light of the four-element viscoelastic model. The aim was to determine
how the instantaneous elastic modulus changes during the equilibration process at both
oxidising and reducing potentials. A small square wave stress (0.05MPa) with
frequency 10Hz was applied to the system. The dynamic modulus was estimated

AF

————, in which the AF and AL are the force range and length change,
A,AL /L,

from g =

respectively, A, and L, are the cross-sectional area and the original length of the free-

standing film.
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Figure 5. 8 Instantaneous modulus of free standing PPy/TFSI films measured over time at constant

voltage stimulation (VS Ag|Ag").

The dynamic elastic modulus changes occurring during oxidation and reduction of
PPy/TFSI are illustrated in Figure 5. 8. The oxidation response is quite rapid with the
modulus decreasing from the open circuit value to a constant value within 5 minutes.
The change in modulus during reduction is both slower and more complicated. The
modulus initially drops quickly during the first 30 seconds of reduction to half (22 MPa)
its original value (44 MPa). Then the modulus increases more slowly reaching its
highest value and remaining stable after about 60 mins at double the original open
circuit value (89 MPa). The changes in modulus will be sensitive to the extent of
intermolecular bonding which, in turn, depends upon interactions between charged
chains and dopant ions, and will also depend upon any plasticising effects. It is possible
that the initial reduction causes a reduction in ionic crosslinking, covalent bonding or
dipolar interactions causing a decrease in modulus. The gradual compaction of the

polymer structure over time, may then lead to the slow increase in modulus. It is
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possible that the reduction in modulus during oxidation is due to the plasticising effect
due to the ingress of solvent.

The modulus measurement taken from tensile testing (Figure 5. 9) is in accordance
with the dynamic results (Figure 5. 9). After 1 hour of potential conditioning, the
modulus under 0.6 V is lowest, following by open cycle state and then reduced state (-

0.8V).
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Figure 5. 9 The Young's modulus of PPy/TFSI film at different redox state: -0.8V (dash line), open
cycle (solid line) and +0.6V (dot line). All sample tested in Li.TFSI/PC solution (0.1M). Reference
used is Ag|Ag”. Before testing, the samples were kept under constant volts for 1 hour.

5.4 PPy actuation under combined stress and voltage stimulus

Normally the actuator works against an external stress. Hence, it is necessary to
combine the viscoelastic strain and the voltage induced strain. To simplify the process, a
step stress was first applied and then an electrochemical stimulation was introduced. As

shown in Figure 5. 10, the initial stress was applied at open circuit potential and the
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viscoelastic strain response allowed to reach equilibrium over 20 minutes. At this time a
voltage pulse of +0.4V, -0.4V or -0.8V was applied and the resultant strain measured.
At the positive potential of +0.4V the voltage-induced strain was positive
(expansion) with greater expansion observed when higher stresses were applied. The
expected strain response was calculated from the previously-developed viscoelastic and
charging models and are shown as dashed lines in Figure 5. 10 a). The strain from 0 —
20 minutes was successfully modelled using the viscoelastic model and using
parameters obtained from PPy/TFSI at open circuit potential. The strain from 20 — 40
minutes was calculated as the sum of the charge induced strain and the strain resulting
from a change in the viscoelastic parameters. In this case the viscoelastic parameters
were assumed to change instantaneously when the potential was applied at t=20 min:

0 <t <20 mins:

E=y g 8, =t ll—exp( ]+ (5.23)
! 2 r m
20 <t <40 mins:
E = gi'—i—gd '+gV'+gA1 +Ep = i+ Eq (tl) +i[1 _ eXp(_(t—_tl)
El' Ez' 7'

)+, () +—(t—t,)
m

t —t _
+ gl —exp 1)) + £,(1—exp( 0y (5.24)

Q Ts

The parameters used in the calculations are given in Table 5. 2 & Table 5. 3. The
expected strains resulting from the +0.4V potential pulse applied at t=20 mins gives a
reasonable representation of the measured strains (Figure 5. 10). An expansion occurs
when the potential is applied and the expansion is larger when higher stresses were used,

reflecting the reduction in E; and E, terms that accompany PPy/TFSI oxidation.
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Figure 5. 10 The modelling and experimental strain of PPy/TFSI films under different constant
stress at +0.4V. Modelling results (dashed lines) are based on an instantaneous change in
viscoelastic properties at t=20 min; The dotted line is the calculated strain response assuming no
change in viscoelastic properties.

The magnitude of the calculated strains are, however, over-estimated compared
with the measured strains. While the calculation assumes that the mechanical properties
change immediately the potential pulse was applied, it is likely that these properties
change slowly as the polymer becomes increasingly oxidized through its entire
thickness. A similar process was described in Chapter 3 for the change in elastic
modulus of PPy/PF¢ helix tubes. Dotted lines in Figure 5. 11b) represent calculated
strains where it is assumed that no change in mechanical properties occurs upon the
application of the potential pulse. The dotted line represents the charge induced strain
only. It is seen that the experimental strain follows the predicted charge induced strain
closely in the initial phase but later deviates towards the strain predicted as resulting

from both charging and mechanical properties change.
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Figure 5.11 shows experimental and calculated results for the strain produced at -
0.4V and -0.8V, respectively. In these cases the strain decreases when the potential was
applied due to reduction and contraction of the film. Interestingly, the extent of
contraction was smaller when a larger stress was applied. The calculated strain values
over-estimate the contractile strain and to a greater degree for the higher stress. The
strain calculation was based on both changing and unchanging viscoelastic parameters,
with only a small effect on the calculated strains. The instantaneous modulus was
shown above to increase slightly upon the application of -0.4V. This small increase in
modulus would be expected to cause contraction of the PPy film to an increasing extent
with increasing applied stress. It should be noted that at the small stresses used in the
present study, the effect of changing modulus on the actuation strain would be of the
order of just 0.2%, which is much smaller than the overall measured strains. The reason
why there is such a significant difference in strains at the different stress levels at -0.4V
is unclear. The previously measured mechanical property changes suggest that the effect
of the applied stress should be small and in the opposite direction to that shown in the
experimental results.

The discrepancy between calculated and measured actuation strains is even more
striking for the samples tested at -0.8V. As shown in Figure 5.11, the strain caused by
the application of this potential first causes a sharp contraction followed by a fast
expansion and then by a slower contraction. The second phase (fast expansion) is
affected by the applied stress and is larger for higher stresses. The modelling results
completely miss the initial fast contraction and fast expansion. The calculated results

resemble the final slow contraction only.
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Figure 5. 11 The modelling and experimental strain of PPy/TFSI films under different constant
stress at a) -0.4V and b) -0.8V (VS Ag/Ag"). The dashed lines represent the modelling prediction.

A possible cause of the initial fast contraction and expansion may be related to the
dynamic changes noted above in the elastic modulus. At -0.8V the modulus was found

to decrease rapidly initially before increasing over a longer time period. It is possible
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that the initial decrease in modulus may produce an increase in actuation strain.
However, the magnitude of the change in strain from the measured changes in modulus
is expected to be 0.5%, which is much smaller than the expansion that is seen to occur
soon after -0.8V was applied to the PPy/TFSI films. The complicated strain response to

a cathodic potential step is, therefore, unexplained at present.

5.5 Summary and Conclusions:

In this chapter, viscoelastic creep behaviour of PPy/TFSI films was investigated
and an empirical model was developed. Creep has been recognised as a problem
affecting the accurate position control of conducting polymer actuators, but little
information is available in the literature concerning the mechanisms of creep in these
materials. It is known from previous work that the elastic modulus of conducting
polymers depends upon the polymer’s oxidation state. The viscoelastic behaviour of
these materials is also likely affected by the extent of oxidation and the main aim of the
present chapter was to determine how the creep and recovery of PPy/TFSI was affected
by an applied electrochemical potential. Since the application of such potentials also
causes actuation, an attempt has been made to separate the actuation strain and the
viscoelastic strain.

Initially the viscoelastic behaviour of PPy/TFSI was investigated using the 4
element viscoelastic model. Fresh PPy/TFSI films were conditioned at different
electrochemical potentials before a tensile stress applied and then released. The stress-
induced creep strain and recovery were fitted to the 4-element model. The fitting
parameters were then used to estimate the creep and recovery at different stress levels

and reasonable agreement between the calculated and measured strains were obtained.
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The viscous contribution at all stresses and potentials investigated was quite small,
indicating that the “creep” in these films is mainly a delayed elastic response that can be
mostly fully recovered upon the removal of the stress.

An evaluation of the fitting parameters revealed a consistent trend with a decrease
in the elastic moduli (instantaneous and delayed) with an increased degree of oxidation.
In addition, the viscosity parameter was also smallest in the most oxidized state. These
changes suggest that molecular movement becomes easier in the oxidized state for
PPy/TFSI allowing greater chain uncoiling (elastic deformation) and slip (viscous
deformation) under stress. Plasticisation of the films by solvent could be the cause of
the decreased bonding and increased free volume that allow increased molecular
movement. The plasticisation effects must outweigh the increased intermolecular
bonding that can also occur in oxidized PPy due to ionic interactions and dimerisation.
It should be noted that the latter effect was thought to be responsible for the increased
modulus upon repeated voltage cycling of PPy/TFSI, as reported in Chapter 4. Only
fresh films were used in the studies reported in the present Chapter and the changes in
mechanical properties occur during the first oxidation (or first reduction). It is known
that the actuation is largest in the first cycle, due mostly to a large influx of solvent. It is
likely that this increased swelling accounts for the decrease in modulus and viscosity.

To evaluate the effect of the PPy/TFSI viscoelasticity on the actuation behaviour, it
was necessary to first investigate the actuation at near zero stress. The actuation strain
was found to be dependent on two time separate processes based on the time response to
a voltage pulse. The strain was modelled semi-empirically based on a fast response with
the same time constant as charge injection and a slower response. The former was
similar to that used in Chapter 3 to model the strain of PPy.PF¢ helix tubes. In the case

of PPy.TFSI films, it was found that an exponential strain responsed fitted the
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experimental data better than the Fickian diffusion model used in Chapter 3. The slower
response may be due to solvent ingress resulting from osmotic pressure or other
processes such as conformational changes. Excellent fits between experimental and
calculated strains were obtained when both strain responses were modelled as
exponential functions.

Finally, the actuation of PPy.TFSI films under constant tensile load was
investigated. The load was applied at open circuit potential and allowed to achieve an
approximately steady state before a voltage pulse was applied. The stress response at all
stresses used was accurately predicted by the viscoelastic model at open circuit
conditions. The voltage-induced actuation was modelled by superimposing the zero-
strain actuation (two processes) and the strain due to the change in viscoelastic
parameters.

Reasonable predictions of the actuation response under load was achieved at
positive potentials. Interestingly, the actuation strain was increased when higher applied
stresses were used. This observation is the opposite to that found in most other studies
of PPy actuation, however, the effect of load was suitably predicted by the decrease in
elastic moduli that accompany an increase in oxidation state of PPy.TFSI. The
modelling approach used assumed that the mechanical properties of the PPy.TFSI
changed immediately upon the application of the pulse potential. However, it is likely
that these properties change gradually as the polymer swells and as described in Chapter
3. Indeed, it appeared that the predicted strains matched better the measured strains after
some time had elapsed following the potential pulse.

Quite unexpected and complicated strain responses were observed for PPy.TFSI
pulsed to negative potentials. At the more extreme potential used (-0.8V), the strain first

decreased, then increased sharply and then decreased more slowly. The second sharp
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increase was found to be dependent upon the applied load. Only the final gradual
decrease in strain was predicted by the zero-strain actuation and viscoelastic model. The
transient behaviours observed were not at all predicted by the prior observations or
empirical models.

The reasons for the transient behaviour of PPy. TFSI during its first reduction are
unknown. The effects were only observed when the films were first subjected to an
applied stress at open circuit potential. Although the strains introduced by the stress
were small, it appears that the stress caused some form of molecular change within the
PPy.TFSI that affected the manner in which in responded to a reducing voltage. The
transient strain effects were of a large magnitude and probably too large to be caused by
changes in the mechanical properties of the films, since the applied stresses were quite
small. Film shrinkage and expansion must then be due to ingress or egress of ions and /
or solvent. A decrease in length upon reduction is usually associated with the ejection of
anions, while an increase in length can be caused by the incorporation of cations from
the surrounding electrolyte. It may be possible that the sustained small stress applied to
the PPy. TFSI films causes a structural reorganisation that favours cation incorporation,
perhaps as a result of stronger binding of anions. Detailed structural analysis of the PPy
films would be needed to further elucidate these mechanisms. Such studies are beyond
the scope of the current thesis.

Until now, there has not been a theoretical study to explain the creep behaviour of
PPy. The widely used viscoelastic model for polymers is purely empirical, although the
parameters used can be related to chain movement within the solid polymer. The present
study has shown that creep and relaxation in PPy.TFSI is qualitatively similar to other
polymers and is reasonably modelled by the 4-element model. Coupling the PPy

viscoelastic response to the actuation remains a challenge. It is obvious from the results
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of the present study that there is an interaction between the applied stress and the
actuation mechanisms — at least for the first reduction of PPy.TFSI. The nature of the
interaction is not clear. The result is that it is not possible to simply add together the
actuation expected at zero stress with the stress-induced viscoelasticity to predict the
time-dependent strain. Consequently, further work is needed to develop a model to
describe/predict the total strain of CPs including the creep part. Such a model is quite
useful and necessary for CPs actuators, especially when the effect of creep cannot be
neglected such as when position control is required, or, when the creep strain

contributes a significant part of the whole strain (working under high loads).
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6.1 General conclusions

As mentioned in chapter 1, predicting the actuation strain is very important for
engineering applications. When a voltage stimulus is applied to the actuator, it is
required that a defined strain or stress (or combination) is generated at a defined time.
This thesis has concentrated on improving the understanding of the processes that affect
the time-dependent strain occurring in polypyrrole actuators. It has been assumed that
the total strain produced by these materials is the superposition of three time-dependent
parts:

€ = Eyctuation T Eelastic T Ecreep (6.1)
where the first term represents the strain generated directly from charge injection and
occurs due to ion and solvent ingress/egress and conformational changes. The second
and third contributions are only evident when an external stress is applied to the
actuator (as is expected in all applications). These two contributions reflect changes in
the basic mechanical properties of the polymer that may accompany charge injection.
While there have been previous work on each of the three contributions separately, there
has been no work done to combine the whole strain together either theoretically or
empirically. The ambition of this thesis was an attempt to evaluate the main effects
which influence actuation strain and, perhaps, build a universal model containing all
those main effects. As described in chapter 3, 4 & 5, strains could be affected by charge
induced, stress applied, degradation and creeping. The main findings from each Chapter

are now summarised and compared.

6.1.1 Time dependant charging process
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The first requirement in achieving an actuation response from CP materials is to
inject electrochemical charge into the polymer. The kinetics of charge injection were
investigated in two systems: PPy/PF¢ helix tubes (Chapter 3) and PPy/TFSI fresh films
(Chapter 5). PPy/PF¢ helix tube actuators were used as these materials have been
shown to increase the actuation speed compared with films as a result of improved
conductivity arising from the incorporated Pt helix wire [1]. PPy/TFSI was of interest
because of its reported very high strains achieved at slow voltage scan rates [2]. The
reasons for the large, slow strain response in such materials are not fully understood.

The charging process was found to be slow in both systems. The rate of charging in
the PPy/PF; helix tubes was modelled as a diffusion controlled process. Averaged over
a full voltage scan, the amount of charge injected varied with the ' power of the scan
time, as occurs in Fickian diffusion. The oxidation process could be viewed as involving
the diffusion of ions from the electrolyte through the tube wall with the thickness of the
oxidized layer increasing over time. The average diffusion coefficient obtained from
this semi-empirical approach agreed well with values reported in the literature. Another
phenomenon to be noticed was a kind of charge trapping effect. It occurred in thick
samples at high scan rates and gives another reduction peak during the first part of the
anodic voltage scan. A possible explanation was proposed that involved the competing
movement of anions and cations within the polymer. From a practical viewpoint, the
study highlighted the very long times needed to fully oxidize / reduce PPy helix tubes of
thicknesses in the tens of microns range. To achieve full redox within a few seconds (as
may be required in some applications) then tube wall thickness cannot exceed 10 pum.
Such materials can be fragile and the influence of the Pt helix on strain generation

cannot be ignored.
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PPy/TFSI films showed a different time-dependence upon charging compared with
the PPy/PFs helix tubes. Charge transferred followed an exponential rather than t"?
function in the PPy/TFSI studies. The difference in voltage input likely affected the rate
of charge transfer. While linear voltage scans were used to oxidize / reduce the PPy/PF¢
helix tubes, a voltage step was used for the PPy/TFSI films. Current is known to decay
exponentially after a voltage step in electrochemical systems [3]. A further difference
between the two systems relates to their efficiency of electron conduction. The
oxidation of the polymer requires electron migration from the oxidation site to the metal
connector as well as diffusion of an anion from the electrolyte to the oxidation site. The
electron conduction depends on the electronic resistance of the polymer which is
increased with increasing distance between the oxidation site and the metal connector.
The advantage of the helix tube design is to keep this distance small. In PPy films,
however, the long distances from the metal connector (at the film ends) to the site of
oxidation can further impede the rate of redox reaction.

Attempts to model the charge transfer processes in the systems studied have
followed a semi-empirical approach. More rigorous methods for analysing charge
transport in conducting polymers are available in the literature, but their complexity has
limited their applicability. The semi-empirical approaches adopted here attempt to
capture the main features and highlight the important role of electronic conductivity
within the polymer and the transport of ions into and out of the polymer as the key
processes in determining the rate of charging and discharging. Thus, any practical
means to increase conductivity and reduce diffusion times will potentially speed up the
actuator response. The conversion of charging into an actuation strain is summarised in
the next three sections where firstly the strain at zero external load is considered and

then the effects of an external load are included.
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6.1.2 Zero-stress actuation response

The study of the actuation at zero external stress (the “free strain”) provides
information on the fundamental molecular mechanisms responsible for strain generation.
The free strain of PPy/PF¢ helix tubes and PPy/TFSI free standing films have been
reported in this thesis. The strain:charge ratio is a sensible means for comparing these
systems, as differences in electroactivity are minimised. Thus, the strain:charge ratio
reflects the amount of strain generated (at zero stress) for an increment of charge
injected into the polymer. Differences in strain;charge ratio would reflect fundamental
differences in reaction to charging, such as larger or smaller ions entering / leaving the
polymer; different solvent contents within the polymer; or different degrees of
conformational changes.

From the investigations conducted in this thesis, it was found that all systems
studied showed similar strain:charge ratios, although the ratio was strongly dependent
upon the time scale over which the actuation occurred. The strain:charge ratio of
PPy/PFs was found to be ~2.3*10"° m’/C for the thicker-walled helix tubes (the ratio
was lower in thinner walled tubes due to the constraint imposed by the helix wire) when
tested at fast scan rates (5-50 mV/s, Chapter 3). However, when tested at slower scan
speeds (2 mV/s) much higher strains were obtained with consequently higher
strain:charge ratios (Chapter 4). Similarly, the strain:charge ratio of PPy/TFSI free
standing films (in the first few cycles) increased significantly at slow scan rates. At fast
scan rates the strain:charge ratio was similar to that for PPy/PFs helix tubes (~2.3%10"°
m’/C) and increased to ~6 *10'° m*/C when using slow scan rate (2mV/s, can been seen

in Figure 4.4 and Figure 4.5, chapter 4).
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Further study over longer actuation times of PPy/TFSI films indicated that the free
actuation strain seemed to be contributed by two processes, which has been proposed
previously [5, 6]. A better fit to the actuation strain over a long time scale was achieved
using two components rather than one component. One of these contributions was taken
as directly related to charge, with the same time-dependency. It was found that the strain
increased significantly after the charge injected had reached its limit, suggesting a
second, slower contribution to strain. Adding the two contributions was found to give
excellent fits to the strain-time data. As a consequence, during long time test, a higher
strain:charge ratio was calculated. As proposed previously [5,6], the second contribution
to the actuation strain was thought to be due to slow solvent ingress driven by osmotic
pressure. Attempts to verify this mechanism by altering the concentration of the
electrolyte (and thereby adjust the osmotic pressure) were not completely successful,
probably due to the negative effects of a decreasing ionic conductivity at low electrolyte
concentration.

Regardless of the exact mechanisms of actuation occurring, the fact that PPy
actuators show a slow response to charge injection has significant practical outcomes.
Firstly, it is clear that predicting the strain requires detailed knowledge of the kinetics of
the slow process. It is not possible to calculate a strain based solely on the charge
injected, as it has been shown in this thesis that strain continues to change after the
polymer is fully charged. Accurate control of PPy actuators would, therefore, require
proper modelling of the slow strain process. Secondly, the slow process contributes
significantly to the overall strain generated by PPy actuators. As many applications
require high strain, there is a possibility that high strains can be generated in shorter
times by optimising the geometry of the PPy to favour a faster “slow” process. Since

diffusion of solvent is likely involved in the “slow” process, any means to increase the
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diffusion rate will increase its contribution to strain at higher speeds. Kaneto has
suggested that high strains in PPy/TFSI are favoured by the porous nature of the films
[4]. Using thin films or modifying the PPy composition may further increase diffusion

speeds.

6.1.3 Effect of redox state on PPy mechanical properties

The mechanical properties (e.g. elastic modulus) of CPs depend on their redox state.
Previous studies have shown that the elastic modulus of PPy/PFg in the oxidized state is
higher than that when the polymer is reduced. Since the polymer expands when
oxidized, the increasing modulus upon oxidation leads to a contraction. At higher
applied stresses the overall actuation strain decreases [7]. Experimental results given in
chapter 3 were identical to those findings. Further, the effect of partial oxidation of the
polymer (as occurs at higher scan rates) was modelled as a two layer structure where the
overall modulus was given by a rule-of-mixtures approach. This model gave reasonable
agreement with the measured strain response at different applied stresses.

In contrast to the PPy/PF¢ helix tubes, the elastic modulus of PPy/TFSI free
standing films showed a higher modulus in the reduced state compared to the oxidized
state. The reduction of the PPy/TFSI films lead to complex changes in modulus, with
first a sharp decrease followed by a slower increase in modulus. The fast and slow
changes in modulus perhaps reflect the fast and slow actuation responses described
above. However, the oxidation process involved only a slow decrease in modulus. As
described in the literature, there are lots of factors that contribute to changing in
modulus. Plasticization due to solvent ingress likely decreases modulus. Stiffening of

PPy chains (due to oxidation and formation of charged groups) and ionic crosslinking



Chapter 6 General Conclusions and Future Work

190

between charged PPy chains are likely to increase modulus [8-10]. Since both effects
can occur during oxidation / reduction it is not clear which factor dominates for a given
polymer. It appears that the oxidation of PPy/PFs is dominated by chain stiffening
and/or ionic crosslinking leading to an increase in modulus. In PPy/TFSI, however, the
plasticising effect due to solvent ingress during oxidation appears to be the dominant
effect. Thus, the initial decrease in modulus during the reduction of PPy/TFSI may be
due to the loss of charged groups and ionic crosslinking between chains. The slower
increase in modulus that follows may be due to the slow release of solvent that reduces
the plasticising effect.

Creep testing of PPy/TFSI films was also conducted to investigate the viscoelastic
behaviour of these materials in different redox states. Through fitting creep and
recovery strain of PPy/TFSI using the classic 4 element spring and dash-pot model,
changes in the various of other viscoelastic parameters at different redox states was
quantified. The four element model was quite successful in predicting the creep strain
and recovery and the films were shown to behave linearly with stress. As seen in
chapter 5, all viscoelastic parameters (instantaneous modulus, delayed elastic modulus
and viscosity) all changed with the polymer’s redox state. The moduli values and
viscosity all decreased when oxidizing PPy/TFSI and decreased when reducing the

polymer. The results are corresponding to static and dynamic elastic modulus tests.

6.1.4 Actuation under external load.

Practical applications for actuators require them to operate against an external load.

As such, the effect of the applied load on the actuator material’s dimensions will

contribute to its “actuation”. A simple scenario is depicted in Figure 6.1a) showing
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isotonic actuation (constant stress) that causes a net contraction in the actuator. If the
elastic modulus of the actuator material decreases when the voltage is applied, then
there will be an increase in length. If the elastic modulus increases when voltage is
applied, a decrease in length will be observed. The overall length change is the sum of
the actuation strain that would occur at zero stress (&) and the change in length caused
by a change in modulus. The latter depends upon the applied stress and for linear-elastic

materials the overall actuation strain is given by:

1

e=so+0(&—§) (6.2)

in which ¢ is the stress applied to the actuator. Y’ and Y are the elastic moduli in the
final and initial states. The slope of strain-stress curve is % - % As shown in Figure 6.1c¢

and d) the work output and power output (per unit volume of actuator material) pass
through maxima with increasing applied stress. Data presented in Chapter 3 generally
supported these expected relationships when PPy/PFs helix tubes were actuated at
moderate voltage scan speeds. Under these conditions, the time-dependent osmotic
strains and viscoelastic effects on strain were quite small and a linear-elastic
simplification was suitable. The study showed that the while the work output increased
when thicker PPy tubes were used, the power output decreased significantly due to the
much increased time required for full actuation in these systems. Thick CPs allows
larger loads to be applied, however it will take a longer time to reach its fully charged

state. Thin ones have fast response but only low load could be applied.
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Figure 6. 1 Actuation process under external load

The effect of changing mechanical properties during actuation of PPy materials was
extended in Chapter 5 to include viscoelasticity effects. An attempt was made to predict
total actuation combining free actuation elastic strain and creep strain. The predicted
strains were reasonably accurate for the oxidation of PPy/TFSI films. Importantly, the
model was able to predict a larger strain when a higher isotonic stress was applied, as
was experimentally observed. Unfortunately, the same model was unsuccessful in
predicting the time-dependent strain resulting from the reduction of the polymer. Quite
unexpected results were measured that seem to result from a change in behaviour

occurring during the pre-load period. The reasons for such behaviour remain unknown.

6.1.5 Instability of PPy/TFSI system
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A final time-dependent effect was also evident from cycle life studies of PPy/TFSI
films where the actuation strain amplitude diminished sharply upon repeated cycling.
Similar instability was also recorded for PPy/PFg films when scanned at slow scan rates.
Several approaches aimed at understanding the degradation and enhance the stability of
PPy/TFSI films were made. The effects of voltage scan range, scan rate and current
versus potential cycling were considered. In all cases where high strains were achieved,
it was also observed that the strain decreased upon continued cycling. The most stable
strains were produced using current pulsing to ensure that equal amounts of oxidation
and reduction occurred in each cycle. Using these measures a 4% strain was achieved

for 100 cycles without noticeable degradation.

Perhaps the instability in high strain PPy actuators could be related to irreversible
chemical reactions and/or structural changes within the PPy itself. Dynamic in situ
elastic modulus was collected while scanning the samples using different range and rate.
It is also found that elastic modulus is always changing in close accord with the
actuation strain stability of the PPy actuators. The changes in modulus suggest structural
changes within the polymer, such as crosslinking, that may also affect the ability of the
polymer to swell when electrochemically charged. The exact nature of the structural /

chemical changes occurring is unknown at present.

6.2 Future work

The following suggestions for future work are aimed at increasing the practical

usefulness of PPy actuators by suggesting means for increasing strain, strain rate and
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work and power output. Improving stability and understanding (or reducing) creep also
have significant practical consequences.

Strain rates are clearly limited by the slow diffusion of ions and solvent into and out
of the polymer. To achieve higher strain rate, the diffusion times need to be reduced.
Besides reducing the polymer thickness, another possible way is to make the PPy
porous. The porous material will have a greater contact between the polymer and
electrolyte so that diffusion times are reduced.

As found in chapter 3, it is always found that the PPy helix tubes were broken
before reaching the stress corresponding to its maximum work density. Hence
improving the strength of PPy could extend its working stress and produce a greater
work output. Incorporating another material to build a stronger composite may achieve
this aim. For instance, introducing carbon nanotubes (CNTs) can improve conductivity
and strength [11]. It is necessary, however, that such additives do not decrease the free
strain by restricting polymer matrix expansion.

In chapter 4 it was shown that current control was superior to voltage control in
terms of actuator stability. However, a full study on current control in terms of the effect
of external stress, viscoelastic behaviour and strain rate has not been completed. The
real application of current control for CP actuators requires further work.

Quite unexpected and unusual creep behaviour of was noted in Chapter 5 for
PPy/TFSI films during reduction after a pre-load hold period. As pointed out, shifting
of mechanical properties is a dynamic process during oxidation / reduction of PPy. The
assumption used in this thesis that the actuation strain is simply the sum of the free
strain and the stress-induced strain is clearly not valid during the reduction of PPy/TFSI
films. Thus, further work is required to understand the interactions between stress and

actuation performance.
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