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Abstract

Conducting polymers such as polypyrrole, polythiophene and polyaniline are cur-
rently studied as novel biologically inspired actuators. The actuation mechanism of
these materials depends upon the motion of ions in and out of the polymer film dur-
ing electrochemical cycling. The diffusion of ions into the bulk of the film causes
the dynamic mechanical and electrical properties of the material to change during
oxidation and reduction. The mechanism of this change is not fully understood, as
it can depend on many different factors such as oxidation state, solvation of the film
and the level of counter ion swelling. In-situ measurement of the dynamic mechanical
compliance and electrical impedance of polypyrrole as a function of charge is difficult,
since the compliance depends upon the excitation frequency as well as the electro-
chemical stimulus. Here, we have developed novel experimental techniques that use
stochastic input waveforms to dynamically measure the compliance and impedance
response of conducting polymers as a function of frequency and an electrochemical
stimulus. A stochastic stress input signal with a bandwidth of 30 Hz is used, which
allows us to compute the mechanical compliance transfer function of polypyrrole as
function of the electrochemistry. The low frequency compliance changes between
50-80%, as charge is injected into polypyrrole in neat 1-butyl-3-methylimidazolium
hexafluorophosphate. The compliance changes reversibly as ions diffuse in and out
of the film, which indicates that the compliance depends upon the level of counter
ion swelling. The effect of cationic and anionic charging on the polypyrrole compli-
ance is demonstrated in multiple ionic/solvent combinations. The stochastic signals
are also used to the characterize the isometric and isotonic responses of conducting
polymer actuators. This technique is used to demonstrate the effect of temperature
and solution conductivity on actuation and to develop methods that can be used to
improve polymer actuator performance. Efficient techniques to incorporate function-
alized carbon nanotubes into conducting polymers using layer by layer deposition
and drop casting methods have been explored. These new composite materials and
techniques significantly reduce creep, improve conductivity and increase stiffness of
the polymer actuators.
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Chapter 1

Introduction

Engineers seek to develop machines that mimic systems that are widely seen in na-
ture. These systems display a diverse set of adaptations, which have evolved over
millions of years of evolution that allow them to thrive in many different environ-
ments. Using these as inspiration, numerous technologies exist that are deemed to be
bio-inspired. In the case of developing "muscle like” actuators, there is a significant
lack of actuator technologies that behave as real muscle. Mammalian skeletal muscle
is capable of generating large work densities (20-70 kJ/kg), large deflections (20%) at
high strain rates (50% per second) for millions of cycles [16, 66]. They are capable of
highly efficient energy conversion rates and well as capable of regenerating themselves
when damaged. They are also truly integrated systems that combine energy storage,
control elements and sensing. No other man made actuator is capable of matching
the performance of mammalian muscle. Traditional engines and electrical motors are
efficient, but are large, inflexible and cannot be easily incorporated in systems that
require small, flexible actuators. For instance, small robotic flying insects or fishes
would require development of an actuator that would be flexible and lightweight.
Actuators that complement or enhance the natural abilities of soldiers, emergency
first responders or people with disabilities would have to be light and be easily in-
corporated into their clothing. To accomplish this new actuator technologies have to
be developed that are lightweight, quiet and easily incorporable into many different

configurations.
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There are a number of artificial muscle technologies that are have been developed
that respond to electrical, chemical or thermal stimuli. Madden et al [86, 88] re-
view the technologies available to designers developing applications that require new
novel actuators. These include dielectric elastomers, ferroelectric polymers, liquid
crystal elastomers, shape memory alloys, ionic polymer metal composites (IPMC),
electroactive ceramics, carbon nanotubes and electroactive polymers. None of these
technologies can completely reproduce the performance of mammalian skeletal mus-
cle. For example, dielectric elastomers, ferroelectric polymers and liquid crystal elas-
tomers have speeds greater than 50%/s [88] but require large voltages (greater than
5 kV) to operate. This can make them impractical for many biological applications.
Actuators based on IPMCs, carbon nanotubes shape and memory alloys can gener-
ate large forces at low voltages but have limited strains (less than 1%). conducting
polymers (CPs) are another class of actuator materials thét can generate strains of
typically up to 10 % at low potentials (less than 10 V). CPs have a number of at-
tractive properties such as being lightweight, inexpensive and are easy to mold and
shape into any conceivable form. These materials can also be nanostructured [105]
and be configured to produce large stresses [89]. The performance of these materi-
als can be hampered by small strain rates where response times can last for several
seconds with excessive levels of creep. This thesis seeks to further develop the use
of conducting polymer actuators by developing novel experimental techniques using
stochastic system identification (SSID). Using these techniques additional insight can
be gained into the mechanisms that underlie the actuation behavior in these materials

and thereby improve the overall actuator performance.

1.1 Conducting Polymers

The first conducting polymer synthesized was polyacetylene [30] in 1977, which re-
sulted in a Nobel prize for Shirakawa, MacDiarmid and Heeger in 2000. Polyacetylene
is the simplest conducting polymer structure where the electrical conductivity is de-

termined by placing alternating carbon-carbon double bonds on the backbone of the
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Figure 1-1: Conducting polymers listed in order: polyacetylene, polypyrrole, poly-
thiophene, poly(3-hexylthiophene), poly(3,4-ethylenedioxythiophene)

polymer [146]. In bulk form the intrinsic conductivity of these polymers are not re-
alized since the polymer chains are entwined within one another. In this case, the
polymers need to be doped with ions, effectively making them semiconductors [113].
The conductivity of polyacetylene is unstable in air and it cannot be used for tra-
ditional actuators. Subsequently, a large number of conducting polymer materials
have been synthesized over the past 30 years. These can be fabricated in a number
of different forms making the especially suited to development. Figure 1-1 shows
some of the more common conducting polymers. Researchers have developed nu-
merous applications for CPs. These include electrical components (passive electronic
elements, transistors) [125], memory elements [22, 120], sensors [3, 55, 64, 145, 148],
super capacitors [9, 96, 114] and actuators [16, 43, 84, 128]. The versatility of these
materials therefore makes them ideal candidates to create the building blocks of multi
functional artificial biological systems. When the same material platform is used to
develop many different components the lines between the components can be blurred.
For example, a conducting polymer actuator can also serve as a strain sensor, a re-
sistor or a capacitor as part of an electrical circuit [99]. They can serve as structural
members of a microfluidic device, with a tunable stiffness and impedance that can
be adjusted as desired. CPs have also been shown to have applications for battery
electrodes 74, 92], neural probes [35, 54], coatings to prevent corrosion [126], mem-
branes to separate gasses [6], and even antennas [31, 102]. Developing applications
that combine multiple functionalities of conducting polymers will require new exper-

imental techniques to decouple the effects that can influence polymer performance.
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1.2 System Identification

It is important for scientists to be able to infer models of a system using observations
about the system. System identification deals with the study of generating efficient
and informative mathematical models of a system by using these observations [80].
These techniques describe methods to calculate parameters of linear and non-linear
system models given a set of data. Linear and non-linear variants of these techniques
have been used to study mechanical properties of skin [29], muscle [53, 76, 94] and lung
tissue [151]. They have also been extensively adapted to study non-linear physiological
systems such as human joints [70], eye position (vestibular ocular reflex) [50] and
auditory systems [25]. These systems can be described using a single impulse response
or non-linear model structures such as Wiener or Hammerstein systems that have
cascaded linear and non-linear components. Hunter et al [65] developed techniques
using Volterra kernels that are used to characterized non-linear cascaded systems.
Inear time invariant (LTI) systems can be described as a linear combination of
inputs and output. Many systems display LTI type behavior. For example, DC
motors can be modeled as LTI systems when they are used with high bandwidth
current amplifiers and the effects of friction are negligible. In a number of cases,
systems can be characterized as LTI under small perturbations. A purely linear
system can be completely characterized using its impulse response function. The
impulse response function is the response of a system to a instantaneous burst of an
input. It is well known that for an LTI system with an impulse response h, the output

y is given by a convolution.

y(kT) = /°° h(r)u(kT — 7) dr (1.1)

7=0

where, T is the sampling interval, u is the input and k£ = 1,2,3.... For LTI systems,
system identification involves simply identifying the parameters of the impulse re-
sponse function. This can be accomplished using multiple methods. The simplest
method would be to input a delta function input and measure the corresponding

output, which would be the impulse response. However, generating a perfect delta
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function input is nearly impossible. The impulse response can also be estimated us-
ing step or sinusoidal inputs. However, to use these the experiment would have to be
repeated multiple times to eliminate the effects of noise and transients.

A better method to obtain the impulse response would be to use a stochastic input
signal, which has all the components of the desired frequencies. These tests can be
easily split apart and averaged, which increases the sensitivity of the measurement. A
stochastic input that contains all frequencies at equal probabilities is considered white.
These signals are uncorrelated with themselves with an autocorrelation of zero except
for at a lag of zero. These are also uncorrelated with any additive noise disturbance
that can influence the response. From a practical standpoint the frequency content of
an input signal cannot be completely white since it will be limited by the bandwidth
of the input source. Generally, input signals are filtered using a low pass filter so that
high frequency noise sources are not stimulated and to prevent aliasing. The other
parameter that can be used to shape the stochastic input is its probability density
function (PDF). Gaussian signals are the most commonly used type of signals, but
random binary, uniform and pseudo random binary sequences can also be used. These
signals fulfill the requirements of persistent excitation and have crest factors close to
1. In addition, the physical limitations of the system input must also be considered.
For example, the input signal must not break or saturate the system being tested nor
must it reach the limits of the sensors being used.

Once an input waveform is chosen, there are many methods that can be used to
estimate an impulse response. The next step is to choose a suitable model structure.
In many cases a finite impulse response (FIR) model structure is suitable to fit the
data. A FIR model only depends on lagged input and approaches zero after a finite
number of lags. A FIR model is simple to model and easy to understand. In addition,
it is generally easier to relate the parameters of an FIR model to variables that have
useful physical interpretations. These models can be calculated in multiple methods
using data in both time domain and frequency domain. The two most commonly

used techniques in this thesis are
e Spectral analysis which involves dividing a appropriately windowed cross power
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spectral density of the input and output by the auto power spectral density of
the input. This results in an empirical transfer function estimate that can be
used to further characterize the system. The transfer function can be estimated
using

Pyu(w)

H(e¥) = o) (1.2)

where H is the estimated transfer function, ®,, is the input output cross spectral
density, ®,, is the input auto spectral density and w is the frequency. The

impulse response is obtained using the inverse Fourier transform of this estimate.

Correlation analysis can also be used to estimate the impulse response function
directly. These involve time domain techniques such as least mean squares
(LMS), recursive least squares (RLS) and adapted least squares (ALS). LMS
can be used to conduct off-line identification while RLS and ALS can be used for
real time identification of the impulse response. Consider a single input single
output system (SISO), where y is the output and u is an input. The output
has additive noise (e), which can be related by the impulse response function

(h) by the equation,

M=

y(kT) = h(l)ug—; + ex (1.3)

II
fu

Assuming that the noise is gaussian white and uncorellated with the input one

can develop the relationship

1

h(k) = = [Rpyu(k)] wherek=1---N (1.4)

where
6 (l) = 5 S ullult+ k= 19
(k) = —]%iu(l)u(l+k ~1) (1.6)

T

=1
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(1) Gw(2) . - Pu(N)
¢uu(2) ¢uu(1) co ¢uu(N - 1)

R= (1.7)
¢uu(N) ¢uu(N - 1) - ¢uu(1)

Here, R is a Toeplitz matrix generated using the autocorrelation function (¢, )
of the input and ¢,, is the input output cross correlation function. Calculating
the impulse response involves inverting the Toeplitz matrix, which can be done
using a efficiently singular value decomposition. This data can also be averaged

and windowed to give a precise of the impulse response.

The details of the data analysis, filtering and types of models chosen depends on

the specific system been considered. These are given in Chapters 3, 4 and 5.

1.3 Conducting Polymer Actuators

In order to be used as an actuator, conducting polymers need to be able to stand
freely as a bulk material and be mechanically stable enough to be tested in a dy-
namic mechanical analyzer (DMA). When such free standing films are created we can
measure mechanical deformations in the polymer when an electrochemical stimulus
is applied to the polymer. Thus input electrical work is converted into mechanical
work, which is performed against a known force. In the case of conducting poly-
mers, actuation is driven by the diffusion of ions entering and exiting the polymer
(Fig. 1-2). This mechanism has been observed in many different types of conducting
polymer actuator systems including polypyrrole [7, 18, 87, 100], various polythio-
phenes [7, 28, 49, 142, 150], poly(3,4-ethylenedioxythiophene) [146] and polyanilines
[133, 137, 142]. Since these materials are driven electrochemically there are a number
of variables that need to be controlled. The physical properties of the polymer such
as electrical conductivity, modulus, dopant ion and porosity have significant influence

on the overall strain and strain rate that can be achieved. The chemical environment
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such as the ion type and concentration, electrolyte and temperature can influence the
strains and lifetimes of the actuator. There are significant drawbacks that limit the
use of these polymer actuators in practical applications. During actuation there is
a permanent deformation that is caused by irreversible diffusion within the polymer
that permanently increases the gaps between polymer chains. In addition, since ac-
tuation depends on diffusion of ions through the polymer film, these actuators have

inherently slow speeds.

Potentiostat

Polymer

@ ] e
.\ Counter Electrode

ons

Potentiostat

Figure 1-2: Schematic of conducting polymer actuation mechanism. Top: Conducting
polymer in its unactuated state. The polymer is submerged in an electrolyte in the
presence of ions. Bottom: A potential is applied to the polymer that drives ions into
the film which cause the volumetric expansion.

Even with its limited performance as an actuator, many groups have attempted to
use conducting polymers in a variety of applications. From underwater autonomous
vehicles [15, 27, 37] to being active elements in microfuidic/MEMS devices [17, 129,
131, 132] .
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1.3.1 Synthesis

Conducting polymers can be synthesis using both chemical and electrochemical meth-
ods. With the exception of polythiophenes [146] the preferred method to synthesize
CPs is to use electrochemical deposition. These give rise to films that are mechani-
cally stable, with high conductivities (10,000 S/m). The monomer is generally placed
in an electrochemical 3 electrode cell mixed with a suitable solvent such as propylene
carbonate or acetonitrile. The CP films grow on the working electrode of the cell when
a constant potential or current is applied. For example, 005 M pyrrole can be grown
on the surface of a glassy carbon electrode in the presence of 0.05M tetraethylam-
monium hexafluorophosphate (TEAP) in propylene carbonate (PC). The deposition
is carried out at a constant current of 1.5 A/m? for 10 hours at -40°C. A black,
free standing film of polypyrrole (PPy) with a thickness of 20 um results after this
process is complete. This material is polypyrrole doped with hexafluorophosphate
and is termed polypyrrole doped with hexafluorophosphate ion (PPy-PFg). This is
the most common type of material that is used as a conducting polymer actuator and

is used in most parts of this thesis.

1.4 Chapter Descriptions

Chapter 2 Development of a Dynamic Mechanical Analyzer is presented that can
perform stochastic system identification measurements. The details of design and
signal processing are presented. The various sample configurations that can be used

with this system is discussed.

Chapter 3 A stochastic technique is developed to measure the compliance of a
conducting polymer. The compliance is measured as a function of counter ion swelling,

solvent and the type of cation or anion dominating the actuation process.

Chapter 4 The electrical impedance of the polymer is characterized using stochas-

tic signals. The application of a simultaneous actuator and strain sensor is demon-
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strated.

Chapter 5 This chapter describes the stochastic signals that are used to charac-
terize the isometric and isotonic responses of conducting polymer actuators. This
technique is used to demonstrate the effect of temperature and solution conductivity
on actuation and to develop methods that can be used to improve polymer actuator

performance.

Chapter 6 Efficient techniques to incorporate functionalized carbon nanotubes into
conducting polymers using layer-by-layer deposition and drop casting methods have
been explored. These materials significantly reduce creep, improve conductivity and

increase stiffness of the polymer actuators.

Chapter 7 Conclusions drawn from this thesis and their implications to polymer

actuators are discussed. Possible areas of future work are also discussed.
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Chapter 2

Electrochemical Dynamic

Mechanical Analyzer

Any good instrument that can be used to measure artificial muscle actuator properties
must measure active strain, active stress, work per cycle, and modulus as a function of
frequency, oxidation state and efficiency. In addition, the instrument should be able to
adapt to multiple sample configurations that can include thin rectangular films (less
than 100 pm in thickness), fibers, and sheets for measurements in the film thickness
direction. It must have the ability to measure actuators of varying lengths, widths
and thicknesses. The components must also be made from materials that can tolerate
multiple chemical and electrochemical environments while being exposed to relatively
large potentials and currents. In addition, clamps that attach to the polymer samples
must be conductive enough to make sufficient electrical contact with the polymer,
but also minimize leakage currents. Artificial muscle materials can generate a variety
of strains and deflections (ranging from 100 nm up to a few millimeters), forces
(between 1 mV to 10 N) at potentials between 0-10 V. The instrument must be able
to adapt to these requirements and is called an Electrochemical Dynamic Mechanical

Analyser (EDMA)
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2.1 Prior Instruments

Developing an instrument to measure the stress or force (isometric actuation) at
constant strain is relatively simple. The polymer must be clamped in tension with
one end attached to a force sensor. A potential can then be applied to a polymer
and the force measured using a force sensor. Isotonic actuation (constant force) is
a bit more complicated to implement. Various authors use different approaches to
conduct isotonic measurements. Many custom instruments have been built for this
purpose [24, 87, 112, 146]. These have a linear actuator that can move to keep
the tension on the polymer a constant. This involves a feedback loop around some
form of force sensor that controls the linear actuator. These are the most versatile
instruments, since they can be adapted to measure conducting polymer actuators
in multiple configurations and are capable of using arbitrary signals for stress and
strain. Other instruments are commercially available lever arm systems [119]. These
instruments are used to test muscle materials that have been adapted for conducting
polymers [47, 124]. These are convenient to use but can be limited and expensive
to adapt for different configurations. The other method for an isotonic actuation
test is to use a weight (pre-load) hanging from an actuating polymer in a vertical
configuration or suspended over a pulley. The position of the weight is measured
using a laser displacement measurement system [58]. This method is again limited,

since it cannot impose an arbitrary stress or strain.

2.2 Design of EDMA

The Electrochemical Dynamic Mechanical Analyser (EDMA) used in this work is
adapted from the instrument developed by Nathan Vandersteeg [146] in 2006. A
schematic of the polymer actuation mechanism and the device is shown in Fig. 1-2.
A CP must be submerged in an electrolyte with counter-ions to actuate. It is attached
to a mechanical stage that can apply any arbitrary stress (o) signal. The strain (e)

can be measured using encoders present on the stage. The potential is controlled
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using a potentiostat that can apply a voltage relative to a counter electrode in a
three-electrode electrochemical cell. When a potential is applied, ions diffuse into the
polymer and causes a volumetric expansion [16, 98]. Equ. 2.1 shows the total strain

the polymer can generate due to ion diffusion [87].

er(s) = J(Q, s)o(s) + aQ(s) (2.1)

Here, J is the compliance, Q is the charge density and s is the Laplace variable.
The EDMA must be designed to measure each one of these components. A position
sensor can be used to measure the strain, a force sensor can be used to measure the
stress, the potential and current can be measured using a potentiostat that drives
the polymer actuator. The charge can be obtained by simply integrating the current
signal. Note that this is just an approximation since part of the current goes into
charging a double layer and does not contribute to the strain. However, the double
layer charging can be considered to be small at large time scales.

This thesis has developed instrumentation that can independently measure all the
parameters relevant to polymer actuators. The setup consists of a linear brushless
servomotor (ALS 130, Aerotech, Pittsburg, PA) that includes an inbuilt non-contact
linear encoder with a resolution of 0.1 ym. This was used to control the displacement
(strain) of the polymer. The stage is driven and controlled using a digital servo am-
plifier (NL Drive HL, Aerotech, Pittsburg, PA) with an inbuilt proportional, integral
and derivative. (PID) controller and a D/A converter that converts the encoder sig-
nal to an analog signal. These signals can be adjusted so that different lengths and
strains can be measured using the apparatus. This can then be adapted to measure
strains in fibers, thin films as well as make thickness direction measurements where

a resolution of 100 nm is needed.
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Figure 2-1: Picture of the entire EDMA showing all the components: the Aerotech stage and force sensor, the potentiostat,
signal conditioning and anti aliasing filters and the temperature control module.



A S-beam load sensor (LSB 200, Futek, Irvine, CA, max load 1 N) is used to
measure the load (i.e. stress); and these are interchangeable in order to measure
maximum loads as low as 0.1 N and up to 45 N. This can be used to measure a
wide range of polymeric materials and geometries. The load and displacement signals
are amplified using signal-conditioning amplifiers (Model 2311, Vishay Electronics),
which also filter the signals at 100 Hz using a second order Butterworth filter. This
provides anti-aliasing as well as corrects for temperature drift and improves noise
rejection. A potentiostat (Model 2053, AMEL Instruments) drives a three-electrode
cell that incorporates the polymer as the working electrode. The loads, displacement,
potential and current are all sampled with 16 bits of precision using a PCI card (PCI
6052E, National Instruments Corp. Austin, TX) with software written in Visual Ba-
sic. This instrument will henceforth be called the stochastic electrochemical dynamic

mechanical analyzer (EDMA) (Fig. 2-1).

b
-

Figure 2-2: (a) Photograph of the SEDMA. The Aerotech linear stage is attached to
the left clamp using a manual micro-positioning system. The other clamp is attached
to the Futek force sensor. The micro-positioning system allows us to align the polymer
so that it is in line with the force sensor. (b) The electrochemical bath that the sample
is immersed. Peltier heaters allow heating and cooling of the electrolyte and ensure
a constant temperature during tests.

The samples are placed between the custom built clamps (see Fig. 2-2a) which
then can be submerged in a bath (Fig. 2-2b) filled with electrolyte. The electro-
chemical bath is made of either nylon or Teflon and resistant to most solvents. The
clamps are laser machined from Delrin infused with Teflon (McMaster-Carr, Au-
rora, OH) and are inert to the chemical environments being used (specifically to PC,

BMIMPFg, ACN and dichloromethane (DCM)). Electrical contact to the polymer
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is made inside the clamp using gold foil. This prevents leakage currents from parts
of the contacts that are exposed to the electrolyte. The clamps are mounted on a
precision optical positioner that can ensure that the samples are aligned. The tem-
perature of the bath containing the electrolyte is also controlled using a Peltier heater
and a PID controller (Fig. 2-2b). The temperature of the bath and the electrolyte
can range from 20°C to 80°C. The polymer is the working electrode and part of a
three-electrode electrochemical cell. The electrolyte bath consists of stainless steel
counter electrode with a surface area at least 200 times larger than the surface area
of the polymer to ensure that the reactions at the working electrode are not surface
area limited by the counter electrode. A silver wire electrode was placed near the
polymer and was used as a reference electrode. For the electrolytes and potential
ranges tested in this thesis, the silver wire electrode is stable and does not contribute

to a drift in potential.

2.3 EDMA Configurations

The clamps for the EDMA are extremely adaptable and can be used to make actuation
measurements on many different sample configurations. They are modular and can
be easily replaced with different clamps that are suited for making measurements
on long thin films, fibers, and non-free standing films. Fig. 2-3 shows the different
possible configurations of the EDMA. The rapid sample replacement clamps are
the most commonly used, and their functionality is described elsewhere [105, 110,
146]. The sections below describe the design and typical results obtained from each

configuration.
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Figure 2-3: The different clamps configurations of the EDMA. a) The clamps used to conduct system ID experiments with the
Delrin clamps and the internal gold foil. b) Clamps to conduct tests on micro-wires. The wires are clamped in the syringes using
a crimp. ¢) Gold plated alligator clips are used when multiple samples need to be loaded and unloaded into the instrument. d)
Setup to conduct measurement of non-free standing films.



2.3.1 Actuation of Polymer Fibers

Numerous techniques exist to create conducting polymer fibers and have been summa-
rized in [115, 116]. These fibers can have potential applications in textiles [33, 75], neu-
ral wires and probes [11, 81], antennas [102], and a variety of sensors [118, 83, 95, 75).
However, mechanical testing on these fibers can be difficult, since they cannot be
easily clamped onto any traditional DMA and be actuated at the same time. The
stochastic electrochemical dynamic mechanical analyzer (SEDMA) was modified and
tested with the help of Miguel Saez. The Delrin clamps were replaced with needle
clamps described in [115]. The 20 pm square cross-section wires are crimped into
needles and screwed on to the Aerotech stage and the load cell. The load cell used
had a 0.1 N maximum force rating which was necessary to keep the forces on the wire
above the noise level of the sensor. The electrochemical bath was created using a
wire electrical discharge machining process. The channel created was 2 mm in width,

and the electrolyte was held in place using surface tension (See Fig. 2-4: Left). A
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Figure 2-4: Left: Setup for actuating polypyrrole fibers. Right: Typical isotonic data
from a polypyrrole fiber at an 1 MPa preload. (Adapted from [115, 116])

typical result that can be obtained from this setup is shown in Fig. 2-4. PPy films,
one coated with gold and one without, were actuated in neat BMIMPFg. The typical
strains obtained from fibers were larger than the strains obtained from thin films
generated from the same material. In addition, the gold-coated PPy-Au films were

significantly faster than the plain PPy films.
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2.3.2 In-Situ Characterization of Polymers

Current actuation verification techniques in the development of CPs require that the
electrodeposited thin films have robust material properties. They have to be robust
enough so that they can be removed from the deposition surface (free-standing),
which severely limits the different types of films that can be tested. However, a few
researchers have developed techniques to measure actuation in the thickness direction
in thin films [67, 109, 130]. These techniques can be complex and difficult to imple-
ment and interpret. However, the EDMA can be easily adapted as a screening tool
to characterize new CP films, which cannot be peeled off a substrate. This allows for
the in-situ measurement of actuation in thin films of CPs. This instrument measures
actuation in the thickness direction of conducting polymer thin films in the deposition

environment. (This work was done with the help of Lauren Montemayor).
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Figure 2-5: Left: Schematic of instrument for electrochemical cycling tests. Right:
Picture of fabricated instrument. (Adapted from [93])

A schematic of the set-up is shown in Fig. 2-5. The stage allows for movement up
to 50 mm in the x-direction. The vertical (z-direction) and horizontal (y-direction)
position controllers allow for a total of up to 30 mm of movement. The interaction
of these two position controllers allows for the probe to measure a variety of points
on the film. The ability of the instrument to survey various points on the conduct-
ing polymer allows us to observe the effects of film thickness on polymer actuation

without removing the sample. This is a useful characteristic due to the thickness
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gradient of vertically deposited CP thin films. The PPy film is grown in a deposi-
tion bath constructed of Teflon and is capable of holding a glassy carbon electrode
(deposition surface) and approximately 20 mL of electrolyte. The deposition bath
fits directly into the testing set-up, allowing the deposition environment to double
as the actuation environment. The glassy carbon is covered with Kapton tape ex-
posing only the film area, which is approximately 15 mm x 15 mm. A thin sheet
of stainless steel, with an area of approximately 1300 mm?, functions as the counter
electrode and is placed opposite the working electrode in the deposition environment.
The reference electrode (silver wire) is placed close to the working electrode in the
electrolyte. To measure the actuation of the PPy films in the thickness direction,
a force sensor and probe are attached to the stage via the horizontal (y-direction)
position controller. A 0.1 N force sensor (Futek, LSB 200), capable of force detec-
tion with an accuracy of 0.1 mN, is attached to a small Delrin beam with a nylon
screw at the end. The beam and screw are submerged in the electrolyte. Delrin and
nylon were chosen as the materials to transfer actuation forces because they do not
deteriorate in the presence of propylene carbonate, which is used as the solvent. The
actuation force generated by the film is transferred from the tip of the nylon screw
(which makes contact with the film) through the Delrin beam, and is measured at the

force sensor. Fig. 2-5 (right) shows the fabricated set-up. The performance of the
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Figure 2-6: Left: Isometric response at preload = -5 mN, Right: Isotonic response

at target load = -5 mN, for TEAP and NaPFg doped polypyrrole films in 0.05 M
solution of the respective electrolytes.

instrument was characterized in Montemayor et al [93]. As shown in Fig. 2-6 right,
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tetramethylammonium hexafluorophosphate (TMAP) doped PPy films produced the
largest strains of approximately 25% while, NaPFg doped films produced the smaller
strains at approximately 3%, which are comparable to previous results [130]. As seen
in Figure 3, the percent strain magnitude over a cycle is approximately constant, while
the change in absolute position varies due to the creep in the films. This shows that
the instrument is capable of detecting and measuring changes in force and position
of various non free standing conducting polymers in the presence of electrochemical

cycling.

2.3.3 Clamps for System ID measurements

The clamps used to conduct the system identification experiments were described
briefly in Sec 2.2. The clamps need to provide a large clamping force within a chemical
environment so that the polymer does not slip during actuation or when a stochastic
stress input is applied to the material. To do this, the films were screwed into a clamp
with two M2.5 screws. There is a gold foil between the clamping plates through
which a potential is applied to the polymer. The gold foil needs to be shielded
from the chemical environment, since all the current must flow through the polymer
and not the foil. This minimizes the parasitic currents that can degrade polymer
performance and complicate the identification procedure [105, 124]. The clamps are
manufactured from Teflon infused with Delrin, which is harder than pure Teflon and
can be laser machined. This allows for a large and even clamping force. It also retains
the properties of the Teflon since it is inert to many different solvents. However, over
multiple experiments the Teflon infused with Delrin do show signs of fatigue and must

be replaced periodically.

2.4 Conclusions

The development of an EDMA is described in this chapter. This instrument is capable
of measuring forces and displacements in electrochemical environments for multiple

polymer configurations. The modular design allows for us to easily change compo-
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Figure 2-7: Clamps used for system identification experiments.

nents for a number of different configurations. In addition having temperature control
allows us to actuate the polymer at high temperatures. In subsequent chapters, the
EDMA has been used to conduct tests using stochastic waveforms for force, potentials
and currents. These have been used to gain additional insight into the performance
of conducting polymer actuators and have been used to improve their properties.
The EDMA described in this chapter can be adapted for multiple polymer configu-
rations and provides a versatile tool that is used to characterize conducting polymer

actuators.
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Chapter 3

Mechanical Characterization

The compliance of many conducting polymer materials are strong functions of their
input stimuli and hence are also studied as materials with tunable stiffnesss [21, 26,
44, 109, 124]. The implications that a significant change in elastic modulus has on
actuation have been discussed widely in [18, 133, 135, 136]. There are a few tech-
niques that are used to measure the moduli, but these techniques cannot measure
them as a function of the changing stimulus. In this chapter, a technique is used to
dynamically measure the modulus or compliance as a function of frequency and exci-
tation state of conducting polymers. These films undergo dimensional changes based
on diffusion of ions in and out of the polymer films coupled with a change of dynamic
stiffness or compliance of the material. If the conducting polymer is held in tension,
then this changing compliance contributes to the overall strain. Understanding this
phenomenon can help improve actuator performance by increasing the overall strain
as well as increase its bandwidth. A variety of experimental techniques have led to a
number of discrepancies in the literature associated with how the compliance changes
during electrochemical cycling [109]. Pytel et al [109] superimposed a sinusoidal stress
perturbation while applying a square wave potential. Others [12, 98, 135] held the
polymer at a desired potential, and the modulus was tested at a constant strain rate.
These techniques are only capable of measuring the dynamic compliance at single fre-
quencies and at discrete oxidation states. Shao et al. [124] measured the storage and

loss modulus of polypyrrole as a function of oxidation state, load and frequency for a
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single electrolyte-solvent combination. Their technique used a constant or ramp loads
superimposed on a higher frequency sinusoidal stress perturbation. This technique is
limited since it can only measure the modulus at a given load, oxidation state and a
single frequency at a time. In order to fully characterize the response, we would have
to measure the compliance at all relevant frequencies at numerous oxidation states
which would be time consuming and inefficient.

A more efficient technique would be to compute the compliance impulse response
as a function of a slowly changing potential input. The impulse response function
can be convolved with any input stress waveform to predict the strain waveform. The
impulse response function can also be used to calculate the frequency response func-
tion of the compliance. This approach involves applying a stochastic stress waveform
and measuring the resulting strain while simultaneously applying a potential wave-
form. We can then use SSID techniques [69, 80] to estimate the compliance impulse

response function of the polymer.

3.1 Theoretical Considerations

The total polymer strain er is composed of two components, one from the changing
dynamic compliance (J) and another from a volumetric expansion caused during

charge injection [85]. This is given by

er(s) = J(Q, s)o + aQ(s) (3.1)

where « is the strain to charge ratio and Q is the volumetric charge injected into
the polymer. Here, s represents the Laplace variable and J(Q), s) is the compliance
transfer function of the polymer. A block diagram illustrating the experimental setup
and Equ. 3.1 and described in Sec. 2.2 is shown in Fig. 3-1. The measured quantities
of stress (0,,) and strain (e,) can be used to calculate the compliance. These differ
from the true values due to random measurement errors (E;, E;). The errors are
assumed to be time independent, white signals with a Gaussian probability distribu-

tion with zero mean and constant variance. The mechanical dynamics of the stage
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Figure 3-1: Simplified block diagram of the instrument developed. Both the strain
and stress signals were measured and sent through signal conditioning amplifiers and
anti-aliasing filters with transfer function H(s).

is represented by the transfer function L(s). The stage controller uses an internal
feedback loop that targets the desired stress input (o,). This enables us to get a
higher bandwidth input and allows us better control over the input signal but also

can complicate the SSID procedure.

To understand the effects of the feedback on the SSID procedure, we can construct

the following equations based on the block diagram in Fig. 3-1.

_H __HGa , HGL
m = HGL+1? HGL+1° HGL+1”"
H’L H'LGa HL
6’”_HEIJ“<HGL+1E”HGLHCHHGL+1””> (32)

Note that all expressions are in the Laplace domain. Using these, we can calculate

expressions for the auto (®,,,,,,) and cross-spectral density functions[69] (®., .. ) to
derive
HH* (GQG*Q*a*+ EyEyY)
¢ om (I)a om — — .
GX €EmOm mam H*G*L*‘l‘l (33)

This assumes that the noise signals (E;, F,) and the inputs (Q, o,) are all uncor-
related with each other. The modulus G and « are the parameters to be identified.
Using dimensional analysis, we can show that the second term on the right hand side
of Equ. 3.3 can be assumed to be small relative to the other terms. If there is no

electrochemical input (Q=0), the compliance (J) is obtained by dividing the input
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output cross-spectral density by the input auto-spectral density [69].
J = —SmIm (3.4)

An equivalent expression can be obtained in the time domain, where the com-
pliance impulse response function can be calculated by deconvolving the input auto-
correlation function from the input output cross-correlation function using a Toeplitz
matrix inversion [103, 104]. If there is an electrochemical input, the volumetric strain
can simply be subtracted from the total strain data. The compliance is then cal-
culated using the residual strains and the stress input. The quality of the system
identification procedure can be assessed using the coherence squared (v?), given by
Equ. 3.5. If there is any significant sensor noise or nonlinearities within the system,

the coherence squared will be less than one[69)].
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3.2 Input Design

The beginning of any systematic exercise in system identification starts with the
choice of inputs and outputs. In the case of measuring compliance, the natural
choice is to consider stress as an input and strain as an output. Next the form
of the input signal must be specified. Conducting linear system identification using
signals with a Gaussian probability density function (PDF) is ubiquitous. When a
signal with a Gaussian PDF is input into a linear system the output will also have a
Gaussian PDF. For a purely linear system, a small range of inputs can be sufficient
to fully characterize the system. Gaussian white signals also satisfy the conditions of
persistent excitation, have a large crest factor and are informative [80]. In addition
there are physical limitations to the input when considering the range of stresses that
can be applied to a polymer. The input waveform o, is a stochastic waveform with a

Gaussian PDF centered on the linear viscoelastic region of the polymer (See Fig. 3-2).
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Figure 3-2: Typical PDF of stress waveform applied to the polymer. The PDF is
centered between the zero stress state and the yield point.

This was determined using a uniaxial tensile test to measure the loads at which the
polymer yields and breaks. These give the range of stress that can be applied to the
polymer without causing yielding or buckling which would appear as nonlinearities
in the response. During normal polymer actuator performance, it should never be
in a buckled state because the polymer cannot sustain any compressive loads. In
addition, applying large loads to the conducting polymer material will cause it to
yield. Again in any practical application, any plastic deformation of the polymer
should be avoided; hence, this region of the stress-strain curve must also be avoided.
Fig. 3-3 shows the effect of the stochastic stress input on three different common
polymers. The more compliant (Latex and PDMS) show both the buckling and yield
that appear as nonlinearities in the system ID procedure.

There is no obvious criteria that can provide an optimal bandwidth of the input.
Ideally the input is limited so that it does not excite higher noise modes that can
become aliased. Additionally, the frequency of the input should have large power at
desirable frequencies (i.e. frequency that can influence the bode plot the most). In
this case, the actuator used limits the bandwidth of the stress input, and the Aerotech
stage can generate an input bandwidth up to 30 Hz. Since CP based actuators rarely
actuate past 2 Hz, characterizing the compliance past 30 Hz is not necessary. Due to
the presence of the anti-aliasing filters and a sampling rate of 1000 Hz, aliasing was not
a problem. However, for actuators with larger bandwidths, higher frequencies can be

achieved by using a piezoelectric actuator with a smaller stroke and an interferometer
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to measure the displacement [140].
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Figure 3-3: Result of SSID procedures on three different polymers of varying compliances. Left: PPy-PFg excited using the
stress input described in Sec 3.2. The response shows no nonlinearities since the predicted output (strain) and the true output
are the same. Middle: Stochastic stress input applied on latex showing both buckling (small strains) and yield (large strains).
Right: Stochastic stress input applied on PDMS showing both buckling (small strains) and yield (large strains).



3.3 Mechanical Characterization

The conducting polymer PPy was used to validate the instrument’s performance.
Polypyrrole was chosen due to robust mechanical properties and its ubiquitous use
as a polymer actuator [85, 84]. The pyrrole monomer (Aldrich 99%, St. Louis,
MO) was vacuum distilled before use. Polypyrrole was electrodeposited on a glassy
carbon substrate at —40 °C at a constant current density of 1.0 A/m?. The deposition
solution used was 0.05 M pyrrole in 0.05 M TEAP in propylene carbonate. The
resulting polypyrrole films were peeled from the surface of the electrode and cut in 2

mm X 10 mm strips. The thickness of the films were between 10 and 20 um.

Before testing, the sample was preconditioned by applying the input stochastic
stress signal for 100 s before the data was collected. A subsequent test was conducted
to measure the dynamic compliance using the stochastic stress input without any elec-
trochemical excitation. The samples were clamped in the apparatus and immersed in
BMIMPFg. The PPy samples were excited using the stress input described in Sec.
3.2, and strain data were measured using the encoders on the stage. The dynamic
compliance transfer function was calculated using Equ. 3.4. In order to compare the
response obtained using the stochastic signals, applying a sinusoidal stress waveform
at discrete frequencies and measuring the corresponding strain calculated the com-
pliance. The compliance at each frequency is then the ratio of the strain amplitude
with respect to the stress amplitude. The coherence squared was also calculated from

the same stochastic stress-strain data.

The calculated compliance impulse response function of polypyrrole is shown in
Fig. 3-4a. The impulse response function rises to 200 GPa™! and falls to zero within
20 lags or 0.02 s. Therefore, a 40 point impulse response function will be used to model
the data. Additionally, a third order model with three independent time constants
can be fitted to the impulse response (Fig. 3-4a). The predicted strain, is compared
with the measured strain and the variance accounted is calculated. Using the non-
parametric estimate, the variance accounted for is 99%; it is 96% using the third

order parametric model. This implies that the system behaves linearly within the
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Figure 3-4: The calculated compliance response of polypyrrole without any electro-
chemical input. (a) The impulse response representation of the transfer function. A
three time constant expression that is fitted to the non-parametric impulse response is
also shown. (b) A section of the predicted strain calculated using the non-parametric
impulse response compared with the measured strain (From. [106])

amplitude range tested, and we observed no load dependence of the compliance in
the BMIMPFg system. Different data sets were collected from the same material,

and the parameters of the impulse response function changes by 2-3%.

The frequency domain representation of the compliance transfer function is shown
in Fig. 3-5. The low frequency compliance was 2 GPa~!, which corresponds to an
elastic modulus of 500 & 10 MPa. This matches with prior studies conducted on
the same material [109, 124] implying that this compliance is physically meaningful.
There was a gradual reduction in the compliance until 100 Hz, after which there was

a large drop in the compliance. This is due to the signal conditioning amplifiers,
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which filter the signal at 100 Hz. The compliance was also calculated using the
discrete sinusoidal stress input, which matches the gain and phase calculated from
the stochastic stress input. However, the coherence squared (Fig. 3-5¢) estimate was
close to one only until 100 Hz, after which there was a large drop. This would indicate
that the compliance response shown in Fig. 3-5a was only valid up to 100 Hz. Since
the length of the test was about 100 s, the coherence starts to fall below one for
frequencies less than 0.01 Hz. If longer tests are conducted, the coherence remains
high at lower frequencies. The compliance calculated by the discrete sinusoidal input
follows the compliance calculated from the stochastic stress input up to 100 Hz,
after which it begins to deviate; which confirms the observations from the coherence
plot. Since the bandwidth of these polymer actuators is typically less than 2 Hz,
characterizing the compliance at higher frequencies is unnecessary. Our input stress
is within a range of 2 to 10 MPa, and it should be noted that the response calculated
is accurate within that stress range. At higher stresses, the polymer would yield and

the response would become nonlinear.

3.4 Influence of Electrochemistry on Compliance

To characterize the effect of the oxidation and reduction on PPy compliance, an ionic
liquid BMIMPFg was used. BMIMPFg at moderate voltages drives only the cation
(BMIM™) in and out of the polymer film [71, 82, 109]. This work was done with the
assistance of Emmanual Hernandez. This also avoids incorporation of solvent into the
polymer that can influence the polymer compliance response [124]. The samples were
clamped into the SEDMA and preconditioned by applying a stochastic stress input
signal for 100 s, after which we applied a triangular wave potential input without
the stress waveform until the electrochemical response is stabilized. This precon-
ditioning is necessary to remove initial transients that occur during electrochemical
cycling. In the subsequent test, two separate inputs are used to excite the polymer,
an electrochemical potential between 0.8 V to -0.8 V and the stochastic stress. Tests

were conducted at rates ranging from 500 mV/s to 1 mV/s, and the compliance re-
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Figure 3-5: (a,b) Frequency domain representation of the compliance transfer function
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implies that the response is either nonlinear or has significant noise after 100 Hz
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sponse stabilized at rates below 5 mV/s. Fig. 3-6 shows the maximum value of the
cross correlation between the low frequency compliance gain (DC compliance) and
the charge. Here, the cross-correlation term stabilized below 10 mV/s, indicating
that this is enough time for the compliance to reach a steady state value. If charge
is driven at faster rates, the compliance does not have enough time to stabilize, and
the measurement of the compliance is meaningless. The stress input was the same as
described in Sec. 3.2, and all tests were conducted at 27 °C. The resulting strain was

a high frequency strain superimposed on a low frequency strain (See Fig. 3-7).
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Figure 3-6: DC Compliance-Charge cross-correlation showing the response stabilizes
below 10 mV/s.
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is swept back and forth. Insert: The cyclic voltamogram obtained at 5 mV/s. The
symbols represent the regions where the impulse responses in the figure are calculated
(From [106]).

The resulting strain was composed of a low frequency strain proportional to the
charge injected into the polymer and a high frequency strain due to input stress.
The resulting stress and strain data were sectioned into sequences of 10 seconds, and
the data were detrended. The impulse response and frequency response functions for
each of the sections were calculated. Since the frequency of the applied potential is
5 mV /s, there was little change to the compliance due to charge injection during the
10 s interval. The compliance impulse response functions are strongly correlated with
the charge injected into the polymer and changes by 40-50% during electrochemical
cycling. This exceeds the variation of the impulse response coming from the noise
within the system. The changing compliance impulse response function is shown in
Fig. 3-8. Each function is measured at different regions of the cyclic voltamogram
(shown in the insert). The low frequency gain (gain at 0.2 Hz) of the compliance
is the area under the curve of the impulse response function and shows the most
significant change. The changing low frequency compliance due to charge injection is
shown in Fig.3-10. As the BMIM™ ions diffuse into the polypyrrole, the low frequency

compliance changes significantly during each cycle. The BMIM™ ions only change the

56



low frequency component of the compliance transfer function they do not affect the
natural frequency or the damping of the compliance. There are parasitic reactions
not due to polymer charging that cause the slow drift in charge (Fig. 3-10) and do

not directly influence the compliance [123].
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Figure 3-10: Charge injected into the polymer and the corresponding and low fre-
quency gain of the dynamic compliance. The PPy strip is driven by a 5 mV/s triangle
wave potential waveform (From [106, 103]).

There is a change of approximately 30-80% in compliance when actuating neat
BMIMPF;, which corroborates results obtained by Pytel et al. [109]. The 30%
increase in compliance corresponds with ions diffusing into the polymer matrix and
seems to be independent of the oxidation state. The compliance can then be cycled
back and forth as the film expands and contracts with some drift due to parasitic
charging effects.

To further validate the effectiveness of these techniques, further experiments were
carried out in solutions of 0.05 M BMIMPF; in PC and 0.05 M TEAP in PC. These
systems were chosen to understand the influence of solvent and the effect of anions
such as PFg. The potential window can be controlled so that only one ion motion can
occur [110, 143]. It was observed that relative to neat BMIMPF system, both the 0.05
M BMIMPFg in PC and the 0.05 M TEAP in PC have larger changes in compliance
(See Fig. 3-11). Regardless of the actuation system, the compliance always decreases
as ions enter the film (i.e. on reduction when BMIM* diffuse into the polymer and
oxidation when PF; moves into the film). This confirms the observations made
by Pytel et al.in [110] that counterion swelling produces a large change in polymer
compliance. They also reported a change of modulus of around three times in similar
systems, which have not been reproduced here. This can be due to averaging that is
done during the identification procedure. To further understand the influence on the
compliance, a survey was conducted by actuation PPy-PFg in multiple solvent-ion

combinations. Various authors have shown large strains and strain rates in various
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Figure 3-11: Evolution of the compliance of PPy-PFg actuated in neat BMIMPFg,
0.05 M BMIMPF¢ in PC and 0.05 M TEAP in PC. The films were actuated between
0.8 V and -0.8 V at 10 mV/s, and the impulse response and the DC compliance was
calculated as described in Sec 3.4 .

ionic systems such as aq NaPF [57, 97, 123] and 0.05 M lithium trifluorosulfonamide
(LiTFSI) in PC [59, 60]. However, the influence of actuation on the compliance was
not fully characterized in these studies. Fig. 3-12 shows the changing DC compliance
of PPy-PFg as the film undergoes electrochemical cycling. As the films are actuated,
most of the change in compliance is seen while the film is reduced during the influx
of cations into the polymer film. From Fig. 3.1, the influx of cations in the systems
containing BMIMPFg, NaPFg and 1-butyl-3-methylimidazolium tetrafluoroborate

(BMIMBF,) cause the polymer to become more compliant. Additionally, the motion
of the smaller sodium causes the largest changes in compliance. However, as further
cycling is conducted, this compliance change decreases. This is probably due to the
large potentials applied in an aqueous system that is known to cause degradation
in the polymer [123]. Motion of larger BMIM™ cation causes a smaller but more
reproducible change in compliance, with the type of anion (hexafluorophosphate ion

(PFg) or tetrafluoroborate ion (BF,)) making little difference.

Table 3.1 shows a summary of the maximum compliance change in all the systems

60



6.5 T T T T _BMlMPF6
6l iﬂ __PC+PF
;'\1 PC+BMIMPF
1
S I PC+LITFSI
— [ \ f | fr\ —PC + TEAP
Ic‘f st || | .1 -4 — BMIMBF,
.45 '
[+}]
e
S 4
=
§as
o
3
25
5 . i ! L i i i
0 200 400 800 _ 800 1000 1200 1400
Time (s)

Figure 3-12: Influence of ion diffusion on the compliance of PPy-PFg. The films

were excited using a 10 mV/s triangle wave between 0.8V to -0.8V for 5 cycles. The
compliance was calculated using techniques described in Sec. 3.2.

Table 3.1: Maximum percent changes in compliance observed in PPy-PFg actuated

in numerous electrolyte combinations. All were tested with the input described in
Sec. 3.2

Actuation System Percent Change in Compliance
BMIMPF 80%
0.05 M BMIMPFg¢ in PC 57%
0.05 M LiTFSI in PC 40%
0.05 M NaPFg aq 115%
0.05 M TEAP in PC 50%
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tested. As stated earlier, the compliance change is greatest in systems that are cation
dominated. These systems are also closely associated with having larger actuation
strains [82, 123]. This shows that optimizing these effects can lead to larger strains

as well as larger work per cycle during actuation.

3.5 Thermo-Mechanical Characterization

Since the actuation of conducting polymers is a diffusion driven process, increasing
the diffusion rates can lead to faster actuation. Temperature effects on actuation has
been extensively reported [8, 32, 58, 82, 146]. However, effect of temperature on the
compliance has not been fully characterized, and SSID procedures can naturally be
“applied to dynamically measure the compliance as a function of temperature. We
conduct the experiments in neat BMIMPFg, since they have been shown to operate
in large voltage ranges and the temperature can safely be increased without degrad-
ing the solvent. The PPy-PFq strip was immersed in neat BMIMPFg in the EDMA.
We increased the temperature in steps from 27 °C to 85°C and then cooled to 27°C.
The dynamic compliance was calculated using the stochastic input at different tem-
peratures. For the sake of comparison the compliance at 1 Hz and 10 Hz were also
calculated using a sinusoidal signal in order to compare it to dynamic compliance
calculated from the stochastic signal.

The compliance of polypyrrole was measured at multiple temperatures using both
a stochastic stress input as well as a single sinusoidal input at 1 Hz and 10 Hz.
Fig. 3-13 shows the data collected using both techniques at 1 Hz and 10 Hz as the
temperature is increased to 85 °C and brought back down to 27°C.

The temperature sweep implies that compliance slowly decreases as the temper-
ature is increased. The data collected from the stochastic input represents more
frequencies than those shown in Fig. 3-13, which shows only a small portion of the
response. This shows that the stochastic technique can capture the compliance data
as well as capture the trends in the changing compliance. In the case of BMIMPFg the

compliance does not significantly as a function of temperature. This indicates that
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Figure 3-13: Compliance measured at 1 Hz using both stochastic and sinusoidal
techniques. (From [104])

actuation in ionic liquid environments are not significantly temperature dependent.

This effect will be carefully studies in Chapter 5.

3.6 Conclusions

We have developed a new instrument and a technique that can conduct stochastic
mechanical testing on conducting polymers. We have measured the compliance in
multiple environments and the differences between cation and anion dominated ac-
tuation has been studies. The influence of temperature has also been studied. Shoa
et al [124] suggest that the modulus is also a function of the preload applied to the
material. We do not see the effect of load on the compliance in ionic liquids due to the
lack of solvent incorporation between the polymer chains. However, this technique
can also apply if the effect of load on polymer compliance be comes significant. In
that case, a stochastic stress signal with a smaller amplitude can be superimposed on
a slowly varying load. Alternatively a larger amplitude stochastic signal can be used
and the corresponding compliance can be modeled using a nonlinear model structure.

These compliance measurements are also made as a function of time and temperature
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in different electrochemical environments to understand the influence of different ions
and solvents to the compliance. It has been shown that incorporation of small cations
cause the largest compliance changes while anions do not cause significant changes.
Once the effect of oxidationreduction on the compliance is characterized the strain to
charge ratio can be calculated. In this case, the strain caused by the changing com-
pliance can simply be subtracted from the total strain and the strain component due
to ion incorporation can be estimated. We have shown that the compliance transfer
functions have physical meaning and can provide a fast and efficient means to mea-
sure the full frequency response of CPs as a function of the electrochemical charge
state. Although we have applied this technique solely to conducting polymers it can
also be used to characterize the compliance of other electroactive polymers where the
compliance changes significantly. This can help develop better actuators or structural

materials with tunable compliances for a variety of devices and applications.

64



Chapter 4

Electrochemical Characterization

Conducting polymer actuators are driven electrochemically with the polymer forming
the working electrode of an electrochemical cell. Hence, understanding the kinetics
and thermodynamics of the charge transfer reactions are important [10, 87]. As
mentioned in Chapter 3, ion diffusion causes significant changes in compliance of a
CP. There are a number of detailed models of diffusion driven using electrochemical
potentials. The common type of model used is the porous metal, where the electrode
is modeled as highly conductive with electrolyte filled pores. The charging of the
double layer can be modeled as a finite transmission line [90, 91, 107]. The solution
of these models are solutions to the diffusion equation, which are experimentally
difficult to distinguish from each other [87] since they all predict 2 or more governing
time constants. Penner et al [101] propose a model where the ion diffusion limits
the oxidation of the polymer. The authors described a model that assumed that the
electrode is non-conductive and is being doped. They also measure the double layer
capacitance and show that it is a function of the oxidation potential. This model
has limited utility for studying actuators since the polymer films are required to be
electrically conductive. Amemiya et al [5| developed a model for highly conductive
films of polypyrrole and determined that diffusion within the polymer pores dominates
the overall electochemical performance. Ho et al [62] also propose a model for a porous
metal and described the impedance observed during infusion of ions into the pores.

They do not account for solution resistance or the charging of the surface of the
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material [87]. Another model includes the convection of electrolyte within the pores
of polypyrrole [91]. The convection occurs due to the changing stress state within
the pores. This can be adapted to measure the admittance of a conducting polymer
actuator, however the authors do not explicitly do so. Madden [23, 87| described
in detail the DEM of CP actuators and derived an expression for the admittance of
an electrochemical cell that included a polymer actuator. When an electrochemical
potential is applied to the polymer there is a charging of the electrical double layer.
The DEM assumes that the double layer capacitance is independent of the potential
applied, and the charge on the surface is proportional to the potential. Due to this,
there is migration of ions through the electrolyte to the polymer surface. Then they
diffuse through the polymer causing the expansion or contraction of the polymer. In

the DEM, the admittance of the polymer is given by Equation 4.1.

—‘/(Sﬁtanh(g\/%) + \/Es)
f% + 83/2 + @s tanh(%\/%).

Y(s)*R=s (4.1)
Dimensional analysis of Equation 4.1 yields 3 time constants that govern the time

response of the polymer actuator.

e Tp= % where a is the polymer thickness and D is the diffusion constant.

e 7rc = RC is the double layer charging time.
e o= % is the diffusion time through the double layer.

Here, Y(s) is the admittance as a function of the Laplace variable s, h is the thickness
of the polymer strip, D is the diffusion coefficient of the ion within the polymer,
R is the series resistance (which includes any wiring or contact resistance and the
resistance of the electrolyte), C is the double layer capacitance, and § is the thickness
of the double layer. These show that the response will be dominated by the largest
time constant. Experimentally, this is the time it takes for ions to diffuse into the
polymer film (7p). These admittance functions are measured using swept sine signals

and can related to physical properties of the polymer [87]. However, this model is
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generally too complex to model the response and in many cases a simpler model
involving a fewer variables can suffice [23].

Stochastic signals were first used to study electrochemical systems by Smith and
co workers [34, 134] in 1976. They showed that a pseudorandom white signal could
be used to make reliable impedance measurements relative to other periodic signals.
Here, frequencies of electrochemical interest were chosen and a corresponding wave-
form was generated. They then used Fourier analysis to determine the admittance
of impedance of the elctrochemical system studied. To the knowledge of this author,
these techniques have never been used in the study of conducting polymer actuators.
In this chapter, we use stochastic white signals with a Gaussian PDF to measure the

impedance of a conducting polymer as it is actuated.

4.0.1 Limitations of the DEM

e Effects of Finite Conductivity: The conductivity of a CP begins to influence
actuation behavior when the films are long and large currents are required to
drive actuation. In these cases, the DEM fails to account for the potential
drop across the polymer film. Peter Madden [89] further develops a model to
account for the limited conductivity of a polymer film. Making multiple points
of contact with a polymer film can increase the speed of the response however,

this adds to the complexity of design.

e Influence of Potential on Volumetric Capacitance: Penner et al [101]
suggest that the bulk volumetric capacitance is a strong function of the oxidation
state. The DEM provides few insights into how this evolves as a function of

potential or charge.

e Ability to Predict Polymer Performance: The expression derived in the
DEM cannot be expressed in the time domain and can be difficult to directly
compare it to experimental data. In many cases it is too complex and Bowers
demonstrated a simpler model can be used [23]. Since there is little direct corre-

lation to the polymer strain or stress, using this model is difficult for engineers
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to further CP applications.

4.1 Input Design Considerations

John Madden derived an expression for the admittance in his DEM model. This
expression in the denominator of Equation 4.1 is of lower order relative to the nu-
merator. This has also been experimentally verified [23]. Identifying an admittance
can become difficult, since inputs with power at high frequencies would need to be
generated. Using a potential input and a current output can complicate the SSID
procedure since at high frequencies, noise and nonlinearities can become dominant.

Therefore it is better to measure impedance rather than admittance. Typical input
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Figure 4-1: Typical PDFs of the input current (top left) and the output potential
(bottom right) as the standard deviations of the input is increased. Right: Coherence

squared estimate of the impedance transfer function estimated for PPy-PFg immersed
in BMIMPFg.
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output PDFs are shown in Fig. 4-1. As the amplitude of the current waveforms
are increased the response the nonlinearities within the response become significant
(Fig. 4-1 right). This occurs due to the oxidation and reduction reactions that occur
at potentials at 0.8 V and -0.8V. As the current increases, the oxidation and reduc-
tion reactions trigger a large jump in the potential (red curve in Fig. 4-1). These
potentials jumps can lead to the electrochemical potential spiking to 10 V at times
that can cause degradation of the polymer. These spikes can also be in the predicted
potentials relative to the measured potentials (See Fig. 4-2 bottom). The large spikes
saturate the potential at & 10 V due to the potentiostat. The VAF was calculated
using both linear and a wiener system model. The VAF for a linear system model
was 15%, so is not sufficient to fully model the system. Fig. 4-2 right could indicate
that a wiener system [80] with a static nonlinearity of the form in Equ 4.2 could be

a better model for the impedance response.
Vineas = Ae'Vlo + BeVLr (4.2)

Here, V is the predicted potential from a linear block, V, and V, are the oxidation
and reduction potentials. A and B are parameters to be fitted. Saturation peaks for
the predicted potentials occur at + 10 V to model the limits of the potentiostat. The
resulting VAF using the wiener model is 19%. This is not a significant improvement
over the linear system representation, which indicates more complex nonlinear models
must be used. For instance, cascaded systems with linear- nonlinear -linear blocks
[65, 77] or systems using Volterra [29, 76] basis function can be used. However,
these models increase the complexity of the model and do not give any additional
insight into the physical phenomenon governing the electrical behavior. Additionally,
an advanced model that works in ionic liquid might not necessarily work for other
systems. The rest of this chapter describes a simpler approach that can give an

alternative view of the impedance of a CP as it is actuated.
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Figure 4-2: Top: Cyclic voltamogram of PPy-PFg actuated in neat BMIMPFg. The
oxidation and reduction reactions happen at 0.75V and -0.7V respectively. Bottom:
Predicted potential output and measured output showing nonlinearities at the oxida-
tion and reduction potentials.
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4.2 Measurement of Impedance

A linearized impedance can be measured using a stochastic waveform with a gaussian
PDF with standard deviation of 2 mA. This input does not oxidize or reduce the
polymer and does not cause the film to actuate. This does give a measurement of the
impedance that can be related to the DEM model. Fig. 4-3 left shows the impedance
impulse response of PPy-PFy actuated in BMIMPFg calculated up to 0.06 s with a
sampling rate of 100 Hz. Fig. 4-3 right shows the bode response calculated from the
same data set. The magnitude plot shows an inflection at 1 Hz, indicating at least a
pole and zero in the response. A two exponential model can be used to fit the impulse

response function. The impedance impulse response can be represented by
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Figure 4-3: Left: Impedance impulse response function calculated using a current
input using a gaussian PDF between £2 mA for PPy-PFg in BMIMPF;4. Right:
Bode response of calculated using the same current and potential data.

Im(r) = ae™t + ce™d (4.3)

Where, a, b, ¢ and d are parameters that can be fitted to the impulse response
calculated from the data (Fig. 4-4). The optimal parameters for the coefficients
are @ = 48 + 4Qs !, b=1.2 x 10735, ¢ = 4.9 + 0.2Qs7!, and d=0.035s. These
closely resemble the 3 time constant model developed in the DEM model by John

Madden. The time constant related to double layer charging (7¢) is small and does not
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significantly influence the impedance until much higher frequencies. The sensitivity
of the model to the different fitting parameters was calculated and shown in Fig. 4-5.
The model shows little sensitivity to parameters a and b, where the VAF does not
change significantly by varying them. However, the parameters associated with the
larger time constant ¢ and d have a larger influence on the VAF. This time constant
is closely associated with the diffusion of ions through the polymer film and with
the charging of the polymer capacitance. We can attribute this to the volumetric

capacitance of the polypyrrole in the neat BMIMPFg system.
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Figure 4-4: Impedance impulse response function calculated for PPy-PFg actuated
in neat BMIMPFg. A two exponential time constant model can be used to fit the
impulse response.

4.3 Changing Impedance

This impedance can be a function of the oxidation state of PPy-PFg in neat BMIMPF.
To see the influence of oxidation and reduction on the polymer a triangle wave current
was superimposed on the stochastic waveform. The samples were clamped into the
SEDMA and preconditioned by applying a triangular wave current input without the
stress waveform until the electrochemical response stabilized. This preconditioning is

necessary to remove initial transients that occur during electrochemical cycling. In
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Figure 4-5: Sensitivity analysis of the four parameters fitted to the impedance impulse
response. The red circle indicates the optimal parameters calculated using a Toeplitz
matrix inversion.

the subsequent test, two separate inputs are used to excite the polymer, an electro-
chemical current between 2 mA to -2 mA and the stochastic stress. The resulting
potential and current data were sectioned into sequences of 10 seconds, and the data
were detrended. The impulse response and frequency response functions for each of
the sections were calculated. Since the frequency of the applied current is 0.5 mA/s,
there was little change to the impedance due to charge injection during the 10 s

interval.

The resulting impulse responses are plotted in Fig. 4-7. As the polymer undergoes
electrochemical cycling the impulse response evolves as charge is injected and ejected
through the polymer. The changes in the impedance closely mimic the changes in
the compliance discussed in Chapter 3. By integrating the area under the curve of
the impulse response, we calculated the low frequency impedance of the material.
This is a strong function of charge with the impedance. The impedance increases as
BMIMPFg ions are injected into the polymer and PFg move out. The low frequency
impedance can be calculated by integrating the impulse response function, which
would give the impedance at 0.1 Hz. This is plotted in Fig. 4-8 insert. This gives a

characteristic ” U shaped” curve for the impedance. At low levels of charge (between

73



N

Current (mA)
N o

0 100 200 300

Potential (V)
_a O 4

Charge (mC)
N
o

Time (s)

Figure 4-6: The current (top), potential (middle) and charge (bottom) data that were
used to calculate the impedance response as a function of charge.

0-10 mC) and at high levels of charge (30-40 mC) there are large concentrations
of 1-butyl-3-methylimidazolium ion (BMIMT™) ions diffusing into the PPy-PFg film.
This leads to a three times increase in the impedance of the film. The increase in
impedance can be attributed to the neutralization of the PFy ion within the film
causing the impedance between the polymer chains to increase. However, at very
large levels of BMIMPF¢ incorporation (greater than 40 mC) the impedance levels
off and even decreases slightly. This generally occurs when the polymer is oxidized
and is a potential dependent effect.

The two time constant model described in the previous section is fit to the indi-
vidual impulse responses. The constants a, b and ¢ do not change significantly with
charge, however the larger time constant (d) changes significantly (Fig. 4-9). It shows
a similar characteristic ” U shaped” curve as seen from the low frequency response in
Fig. 4-8 insert. To effectively model the data a parametric estimate for the time
constant was developed as a function of charge. The form of the parametric function

that was fitted to the response is

d= Ae P14 Ce D1 (4.4)
where A, B, C and D are parameters to be fitted and q is the charge injected into the
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Figure 4-7: The evolving impulse response function as the potential of the polymer
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Figure 4-8: The impedance impulse response as a function of charge. Impedance
of PPy-PFg measured in neat ionic liquid BMIMPFg using a current waveform. In-

sert: The low frequency impedance (0.1 Hz) changes as a function of charging of the
polymer.
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polymer. The fitted curve is shown in Fig. 4-9. The error associated with each of this
models are calculated and summarized in Table 4.1. Each of the models presented
here use various number of parameters to model the data and the VAF is not sufficient
to determine if a model is useful. To avoid the negative effects of over fitting, the

Akaike information criteria (AIC) criteria [80] described by

AIC =2k + N {ln(ZﬂSSTE) + 1} (4.5)

SSE =3 (y(i) - §(0))’ (46)

1=1

was used, where k is the number of parameters in the model, N is the number of
sample, SSE is the sum of squared errors (SSE), y is the measured output and g is
the predicted output. The estimate gets better as the number of samples increases
and penalizes a model if it has too many model parameters. For data sets with not

enough samples, a AICc can be used.

2k (2k + 1)

AICc = AIC + ————=
Ce +N—k—1

(4.7)
(4.8)

The MSE, VAF and SSE were calculated for the different models and are summa-
rized in Table 4.1. The non-parametric model with large number of parameters only
accounts for a little more VAF relative to using a single average impulse response to
describe the impedance. The model with an average impulse response also has the
least AICc and is a better model for the impedance. The impedance impulse response
measured this way is a strong of charge. However, these do not significantly capture

the oxidation and reduction of the polymer.

Fig. 4-10 shows the changing impedance relative to the actuator strain produced.
This shows simultaneous measurement of impedance and the strain produced by the
polymer. The changing impedance can be used as means to measure the strain of the

polymer. This technique can therefore be used to monitor the strain of a polymer
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Figure 4-9: Evolving time constant d as a function of charge. Equ. 4.4 shows the
fitted curve (red)

Table 4.1: The VAF, MSE and AICc calculated for the different parametric and
non-parametric estimates of the impulse responses.

Model Number of | VAF (%) | MSE SSE AlCc
Parame-
ters

Non-parametric 40501 99.1 8.03e-6 119 9.5

charge varying im-
pulse response

Parametric charge | 1604 98.7 5.4e-4 181 -3.5
varying impulse

response

Parametric ana- | 8 97.13 2.61e-5 337 -3.95

lytic charge varying
impulse response

Average impulse re- | 4 96.7 3.05e-5 365 -3.92
sponse
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actuator as its being actuated without the need to use an separate strain sensor.
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Figure 4-10: The changing impedance and strain of PPy-PFg actuated in neat
BMIMPFg. The changing impedance can be used as method to measure the strain
without the need of a strain sensor.

4.4 Conclusions

In this chapter, we have applied stochastic system identification techniques to study
the electrochemical impedance of polypyrrole actuators. A pseudo linear model using
a slowly evolving FIR model as a function of the input charge is developed. The
model is fitted to a two time constant model and the evolution of the parameters of
the model is studied. The larger time constant is related to the volumetric capacitance
of the polymer and it is measured as a function of charge. The implications of the
FIR model structure on the VAF is discussed and it is shown that a single average
impulse response is sufficient to model all of the impedance response. Finally the
impedance is tracked as function of charge and it is shown how this can be used to
simultaneously measure the strain during actuation with the need of an additional
strain gauge. This can have advantages when developing multi functional materials
where simultaneous measurement and generation of strain are needed from the same

material.
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Chapter 5

Electrochemical Mechanical

Characterization

Linear actuators can be characterized by measuring the active stress, active strain,
strain rate and efficiency produced by them. Most typical actuators take in an elec-
trical input and produce a mechanical movement. In conducting polymers, the input
electrical signal drives an electrochemical system that in turn causes a mechanical
response. The previous chapters described experimental techniques that can measure
the evolving properties (mechanical and impedance) as a function of its oxidation
state. A variation of this technique can also be used to understand the mechanical
response of the polymer directly to an electrical stimulus. The mechanical actuation
response can be compared to each other on the basis of the strain that they can
generate at a constant preload. Conducting polymers can typically generate up to
10% strain at a 1 MPa preload. However this does not give any information about
excitation frequency, any non-linearitys that can be present in the response, or infor-
mation about the strain to charge ratio or the modulus. These coupled effects make it
difficult to truly assess the properties of a conducting polymer actuator and compare
improvements in properties objectively. Hence, it has become desirable to be able to
easily make dynamic measurements of stress and strain relative to an input current
and potential.

There are a number of different input signals that can be used to conduct linear
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system analysis and generate a frequency response. These can include impulses, steps,
random Gaussian signals, random binary signals and swept sine inputs. Prior work
[87, 146] briefly looked at the frequency response of linear conducting polymer actua-
tors using swept sine signals. Furthermore, trilayer actuators have been characterized
using swept sine techniques [68]. These techniques however cannot decouple multiple
competing effects such as effect of the strain to charge ratio and the modulus. Due
to these and other advantages mentioned in Section 1.2, a stochastic signal was used

primarily in the various characterization techniques developed in this chapter.

5.1 Isometric Actuation

Isometric actuation occurs when the polymer is held at a constant strain and the
corresponding force the polymer can generate is measured. In the case of a conducting

polymer, the Equation in Laplace domain (3.1) can be written as

o(s) = Ge(s) — aG(s)Q(s) (5.1)
o(s) = G(s)e(s) — aG(s)@ (5.2)
2y =~y (5.3)

The derivation in Equation 5.1 assumes a stochastic waveform for current and
that the strain and current signals are orthogonal. The resulting cross-correlation
functions are then related by —QS—G—. This gives a direct measurement of the strain to
charge ratio (o) and the modulus (G) in one test. At low frequencies (less than 20
Hz) we can assume G is a constant (Fig. 3-5) as a function of frequency.

The ratio %Iﬁf can be calculated and the strain to charge ratio and the modulus
can be estimated from the roll off of the frequency response. Thermodynamically,
the potential determines the oxidation state of the polymer; hence it is a convenient
input to control. This ensures that we can compare the performance of the polymer

actuator across multiple samples and conditions. The ratio can be estimated using a

80



=
(=]
o

I
n

1
«

-
o

Stress—Current
Amplitude (MPa/mA)
o

—_
o

b
[o)e]e]

-20

Phase
»h
[o]=]

-80 e

107 10~ 10°
Frequency (Hz)

Figure 5-1: Typical isometric response for PPy-PFg in 1M NaPFg, calculated using a
random binary input updated at 10 Hz. The roll off at frequencies greater than 0.05
Hz have a slope of aG.

random binary input for potential between -0.7 V to 0.9 V at an update and sampling
rate of 10 Hz and a preload of 2 MPa. It is important to pick a potential window where
only the anion dominates the actuation. Although multi-ion motion is an interesting
phenomenon to understand, any practical actuator application would need to have
motion of only one ion species [110]. Since polypyrrole is a cationic system [129],
using anions to drive the volumetric expansion tends to be the most desirable. In the
case of actuation in aq NaPFg, the potential window of the random binary output is

adjusted to ensure only that the PFg ion dominates the actuation (Fig. 5-2).

The potential must be held constant for 0.1 s, which allows the polymer to react
and a stress signal to be measured. PPy-PFg was tested using this technique. The
input (current) and the output (stress) are then de-trended to remove the non-zero
means. The potential window ensures that only the negatively charged ions move in
and out of the polymer. The test lasted for 5000 s, and the first 100 s of the data
were disregarded. The calculated response for polypyrrole doped with PFg can be
seen in Fig. 5-1. The response rolls off at s~ between 0.05 Hz and 5 Hz. At these
frequencies, the coherence squared (Fig. 5-3) is one indicating that the response is

linear with little noise or nonlinearities. At lower frequencies, the coherence squared
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Figure 5-2: PPy-DEHS actuated in aq 0.1 M NaPFs. The potential window was
varied until only one ion (PFg) moves through the film.

degrades, indicating significant nonlinear behavior possibly due to creep.
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Figure 5-3: Coherence squared estimate of the isometric response using a stochastic
signal.

The information in Fig. 5-1 can also be used to estimate the strain to charge
ratio (o). We can assume that at lower frequencies (less than 5 Hz), the modulus
(G) is a constant relative to the frequency. Furthermore, G changes between 20-40%
as a function of charge in the BMIMPFg system; therefore we can measure a to

within that range. In this case, G is 800 MPa; the strain to charge ratio becomes
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1.0+ 0.2 x 10~''m3C~!, which is comparable to results achieved in prior work [87].

5.2 Isotonic Actuation

In isotonic mode, the stress is held at a constant as a potential is applied to the
polymer. The Aerotech stage moves to keep the stress constant (as described in
Section 2.2). The total strain that a polymer actuator is given by Equation 5.4.
Using this as a starting point and assuming stochastic input signals for stress and

current Equation 5.6 can be derived.

er(s) = J(Q, 8)o + aQ(s) (5.4)
er(s) = J(Q, s)o + ag (5.5)
v = J(Q,5) %0y + 1y (5.6)

The feedback loop within the SEDMA during an isotonic test causes the potential
and stress signals not to be completely orthogonal, making cross-correlation term @,y
non-zero. However, looking at the signals, we can ascertain the overall open loop roll
off frequency and the strain at numerous frequencies. Hence, it can be a valuable tool
in ascertaining improvements in polymer performance.

The ratio %}% represents the amount of strain we can get from a conducting
polymer. This can be done by multiplying the magnitude of the frequency response
plot with the maximum allowable potential difference. Fig. 5-4 shows the estimated
ratio using a random binary input for potential between -0.7 V to 0.9 V at an update
and sampling rate of 10 Hz (similar to the signal described in 5.1). The test was
conducted for 5000 s and the first 100 s of the data were disregarded. The input
(potential) and the output (strain) was then de-trended to remove the non-zero means,
and the dataset was usually averaged over 5-10 cycles (500 s-1000 s). In this case,
the strain at 0.05 Hz can be calculated to be 1.5%/V with the response rolling off at
0.1 Hz. The coherence squared is close to one between 0.01 Hz and 5 Hz, showing a

wider linear region relative to the isometric case (Fig. 5-5). This is not the maximum
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Figure 5-4: Typical isotonic response for PPy-PFg in 1M NaPFg, calculated using a
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Figure 5-5: Coherence squared estimate of the isotonic response using a stochastic
signal.
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possible strain at low frequencies but just the typical strains that can be obtained
over a large number of cycles. Other authors [87, 146] showed similar results using
a swept sine current input and measured the transfer function between strain and
current. This also can be used to calculate the strain to charge ratio; however it is
difficult to use these curves to compare against other conducting polymer actuators.
Since the electrical conductivity of many of these actuators is different, the same
current input can cause large fluctuations in potential which can cause damage to
the polymer chain. By using a current input, we cannot control which ion species are

mobile during actuation.

5.3 Applications of SSID to the Development of

Conducting Polymer Actuators

5.3.1 Effect of Solution Resistance and Temperature

It has been widely reported that increasing the temperature significantly enhances
the overall strain and performance of PPy actuators [13, 71, 72, 82, 104]. However,
the reasons for the enhancement are poorly understood. Various authors conjecture
that the increasing temperature enhances diffusion within the polymer resulting in
overall improvement in strain. To verify this, numerous stochastic isometric tests
were conducted on PPy-PFg films in neat BMIMPF¢ at various temperatures. The
random binary sequence between -0.9 V and 0.9 V was applied and sampled at 10
Hz. This large potential window was used in order to maximize actuation. It has
also been established that in neat BMIMPF, the cation moves over a wide range of
potentials [71, 82, 109]. Fig. 5-6 shows the results of the isometric tests. Significant
improvements in the overall stress are seen; however, it is not accompanied with any
change in roll off frequency. There is no change in the strain to charge ratio or the
modulus. This can also be seen when the modulus is measured independently without
any actuation (See Fig. 3-13) . Similar tests were conducted with PPy-PFg in 0.01
M NaPFg at temperatures up to 45°C (See Fig. 5-7). Higher temperatures could
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Figure 5-6: PPy-PF¢ films actuated at different temperatures in BMIMPFg. The
slope of the high frequency represents the product of the modulus and strain to
charge ratio.

not be reached without breaking the polymer or rapidly increasing evaporation of
the electrolyte. In this case, there was no rapid rise in the stress amplitude as the

temperature increased compared to the BMIMPFg case.

The diffusion within the polymer is relatively unchanged as the temperature rises.
However, this can be easily explained by the reduction of electrolyte resistance. The
different electrolytes were warmed up as the solution conductivity was measured using
a solution conductivity probe. The result can be seen in Fig. 5-8. There is a rapid
rise in the conductivity of the BMIMPF§ solution, but the rise in the conductivity
of the 0.01 M NaPFg¢ is not nearly as significant. This implies that the changing
solution conductivity is responsible for the increase in stress seen in Fig 5-6. A

similar conclusion was drawn in Vandersteeg PhD these [146].

The increase in solution conductivity improves the actuation not only in isometric
but also in isotonic mode. To verify this, three solutions were prepared with different
solution conductivities by varying the NaPFg concentration in water. There was a
significant increase in overall strain of the PPy-PFg films, but the roll off frequency
stays approximately the same (See Fig. 5-9). Effect of electrolyte concentration on

actuation was studied by [61, 24, 20] who did not report any enhanced actuation due to
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Figure 5-8: The solution conductivity of BMIMPFg and NaPFg solutions.
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the simple presence of a large number of anions. The increase in solution conductivity
effectively reduces the effect of the inherent polymer resistance by minimizing the

potential drop across the polymer surface.
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Figure 5-9: Isotonic actuation of PPy-PFy films in solutions of varying solution con-
ductivity.

The potential of the polymer on the opposite side of the point of application was
measured (i.e. the potential drop across the polymer surface) at different solution
conductivities. Fig. 5-10 shows that the potential drop is minimized as the solution
conductivity decreases. This leads to effectively more of the polymer seeing the same
potential, maximizing the strain output. The effect can also be seen when actuating
long samples. Two samples, 5 mm and 15 mm were actuated in electrolytes of varying
solution conductivities. For solutions with high conductivities, the strain obtained
from both the 15 mm and 5 mm films are the same. However, as the conductivity
decreases, the strain from the larger film decreases significantly. This is due to the
large potential drop across the PPy-PFg film because of the higher resistance of
the larger film (See Fig. 5-11). Minimizing these length effects can be important in
developing new conducting polymer actuators with large strokes. Keeping the solution
conductivity as large as possible should be an important design for applications that

require large strains.
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Figure 5-10: A triangle wave waveform (input) is applied to one end of a PPy-PFg
film and the potential at the other end is measured. The potential drop across the
polymer is minimized in solutions of high solution conductivity.
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Figure 5-11: Effect of the solution resistance on strain of PPy-PFg films. The longer
15mm films show lower strains compared to the shorter films.
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5.3.2 Effect of Mixtures

Conducting polymer actuators can be developed to generate large strains, large forces,
long lifetimes, low creep rate and strain rates. However, achieving multiple useful
properties in an actuator simultaneously can be difficult. One way to improve both
strains and strain rate can be to actuate the CP in a mixture of highly mobile small
ions as well as larger ions that can cause a bigger volumetric expansion. Even though
having mobile cations and anions will tend to negate the overall strain an actua-
tor can produce, multiple mobile anions can potentially be used to produce larger
strains and strain rates. Most of the studies on multi-ion actuation [19, 51, 127, 129]
focus on cation vs anion dominated actuation, where the size, excitation frequency
and thermodynamic driving force (potential) determines the permiselectivity of the
actuating ion. In addition, conducting polymers might be considered to be used
in environments where multiple ions can diffuse into the polymer such as the body
[11, 54] or in seawater [138, 144]. Another application of the stochastic techniques is
to understand the effects of mixtures of different salts in electrolytes. Fig. 5-12 shows
typical strains by PPy actuated in various Group 1 salts in aqueous electrolyte. This
data was collected by [20, 32, 48, 58| and this author. The larger strains are due to
the diffusion of larger ions such as the DEHS and the trifluorosulfonamide (TFSI).
These large strains typically last for fewer than ten cycles due to degradation of the
PPy. Smaller, more repeatable strains are produced from smaller ions such as the
PFg and chloride ion (Cl). The only exception are the PPy-DEHS films actuated in
the dodecyl benzene sulfonate ion (DBSA) molecule where the large molecules cause

smaller strains.
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Table 5.1: Actuation of PPy films doped with PFg and DEHS actuated in various

salts.
Dopant | Size (4) | Conductivity (S/m) | Actuation Ion | Size (A) | Strain
PFy 35 6%
Pl 3 3000 DEHS 126 | 0.8%
PFy 35 | 05%
DEHS 12.6 891 DEHS 12.6 9%
DBSA 17.9 1%

The PPy-DEHS film is doped with a smaller ion than the DBSA molecule; hence
it is difficult to drive the larger DBSA molecule into the polymer matrix. Similar
results can be seen in Table 5.1, where PPy doped with smaller ions (such as the PFg)
actuated with small strains when actuated in aqueous solutions containing large ions
such as the DEHS. On the other hand, the polymer doped with the DEHS ion shows
relatively moderate strains when actuated in ions which have equivalent or smaller
sizes. This happens in spite of the fact that the electrical conductivity of the PPy-
DEHS is lower than the PPy-PFg ion. Fig. 5-13 top shows that PPy-DEHS actuated
separately in 1 M NaPFg and in 0.1 M NaDEHS (both solutions are saturated with
the highest solution conductivity possible). The larger DEHS ion shows larger strains
but a lower roll off frequency compared to the film actuated in the smaller PFy ion.
Fig. 5-13 bottom shows an intermediate actuation state, where the overall gain on

strain is increased and the roll off frequency is increased as well.

5.3.3 Understanding the Influence of Film Conductivity

It is important to understand the effect of the polymer film’s Conductivity on the
actuation properties. It is generally well known that the larger the conductivity of a
film, the larger active strain can be obtained [87, 108, 46]. This can be accomplished
by either coating a side of the polymer film with a conducting layer such as gold or
by trying to vary the electrodeposition deposition conditions. In this experiment, two

PPy-DEHS films were created, one with pyrrole distilled one day before use and one
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Figure 5-13: Top: PPy-DEHS actuated separately in 1 M NaPFg and in 0.1 M
NaDEHS in water and ACN in 3:1 ratio. Bottom: PPy-DEHS actuated simultane-
ously in 1 M NaPFg and in 0.1 M NaDEHS
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with pyrrole distilled four months before use. The conductivity of the film with freshly
distilled pyrrole was 4500 S/m, while the PPy-DEHS film with the older pyrrole had
a lower conductivity of 1680 S/m. The film with a larger conductivity showed not

only larger strains but also a higher roll off frequency.
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Figure 5-14: Increase in actuation strain due to increase in the conductivity of the
PPy-DEHS film. Films were actuated in mixture of 0.1 M NaPF6 and 0.1 M NaDEHS
solution.

5.4 Conclusions

In this chapter, we have developed a technique that helps us visualize the influence of
various dopants, actuation environments, film conductivity and solution conductivity
on the actuation of a conducting polymer. It has been demonstrated that increasing
the solution conductivity can significantly improve actuation strain and strain rates
by minimizing resistive losses. The random binary signals can be developed for the
CP that ensures that either the cation or the anion is dominant and the influence of
that ion on actuation can be studied. The effects of the active ion species on the strain
and strain rates can also be studied. The slope of the high frequency section of the
frequency response in isometric configuration gives information about the modulus
and strain to charge ratio. In isotonic mode, the overall strain and the strain rate

can be efficiently determined.
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Chapter 6

Application of Soluble Carbon

Nanotubes to Polymer Actuators

The previous chapters describe novel methods that can be used to understand and
improve CP actuator properties. However, they do not describe any efficient method
to eliminate the effect of creep from these actuators. These effects can lead to highly
undesirable performance during any practical actuator performance [87, 4, 86]. In
addition, limited electrical conductivities and poor mechanical properties can hinder
the development of these actuators. Many of these properties can be improved by
incorporating various fillers such as carbon black, metals and CNTs having desirable
properties into the polymer matrix [149, 39, 146, 141]. Carbon nanotube-polymer
composites have drawn significant attention lately [121, 2, 1, 111, 147]. These com-
posites are created to increase conductivity, robustness and improve stiffness of the
underlying polymer matrix. In many cases, it is difficult to control the concentration
of the carbon nanotubes into the polymer matrix and therefore difficult to character-
ize their influence on actuation. This chapter discusses various techniques studied to

incorporate CNTs into CPs and their effects on actuation properties.
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6.1 Incorporation of CNTs in Conducting Poly-

mers

Conducting polymer CNTs composites have been studied as muscle like actuators [63,
141, 122, 137]. In most cases, the actuation properties vary significantly based on the
techniques used to create the composite material. Various approaches exist to create
these composites that include mechanical mixing [14], in situ polymerization [45, 56,
64, 154], layer by layer approaches [146] and simple drop casting [36, 141, 146]. When
blended in a certain (layered) configuration, these composites offer greater actuation
than its pristine components. Some authors have suggested that incorporation of
CNTs into CP actuator films could lead to an actuator that benefits from the high
stress and strain usually observed in CP actuators. The larger stiffnesses of the CNTs
lead to a more reversible actuation behavior [137, 141]. For example, polyaniline-
carbon nanotube composite (PA-CNT) fibers and composite sheets had actuation

strain higher than pure CNTs.

This work investigated several techniques for incorporating CNTs and CPs, includ-
ing direct deposition of CNTs during electrochemical polymer synthesis, soaking and
sonicating the polymer film in a CNT suspension, electrostatic self-assembly of CNTs,
and fabrication of a multilayer polymer- CNTs film by alternating drop-casting of a
CNTs suspension and electrodeposition of the polymer. These techniques required the
CNTs to be easily processible and soluble in polar and even ionic solvents. Pristine
CNTs are insoluble in most solvents due to the strong van der Waals interactions be-
tween them. However, multiwalled covalently functionalized carbon nanotubes have
larger solubilities in organic and aqueous solutions [139, 117, 153, 152]. These func-
tionalized carbon nanotubes (fCNTs) are ideal candidates for incorporation into the

CP fabrication process.
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6.1.1 Direct Incorporation of CNTs

The simplest method to incorporate CNTs into a CP is to directly dissolve the f{CNTs
into an electrolyte during the deposition process. However, doing so invariably leads to
samples with poor mechanical stability. Depositions were tried in aqueous solutions,
propylene carbonate and ionic liquid BMIMPFg, all of which generated films with poor
mechanical properties, and their effectiveness as actuators could not be accessed. A
better method would be to directly grow PPy films on a CNT substrate. We cast
fCNTs on a glass slide and electrodeposited PPy-PFg on top of the film. The film was
deposited in 0.05 M pyrrole in propylene carbonate and 0.05 M tetrabutylammonium
hexafluorophosphate (TBAP). Two samples were prepared; one where the f{CNT film
was dissolved (PPy) to get a free standing film, and one where the f{CNT film was
left on the film PPy-CNT. (This work was done in conjunction with Dr. Jei Ding

and Dr. Wei Zhang who prepared the samples for testing).

CNT
substrate

PPy

Figure 6-1: The PPy film grown on the surface of a dry fCNT film. The fCNT is
much more compliant than the PPy layer, causing it to break under large pre-loads.

We measured the conductivities, densities and modulus of the films and are shown
in Table 6.1. The fCNTSs are generally more compliant and less conductive than PPy;

therefore, the measured modulus of the composite and the conductivity are lower
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than pristine PPy yet higher than the pristine f{CNTs. When actuating these films,

we have to account for the difference in compliance, since at large loads PPy can

break (Fig. 6-1) and delaminate from the substrate.

Table 6.1: The measured properties of PPy and PPy-CNT composite films. The

modulus was measured at 1 Hz.

Polymer | Thickness (um) | Conductivity (S/m) | Density (kg/m®) | Modulus (MPa)
PPy 40 3.529% 10° 2.064x 107 215
PPy-CNT 310 1484x10°(PPy side) | 4.081x10° 175

We actuated the films in necat BMIMPFg in order to access any improvement in

actuator performance (Fig. 6-2). There is no significant change in the performance of

the composite as compared to the PPy film. Both showed the same creep rates and

actuation strains. This deposition technique leads to very little direct incorporation

of the fCNTs into the polymer matrix; hence, it simply acts as a passive mechanical

layer with little influence on overall strain or strain rates. Therefore, it is desirable

to use other techniques to directly incorporate f{CNTs into the PPy matrix.

1.2 s — i
Dissolved fCNT substrate
1+ —PPy-CNT Composite film .
AN
.N
\u" 1 1 H L 1 I\
100 200 300 400 500 600

Time (s)

Figure 6-2: The strain and creep rates in PPy-CNT and PPy films actuated in neat

BMIMPF¢ between 0.8V and -0.8V at 1 MPa preload.
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6.1.2 Incorporation using Electrostatic Assembly

Another approach to prepare the PPy-CNT composite involved incorporating func-
tionalized f{CNTs into PPy-PFg film via physical absorption. The f{CNT forms a crust
on a substrate when the solvent the f{CNT is dispersed in evaporates [40]. We grew
the PPy-PF¢ thin film in a propylene carbonate solution containing 0.05 M pyrrole
monomer and 0.05 M TBAP, with 1% (v/v) water. PPy-PFg films were deposited
onto polished glassy carbon substrates at a current density of 2.5 A/m?. A piece
of polished copper was used as the counter electrode, and an Ag wire was used as
the reference electrode. The cell deposition temperature was controlled at -40°C
and the solution was nitrogen saturated. The film was grown at a constant current
for 16 hours. The PPy-PFy film was washed with propylene carbonate and peeled
from the glassy carbon electrode. The film thickness was 22 ym. Subsequently, the
free standing film was placed in a well dispersed solution of f{CNTs (1.0 mg/ml) in
propylene carbonate for 30 minutes, then dried with nitrogen gas (PPy-fCNT phys-
ical adsorption). The measured film thickness was still 22 ym. However, SEM (Fig.
6-4) indicates that only a small amount of f{CNTs were deposited on PPy surface(this
work was done in conjunction with Dr. Jei Ding and Dr. Wei Zhang who provided the
samples and conducted the passive characterization experiments). Another approach
to prepare the PPy-CNT composite involved depositing f{CNTs onto PPy-PF¢ films
via electrostatic-driven self-assembly under an applied electric field. The PPy-PFq
film was prepared by following the same procedure as in the previous approach. The
PPy-PFg thin film deposited on the glassy carbon electrode was placed into f{CNT
solutions with different concentrations (0.1 mg/ml and 0.01 mg/ml in propylene car-
bonate). The electrostatic assembly of f{CNTs was conducted by applying a 0.65 V
potential on the PPy-PFg film for 30 minutes. Here, the electric field attracted the
negatively charged f{CNT to the surface of the PPy-PF film. The composite film was
then washed with propylene carbonate and peeled off from the glassy carbon elec-
trode. The film thickness was 32 um (PPy-fCNT electrostatic assembly). Based on
the thermogravimetric analysis (TGA), the PPy-PFg polymer showed a 37% weight
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Figure 6-3: Schematic of creating the composite films using electrostatic assembly.
The PPy film is grown under standard deposition conditions. The film is then
switched to another container with well dispersed fCNTs, where the film is either
soaked or exposed to an electric field.

loss, while TGA of fCNT showed a 44% weight loss. Since the higher weight loss
corresponds to the higher ratio of the {CNT to PPy-PFg in the composite, this TGA
result showed the highest CNT content in the composite prepared via this approach.
Also from Fig. 6-4, we can see the presence of a higher density of f{CNTs on the
surface of the PPy-PFg (data courtesy of Dr. Jie Ding).

Actuation of Electrostatically Assembled Films

Fig. 6-5 shows the strain response of control and composite films to a potential square
wave at 0.05 Hz between -1.0 V and 1.0 V vs. Ag wire. The composite materials not
only exhibited improved conductivity over the control sample but also showed greatly
minimized creep behavior during actuation tests. The PPy-fCNT physical adsorption
and the electrostatic discharge films show smaller creep rates than the control PPy-
PFg films. They also have on average smaller strain amplitude (3%) than the control
films (5%). The modulus is calculated at 1 Hz and is 1000 MPa, the electrical
conductivity for the control film is 2500 S/m, and the films exposed to fCNTs are
2800 S/m. However, the differences in these properties are not sufficient to explain

the large variation in active mechanical properties seen in Fig. 6-5. We characterized
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Soaked
Films

Electrostatic S8 ',
Assembly S8

Figure 6-4: SEM images of the PPy-PFg and fCNT film composites. Blue: Con-
trol PPy-PFy film without f{CNTs. Red: PPy-PFg film with fCNTs included using
physical adsorption. Green: PPy-PFg film with fCNTs included using electrostatic

assembly (Picture courtesy Dr. J. Ding).
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Figure 6-5: Active strain in the PPy-fCNT physical adsorption (Red) and the elec-
trostatic discharge (Green) films relative to a control PPy-PFg (Blue) film. The films
exposed to CNT's showed significantly lower creep rates relative to the control films.

the creep response of composite using a step change in stress and measuring the
corresponding strain (Fig. 6-6). The mechanical creep rates are the same in all of the

films: this shows that actuation of the films directly causes the decrease in actuation.

6.1.3 Incorporation using Layer by Layer Drop Casting

Although the electrostatically assembled films show improvement in creep responses
of a polymer actuator, it is difficult to incorporate a controlled amount of CNTs
into the polymer. To actively control the weight of the CNTs a layer by layer ap-
proach was used. Similar approaches have been used in the development of batteries
(79, 38, 78]. In these experiments, we used multi-walled sCNTs, which provided the
desired solubility and ionic properties while maintaining conductivity. The sCNTs
polymer composites were obtained by alternating drop-casting of sCNT with elec-
trodeposition of the polymer 6-7. Using this method, the ratio of sSCNTs to polymer
in the composite could be easily controlled by the amount of suspension added, and

therefore, allowed us to investigate how increasing amounts of sCNTs affected the
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Figure 6-6: The creep response of the mechanical component was measured using a
step change in stress and measuring the corresponding strain.

composites properties: creep rate, conductivity, stiffness, thickness, and active strain.
In this study, PEDOT and PPy were used as the CP materials to fabricate Poly(3,4-
ethylenedioxythiophene)-carbon nanotube composite (PEDOT-CNT) and PPy-CNT
composites, due to the fact that free-standing PEDOT and PPy films could be eas-
ily synthesized electrochemically using similar procedures. It was observed that the
sCNTs significantly reduced the creep rate of both PEDOT and PPy but also re-
duced the overall strain and active stress. However, actuating the polymer at larger
preloads can eliminate these effects (this work was done in conjunction with Yenmei

Keng, Prof Ali Sheikh and Jan Schnorr).

PPy-CNT composites were fabricated into multilayer structures. Nine-layer PPy-
CNT composites were brittle, and the layers tend to separate when the sSCNT content
was higher than 20%. The PPy-CNT composites were fabricated with three layers of
PPy sandwiching two layers of SCNTs, forming five layers. The deposition setup for
PPy layers were the same as the setup used for PPy layers, except that the monomer
added was 0.13 M of distilled pyrrole. We repeated the drop-casting and weighing

steps for PPy-CNTs. The PPy-CNT composites were made for approximately 10%,
30% of sCNTs by weight.
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Figure 6-7: The procedure for fabricating layer-by-layer PEDOT-sCNT composite

films included electrochemical deposition of PEDOT layers and drop-casting sCNT
water suspension (image courtesy of Y. Keng).

104



Actuation of Layer By Layer Drop Cast Films

Isotonic results showed that increasing the amount of sCNTs decreased the creep
rate in PPy-CNT composites. Fig. 6-8 left shows that the creep rate decreased
significantly when the sCNTs content increased from 0% to 10%, and it decreased
further when another 10% sCNT (total 20% sCNTs) was deposited. The charge
motion through the composite films was more reversible than the PPy control; i.e.
the same number of ions diffused into the polymer bulk as moved out (Fig. 6-8
right). In contrast, in the PPy films with no sCNTs, the average charge decreased
with time, implying that some cations remained in the polymer bulk as the film was
being actuated. Although increasing the sSCNT content also reduces the total strain,

this can be mitigated using larger preloads [73].
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Figure 6-8: Increasing the amount of sSCNTs reduced the creep and strain of the PPy
composite. The 20% sCNT composite had no creep, while the PPy control crept more
than the 10% and the 20% sCNT composites.

6.1.4 Effect of sCNTs on Actuation

Fig. 6-9 displays a proposed mechanism that shows the influence of carbon nanotubes
during the actuation cycle. The carbon nanotubes cross link with the CP chains,

reinforcing the polymer matrix. The top row in Fig. 6-9 shows the actuation cycle
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in CP films. As ions diffuse in and out of the film, the CP films do not go back to
their original configuration, which leads to a permanent deformation. However, in the
SCNT blended films seen in the bottom row of Fig. 6-9, the strong bonding between
CNTs and the CP chains act as internal springs and is able to restore the polymer
matrix back to its original configuration. This also results in the reduction of strain

amplitude in the blended film compared to the control CP films. Similar results can
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Figure 6-9: A speculated mechanism on how the sCNT influence polymer actuator
behavior. The PEDOT control could expand evenly while ions diffused into the
polymer, but the composite could only actuate fully at the areas where the sCNTs
were absent. The dots are used for position reference. The grey dots represent the
areas affected by sCNTs, the red dots represent the unaffected areas, and the blue
curve represents a sCNT.

also be seen when studying Li ion batteries [41, 42, 52]. Here, the incorporation of
CNTs into the battery electrodes increases the reversibility of charge-discharge cycles
of these batteries. The incorporation of CNTs, improves the stiffness and electrical

conductivities, thereby improving overall battery performance.

The addition of CNTs significantly reduces the creep rates in both PPy and PE-
DOT composite films (Fig. 6-10). The optimal CNT content to eliminate creep in
both cases is between 10-20% when the films are synthesized using a layer by layer
approach. Adding additional CNTs does not improve creep performance but reduces

the strain.
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Figure 6-10: The strains (top) and creep rates (bottom) for different polypyrrole
and PEDOT and carbon nanotube composites. There is a reduction of strain and
corresponding creep rates in both materials as the CNT content is increased. (Parts
of the data was collected by Y. Keng)
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6.2 Effect of Rolling on PPy-sCNT composites

Pytel et al [108] showed that rolling of PPy samples significantly increased the polymer
actuator conductivity as well as active strain. These improvements can be attributed
to the improved conductivity as the polyiner chains align in the direction perpendic-
ular to the rolling direction. Keng [73] showed that some of the films developed using
a layer by layer process showed visible gaps (in an SEM) between layers, indicating
poor bonding. Actuation properties of the films developed using the layer by layer
approach might be further improved by rolling the films. Rolling might compress the
films to improve the bonding between layers as well as improve conductivities between
layers and across the thickness of the films. Rolling might also result in alignment
of the CNTs within the films which could improve actuation properties as well (Fig.
6-11) (Work done in conjunction with Juan Lozada and Dr. Ali Sheikh, who prepared

samples).

We grew one layer of PPy from 0.05 M TEAP in PC. The glassy carbon electrode
was removed from the deposition environment and dried. A second layer of sCNTs
was drop cast from a 5 mg/ml solution. The new layer of polypyrrole was grown on
top of the film to create a three layer structure. Films of varying sCNT concentrations
by weight were made. The films were rolled using the dunston rolling machine shown
in Fig. 6-11. The films typically showed a 30% increase in strain in the length
direction, 10% increase in strain in the width direction and a 20% decrease in strain
in the thickness direction. The electrical conductivity of the films were measured
in all the directions. Generally, electrical conductivities were highest perpendicular
to the rolling direction and lower parallel to the rolling direction (Fig. 6-12). The
films were actuated in neat BMIMPFg between 0.8 V and -0.8 V using a square
wave potential waveform with a 0.025 Hz frequency. There is a significant increase in
strain in the direction perpendicular to the rolling direction, which is consistent with
previous results [108]. These is a seven fold increase strain for all films regardless of
the CNT content (Fig. 6-13). This implies that the CNTs are not aligned using the

rolling process within the PPy or that it does not influence actuation.
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Figure 6-11: Top: Dunston rolling machine: The polymer films are rolled between
the rollers at a constant load and velocity. Bottom: Effect of the rolling on CNT
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Figure 6-13: Effect of rolling on the actuation strain relative to the different rolling
directions. Strain in the direction perpendicular to rolling direction is the largest.

6.3 Conclusions

In this chapter, we have discussed different techniques to incorporate CNT's into CPs.
The electrostatic assembly approach involves alternate growing of a polymer and then
assembling CNT's on the surface by applying a negative potential on the surface of the
grown film. Another approach would be to use alternate electrodeposition and drop
casting steps to incorporate the CNTs. Using this method we are able to precisely
control the carbon nanotube content within the polymer and study the effects of
increasing the CNT concentration on actuation properties. One of the drawbacks of
using a multi layer approach of assembling these films is the separation that occurs
between layers. This can be rectified by post processing the films. We rolled the films
and show that rolling increases the conductivity and actuation strain that can be
obtained in the direction perpendicular to the rolling direction. However, increasing
the CNT content does not improve the overall strain that one can generate from the

polymer.
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Chapter 7

Conclusions

Conducting polymer actuators are currently studied using traditional triangle wave,
square wave or sinusoidal excitation potentials. These signals are useful in study-
ing actuators, but many different experiments are necessary to fully characterize one
polymer system in a single actuation environment. Since the combinations of poly-
mer, dopant, electrolyte, and active ion are numerous, this can significantly slow the
development of these materials. The stochastic techniques developed in this thesis can
be used to quickly generate frequency response plots which are far more informative.
It can also be used to track compliance and impedance transfer functions relative
to a oxidation state. Beyond that, the same techniques can be used to measure the
compliance, impedance and actuation properties as a function of load, temperature
and even humidity. These new techniques promise to speed up the development of
electrochemical actuators to a point where they can be incorporated into engineering
systems. In Chapter 3, we have shown that incorporation of small cations causes the
largest compliance changes, while anions do not cause significant changes. Once the
effect of oxidation reduction on the compliance is characterized, we can also show how
the strain to charge ratio can be estimated from the same graph. In this case, the
strain caused by the changing compliance can simply be subtracted from the total
strain, and the strain component due to ion incorporation can be measured. Similarly
we have shown how the impedance transfer functions can be measured and how they

can be used to make simultaneous measurements of strain while actuating a polymer

111



without the need of a separate strain sensor. We have tied the parameters of the im-
pulse response to physical parameters and have associated physical meaning to these
parameters. These techniques were then applied to study actuation in conducting
polymers. One can use correlation analysis to measure the modulus and the strain to
charge ratio in stochastic isometric tests. In stochastic isotonic tests one can quickly
measure the actuator open loop bandwidth as well as the strain a typical actuator
can produce in this configuration. These were then used to show the effects of various
dopant ions and actuation ions on the overall strain and speed of actuation. It was
also used to show the effects of temperature and solution conductivity on strain and
a means to improve the overall strain was also described. These techniques can be
further used to characterize the effects of various solvents, porosity and even geometry
on polymer actuator behavior.

Finally, the influence of carbon nanotubes on actuation has been studied. Multiple
methods of incorporating functionalized carbon nanotubes into conducting polymers
have been studied. The functionalized carbon nanotubes are readily soluble in vari-
ous solvents which lend them to be easily incorporable into CPs. Our layer by layer
approach allows us to easily control the amount of CNTs in the polymer film. Increas-
ing the amount of CNTs significantly reduces the creep and improves performance.
However, adding more carbon nanotubes also reduces the electrical conductivity of
the composite and then lowering the overall strain that can be achieved. This can be
overcome by actuating the polymer at larger pre-loads. This is not always the ideal
approach since actuation at larger preloads can cause the polymer to break. The
conductivity of CNTmaterials must be improved to where they are comparable to
CPs. This will ensure that there is no loss of electrical conductivity between in the

composite.

7.1 Suggestions for Future Work

We engineers develop new and varied applications of conducting polymers that go be-

yond actuators, new tools and techniques are required that can measure and improve
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their properties. This thesis for the first time applies stochastic system identification
techniques to conducting polymers and has shown how these methods can be used to
improve CP properties. Beyond that, these techniques are uniquely capable of making
in-situ measurements of conducting polymer compliance and impedance that were not
possible with any traditional techniques. Not only can these methods be applied to
study of actuators but also can be used to study sensors, electronics and even polymer
based super capacitors. Many of these systems have multiple competing effects that
can hinder the properties of these materials. The stochastic techniques developed
in this thesis can be used to study these materials and enhance their properties. In
addition, applications can be developed where a combined actuator, sensor and power
storage are required. Here, stochastic techniques can be used to discriminate between

the functions of the different components.

The deposition growth of conducting polymers is still not very well understood.
The creation of highly conductive free standing thin films of conducting polymers is
still done be trial and error. Stochastic techniques can be used to study the electro
deposition process itself. This process is a strong function of solvent, dopant, chemical
potentials and currents and temperatures. A stochastic signal can be superimposed
on the traditional waveforms and be used to measure the impedance during the elec-
trodeposition process. This can lead to a better understanding of the deposition
process as well as improve conductivity and mechanical properties of the resultant

polymer films.

These techniques can be used to characterize other types of artificial muscle ac-
tuators. For example, they can be used to study the compliance changes in dielectric
elastomers as these are subjected to large voltages. The polymer breaks down, and
this degradation can be measured using a stochastic force input coupled with the
potential input. We can envision using these signals to develop new experiments that
couple mechanical, electrical, thermal and magnetically driven actuators to study the

coupling across domains.

The stochastic methods used to in this thesis can be applied individually or in

novel combinations, in traditional or new conducting polymer systems. It is our hope
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that the stochastic techniques presented here will help remind conducting polymer

researchers as of the value that can be added by these experimental techniques.
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