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Smart Polymer Electromechanical Actuators for Soft Microrobotic Applications

Reza Montazami

ABSTRACT

lonic electroactive polymer (IEAP) actuators are a class of electroactive polymer devices that
exhibit electromechanical coupling through ion transport in the device. They consist of an
ionomeric membrane coated with conductive network composites (CNCs) and conductive
electrodes on both sides. A series of experiments on IEAP actuators with various types of CNCs
has demonstrated the existence of a direct correlation between the performance of actuators and
physical and structural properties of the CNCs. Nanostructure of CNC is especially important in

hosting electrolyte and boosting ion mobility.

This dissertation presents a series of systematic experiments and studies on IEAP actuators with

two primary focuses: 1) CNC nanostructure, and 2) ionic interactions.

A novel approach for fabrication of CNC thin-films enabled us to control physical and structural
properties of the CNC thin-films. We, for the first time, facilitated use of layer-by-layer ionic
self-assembly technique in fabrication of porous and conductive CNCs based on polymer and
metal nanoparticles. Results were porous-conductive CNCs. We have studied the performance
dependence of IEAP actuators on nano-composition and structure of CNCs by systematically
varying the thickness, nanoparticle size and nanoparticle concentration of CNCs. We have also
studied influence of the waveform frequency, free-ions and counterions of the ionomeric

membrane on the performance and behavior of IEAP actuators.

Using the LbL technique, we systematically changed the thickness of CNC layers consisting of
gold nanoparticles (AuNPs) and poly(allylamine hydrochloride). It was observed that actuators
consisting of thicker CNCs exhibit larger actuation curvature, which is evidently due to uptake of
larger volume of electrolyte. Actuation response-time exhibited a direct correlation to the sheet-
resistance of CNC, which was controlled by varying the AUNP concentration. It was observed
that size and type of free-ions and counterion of ionomeric membrane are also influential on the
actuation behavior or IEAP actuators and that the counterion of ionomeric membrane participates

in the actuation process.
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Introduction 1

Chapter 1

Introduction

Materials science and Engineering is a multidisciplinary field, focusing mainly on the physical
properties of materials and investigating relations between the properties of materials and their
physical structures at molecular and/or atomic scales. The Science aspect of the field very often
employs multidisciplinary skills and elements from chemistry, physics and more recently
nanotechnology. Materials science is very similar to chemistry as both fields are concerned about
the relation between the structure of the species and their properties. However, unlike chemistry
that is mainly focused on the molecular structure of species, materials science is more involved
with the bulk of materials. On the other word, atoms are the main building blocks of chemistry
whereas molecules and their arrangements are at the center of attention in materials science. The
Engineering aspect of the field is tightly related to mechanical engineering, aerospace
engineering, chemical engineering and other fields of study in which there are needs for
materials with specific properties. A good example is the Thermal Protection System of space
shuttles that consists of about 27000 ceramic tiles that can withstand temperatures as high as
1700°C. Another good example is use of carbon fibers in the newly designed Boeing 787
Dreamliner, which significantly decreases the weight and thus fuel consumption of the aircraft.
These are only two out of thousands of examples in which materials engineering has helped
other engineering fields by proving new means and materials for better designs. Of course, there
is still much more to accomplish in Materials Science and Engineering. As we are reaching our
limitations with the current technologies, it is materials science that can provide new materials

needed for breakthroughs in science and engineering.

1.1 Smart Materials

Smart materials are defined as materials that exhibit a fast, repeatable, reversible and significant
change in at least one of their physical properties in response to an external stimulus. It is
important to emphasize on repeatable and significant, otherwise all materials can fall under the

category of smart materials. For instance, all materials have thermal expansion tendencies, yet
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the change is too small and usually too slow. Thus thermal expansion, although repeatable and

reversible, is not a characteristic of smart materials.

Smart materials can be found in form of solid solution, compound or composite. No pure
material, i.e. element, has smart material characteristics. Smart materials should not be confused
with smart structures. Smart structures may contain parts consisting of pure materials. For
example bimetallic strips, used in thermostats, consist of two strips of steel and copper,
physically bonded at two ends. The strips are two separate, distinguishable pieces. Thus although
bimetallic strips exhibit reversible significant sideway displacements, they are smart structures
and not smart materials. Similar to solid-state materials, smart materials can also be divided into

three main categories: metals, ceramics/crystals and polymers, of course with the “smart” prefix.

1.1.1 Shape Memory Alloys

One of the most common form of smart metals is a shape memory alloy (SMA). SMAs maintain
memory of their initial, cold-forged shape and can return to that pre-deformation shape when
exposed to higher temperature. The mechanism of actuation in SMAs is very similar to a phase
change in any material. For instance, as materials transform from solid to liquid, they change
shape. This is what happens in SMAs, except in this phase change molecules remain close to
each other and are closely packed thus the structure remains solid; also atomic bonds remain in
place so upon heating the structure transforms to its original (cold) conformation.™? Discovery of
SMAs dates back to early 1930. In 1932, A Olander observed, for the first time, pseudoelastic
behavior in a gold-cadmium alloy. Later, in 1938, Greninger and Mooradian discovered
temperature dependence of the martensitic phase in copper-zinc alloy. In most cases the motion
of SMAs is repeatable but it is not reversible (one-way memory effect); that is, just like
biological muscle that only contracts, SMAs respond to thermal stimulus only when they are
deformed. As a result, at least two sets of SMA devices are needed to arrange a reversible
motion. A less common class of SMAs have two shape memories, one at high temperature and
one at low temperature (two-way memory effect) and can alter between the two phases without
application of an external force. Although most two-way SMAs are unstable and impractical for
applications as they cannot conduct work in the cooling cycle, there are a few examples of two-
way SMAs that have shown significant mechanical properties in both heating and cooling

cycles.®** SMAs are widely used in aerospace, robotics and medical applications.
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1.1.2 Smart Ceramics

Smart ceramics/crystals very often have piezoelectric properties. Piezoceramic, also known as
electroactive ceramics (EACs) are electromechanical transducers that can work both as sensors
(mechanical force to electrical signal) and actuators (electrical signal to mechanical force).
Among the three aforementioned categories of smart materials, smart ceramics are by far the
most commercialized one, with numerous applications in military, medicine, research and day to
day life. French scientist, Paul Langevin, developed the first practical application of
piezoceramics, SONAR, in 1917 during the World War 1. Since then, piezoceramics have been
used in many devices such as digital wrist watches and piezoelectric igniters that are used on a
daily basis. In addition, piezoceramics are also used in sophisticated scientific instruments such
as scanning electron microscopy (SEM) and atomic force microscopy (AFM) to precisely control
the position of the platforms.

1.1.3 Smart Polymers

According to Dr. Yoseph Bar-Cohen, one of the pioneers in the field of smart polymers, the first
documented experiment with smart polymers is attributed to German physicist Wilhelm
Rontgen. In 1880, Rontgen designed an experiment in which he tested the effect of an electric
field on a rubber-band with a fixed end and a mass attached to other end. Rontgen observed
length change in the rubber-band when it was subjected to an electric field. Smart polymers are
more diverse compared to smart metals and smart ceramics, both in variety of stimulus and
variety of response. Different classes of smart polymers (electromechanical, electrochromic,
ferromagnetic, pH sensitive, thermomechanical, etc.) respond to a wide variety of stimuli
(electric field, pH, temperature, magnetic field, etc.). Another significant difference between
smart polymers and other categories of smart materials is the physical properties of smart
polymers. Unlike smart metals and smart ceramics that are rigid and fragile, smart polymers are

soft and flexible with significantly lower density.

Among different classes of smart polymers, electroactive polymers are by far the most common.
Although generally the term polymer brings to mind plastics and primarily insulators, there is a
class of polymers that are semiconductive/conductive. One may ask why we should even bother
with conductive polymers when there is already a large class of well-known conductive

materials, metals. Metals are certainly the most conductive materials; however, polymers have
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certain mechanical, thermal and even electrical properties that cannot be found in metals.
Polymers are flexible, and can be formed into thin-films while maintaining their mechanical
properties. From a materials engineering point of view, materials can exhibit two fracture modes:
ductile and brittle. This classification is mainly based on materials deformation characteristics.
Most metals are brittle, as they cannot experience plastic deformation. On the other hand, most
polymers are ductile. One other characteristic of polymers is the possibility of ion conduction.
While metals only conduct electrons, there are classes of electron conducting and ion conducting
polymers (ionic polymers). In addition, polymers can exhibit interesting reversible changes in
their chemical structures whereas metals usually do not have such characteristics. For instance,
electrochromic polymers, once subjected to an electric field, can undergo reversible redox states

and exhibit changes in their optical properties. °

Generally, polymers that exhibit any form of response to an external electric field are called
electroactive polymers. Electrochromic polymers are good examples of electroactive polymers.
Application of an external electric field causes the polymeric network to reduce or oxidize,
which results in a change in the optical transmittance. Changing the polarity of the electric field
reverses the redox reaction and takes the polymer to its initial state or to a different redox state.
Presented in Figure 1.1 is an electrochromic device in its reduced (dark blue) and oxidized (pale
yellow) states, built with two electrochromic polymers: polyaniline and poly(aniline sulfonic
acid).

Another good example of electroactive polymers is electromechanical polymers.
Electromechanical polymers exhibit a mechanical deformation when subjected to an external
electric field. The mechanical deformation can be the result of electrostatic force between the
electrodes® (dielectric electroactive polymers), electrical polarization in crystalline polar
polymers”® (ferroelectric electroactive polymers and liquid crystal polymers), ion diffusion’
(conductive polymers), or mobility of ions within the polymeric network™ (ionic electroactive
polymers). Liquid crystal polymers behave similar to ferroelectric electroactive polymers; the
only difference is in building blocks of the polymeric network. Liquid crystal polymers consist
of mesogens whereas ferroelectric polymers consist of crystalline polar units. Thermomechanical
liquid crystal elastomers (discussed in chapter 9) exhibit similar behavior in response to

variations in temperature. **?
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Figure 1.1. Electrochromic device based on two electrochromic polymers in transition from

reduced state (left) to oxidized state (right)

This work is focused on design, fabrication and characterization of bending ionic electroactive
polymer actuators, hereafter IEAP actuators. IEAP actuators are five layer bimorph structures
consist of two electrolyte rich conductive network composite (CNC) thin-film structures
fabricated on the surfaces of the ionomeric membrane forming ionic polymer-metal composite
(IPMC), and two metal electrodes on the surfaces of IPMC. This work emphasizes on two main
objectives to improve the performance of IEAP actuators. One is to study the influence of
physical properties of CNCs on the performance of IEAP actuators, and second is to understand
ionic interactions within the IPMC. Functionality of IEAP actuators is based on mobility of ions
within IPMC. We have designed and fabricated porous conductive thin-film structures based on
metal nanoparticles to simultaneously improve porosity and electrical conductivity of CNCs to
enhance mobility of ions in IPMC. We have studied the influence of physical structure of CNC
on the performance of IEAP actuators by varying the nanoparticles type, thickness and volume
density of CNCs and have shown that all these factors are strongly influential on the
performance of IEAP actuators. In an effort to understand ionic interaction within IPMC, we
have modified chemical structure of the ionomeric membrane, and have also used different ions

in IPMC. The results suggest that both counterion of the ionomeric membrane and type of free
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ions in IPMC are significantly influential on actuation direction and performance of IEAP

actuators.

1.2 Document Organization

An overview of electromechanical polymers, also known as electroactive polymer actuators, is
presented in chapter 2. Background and brief history of electroactive polymers, including
dielectric, ferroelectric, liquid crystal, conductive polymers, electroactive gels and ionic
electroactive polymers are mentioned. An in-depth overview of ionic electroactive polymer
actuators is discussed with emphasis on ionomeric membrane, conductive network composite,
outer electrodes and electrolytes. Next, overview of the history and assembly concept of layer-
by-layer ionic self-assembly technique is discussed to emphasize the value of this technique in
fabrication of thin-film nanostructures. Finally layer-by layer ionic self-assembly of spherical

nanoparticles is discussed along with background information.

Chapter 3 contains the details of materials and methods used in this research. First, materials,
equipment and method used in fabrication of IPMCs are discussed in detail, along with
equipment and techniques used to characterize IPMCs. Next materials, equipment and methods
used in assembly of IEAP actuators are discussed in detail along with equipment and methods
for characterization of IEAP actuators. In addition, blueprints and details of an in-house made
probe station is presented.

Chapter 4 presents a brief summary of our preliminary work, including experiments with
different metal nanoparticles which lead to choosing the optimum materials for CNCs, and

proof-of-concept experiments to show porous-conductive CNCs are advantageous.

Chapter 5 contains our study on the influence of the thickness of CNC on the performance of
IEAP actuators. Actuators consisting of different CNC thicknesses were fabricated and tested for
their mechanical performance. The growth rate of CNC as a function of number of bilayers is
presented along with the curvature dependence on the thickness of CNC. Next, techniques for
deducing intrinsic strain, net intrinsic strain, and net strain of the actuators are presented along

with the results. Finally, limiting factors in actuation speed are reported and discussed.



Introduction 7

Chapter 6 details fabrication of CNCs with different nanoparticle volume fractions as a mean to
alter conductivity of CNCs. The influence of nanoparticle volume fraction on
charging/discharging times and current flow in through the actuator are discussed. Mechanical
performance of actuators based on mobility of each type of ion is also characterized. Finally,

frequency dependence of motion of cations is studied and described.

Chapter 7 is dedicated to studies on ion transport in IEAP actuators. Mechanical response of
IEAP actuators is characterized as a function of waveform frequency. Motion of ions in response
to fast and slow frequencies are discussed. Equivalent electric circuit for the actuator is
presented, and turnover frequency of each ion is calculated for the presented case-study. Lastly,
it is shown how mobility of ions can be manipulated by frequency to eliminate secondary

bending due to motion of slower ions.

Chapter 8 presents alternative ways to influence actuation performance of IEAP actuators. The
counterion of ionomeric membrane is changed from proton through ion exchange, and it is
shown that the performance of actuators depends on the counterion. It is also suggested that
counterion of ionomeric membrane actually participates in the actuation process. Next, different
ionic liquids are used as the ion source and their influence on actuation is discussed. Finally, a

report on the influence of ions in IPMC on the actuation process is presented.

Chapter 9 details study of nematic liquid crystal elastomer thermomechanical actuator. It is
described how embedment of gold nanoparticles in the polymeric network is used to increase
thermal conductivity of the actuators. Response of the actuator to slow and fast heating rates are
studied and discussed. Moreover, protocol for incorporation of nanoparticles in the polymeric
network, with minimal effect on elasticity, is presented. Finally, mechanical and thermal

properties of the actuators are discussed.

The dissertation ends with a summary of all the presented topics in this research, along with
recommendations to further improve performance of IEAP actuators, and suggestions on

possible applications of IPMCs and IEAP actuators.
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Chapter 2

Literature Review and Background

2.1 Electroactive Polymer Actuators

In the recent years (since the late 1990s), there has been increasing interest in electromechanical
polymer actuators, which is a subcategory of electroactive smart polymers. Electromechanical
polymer actuators are transducers capable of converting electric current into mechanical force
(actuators) and vice versa (in some cases) (sensors). This capability along with unique
mechanical properties have made this class of electroactive polymers interesting for several
applications including in the military, medical, aerospace and automotive industries. There are

several types of electroactive polymer actuators that | will explain in the following paragraphs.

2.1.1 Dielectric polymers

In dielectric polymers, the electrostatic force between the electrodes squeezes the polymer and as
a result mechanical deformation occurs. Dielectric actuators generate large strain (10-35%), but a
relatively strong external electric field (hundreds to thousands of volts depending on the
geometry) is required to actuate dielectric polymers.! Dielectric polymer actuators consist of a
passive elastomer layer which is sandwiched between two plate electrodes. Application of
voltage across the two plates, and thus across the thickness of the elastomer, results in generation
of an electrostatic pressure from the Coulomb force acting between the electrodes. The pressure
on the elastomer causes mechanical deformation of the elastomer. Silicone and acrylic
elastomers are common dielectric polymers. Generally, polymers with high dielectric constant,
high electrical breakdown and low elastic modulus are suitable dielectric polymer actuators. One
great advantage of dielectric polymer actuators is that they can be cast in different shapes and

can also be used in the form of stacks.

2.1.2 Ferroelectric polymers

Ferroelectric polymers are crystalline polar polymers that maintain permanent electric
polarization. The electric polarization can be altered by an external electric field. The external
electric field causes the polar components (crystalline units) to rotate and align with the electric
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field, which results in slight (angstrom-scale) change in the length of each structural unit of
polymer. Given the large number of structural units, the accumulated change is considerable and
results in mechanical deformation of the polymer. As a result the entire polymeric network is
deformed and mechanical deformation occurs.>® Ferroelectric polymers can be used as both
sensors and actuators, and are considered as inexpensive actuators. Polyvinylidene fluoride

(PVDF) is one of the most common ferroelectric polymers.

2.1.3 Liquid crystal polymers
The mechanism of actuation in liquid crystals is exactly the same as that in ferroelectric
polymers, except that the crystalline units are replaced by mesogens, which are the fundamental

units of liquid crystals.

2.1.4 Conductive polymers

Functionality of conductive polymers is based on the reversible counterion insertion and
expulsion. This process (insertion and expulsion of ions) in fact drives the polymer between
different redox states. Once a counterion is inserted into the polymeric structure, depending on
the charge of the ion, the polymer undergoes reduction or oxidation. The reverse happens once
the ion is exported from the polymeric network. Presence or absence of ions in the polymeric
network results in expansion or contraction of the network, which in turn causes actuation.
Conductive polymer actuators usually consist of three layers, an electrolyte layer sandwiched
between two conductive polymer electrodes (for instance polypyrrole and polyaniline). Upon
application of voltage, the cathode undergoes oxidation and simultaneously the anode undergoes
reduction. That is, protons travel from the anode toward the cathode to balance the electric
charge, and as a result disturb the balance of the system and cause mechanical deformation. The

process can be reversed by changing the polarity of the applied voltage.

2.1.5 Electroactive gels

The actuation mechanism in electroactive gels is usually a chemical reaction, changing the
material from acidic to alkaline, which results in the material become denser or swollen,
respectively. The chemical reaction can be initiated electrically, by application of a voltage
across two electrodes surrounding the electroactive gel. Upon application of the voltage, the

cathode side becomes more alkaline, while simultaneously the anode side becomes more acidic.
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As a result, the actuator bends toward the anode. The actuation process in electroactive gels is
relatively slow, on the scale of tens of minutes, due to the time required for ions to diffuse, and
depends on the geometry of the actuator. One other issue with such actuators is significantly
short lifespan. Since the actuation is relatively large, the electrodes usually are damaged and fail

after a couple of actuation cycles. Polyacrylonitrile is an example of an electroactive gel.

2.1.6 lonic electroactive polymers

Functionality of ionic electroactive polymers is based on mobility of ions within the polymeric
network. This class of electromechanical polymers differs from conductive polymers (mentioned
above) as the redox state of ionic electroactive polymers does not change during the actuation
process. As an electric potential is applied across the polymer, ions move within the polymeric
network toward the oppositely charged electrodes and cause mechanical deformation. The
voltage required for actuation of IEAP actuators (<4V) is significantly smaller than that required
for actuation of other types of actuators. The work presented in this dissertation mainly concerns
ionic electroactive polymer actuators. In the next section, I will go through a more in-depth

review of ionic electroactive polymer actuators and their potential applications.

2.2 lonic Electroactive Polymers Actuators

lonic electroactive polymer (IEAP) actuators are a class of electromechanical devices that
function based on transport of ions through the device, in the presence of an electric field, and
their accumulation at oppositely charged electrodes. The backbone structure of IEAP actuators is
an ionomeric membrane (also known as ion-exchange membrane) which is permeable to either
or both cations and anions, depending on its chemical structure and physical properties. Nafion®
is the single most widely used ionomeric membrane in IEAP actuators. Since the functionality of
IEAP actuators is based on mobility of ions, it would be logical to presume that increasing the
density of ions in the device and facilitating their mobility would improve the performance of
actuators. The IEAP actuators with the largest actuation performance typically consist of two
conductive network composite (CNC) layers formed on the surfaces of the ionomeric membrane
containing an electrolyte. Depending on their physical and chemical properties, CNC layers may
influence the electrolyte intake capacity, electrical conductivity, mobility of ions, mechanical
properties, and electrical capacitance of the device. They also provide a conductive network that

uniformly distributes electric charge across the ionomeric membrane interface. To further
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improve electrical conductivity and uniform charge distribution across the device and also to
protect the device from the ambient conditions, ultra-thin leafs of precious metal electrodes (very
often gold or platinum) are used to encapsulate the device. Schematic of an IEAP actuator is

presented in Figure 2.1.

Conducting Network

| | | ‘/Composite Thin-film
I - —— lonomeric
L T el B \ Membrane

Metal Electrode

Figure 2.1. A not-to-scale schematic of a five layer IEAP bending actuator. lonomeric

membrane at the center is coated with CNCs and outer electrodes

Motion of ions of different size and charge through the ionomeric membrane and CNCs and their
accumulation at the oppositely-charged electrodes generates stress, which in turn causes
mechanical strain, Figure 2.2. Motion of ions toward or away from each electrode is due to
attractive or repulsive forces between the electrically charged electrode and the ions and can be

reversed upon switching the polarity of the electric field.
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Figure 2.2. Accumulation of different size ions at oppositely-charged electrodes generates
stress, sufficient enough to mechanically bend the actuator

In the following subsections, | will talk in detail about each component of a five layer IEAP

actuator.

2.2.1 lonomeric Membrane

The ionomeric membrane is the backbone of the IEAP actuator structure, thus its chemical and
physical properties are of significant importance to the performance of IEAP actuators. Low
Young’s modulus, thermal and mechanical stability, water insolubility and ion exchange
capability are among the most important characteristics of ionomeric membranes for IEAP
actuators. There are several ionomeric membranes that have these characteristics yet only two of
them are studied in significant detail for IEAP actuator applications, Nafion and Flemion®.

Among these two ionomeric membranes, Nafion is by far the most studied one.

Nafion

Nafion is an ionomeric membrane developed in the late 1960s by Walter Grot of DuPont®.
Nafion has some unique properties that make it very suitable for IEAP actuators. Some of
Nafion’s properties are high thermal stability (up to 190°C), good mechanical properties (can be
casted or extruded into mechanically stable thin-films) and high chemical stability (at normal
temperature, only alkali metals can degrade Nafion). Nafion has a large

tetrafluoroethylene (Teflon) backbone, Figure 2.3. The aforementioned properties of Nafion are
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due to the presence of perfluorovinyl ether short side-chains in the backbone structure and its
ionic properties are the result of sulfonate (SO3) ionic groups.*® The sulfonate ionic groups in
Nafion are located, but not fixed, at the ends of the side-chains of perfluorinated alkenes,
therefore they can position in such way to form hydrophilic nano-channels of approximately
2.5nm diameter, also known as cluster networks that allow transport of small ions. This model,
proposed by Schmidt-Rohr et al®, is among the most accepted models. This type of behavior is
not seen in other types of ionic polymer groups such as styrene/divinylbenzene-based polymers.
Under neutral conditions, Nafion is considered a proton exchange membrane; that is the
membrane is only permeable to cations. However, in cases in which external factors are present
such as electric field in the case of actuators, anions can also drift through the nano-channels of

Nafion due to attractive and repulsive forces generated by the electric field.

[-(CF5-CF;) -CF-CF -]
/
(O-CF»-CF5),,- O-CF»-CF,- SO5 H*
/
CF;

Figure 2.3. Chemical structure of Nafion

Flemion

Flemion was developed by Asahi Glass® in the mid-1970s. In contrast to Nafion, Flemion has
carboxylate (COO™) ionic groups, Figure 2.4. Several research groups have study Flemion as the
ion exchange membrane in IEAP actuators and have reported promising results. Wang et al’
have reported improvement of the overall performance of IEAP actuators when Nafion was
replaced by Flemion. Nemat-Nasser et al® also compared Nafion-based IEAP actuators with
Flemion-based IEAP actuators and have reported Flemion as the preferred ionomeric membrane
for bending actuators. They reported that Flemion-based IEAP actuators have higher ion-

exchange capacity, better surface conductivity, higher hydration capacity, higher longitudinal
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stiffness, and exhibited greater bending actuation without reverse relaxation under a sustained

DC voltage, which is typical of Nafion-based IEAP actuators.

[-(CF5-CF3) y-CF-CF o],y

/
O-CF,-CF,- CF,-COO™H*

Figure 2.4. Chemical structure of Flemion

Aquivion

Aquivion also known as Hyflon® is another ionomeric membrane used in IEAP actuators. Hyflon
was first developed by Dow Chemicals® in the early 1980s, and now is produced as Aquivion by
Solvay Solexis®.*** Nafion, Flemion and Aquivion have identical backbone structures of
tetrafluoroethylene and are perfluorinated ionomeric polymers, Figure 2.5. However, unlike
Flemion which has carboxylate ionic groups, Nafion and Aquivion have sulfonate ionic groups.
Identical backbone and end-groups structures make Nafion and Aquivion very similar to each
other. The main difference between these two ionomeric polymers is that Nafion has long side-
chains whereas Aquivion has short side-chains, which results in different properties. The short
flexible side-chains of Aquivion result in a better coupling between the ions and the ionomeric
membrane and improves the electromechanical properties of actuators in the form of larger

bending, compared to Nafion based samples, yet it does not affect the actuation speed.*®

[-(CF2-CF3)n-CF-CF -]

/
O-CF,-CF,-SO3 H*

Figure 2.5. Chemical structure of Aquivion
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2.2.2 Conductive Network Composite (CNC)

Several studies have demonstrated that the actuation behavior of IEAP actuators depends on the
properties of the CNC layers.***® CNCs are designed to act as reservoirs for electrolyte (aqueous
or ionic liquid) solution. The mobility of ions through the CNC layer, in the presence of an
electric field, depends on several factors such as size, length, conformation and number of
nano/micro-channels, as well as the interaction of ions with the nano/micro-channels and of
course the strength of the electric field. The mobility of the ions defines attributes of CNC layers
and can ultimately define the characteristics of IEAP actuators. Most of these attributes can be
tuned and optimized by variation of the composite materials, fabrication technique, and the
physical and chemical properties of the CNC layers. One other highly important factor in
performance of IEAP actuators is the ratio between the size of the ions and the diameter of the
nano/micro-channels in the CNC layers. This ratio is very influential on the mobility of ions and
in addition to tuning physical properties of CNC it can also be tuned by choice of proper
electrolyte.® Several research groups have modified the properties of different components of
IEAP actuators in order to enhance their performance and/or to better understand the mechanism
of actuation and mobility of ions. For instance, Akle et al. formed CNCs from composites of
RuO, particles and gold flakes at different ratios and studied the effects of porosity and
conductivity on the performance of actuators.** The most significant factor here was that the
porosity of CNC layers was controlled separately from their conductivity. Porosity was
controlled by the spherical RuO, nanoparticles which are not electrically conductive, and
conductivity was controlled by the gold flakes (approximately two dimensional) which do not
contribute to the three dimensional structure of CNC. As a result, CNCs with higher RuO,
concentration were more porous and less conductive, and ones with higher gold flakes
concentration were more conductive and less porous. It was shown that porosity of the CNC
layer is more influential on increasing the mechanical performance of actuators compared to
conductivity of the CNC layer. In their set of experiments the sample with 100% RuO, and no

gold flakes exhibited the largest mechanical strain, as shown in Figure 2.6.
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Figure 2.6. Strain output to the application of square wave potentials of +2 V*

In a different study, Kim et al. studied the mechanical behavior of IEAP actuators consisting of
ionomeric membranes with different thicknesses.? In this study, tip displacement and tip force
were characterized as a function of ionomeric membrane (Nafion) thickness and applied voltage.
A set of samples with thicknesses ranging from approximately 0.5mm to 1.1mm were tested.
This range of thickness is on the higher limit as most other actuators are in the 20-200 micron
range. As presented in Figures 2.7 and 2.8, they showed that in comparison with actuators with
thinner ionomeric membranes, actuators with thicker ionomeric membranes generate larger force
for a constant voltage; however the tip displacement is smaller for an actuator with thicker

ionomeric membrane.
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Figure 2.8. Displacement of IPMC strip according to variation of film thickness®

In a study to examine the influence of different metal fractions in the CNC on performance of
IEAP actuators, Bennet et al. employed a new plating method based on an
impregnation/reduction process to simultaneously plate multiple metals as electrodes onto
Nafion. #* They embedded different ratios of precious and non-precious metals onto Nafion and
showed that both categories of metals can be used in forming CNC layers; however, increasing
ratio of precious metals in the alloy improves the stability and lifespan of the actuators, Figure

2.9. Also precious metals, primarily gold or platinum, are advantageous as they eliminate the
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oxidation problem and do not require further processing steps such as a co-reduction process or

deposition of an ultra-thin protective layer.
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Figure 2.9. Normalized tip displacement versus the number of actuation cycles for three sets of
two samples each plated with a copper/platinum alloy electrode using different ion-exchange
solutions. The input was a 1.25 V, 1.0 Hz sine wave.”!

The fabrication method of the CNC is clearly influential on the properties of the actuator. Several
methods have been used to form CNC layers on ionomeric membranes to fabricate IEAP
actuators. Plating is a traditional method and has been employed by several research groups to
form CNC layers on Nafion.®#? In this method, metal penetrates into the membrane and forms

a polymer-metal interfacial area, which is responsible for high electrical capacitance of these
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composites. The high density of such composites limits the electrolyte uptake, which generally
results in smaller and slower strain response. Painting and spin coating are alternative methods
for directly forming the CNC on the membrane. Akle et al.?®?’ developed a highly effective
method for fabricating electrodes with large polymer-metal interfacial area. In this method, a
mixture of metal and Nafion polymer are painted directly onto the Nafion membrane and then

hot-pressed into the surface, Figures 2.10 and 2.11.

Coducting |onomer
powder  solution

Sonicate :
—
Stir

Dried in the oven for 15 min under 130 C

J

Platinum plated using Impregnation—

Reduction method <:|

Hot pressed under 20 MPa and210C
Gold electroplated

Figure 2.10. Schematic showing the four steps Direct Assembly Process (DAP) for building

dry transducers®
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Figure 2.11. SEM images of (a) electrode built using the traditional impregnation/reduction

method and (b) electrodes built using the direct assembly process**

2.2.3 Outer Electrodes

The outer electrodes have two primary purposes. First is provide means for uniform distribution
of electric charge across the actuator, thus actuation is simultaneous and uniform across the
device. And second, the outer electrodes encapsulate the actuator and act as protective shields,
blocking moisture from penetrating into the system and preventing electrolyte from getting out.
The outer electrodes are ultra-thin films of precious metals to minimize blockage force caused by
the electrode and also prevent chemical reactions with the surroundings such as oxidation. Gold,
platinum and silver are among the most used materials for the outer electrodes. The outer
electrodes can be in the form of leafs and be pressed on both sides of the device or can be

deposited by electroplating, or other direct deposit methods.

2.2.4 Electrolyte
Technically, any substance with free ions, either in the form of solution or compound, can be
used as the ion source of IEAP actuators. For the purpose of IEAP actuators, electrolytes can be

divided into two main categories: agueous and ionic liquids.
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Aqueous Electrolytes

Aqueous electrolytes are water-based acid, base, or salt solutions. Use of aqueous electrolytes in
IEAP actuators causes many fundamental problems; most important is that it limits the operating
voltage of actuators to values below the voltage of water hydrolysis. Bennett et al. have shown
that use of ionic liquids can eliminate this issue.”®?® Another issue with using aqueous
electrolytes is the decreased lifespan of actuators due to evaporation of the electrolyte.®*32 In
addition, slow switching speed, low ionic conductivity and low environmental stability are other

problems associated with aqueous electrolytes.*

lonic Liquids

lonic liquids are salts that are in their liquid phase at low temperatures. There is not an exact
definition for “low temperature ” in this case, yet generally ionic liquids are expected to exist in
their liquid state in room temperature, though less than 100°C is also sometimes considered
valid. lonic liquids consist of near 100% ions with minimal impurity. lonic liquids have high
electric conductivity, very high environmental stability, large electrochemical window and low
volatility. They are non-flammable, thermally stable, and have near zero vapor pressure. The
concept of ionic liquids is not new. Yet there are disputes on the discovery and discoverer of the
first ionic liquid. Ethanolammonium nitrate (melting point 52-55 °C) was first reported in 1888
by S. Gabriel and J. Weiner.?* One of the first ionic liquid with melting point below room
temperature was ethylammonium nitrate (melting point 12 °C), synthesized in 1914 by Paul
Walden.® In the 1970s and 1980s, several ionic liquids based on alkyl-substituted imidazolium

were developed as electrolytes in batteries.*®’

After several proof-of-concept IEAP actuators constructed based on aqueous electrolytes as the

ion source?3038-43

, lonic liquids are now used by many research groups for construction of IEAP
actuators. Several improvements and developments are reported on the electromechanical
properties and performance of IEAP actuators by these groups. For examples, Bennett et al**
have shown that hydration dependence can be eliminated by use of ionic liquids instead of
aqueous electrolytes. They studied the interaction of water miscible EMI-Tf and hydrophobic
EMI-Im ionic liquids with the ionomeric membrane and found that interaction between the
aforementioned ionic liquids and ionomeric membrane is similar to that between aqueous

electrolytes an ionomeric membrane; however the hydration dependence was eliminated in cases
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with ionic liquids. Lu et al®® have shown that with ionic liquids, ionomeric polymers can undergo
a large number of electrochemical cycles (up to 1 million cycles at 10Hz) before degradation.
Kim et al*® have shown that replacing aqueous electrolytes with ionic liquids in IEAP actuators
significantly increases the lifetime of the actuators. Akle et al'®, Bennett et al?®**, Watanabe et
al*®*” and us*® have shown that using ionic liquids leads to increasing actuation speed and allows

higher applied potential.

2.3 Layer-by-Layer lonic Self-assembly Technique

Fabrication of functional thin films can be achieved via several deposition techniques including
physical or chemical vapor deposition, electroplating, spin assisted or spray coating, layer-by-
layer (LbL) deposition, and several other techniques. Among all the techniques mentioned
above, LbL has several significant advantages that make this technique very useful for
fabrication of functional thin films. One key feature of the LbL technique is that any species with
multiple ionic charges can be used as one of the components of the LbL assembled thin films®.
This aspect, along with the fact that charged species can be deposited from aqueous solutions,
make a wide range of materials available to be used with this technique such as ionic

%052 nano-particles,>>° dendrimers,*®® quantum dots,>*®* proteins,®*® and DNA.%*®

polymers,
The LbL ionic self-assembly technique was first developed and introduced in 1966 by Hler® at
Dupont. As a method for depositing charged colloids the technique did not receive much credit
nor attention from the scientific community until it was reintroduced in 1991 by Decher et al *’as
a process for deposition of charged polymers. Since its redevelopment in 1991, the LbL ionic
self-assembly technique has become one of the most preferred techniques for fabrication of thin

films and has been practiced by numerous research groups worldwide.

2.3.1 Assembly Concept
The LbL ionic self-assembly technique is based on sequential deposition of oppositely-charged
species on a charged substrate.®®®®"° Although different types of bonds may be involved in

formation of the multilayer thin films,"*"2

the most common form of LbL deposition is based on
ionic bonds between ionic species®®”. Figure 2.12 shows a schematic of formation of two

bilayers via ionic attraction between two ionic polymers.
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Exposure of the charged substrate to a dilute aqueous ionic solution of opposite charge forms an
ultra-thin layer of the charged molecules on the surface of the substrate. The substrate is then
rinsed with deionized (DI) water to wash the loosely bound molecules and immersed in the other
dilute aqueous ionic solution with a charge opposite to the charge of the first ionic solution to
form another ultra-thin film on the top of the first film. This step is also followed by rinsing with
DI water. The two-layer system forms one bilayer. Repetition of these steps results in formation
of thin films consisting of several bilayers. A schematic of the LbL ionic self-assembly process is
shown in Figure 2.13.
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Figure 2.12. Schematic of formation of two bilayers through ionic attraction

Although a wide range of charged materials can be used in the LbL ionic self-assembly
technique, as mentioned in section 1.2, only ionic polymers (polycations and polyanions) and

charged nanoparticles are used for fabrication of all thin films investigated in this thesis.

2.3.2 Controlled Assembly

Control over the thickness and morphology of each bilayer, and the thin film as a whole, is
extremely important in characterization and performance of the functional thin films. The LbL
ionic self-assembly technique can be adopted to fabricate thin films of a variety of properties.
The morphology and properties of the bilayers can be determined by conditions of the deposition

process and characteristics of the ionic species. Deposition conditions such as dipping duration
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and number of bilayers, along with solution characteristics such as pH,”>"* ion concentration,”
ion type’®, ion strength,’” and molecular weight® can influence the composition of the thin films.
Adjusting and optimizing these factors can manipulate the thin films to have desired properties.
The dipping duration can vary from 1 to approximately 30 minutes. After a certain amount of
time, depending on the conditions and materials, the deposition rate approaches zero due to
charge balance between the existing and depositing layers and repulsion of the outer layer
towards the polymers in solution. The degree of charge of the materials also effects the

deposition quality significantly’®*°.

Figure 2.13. Schematic of layer-by-layer ionic self-assembly process

In the case of ionic polymers, varying the charge density of the polymer backbone chains also
influence the morphology and the thickness of the thin films. Normally, the polymer molecules
are in the form of long chains and the ionic charge is homogeneously distributed among them.
Addition of counter-ions, usually through addition of salt, neutralizes some fraction of the
charges and reduces the repulsion force along the polymer chain. As a result of the reduced
electrostatic repulsion the polymer chains curl and form cluster conformations®™®3. As shown in
Figure 2.14, layers deposited from such solutions are generally thicker due to the globular

arrangement of the polymer molecules.
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Another way to manipulate the charge on the polymer backbone is to adjust the pH of the
solution”3*%. This method is especially useful for cases in which the electrolyte is weak, which
means that it can be neutralized near neutral pH. Increasing or decreasing the pH increases the
charge of carboxyl or amine groups respectively®” . Polyanions are fully charged at high pH

and polycations are fully charged at low pH.
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Figure 2.14. Schematic of globular conformation of a polymer chain with low charge density

(right) is shown in comparison with a polymer chain with high charge density (left). Polymer

chains with lower charge density form globular conformations and so thicker layers.

2.3.3 Incorporation of Nanoparticle

Metallic nanoparticles can be used in fabrication of highly active nanostructures. Presented in
Figure 2.15 is the schematic of formation of two bilayers of nanoparticle-polymer thin-film.
Metals like gold, platinum, and palladium are among the most common metals for synthesis of
nanoparticles. Metallic nanoparticles are usually synthesized via reduction reaction in aqueous
solutions of corresponding chloro-metal anions.”®* Other methods such as electrochemical

94-96

deposition on inert bases and metal vapor®"*® have also been used.
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Formation of thin-film structures from metallic nanoparticles on the surface of solid substrates
by the LbL ionic self-assembly technique has provided the means for construction of advanced
materials.**!%° Kotov et al. have shown evidence for ionic self-assembly of ordered
nanostructured films composed of poly(diallylmethylammonium chloride) (PDMA-C) and
negatively functionalized semiconductor nanoparticles.> Titanium dioxide (TiO,), lead sulfide
(PbS) and cadmium sulfide (CdS) were functionalized with thiol and sodium hexametaphosphate
and were prepared as aqueous colloid dispersions. It was shown that PDMA-C can be directly
self-assemble on a wide variety substrates (eg. quarts, platinum or gold electrodes, ITO coated
glass, and Teflon sheet) to form a positively charged foundation for self-assembly of negatively
charged nanoparticles. They also showed that the process can be repeated for several cycles to
construct thin-films consisting of several bilayers of one or more types of nanoparticles. It was
observed that the optical absorbance increase linearly for added number of bilayers, indicating

the linear growth of the thin-film.
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Figure 2.15. Schematic of formation of two bilayers of nanoparticle-polymer thin-film

through ionic attraction

Ostrander et al. have investigated the structure of LbL ionic self-assembly thin-films of yttrium
ion garnet (Y1G) nanoparticles functionalized with organic groups.'®* Their study was focused
on the control of the nanoparticle density in the thin-film structure. They observed linear
dependence of optical density on the growth of the thin-film structure. They compared thin-films
of functionalized YIG formed via LbL ionic self-assembly with the thin-films of YIG (not
functionalized) formed via in-plane growth of isolated particle domains (lateral expansion mode)
and observed that thin-films from functionalized YIG exhibit densely packed nanoparticle layers

with greatly reduced number of defects.

Hicks et al. have shown that growth rate of polymer-nanoparticle thin-films depends on the pH
of the polymer solution along with other details of solution exposure.'* They have studied two

sets of composites, one based on polycation and negatively charged nanoparticles, and the other
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based on polyanion and positively charged nanoparticles. In case of negatively charged
nanoparticles, higher pH of polycation solution resulted in an increased thin-film thickness. The
contrary occurred in case of positively charged nanoparticle and polyanion. It was also observed
that nanoparticles with diameters more comparable to polymer repeat unit (~1.6 nm) combine

better with counterionic polymers in LbL ionic self-assembly.
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Figure 2.16. Plot of 520-nm absorbance of a LbL ionic self-assembly multilayer film grown on
a glass slide as a function of the pH of the polymer solution. (A) Negatively charged
nanoparticles system, pH as shown in the figure. (B) Positively charged nanoparticles system,
pH as shown in the figure, except for lowest curve (1.4) obtained with a four-step dipping

procedure. 2

Krasteva et al. have shown that AuUNP-dendrimer thin-films can be fabricated via LbL ionic self-
assembly technique.’® While the AuNPs were utilized to provide electrical conductivity, the
dendrimers were served to cross-link the AuNPs and to provide sites for analyte molecules. It
was observed that most thin-films physical properties such as thickness and roughness depend on

the properties of dendrimers, when electrical properties only depend on AuNPs.

Malikova et al. have used LbL ionic self-assembly to achieve structural control over optical
properties of AUNP based nanostructures for thin-film sensors with a transduction mechanism
based on the variations between AuNP layers. They have demonstrated that LbL ionic self-
assembly technique can be utilized for the gradual control over interparticle interactions. LbL

ionic self-assembly can be used to control the strength of NP-NP coupling in the layered
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composition. Also it was observed that thickness of each layer is comparable with the

characteristic length of the interactions.

On another study, Yu et al. have shown that AuNPs can be used to form densely packed thin-
film structures. AUNP were functionalized with 4-(dimethylamino)pyridine and used along with
poly(sodium 4-styrene sulfonate) and poly(allylamine hydrochloride) as counterionic solutions.
It was observed that the adsorption matrix resulted in the formation of dense nanoparticle thin-

films, and that presence of AuNPs greatly improves the electric conductivity of the thin-film.

Tian et al. have shown that polyaniline (PANI) polycation and mercaptosuccinic-acid-capped
AUNPs can be used to form stable multilayers via LbL ionic self-assembly technique. Presence
of capped AuNPs in the thin-film structure can effectively dope PANI and shift its electroactivity
to neutral pH, which is good electroactivity in neutral pH environment. This shift in
electroactivity behavior makes the thin-film feasible for bio-assays, such as electrocatalyzation
of the oxidation of NADH dehydrogenase and detection of DNA hybridization.
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Chapter 3

Experimental Details

This chapter is provides information on the instruments, materials, techniques and protocols used
to conduct the research reported in this dissertation. All the instruments and materials used in this
research, with few exceptions, are commercially available. Section 3.1 contains information on
the equipment, materials and protocols for fabrication and characterization of ionic polymer-
metal composites. In Section 3.2 the details of ion exchange process are described along with the
materials used for this purpose. Section 3.3 is devoted to instruments, materials and protocols for
final assembly and characterization of IEAP actuators. Blueprints of the in-house fabricated
probe station are also provided in this section along with some detail required for maintenance of

the instrument.
3.1 lonic Polymer-Metal Composite

3.1.1 Fabrication Equipment

Automated Dipper

A StratoSequence 6 (nanoStrata, Inc.) was used to deposit the LbL multilayer thin-films that
serve as CNCs on the ion exchange membranes, Figure 3.1. This unit contains a platform,
capable of holding up to eight beakers (Corning 1000, 150ml) and a sample holder capable of
holding four glass slide size sample simultaneously. In our sets of experiments, we used two of
the eight beakers for charged solutions and the other six for rinsing steps. The two beakers
containing charged solutions were placed at opposite locations on the rotational platform of the
instrument with three beakers of deionized water in between them, so deposition of each single
layer is followed by three consecutive rinses. The position of the platform (raised or lowered) is
controlled by gas pressure provided from a gas cylinder. Each time the platform is lowered, it
mechanically engages with a structure that causes it to rotate 45° to the position of next beaker.
The samples are secured to the sample holder by small screws. The sample holder itself is
attached to an electrical motor, enabling it to spin samples during the deposition process. The

speed of the spinning can be reduced or increased relatively, but there is no calibration as there is
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no unit presented on the spin speed control dial. The time the samples are in each beaker
(dipping time) and the number of multilayers can be set from the controlling software. The
spinning can be turned ON or OFF from the controlling software. Deionized water in the rinsing
beakers can be replaced after each use to prevent contamination. The contaminated water is

sucked out by a pump and clean water, supplied from an external source, is then pumped in.

Figure 3.1. (Left) Automated dipper unit is shown along with the solution platform and

sample holder (right)

Glass Frames

Glass frames were used to support the ionomeric membrane in the solutions during the CNC
deposition process. The glass frames are made from ordinary, 1”x3” microscope glass slides. As
shown in Figure 3.2, a rectangle of approximately ¥4”°x2-2" was removed from the glass slide to
allow exposure of both sides of ionomeric membrane to solutions. Approximately %2” from the

top and a total of 4 from the sides were left to support the ionomeric membrane.
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Figure 3.2. (Left) glass frame used to hold the membrane during LbL ionic self-assembly

process. (Right) 25 pum thick Nafion membrane attached to a glass frame

3.1.2 Materials

PAH

Poly(allylamine hydrochloride) (PAH) (CAS No. 71550-
12-4, Average My ~56000) (Sigma Aldrich) was used as s
the cationic polyelectrolyte solution for layer-by-layer ® HC|

NH; |

thin-film fabrication. Chemical structure of PAH is shown

in Figure 3.3. PAH was prepared at a concentration of

10mM at pH 4 in deionized water. PAH is generally ) _
o ) ~_ Figure 3.3. Chemical structure of
prepared by the polymerization of allylamine, and it is ) _
] o _ Poly(allylamine hydrochloride), a
available in different average molecular weights, all under o )
] o o cationic polyelectrolyte used in
the same CAS number. Due to its positive charge, it is to _ T
) o ) o ) formation of LbL thin-films
be used in combination with an anionic solution to form

layer-by-layer thin-films.

Nanoparticles (type, charge and size)

Nanoparticles were purchased from Purest Colloids, Inc. For most of the work presented in this
dissertation, gold nanoparticles were used. Other nanoparticles (platinum, palladium and copper)
were used for preliminary studies. False color TEM image of 30 nm diameter AuNP is shown in
Figure 3.4. The gold nanoparticles were dispersed in aqueous solution and had an average
particle diameter of 3 nm. They were functionalized on the surface with charge groups that

yielded a surface potential of -40 mV as determined by zeta potential measurements. The size
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and charge of the particles were
measured  using  dynamic  light
scattering technique and zeta potential
measurements,  respectively.  Gold
nanoparticles of larger sizes were
purchased from Ted Pella, Inc. but
preliminary tests did not exhibit
uniform thin-film formation. Other
nanoparticles (PtNPs 35-40 nm, -50
mV), (PdNPs 20-25 nm, -40mV) and
(CuNPs 200-250 nm) formed relatively
good thin-films, yet performance of the

Figure 3.4. False colored, TEM image of 30nm
AuNPs from Ted Pella confirming the spherical

geometry of the nanopatrticles.

actuators were not as good as actuators based on AuNPs, with the exception of CuNPs. Yet to

prevent chemical reactions within the system and between the system and atmosphere (oxidation

of CuNPs), AuNPs of 3 nm diameter were chosen as the primary nanoparticles for this work. The

concentration of 3 nm AuNPs is 20 ppm. Presented in Figure 3.5 is the scaled schematic of

CuNP, PtNP, PANP and AuNP.

0V

Figure 3.5. Scaled schematic of AUNP (3 nm), PdNP (25 nm) PtNP (40 nm) and CuNP (200)
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Nafion
Extruded sheets of 25 um and 90
pm thick Nafion were purchased

[-(CF2-CF3) 5-CF-CFo- ]

/
(O-CF»-CF5),- O-CF»-CF- SO3 H?

from lon Power, Inc. In
preliminary studies, casted Nafion

was also used, however it did not /

exhibit acceptable results CF3

compared to extruded Nafion . . . .
Figure 3.6. Chemical structure of Nafion in its acid form

samples. Also, Nafion films of .

(proton counterion)
different thicknesses were tested
and were shown that for
fabrication of fast actuators, 25 pum Nafion is the most suitable candidate. 90 um Nafion was
used in samples made for studying the mobility of ions, where longer travel path is desired to
better observe the time difference between motion of cations and anions. All Nafion films used

in this work were in acidic form. The chemical structure of Nafion is shown in Figure 3.6.

3.1.3 Protocols

Glass frames were cleaned with Piranha solution for one hour to remove possible organic residue
from the surface of the frame. The frames were then washed and rinsed with deionized water. To
secure the ionomeric membrane, double-sided tape (3M Scotch Permanent Double Sided Tape)
was applied to the glass frame and the excess was cut and removed using a blade. The frame
with double-sided tape was then placed on a sheet of ionomeric membrane, taped-side facing the
membrane, and carefully pushed to adhere the ionomeric membrane. A blade was then used to
cut ionomeric membrane on the outer edges of the glass frame. The samples were then handled
carefully as the frames are extremely fragile. Prior to the thin-film fabrication process, the
samples (frames with ionomeric membrane on them) were placed in deionized water for
approximately 10 minutes. This step preswells the membranes so that more uniform deposition
can be achieved. The samples were then secured to the sample holder of the automated dipper.
The PAH solution was placed on the dipper’s platform as the first solution and the nanoparticle
solution was placed at the opposite position, position five. Positions 2-4 and 6-8 were occupied
with beakers for rinsing. The beaker at position 2 was filled with deionized water for the first

cycle as its initial position is after the position of water replacing system. The immersion times
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for PAH and nanoparticles were set to 5 minutes each and the time for each the rinsing was set to
1 minute each. Rinsing water was replaced after each use. The sample holder was set to spin at
the lowest possible speed. After completion of the deposition process, samples were left on the
holder to dry in ambient conditions. lonomeric membranes with CNC layers on both sides

(IPMCs) were then cut out of the frame using a blade.

3.1.4 Characterization Equipment

The size and charge of nanoparticles were measured by dynamic light scattering (DLS) and Zeta
potential measurement techniques, using a Zetasizer Nano-ZS (Malvern Instruments). DLS
measurements were carried out in 12 mm polystyrene cuvettes (DTS 0012) at A=633nm, and
Zeta potential measurements were carried out in disposable capillary cells (DTS 1061), both
from Malvern. Malvern DTS software was used to operate the instrument, collect and analyze
the data.

Thickness of CNC nanocomposites was measured using a DekTak 150 Stylus Profiler (Veeco). A
stylus with 2.5 um tip radius was used with 3mg force for all the measurements. Measurements
were taken on films deposited on glass substrates, rather than ionomeric membrane, with the
assumption that the CNC thickness is approximately the same on glass and the ionomeric
membrane. The reason for measuring the thickness of the CNC on glass was that 1) softness of
ionomeric membrane would interfere with the measurement and 2) it was almost impossible to
remove the CNC from part of ionomeric membrane to provide a step height change without
damaging the membrane. To take measurements on glass, plastic tweezers were used to make
scratches on the surface and remove the CNC. The stylus tip was then probed over the scratched
area; starting from a coated area and ending at a coated area, with the scratch in between. The
average step height was then calculated by subtracting the average height at the scratched area

from that of fully coated area.

The sheet resistance of the CNC thin-films were measured using a Jandel Multi Height Probe
equipped with a cylindrical 4-point resistivity probe head (needle radius 500 um, spacing 1 mm
and adjustable load of 10-30g) and controlled by a Jandel RM3-AR test unit. The test unit was
used as a combined constant current source and digital voltmeter. The test unit is specially

designed for use in making resistivity measurements in combination with four-point probe
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equipment. Measurements were taken under low current between 10-100 nA (unless otherwise
noted in experimental details) to compensate for the high resistance of the samples. Following on
the instructions provided by Jandel, only resistance readings corresponding to 10 — 100 mV
potentials were recorded as valid values. The sheet resistance in this system is calculated from

equation 3.1

V) 3.1
1(4)

R,(Q/0) = 4.5324 X

where Rs is sheet resistance and has the unit of ohms/square (€2/0)
3.2 lon Exchanged Nafion

3.2.1 Materials

In most of this work, Nafion was used as received with an H* counterion (acid form). In some
cases presented in chapter 8, the hydrogen was replaced with EMI cationic molecule. EMI-CI
(CAS # 65039-09-0) was used as 0.5 M aqueous electrolyte to exchange the hydrogen counterion

of Nafion through an ion exchange process.

3.2.2 Protocol
Salt solutions were prepared at 0.5 M concentration by dissolving the proper amount of the EMI-

Cl in deionized water. The solution was then stirred overnight.

lonic membranes of the desired size (0.5 x 4.5”) were cut out of a sheet of 90 micron thick
Nafion (lon Power Inc.) and boiled in diluted sulfuric acid solution (~ 1M, 9:1 water : acid ratio)
at ~ 100°C for 120 minutes. Water was added frequently to keep the volume of the mixture
constant and to compensate for the evaporated water. The samples were then boiled in deionized
water at 100°C for 120 minutes. The samples were then dried using a wipe and cut into smaller

pieces.

Samples were then placed in salt solution container with tightened caps, and heated to 80°C for

two days. The temperature was then reduced to 60°C for another eight days.
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Samples were then placed under vacuum (-29
mm Hg) and heated to 115°C for three days.
Then the samples were cut into smaller pieces,
weighed and soaked in ionic liquids to uptake ~
40 wt% of their dry weight.

The samples were then made into actuators (see

next section).

3.3 lonic Electroactive Polymer

Actuators

3.3.1 Assembly Equipment

Hot-Press

A PHI hot-press unit, Figure 3.7, equipped with
a PHI 5000 controller/programmer was used to
attach gold leaf outer electrodes on both sides of
IPMCs. The hot-press unit has two heating
plates; the temperature of each can be controlled

separately.

3.3.2 Materials

Gold Leaf

Gold leaves were purchased from L.A. GOLD
LEAF. Leaves are 3-1/8” squares of 24K gold,
and are “transfer” type (versus loose). The gold
leaves are placed on wax paper and the thickness
is 50 nm. Transfer type gold leaf is placed on
wax paper and it is easier to handle, whereas the
loose type which does not have the wax paper
and may tear during the process, or get attached

to the wrong surface (for example to the Teflon

Figure 3.7. The PHI hot-press unit, heating
plates are at the top-left of the image

Figure 3.8. 50 nm thick gold leaf on a wax
paper




Experimental Details 51

film instead of IPMC). These leaves are also available in Silver (pure) and white gold (12K), yet
the pure gold (24K) is the most suitable for IEAP actuators because of its minimum interaction

with the environment. A gold leaf on wax paper is shown in Figure 3.8.

lonic Liquids

Three types of ionic liquids were used in this work. 1-Ethyl-3-methylimidazolium
trifluoromethanesulfonate (EMI-Tf) (molecular formula: C;H;11F3N,03S) is the most common
ionic liquid used in IEAP actuators. Triethylsulfonium bis(trifluoromethylsulfonyl)imide (TES-
TFSI)  (molecular  formula:  CgHisFgNO4S3)  and  1-Butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (BMP-TFSI) (molecular formula: C11H,0FsN204S;) were used
for the experiments presented in Chapter 7.

Presented in Figures 3.9 and 3.10 are the chemical structures and three-dimensional chemical

structures of three ionic liquids used in this work.

r o JCHS F3CO2S,
/ ! e S FsC N CF N~
- H-C S+ IVSNar VSN ot 8 ;
I Il G O SRR
CH, O CHs © HaC™ ™"\__CHj
EMI-TF TES-TFSI BMP-TFS|

Figure 3.9. Chemical structure of the three ionic liquids used in this research
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Figure 3.10. A) 1-Ethyl-3-methylimidazolium trifluoromethanesulfonate (EMI-Tf) (molecular
formula: C;H11F3N203S), B) Triethylsulfonium bis(trifluoromethylsulfonyl)imide (TES-TFSI)
(molecular formula: CgHisFsNO,4S3), C) 1-Butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (BMP-TFSI) (molecular formula: Ci11H20FsN204S;)
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3.3.3 Protocol

To soak the IPMC with ionic liquid, the ionic liquid was first mixed with ethanol (1:1) and
heated to about 90°C. The IPMC was weighed with a high-precision microbalance (0.1 mg) and
weight was recorded as “dry weight”. The target weight with an increase of 40 wt% was

calculated from

w,=wg X1.4 3.2

where w;and wy are target and dry weights respectively. The IPMC was then placed in the heated
ionic liquid-ethanol solution for about 15 minutes. The IPMC was then removed from the
solution, dried with a piece of filter paper (by pushing and not wiping) and placed in a vacuum
oven at 110°C for 15 minutes to evaporate the ethanol. The weight of the sample was then
measured. If the weight was less that the target value, the sample was soaked in the ionic liquid-
ethanol solution again, and the above steps would be repeated until the desired weight was
achieved. Extra care should be taken not to over soak the sample as it is extremely hard to

remove ionic liquid from the IPMC.

After reaching the target ionic liquid intake, gold leaves should be pressed to both sides of the
IPMC to make it into an IEAP actuator. It is recommended to do this immediately following the
ionic liquid intake to prevent moisture from getting into the system. Gold leaf electrodes isolate
the IPMC and prevent moisture from entering the device. To prepare the hot-press unit, the
temperature of each plate was set to 95°C, the plates were then pushed together to expedite
heating process, which is a time consuming process. To prepare the samples for hot-press, a
piece of Teflon film was placed on an aluminum plate, and a sheet of gold leaf was placed on the
Teflon film, face up. The sample(s) was then placed on the gold leaf very carefully, as moving
the sample while on the leaf would destroy the leaf and sample. Another sheet of gold leaf was
placed on the sample carefully, face down. A piece of Teflon film was placed on the top and
another aluminum plate was placed on the top of the pile. Extra care must be taken to minimize
any unwanted movement of films or plates. Any movement in the horizontal plane may cause the
sample to move over the gold leaves, which makes the sample and gold leaves unusable. Once
the plates of the hot-press reached the desired temperature, the plates were opened and the

sample stack was placed on the lower plate. The plates were then closed and a pressure of
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approximately 1000 Ibs (pound-force) was applied for 25 seconds. The plates were then opened
and stack was removed. After removing the upper aluminum plate and the Teflon film, upper

gold leaf sheet was slowly removed. Samples were then removed using plastic tweezers.

The IEAP actuators were then placed between filter papers and in zip-lock bags to isolate them
from the ambient moisture, as well as from possible scratch and tear. At the time of use, a small
stripe (~ 1x6 mm?) was cut from the main piece, using a blade. It is also recommended to push

the blade on the main piece rather than moving the blade across the sample.

3.3.4 Characterization Equipment

Probe station

An actuator probe station was designed and constructed to assist operation, force measurements,
electroanalytical measurements, charging and discharging studies and imaging of IEAP
actuators. Presented in Figure 3.11 is the in-house made probe station. In this section the design
and construction steps are described. Blueprints of the designed parts are also provided for
maintenance and reproduction of the parts. All the designed parts are made of ¥ thick

polyoxymethylene (POM) also known as Delrin.

Figure 3.11. In-house fabricated probe station
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The probe station consists of three main platforms, two of which are x-y micropositioners with
cathode and anode electrodes that will hold and connect to the IEAP actuator, and one is the
camera tower which holds and positions the camera and magnifying lens. The control box is a
separate unit connected to the electrodes. The camera is controlled by a separate control unit,

provided by the camera manufacturer.

Some of the key features of the probe station are:
e Low cost compared to commercially available probe stations
e Large camera travel range in the x-y-z directions
e Upgradeable with new camera, lens, and micro-positioners based on need
e Compatible with potentiostat and data logger

e Multi-meter output

Micropositioners

The two micropositioners are mirror symmetry relative to each other, with an exception of an
LED added to one to indicate anode. Each micropositioner consists of two linear
micropositioners (one degree of freedom) at 90° rotation on x-y plane. This provides two degrees
of freedom for each unit, 20 mm in the x direction and 30 mm in the y direction. An “L” shape
extension was designed to attach to the top of each micropositioner to hold the metal electrodes.
The extensions are extended 31.75 mm (1-%4”) out from the top micropositioner to keep the
micropositioners out of the range of camera, when zoomed in. Metal electrodes are attached to
the “L” shape extensions and secured by screws. The micropositioners are base-mounted to

maximize accuracy and minimize hand-induced vibrations, Figure 3.12 (top).

The camera tower is placed on a micropositioner that allows 40 mm movement in the y direction.
The camera tower consists of two pieces perpendicular to each other, one is the main tower
which holds the camera shaft in the z direction and one is the camera shaft that holds the camera
above the micropositioners and in the x direction. The camera tower allows 140 mm
displacement of the camera shaft. The camera shaft allows 254 mm displacement of the camera.

The camera shaft has features to prevent the camera from tilting, Figure 3.12 (bottom).
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Figure 3.12. Top: Micropositioner is shown. The “L” shape extension can be seen at the top.

Bottom: The camera mounted to the camera shaft.
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As shown in Figure 3.13, a magnifying lens is used to improve the limited zoom and focus
features of the camera. The lens is secured to a holder, which is extended to be centered with the
camera. The holder is attached to a micropositioner, allowing 35 mm displacement in the z
direction, which is to be used for fine focusing. There are two open slots on the micropositioner,
thus the position of the holder can be adjusted by + 25.4 mm, in case lenses with different focal

lengths are to be used. The slots can also be used to add other lenses to the instrument.

Figure 3.13. Magnifying lens and fine focus micropositioner

The control box consists of six banana jacks and three 2-way smooth slide switches (double pole,
double throw (DPDT)). Two of the jacks are for input power, two are for multimeter output and
two are output to electrodes on the micropositioners. One of the DPDT switches is to turn on/off
the power of the control box, one is for changing the polarity of the input power, and one is to
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turn on/off the power to electrodes. Single pole. single throw (SPST) switches could be used for
turning the power on/off on the control box and electrodes, yet DPDT switches were used as
SPST switches.

The instrument is mounted to a 2" polyoxymethylene base with rubber legs to minimize

vibration and also to allow portability of the instrument.

Blue prints of the camera shaft, camera tower, lens holder and sample holders are presented in

Figure 3.14 through 3.18 in the next five pages.

Figure 3.14. Blue print of the camera shaft

Figure 3.15. Blue print of the camera tower

Figure 3.16. Blue print of the lens holder (top view)
Figure 3.17. Blue print of the lens holder (side views)

Figure 3.18. Blue print of the sample holders
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Electroanalytical measurements

Electroanalytical measurements
were performed using a
MAUTOLAB (FRA 2, type
I11) potentiostat, Figure 3.19, along
with GPES software (Metrohm) to
obtain and analyze time dependent
current and voltage measurements.
The instrument was used in step
voltage and sweep voltage modes.

The counter and reference

Figure 3.19. hJAUTOLAB (FRA 2, type I11) potentiostat

electrodes were connected together as one electrode and working electrode was used as the other

electrode. GPES software was used to control experiment conditions and to record and

preliminary analyze data. Data was exported as CSV

files for further analysis with Microsoft Excel.

Data logger

An Omega® OM-DAQPRO-5300 data logger,

Figure 3.20,

was used to measure and record

voltage and current values. The instrument was

mainly used in combination with the probe station to

record current variations across the electrodes of

charging and discharging IEAP actuators. It was also

used to monitor voltage across the electrodes of

discharging IEAP actuators in some experiments.

Figure 3.20. Omega OM-DAQPRO-
5300 data logger
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Load cell and signal conditioner

A 10 gram load cell (GS0-10) was used with a 12VDC, 220Hz filter amplifier/ conditioner
module (TMO0-1), both from Transducer Techniques. The unit generates a voltage between 0-8 V
in response to 0 — 10 gram load. The system must first be calibrated.

Analog Output Bench Top V.OM.

0- +8VDC T Millivolt Meter
XY Plotter
Push Button Chart Recorder
Shunt Cal A/D - Computer
. Tension
ar
/y 12 VDC Power In Igampr&gﬁbn
-~

Load Cell/
Force Sensor
Torque Sensor
Tension
Gain Pot ar
Compressioh

Figure 3.21. Transducer Techniques signal conditioner (left) and load cell (right).

Figure source: Transducer Techniques website
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Chapter 4

Preliminary Studies

4.1 Introduction

Prior to systematic study of IEAP actuators, we conducted a wide set of preliminary studies with
three primary objectives in mind: first, to choose proper materials for fabrication of CNCs;
second, to find means for mechanical and electrical characterization of IEAP actuators; and third,

to improve the fabrication process.™?

4.2 Materials

Based on the design for a porous-conductive CNC, spherical metal nanoparticles were chosen as
the main structure of CNC layers. The spherical geometry of the nanoparticles would result in
formation of nano-channels throughout the CNC and facilitates ion mobility. Metal nanoparticles
would also contribute toward electrical conductivity of the CNC, which would increase
conductivity and thus reduces charging/discharging times which in turn improves switching
speed of the actuators. As shown in Figure 4.1, four types of metal nanoparticles with wide size
distribution were chosen for preliminary studies. All the nanoparticles were negatively
functionalized, thus a PAH polycation was used as the counter ionic solution for LbL ionic self-
assembly. Nafion was used as the ionomeric membrane and EMI-TT as the source of ions. Both
of these were chosen based on extensive literature references. Since both materials are very well
studied, it would allow us to better understand variations of performance due to the properties of
CNC and be able to compare the results with that of IEAP actuators made with different types of
CNC.
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Figure 4.1. To-scale schematic of different nanoparticles used for preliminary studies. Gold
nanoparticles of ~3nm diameter, Palladium nanoparticles of ~25nm diameter, Platinum

nanoparticles of ~40nm diameter, and Copper nanoparticles of ~ 200nm were chosen

4.2 Characterization

IEAP actuators fabricated based on different metal nanoparticles were characterized for their
mechanical properties. First, the actuators were characterized for bending curvature. As shown in
Figure 4.2, actuators containing larger particles exhibited larger curvature. Under application of
4V, the actuator based on copper nanoparticles exhibited actuation curvature of approximately
0.45mm™. The actuation curvature exhibited increase with increase in the diameter of the
nanoparticles. Larger nanoparticles form wider nano-channels which facilitates mobility of ions
throughout the IPMC. Gold nanoparticles had the largest curvature to particle size ratio.
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Figure 4.2. Actuation curvature of actuators consisting of different metal nanoparticles. The

CNC for each actuator consist of 50 bilayers

To characterize the IEAP actuators for their intrinsic strain, the elastic modulus of each layer

along the film surface direction in the IPMC was characterized using a set-up specifically

designed to measure the elastic modulus of soft materials.>* In this set-up, the specimen is fixed

at two ends and a displacement transducer was used to generate strain in the specimen and the

corresponding stress (force/cross section area) was measured by a load cell. In this study, the
elastic modulus of the Nafion film with 40 wt% EMI-Tf was measured first (=50 MPa). Then the

elastic modulus of the specimen with CNC layers deposited on the Nafion membrane was

characterized. From this effective elastic modulus, the elastic modulus of the CNC layer can be

deduced. For a bilayer laminate with the length much larger than the other dimensions as

illustrated in Figure 4.3, the measured elastic modulus Y is related to the elastic modulus of each

layer Y? and Y® as
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Y =a¥Y?® + bY?

where a and b are the volume fractions of each layer in the laminate, respectively.

ty
a =———
t; + t,
p=—2
t, + t,

The final effective elastic modulus of the five-layered IPCNC (with CNC and gold leaf
electrodes) absorbed with EMI-Tf was also measured from which the elastic modulus of the Au

layer was deduced (=20 GPa). The modulus of each layer is presented in Table 4. 1.

'\.-"

Figure 4.3. Schematic of bilayer laminate for the characterization of the elastic modulus of

individual layers
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Membrane CNC Outer Electrode

50 MPa 780 MPa 20 GPa

Table 4.1. Modulus of each layer in IEAP actuator

Using the modulus and thickness of each layer, the intrinsic strain of actuators was calculated
from

3 \2 3 2 3
Y [(2%) + 2t, (tc+%) + t%,(2t0+t,-)] + Y, lz%+ tc%‘+t§til + Y, l%l

r Y. (tt. + t?)

where Y is the modulus, t is the thickness, r is the radius of curvature, and the subscripts m,c and
i correspond to metal, CNC and ionomeric membrane, respectively.

Presented in Figure 4.4 is the intrinsic strain of IEAP actuators consisting of different types of
nanoparticles as a function of applied voltage. The intrinsic strain exhibited an increasing rate
with increase in applied voltage and nanoparticle size.
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Figure 4.4. Intrinsic strain of actuators consisting of different metal nanoparticles, as a
function of applied voltage. Each actuator consists of 50 bilayers

Since using copper nanoparticles in the IPMC would introduce oxidation issues to the system,
and smaller nanoparticles form more uniform and homogeneous thin-films and are advantageous
in controlling the thickness of CNC, gold nanoparticles of ~3nm diameter were chosen for the
systematic studies of IEAP actuators.

The actuation speed of an IEAP actuator based on gold nanoparticles fabricated via LbL ionic
self-assembly was characterized and compared to that of an IEAP actuator based on RuO,
nanoparticles fabricated via conventional method. Presented in Figure 4.5 is the normalized
intrinsic strain as a function of time. The data is fitted with S = So[ 1—exp(—t/7)], which yields 7=
0.18 s for the gold nanoparticle-based IEAP actuator and z = 1.03 s for the RuO,-based IEAP
actuator. The fast actuation speed of the gold nanoparticle-based actuator is due to the thin CNC

layer which is 0.4 um compared with 3 um for the RuO,-based actuator. The results presented
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indicate the potential of gold nanoparticle-based CNCs fabricated via LbL ionic self-assembly

technique as a class of IEAP actuators for large and fast actuation under low applied voltage.

1.0

)
e 3um RuO2CNC
(]

o ----- t=1.03s fitting curve

!

——1=0.18s fitting curve

0 1 2 3 4
Timels

Figure 4.5. The actuator response time as a function of time under a step voltage for the gold
nanoparticle-based CNC (25.8 um total thickness) and RuO,-based CNC (31 um rotal
thickness)

Actuators based on gold nanoparticles consisting of CNCs with different number of bilayers
were characterized for the intrinsic strain as a function of applied voltage and number of gold
nanoparticle/PAH bilayers, as shown in Figures 4.6 and 4.7. It was observed that actuators with
thicker CNCs exhibit smaller intrinsic strain, which is mainly because of the increased modulus
due to added metal nanoparticle in the CNC. The intrinsic strain showed an increasing trend with
increasing applied voltage, which is the result of motion of a larger number of ions in stronger

electric field.
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Figure 4.6. Intrinsic strain of gold nanoparticle-based IEAP actuators as a function of the

thickness of CNC and applied voltage
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Figure 4.7. Intrinsic strain of gold nanoparticle-based IEAP actuators as a function of the

applied voltage and the thickness of CNC
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4.3 Fabrication Process

In order to immerse the ionomeric membrane in ionic solutions for LbL fabrication of the CNC,
we initially placed the Nafion film between two polycarbonate frames and stapled the frames
together. It turned out that immersing the polycarbonate frame and staples into the gold
nanoparticle solution results in quick degradation of the solution, so the solution needed to be
replaced after every 5 bilayers which increased the cost and also resulted in less homogeneous

thin films, Figure 4.8.

MR ¥ I -«

Figure 4.8. Gold nanoparticle solution degrades when in contact with polycarbonate frame
(left) or staple (right). The reference solution is shown at the center

To overcome this issue, glass frames were designed and made from 1”x3” microscope glass
slides and double-sided tape was used to secure the Nafion film to the frame. The resultant thin-
films were of significantly higher quality both in uniformity and thickness. Using the glass
frames, the gold nanoparticle solution does not degrade and lasts for more than 15 bilayers until
almost all the gold nanoparticles are absorbed and the solution becomes clear. Presented in
Figure 4.9 are schematics of the polycarbonate and glass frames along with pictures of two thin-

films consisting of the same number of bilayers fabricated with polycarbonate and glass frames.
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Figure 4.9. Schematics of polycarbonate and glass frames along with pictures of thin-films
consisting of the same number of bilayers fabricated with LbL ionic self-assembly technique
using two different types of frames




76  Chapter 4

References

1 S Liu, R Montazami, Y Liu, V Jain, M Lin, JR Heflin, and QM Zhang, "Layer-by-layer
self-assembled conductor network composites in ionic polymer metal composite
actuators with high strain response,” Applied Physics Letters 95 (2), 3 (2009).

2 S Liu, R Montazami, Y Liu, V Jain, M Lin, X Zhou, JR Heflin, and QM Zhang,
"Influence of the conductor network composites on the electromechanical performance of
ionic polymer conductor network composite actuators,” Sensors and Actuators A:
Physical 157 (2), 267-275 (2010).

3 Kailiang Ren, Sheng Liu, Minren Lin, Yong Wang, and Q. M. Zhang, "A compact
electroactive polymer actuator suitable for refreshable Braille display,” Sensors and
Actuators A: Physical 143 (2), 335-342 (2008).

4 Kailiang Ren, Yiming Liu, H. Hofmann, Q. M. Zhang, and John Blottman, "An active
energy harvesting scheme with an electroactive polymer,"” APPLIED PHYSICS
LETTERS 91 (13), 132910-132913 (2007).



Influence of CNC Thickness on the Performance of IEAP Actuators 77

Chapter S
Influence of CNC thickness on the Performance if IEAP

Actuators

This chapter is an expansion of work published in the Journal of Applied Physics entitled:
“Thickness dependence of curvature, strain, and response time in ionic electroactive polymer
actuators fabricated via layer-by-layer assembly”, Authored by Reza Montazami, Sheng Liu,
Yang Liu, Dong Wang, Qiming Zhang, and James R. Heflin, J. Appl. Phys. 109, 104301 (2011)

5.1 Introduction

Transport of ions through the CNC and their accumulation at the oppositely charged outer
electrodes, under an applied voltage, results in an imbalance of force between the two sides of
IEAP actuator and in turn causes a mechanical deformation called actuation. Initially, ions are
randomly distributed in the CNC layers and membrane; upon application of an external electric
field the ions start to move through membrane and CNC and toward the outer electrode of
opposite charge. Thus the physical properties of the CNC layer along with the possible chemical
interactions between the ions and CNC are influential and important in defining the performance
and properties of the IEAP actuators. Given the high influence of the CNC on performance of
IEAP actuators and since it is easier to alter the structure of CNC, in comparison to the
ionomeric membrane, structural alterations and modifications of the CNC can be used as a
powerful tool to optimize the performance of IEAP actuators, and to tailor them to specific needs
and applications. There are several approaches to alter the structure of CNC. One approach is to
change the building blocks of the nanocomposite. That is, to use different materials such as gold,
silver, platinum, copper, zinc, carbon nanotubes or silica nanoparticles to form the
nanocomposite; or to use different polymers for construction of layer-by-layer ISAM films.
Another approach is to use nanomaterials of different geometries such as spherical nanoparticles
versus nano flakes. Yet another approach is to keep the building blocks fixed and alter the
physical properties of the nanocomposite. Physical properties such as thickness, volume density

and pore size are some of the factors expected to influence the actuator performance.
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In this chapter, several aspects of the performance of actuators are studied as a function of
thickness of the CNC and the results are analyzed to deduce performance data. It is shown that
one effective method to improve the performance of IEAP actuators is control over the thickness
of the CNC layers, without even varying the CNC nanocomposite structure. The thickness of the
CNC is important because it is directly proportional to the volume of CNC. In other words, the
capacity of the CNC for electrolyte uptake. The thickness also defines part of the path length for
ion travel. The amount of electrolyte translates to larger number of ions in the device which
directly influences the performance of IEAP actuators; as more ions can result in a larger
imbalance in the actuator and generate larger force. Here | show that IEAP actuators containing
porous CNC and ionic liquids can result in high strain and fast response times. Incorporation of
spherical gold nanoparticles (AuNPs) in the CNC enhances the conductivity and porosity, while
maintaining relatively small thickness, which leads to improved mechanical strain and bending
curvature of the actuators. It is also shown how the LbL self-assembly technique is a useful tool
for fabrication of CNC with precise control over the thickness of nanocomposite. Beside
curvature, intrinsic strain and total net strain of IEAP actuators, the net strain generated by the
CNC is also analyzed in this study.

5.2 Materials

Commercially-available Nafion films of thickness 25 um (lon Power, Inc.) were used as the
ionomeric membrane in all IEAP actuators investigated in this chapter. Nanocomposites of the
polycation poly(allylamine hydrochloride) (PAH) (Sigma Aldrich) and anionic functionalized
gold nanoparticle (AuNP) (~3 nm diameter, Purest Colloids, Inc.) were grown on both sides of
the Nafion membrane via LbL deposition of the ionic species. The substrates were alternately
immersed for 5 minutes each in aqueous solutions of PAH at a concentration of 10 mM at pH 4.0
and AuNP at a concentration of 20 ppm at pH 9.0 with three rinsing steps for 1 minute each in
deionized water after each deposition step. Glass frames were used to support the membrane in
the solutions during the deposition process. After deposition of the PAH/AUNP CNCs on the
Nafion membrane, the films were soaked with 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate (EMI-TT) (Sigma Aldrich) ionic liquid to approximately 40 wt%. Gold
leaf electrodes of thickness 50 nm were then hot-pressed on both sides of the membrane to form

IEAP actuators. Other ionic liquids can also be used as sources of mobile ions; however, IEAP
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actuators with EMI-Tf have shown the highest strain response.' The IEAP actuators were then
cut into approximatly1x6 mm? strips for testing. The thicknesses of CNCs consisting of different

numbers of bilayers were measured using a Veeco Dektak 150 profilometer. An SEM image of a

40-bilayer AuNP surface is shown in Figure 5.1.

.

300nm WD= 7mm EHT= 1.00kv Date:24 Apr2010

40BL 3nm AuNP/PAH on Nafion Mag = 92.58 KX Photo No. = 1101 Signal A = InLens

Figure 5.1. SEM image of 40 bilayers of (PAH/AuNPs) on Nafion

5.3 Results and Discussions

As noted in section 2.3, the ISAM technique provides precise control over the thickness of the
thin-film nanocomposite. Here we are taking advantage of this factor and using the number of
deposoited layers of PAH/AUNPs to control the thickness of the CNC layers. Increase in the
thickness of the CNC with respect to number of deposited bilayers (between 10 and 40 bilayers)
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exhibited a linear growth of approximately 2 nm/bilayer. The increase in the thickness of the
CNC as a function of number of bilayers is shown in Figure 5.2. Since the CNCs are fabricated
on both sides of the ionomeric membrane, twice the CNC thickness is added to the thickness of
the membrane to obtain the total thickness of the IPMC. The thicknesses of different samples are

presented in Table 5.1.

Bare Nafion 0.000 25.000 25.100
10 BL 0.023 25.046 25.146
15BL 0.033 25.066 25.166
25 BL 0.051 25.102 25.202
30 BL 0.064 25.128 25.228
40 BL 0.081 25.162 25.262

Table 5.1. Thickness of different components of variety of actuators. Bare Nafion has

thickness of 25 um and each metal electrode is 50 nm thick

As we have shown previously,? ionic liquid bending actuators under constant applied voltage
exhibit first a motion towards the anode followed by a motion towards the cathode. This is
interpreted as a fast motion by the ionic liquid cations followed by a slower motion of the anions.
In the devices discussed in this chapter, the faster bending has a fairly small amplitude (with a
time constant of ~0.2 s) until the device has undergone several cycles of actuation, while the
slower motion (time constant ~1.5 s) towards the cathode remains fairly constant during this
conditioning process. In this chapter, we will focus our discussion on the slower motion towards
the cathode which is due to motion of anions (or negatively charged clusters of ions). The faster

response will be discussed in more detail in chapter 7.
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Figure 5.2. CNC thickness vs. number of bilayers. The trend line indicates linear increase in

thickness

For the devices discussed in this chapter, the responses of IEAP actuators to an electrical signal
of 4 V were monitored and recorded. Monitoring and recording the response of actuators was
performed using a charge-coupled device (CCD) video camera at 30 fps. The actuation radius of
each actuator as a function of time was determined from the optical images and used to calculate
the actuation curvature (Q). Figure 5.3 shows the maximum actuation curvature towards the
cathode as a function of CNC thickness for actuators with different numbers of bilayers
comprising the CNC, including the case of bare Nafion (no CNC). The curvature increases
linearly with the thickness of the CNC at a rate of 0.0029 mm™/nm. The increase of actuation
curvature as a function of thickness is due to the motion of a larger number of ions into the
thicker CNCs, as thicker CNCs are capable of containing more electrolyte and hence more ions

accumulate at each electrode in the presence of an electric field due to this higher capacitance.
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The largest actuation curvature (0.43 mm™) corresponds to the sample consisting of 40 bilayers.
The curvature of the 40-bilayer device is 2.4 times larger than that of the actuator without a
CNC.

In the case of symmetric cantilever actuators with length significantly larger than width and
width significantly larger than total thickness, the application of electric field across the
thickness of the actuator will cause longitudinal expansion or contraction in the CNC layers
which produces mechanical bending. For a free cantilever bimorph actuator, the extensional
force (F) and external moment (M) are zero, and only pure bending occurs during the actuation.®
The intrinsic strain (g) within the CNC layer can be obtained from Equation 1, using the

thickness and elastic modulus of each layer along with the radius of curvature.

3 N 3 2 t}
o[(B)+ 20 (4 )"+ o]+ e G ]

r Yc(titc + tcz)

)

E =

where Y is the modulus, t is the thickness, and r is the radius of curvature, and the subscripts m,c

and i correspond to metal, CNC and ionomeric membrane, respectively.
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Figure 5.3. Curvature (Q) increases linearly with the increase in the thickness of CNC. The

curvature of an actuator consisting of an 80 nm thick CNCs exhibited 2.4 times increase in

comparison to actuator consisting of 10 nm CNCs. Data are taken under application of 4V step

function
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Figure 5.4. Intrinsic strain (top) and net intrinsic strain due to the CNC layer (bottom) as a
function of CNC thickness. Samples consisting of thinner CNCs exhibited larger calculated
intrinsic strain from Eqn. 1, but the net intrinsic strain due to the CNC layer after subtracting
the contribution from bare Nafion is a fairly constant value. Data are taken under application

of 4V step function
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To quantify the generated intrinsic strain, the elastic modulus of each layer was characterized
along the direction of the actuator surface, using a setup specifically designed to measure the
elastic modulus of soft materials. Details of the setup and procedures are presented in our
previous work.! Briefly, the elastic modulus of the Nafion film with 40 wt% EMI-Tf was
measured first (=50 MPa). Then the elastic modulus of the specimen with CNC deposited on the
Nafion membrane was characterized from which the elastic modulus of the CNC layer is
deduced (=739 MPa). The elastic modulus of the five-layer IEAP actuator swollen with EMI-Tf
was also measured from which the elastic modulus of the gold electrode was deduced (=20 GPa)
The actuator consisting of 10 bilayers (thinnest CNCs) exhibited the largest intrinsic strain as
derived from eqgn. 1 compared to other actuators consisting of thicker CNCs. Presented in Figure
5.4 (top) is the calculated intrinsic strain as a function of CNC thickness. The mechanical
intrinsic strain generated under 4 VV was obtained to be 22.65% (45.3% peak-to-peak) for the 10-
bilayer actuator and 11.48% (22.96% peak-to-peak) for the 40-bilayer actuator. For comparison,
the intrinsic strain of an IEAP actuator based on a 3 um thick RuO, CNCs is 3.3% (6.6% peak-
to-peak) under the same voltage. The considerably enhanced strain of the actuators investigated
in this work is due to successful formation of uniform and thin CNCs. Such CNCs contain less
metal, which lowers the modulus, and uniform structure, which facilitates effective mobility of
ions and also increases electrolyte up-take. It is important to note that the actuator without a
CNC still exhibits non-negligible curvature. In order to determine the true intrinsic strain of the
actuators, this contribution to the curvature should be removed. Thus, the net intrinsic curvature
due to the CNC layers for each actuator was derived by subtracting the curvature of the bare
Nafion actuator from that of the other actuators. The net curvature was then used to calculate the
net intrinsic strain due to the CNC, which was found to be a fairly constant value. The net
intrinsic strain has an average value of 6.1% as shown in Figure 5.4 (bottom). The
independence of the net intrinsic strain on the CNC thickness indicates that the additional CNC
material contributes equally to the bending response over the measured thickness range of 20 to
80 nm.

Net Strain
Intrinsic strain due to the CNC is a value applicable to IEAP actuators and useful in

characterizing IPMCs, however it does not translate to a tangible, universal and quantitative
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value that can be used to compare IEAP actuators with other sorts of actuators or to give a
general, descriptive definition of mechanical deformation of the structure. In order to deduce this
universal quantity, which is representative of the actual mechanical deformation of the structure,
one should calculate the ratio between the volume of the expanded side of the actuator and its
initial volume. This quantity is simply the change in the volume of the expanded layer in
reference to the original volume. This quantity is independent of the structural properties of the
actuator (number of layers, materials, modulus etc.) and considers the actuator as one uniform,
structure of a fixed thickness. Figure 5.5 and equations 2 through 6 show an illustration and
corresponding equations for calculating the net strain of a bending actuator. The radius of
curvature r is used with equation (6) to obtain the net strain as a function of the thickness h of
the actuator. The total net strain of an actuator differs from the intrinsic strain of an actuator as
the former corresponds to the overall strain generated in the actuator as a whole, while the latter
is the strain generated in the CNC layers only. Figure5.6 illustrates the change in the total net
strain as a function of the thickness of CNC layer. The total net strain increases as the thickness
of the actuator (i.e. CNC layer) increases; which is due to the significant increase in the bending
for a relatively small increase in the thickness of the actuator as a result of the facilitation of the
accumulation of charge at the electrodes by the CNC. Since thicker CNC layers are larger
reservoirs for intake of free ions, IEAP actuators with thicker CNCs have a larger number of free
ions participating in the actuation process. As a result, during actuation a larger imbalance occurs
between the two opposite electrodes which results in a larger bending curvature.
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Figure 5.5. Radius of curvature of a bended structure. Center and outer are indicated with “c”

and “o” subscripts, respectively. “L” is the length and “h” is the thickness of the structure

L.=aXxr,

Ly=aXr,=a x(rc+h/2)

—L
e(%) = —=x 100
c
a (rc + h/z - rc)
e(%) = — X 100
c

h
£(%) = 5—x 100

Cc




88 Chapter 5

0.6 -

0.5 -

Net Strain (%)
o o
w N

o
N
1

0.1 4

0 T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90

Thickness of Each CNC (nm)

Figure 5.6. Total net strain increases with the increase in the thickness of the CNC. This
strain is obtained using the total thickness of the actuator, as shown in Table 1, and the

corresponding radius of curvature under application of 4V step function

Response Time

The speed of the actuators was also characterized. The strain generated by each actuator was
normalized with respect to the maximum strain and plotted as a function of time. Comparing the
normalized strain of different actuators versus time revealed that the response times of all
actuators are approximately the same with respect to their normalized strain. In Figure 5.7 the
normalized strain for two of the actuators is shown as a function of time. Data points were fitted

with e=emax(1-exp(-#/z)) where t is time and ¢ is the time constant, which yields T = 1.5 seconds.



Influence of CNC Thickness on the Performance of IEAP Actuators 89

0.8

0.6

0.4

Intrinsic Strain (Normalized)

0.2 1 A® A 15 Bilayers

0.1 e 30 Bilayers

—1 = 1.5 sec fitting curve
0 T T T T T T 1
0 1 2 3 4 5 6 7

Time (sec)

Figure 5.7. Response time of actuators consisting of 15 and 30 bilayer CNCs. It was observed
that the change in normalized strain of actuators as a function of time is independent of the

thickness of actuators

Conclusion

CNCs consisting of different numbers of bilayers of PAH and AuNPs were fabricated via the
LbL assembly technique and used to form IEAP actuators. The resultant actuators exhibited
significantly large strain compared to other types of actuators. It was observed that actuators with
thicker CNC layers are capable of generating larger bending. The maximum curvature of the
actuators towards the anode was found to increase linearly with the thickness of the CNC layer.
After accounting for the curvature observed in an actuator with no CNC layer, the net intrinsic
strain of the CNC was found to be ~6.1% independent of thickness, which indicates that the
entire thickness is equally effective at contributing to the strain as the thickness of the CNC in

increased. The response time for actuation was also found to be relatively independent of
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thickness with a time constant t of 1.5 seconds. This suggests that the limiting factor of the speed
of the anion motion is the Nafion membrane itself rather than the CNC. The improved actuation

curvature and strain are results of successful fabrication of thin and uniform CNCs. Properties

and performance of actuators studied in this chapter are summarized in Table 5.2.

Nafion  0.000 25.000 25.100 0.180 N/A N/A 0.226
10BL  0.023 25.046 25.146 0.249 22.645 6.308 0.314
15BL 0.033 25.066 25.166 0.266 16.923 5.458 0.334
25BL 0.051 25.102 25.202 0.334 13.917 6.407 0.421
30BL 0.064 25.128 25.228 0.349 11.690 5.652 0.440
40BL  0.081 25.162 25.262 0.429 11.482 6.657 0.542

Table 5.2. Summary of the properties and performance of actuators consisting of different
thicknesses
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Chapter 6
Influence of the Volume Density of the Conductive Network

Composite

This chapter is an expansion on the work to be submitted to Sensors and Actuators A

6.1 Introduction

Typically, the high performance (large actuation) IEAP actuators contain an ionic polymer-metal
composite (IPMC) which consists of two conductive network composite (CNC) layers formed on
the surfaces of an ionomeric membrane (very often Nafion®) containing an electrolyte.*® The
CNCs are added to the ionomeric membrane to act as reservoirs for electrolyte (aqueous or ionic
liquid) solution, thus they have a significant interface and interaction with ions in the electrolyte,
and their properties directly influence the mobility of ions in the IPMC. The mechanical response
of most ionic liquid-containing IEAP actuators to an external electric field can be divided into
two separate steps: fast response and slow response. The fast response is typically smaller in
magnitude and is generated by cations that rush toward the cathode rapidly once the voltage is
applied and cause the actuator to bend toward the anode. Depending on the thickness of the
IPMC and the CNC-ion interface area, the fast response can have a time constant as low as 0.18
second.* The slow response is generated by motion of anions (or ion clusters with negative net
charge). It is larger in magnitude and consists of bending of the actuator toward the cathode,
canceling the fast response completely. Presented in Figure 6.1 is the response of an IEAP
actuator, consist of 20-bilayer CNCs and 25 pum Nafion, to a 4 V step voltage. Response to step
voltage is usually slower that response to a waveform as the system stars from a neutral state
rather than a charged state in case of waveform. There are applications in which fast cationic
response is preferred, yet a large magnitude of bending is also desired. Operating the actuator at
a fast enough frequency, the anionic response can be eliminated (see chapter 7). And the
magnitude of bending can be maximized by optimizing CNC layers. Most electrical and
mechanical properties of CNC layers, such as conductivity, volume density, porosity and pore

size, can be optimized by variation of the composite materials, fabrication technique and
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thickness of the thin-film composite. > The speed and extent of response of ions to an external
electric field depends on several factors including CNC-ion interface area and conductivity of the
CNC layer. Previous studies have demonstrated the great influence of CNC layers on the
electromechanical behavior of IEAP actuators.”® Moreover, it is well known that the dynamics
of mobility and diffusion of ions in IPMC and their interaction with CNC layers has a vital rule

in defining electromechanical properties of ionic devices.”*

Figure 6.1. Overlaid photographic images of an IEAP actuator responding to a 4V step

voltage

One of the main advantages of using LbL technique is the ability to construct electrically
conductive porous CNCs while keeping the thickness in nanometer range.***? Such ultra-thin
composites do not interfere with the desired mechanical properties of Nafion membrane, that is,
the modulus is not changed by a large amount, while significantly increasing CNC-ion interface
and facilitate mobility of ions through CNC. Moreover, IPMCs with porous CNC layers have
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larger electrolyte uptake capacity due to the porous structure of the nanocomposite. In the
previous chapter, we showed that the thickness of CNC is highly influential on the performance
of IEAP actuators. There we demonstrated that increasing the thickness of the CNC results in
larger strain and bending curvature, which are the results of the increased electrolyte uptake,

without significantly increasing the overall thickness of the IPMC.

In this work, we investigate the mobility of ions in a series of IEAP actuators consisting of CNCs
with different gold nanoparticle (AuNP) densities fabricated via the LbL assembly technique and
demonstrate that the cationic response can be maximized by tuning the nanostructure of CNC
layers. Control over the density of the CNC is achieved directly through varying the
concentration of AuNPs in the aqueous immersion solution. We have quantified the sheet
resistance, anionic strain, cationic strain and frequency dependence of the cationic strain of the
resultant actuators with different density CNCs, and have also characterized the charging and
discharging of the actuators as a function of time.

6.2 Experimental

Commercially-available Nafion film of thickness 25 um (lon Power, Inc.) was used as the
ionomeric membrane in all IEAP actuators investigated in this work. Nanocomposites of the
polycation poly(allylamine hydrochloride) (PAH) (Sigma Aldrich) and anionic functionalized
gold nanoparticles (AuNPs) (~3 nm diameter, Purest Colloids, Inc.) were grown on both sides of
the Nafion membrane via LbL deposition of the ionic species. The substrates were alternately
immersed for 5 minutes each in aqueous solutions of PAH at a concentration of 10 mM at pH 4.0
and AuNPs at 2, 4, 10 and 20 ppm concentrations at pH 9.0 with three rinsing steps for 1 minute
each in deionized water after each deposition step. Glass frames were used to support the
membrane in the solutions during the deposition process to eliminate frame-solution chemical
reactions. After deposition of the PAH/AuNP CNCs on the Nafion membrane, the IPMCs were
soaked with 1-ethyl-3-methylimidazolium trifluoromethanesulfonate (EMI-TT) (Sigma Aldrich)
ionic liquid to approximately 40 wt%. Gold leaf electrodes of thickness 50 nm were then hot-
pressed on both sides of the membrane to form IEAP actuators. The IEAP actuators were then
cut into approximatly1x6 mm? strips for testing. The thicknesses of CNCs fabricated by different
AuUNP concentration were measured using a Veeco Dektak 150 profilometer. The surface

resistance was measured using a Jandel four-point-probe measurement system equipped with a
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cylindrical probe head. Actuation motion was recorded at the rate of 30 fps by a charge-coupled
device (CCD) mounted to an in-house fabricated probe station. Step voltage was derived from an
HP 6218A and square waveforms were generated using an HP 3312A function generator.
Current flow was measured and recorded using a FRA2 pAutolab type 111 potentiostat.

Strain was calculated from the radius of curvature r and thickness h of the actuators, using
equation (1). Strain calculated with this method is the net strain exhibited by that particular
geometry and it does not take into account the intrinsic properties of the actuator such as

materials, moduli, composite structure etc.

h
£(%) = 5 X 100 (1)

6.3 Results and discussion

6.3.1 IPMC characteristics

Electrical conductivity and ionic permeability of CNC thin-films largely depend on the
concentration of the metallic component and the size of pores formed in the structure of the
nanocomposite respectively. Decreasing the concentration of AuNP solution, as shown in Figure
6.2a-b results in formation of nanocomposite structure with lower gold densities per layer. Films
with reduced AuNP density have low electrical conductivity yet large pores. Although pore size
is increased in samples with lower AuNP concentration, the density of ions that move into the
CNC under applied voltage is expected to be low due to the reduced electrode surface area. As a
result, response of ions to electric field is limited and so is the generated strain. On the other
hand, increasing the AuNP concentration results in formation of closely packed metallic
structures, which is more effective in establishing an electric field to attract/repulse ions and
hence generated strain. Figure 6.2c-d shows an SEM image of CNCs consisting of higher
concentration of AuNPs. The porosity of the composite allows ions to easily move through the
nanocomposite, while the high concentration of AuNPs provides large gold-ion interfacial area.
It is important to note that pores that are too small (on the order of the size of the mobile ions)

will also reduce performance of the actuators by limiting mobility of ions. An optimum structure
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has large enough pores to easily allow transport of ions and a dense enough electrically
conductive structure to maximize the CNC-ion interface and thus increase participation of ions in

the actuation process.

Figure 6.2. SEM images of 20-bilayer (PAH/AUNP) CNCs containing a) 2, b) 4, ¢) 10 and d)
20 ppm concentration of AUNPs

Taking into account the approximate two-dimensional geometry of the IPMCs, with thickness
significantly smaller that width and length, the sheet resistance of IPMCs containing different
volume ratios of AuNPs was measured using the four-point-probe method. The measurements
were carried out under 20-120mV, using very low current flow (10-100nA) to compensate for
relatively high resistance of the thin-films. As expected, we found that the sheet resistance
decreased as the concentration of colloidal gold was increased. Figure 6.3 shows sheet resistance
for IPMCs containing different concentrations of AuNPs. It is clear from these data that at

relatively low concentration of AuNPs, the sheet resistance of the IPMCs is approximately equal
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to that of bare Nafion (no CNC) since the nanoparticles are too separated to allow electron

transport between them.
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Figure 6.3. Sheet resistance decreases significantly as concentration of AUNPs is increased.

The sheet resistance of bare Nafion is shown as 0 AuNP concentration

6.3.2 Mechanical response to electric field

In IPMC based actuators, the largest portion of strain is generated within the CNC layers. Fast
motion of EMI" cations toward the cathode quickly generates a relatively small strain and causes
the actuator to bend toward the anode. This quick and small cationic strain is then canceled by
the slow moving Tf anions that are more effective in generating strain and bend the actuator
toward the cathode. Given the larger Van der Waals volume of EMI™ cations, compared to Tf
anions, it is believed that charge clusters of negative net charge (eg. Tf EMI* Tf ) arepresent in
the electrolyte and participate in the actuation process which causes anions to be more effective

in generating strain. Presented in Figure 6.4 are the cationic and anionic strains generated by
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actuators consisting of CNCs of different AUNP concentrations, in response to a step voltage of 4
V. The cationic strain is quiet small since EMI* cations are not as effective as Tf  anions in
generating strain, yet they show an increasing trend as the AuUNP concentration is increased in
the CNC. Since bending due to cationic motion is limited by the time required for anions to
generate opposite strain, the larger cationic strain generated by CNCs with higher AuNP
concentration (denser nanostructure) indicates that EMI™ cations move quicker in denser CNCs.
Although denser CNCs have higher capacitance, they also have significantly lower resistance
which reduces the time required (time constant t=RC) for charging. Moreover, the larger CNC-
ion interface in the denser CNCs reduces the screening of electric field by ions that have already
moved into the CNC at any given time. Therefore, in the dense CNCs, during the first few
seconds that the electric field is applied, a larger number of EMI™ cations respond to the electric
field and participate in the actuation process. Thus, generated strain is larger compared to that in
less dense CNCs for the same duration of time, which is the time before the cationic strain is
canceled by the anionic strain. As can be seen from Figure 6.4, the magnitude of the anionic
strain is fairly constant for the different samples, implying that all samples get fully charged by
the same amount after significant time, also suggesting that there are approximately equal

amounts of mobile ions in each sample.
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Figure 6.4. Strain due to cations and anions as a function of AUNP concentration. Anionic

strain is fairly constant, while cationic strain increases with increasing AUNP concentration

To further scrutinize the effect of the CNC density on the charging process, we measured and
recorded the current flow during charging and discharging of the actuators as a function of time,
to compare the charging/discharging times for actuators with different density CNCs. The
mobility of ions within IPMC can be modeled by complex resistor-capacitor (RC) circuits,™ in
which the charging/discharging time constant depends on the product of corresponding
capacitance and internal resistance of different types of ions in the system. As shown in Figure
6.5, charging and discharging time constants are shorter for denser CNCs and time constant is
increased as the density of CNC is reduced. The observation that denser CNCs charge and

discharge at a faster rate which is in agreement with experimental strain measurements.
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Figure 6.5. Charging and discharging currents for samples containing different AUNP

concentrations are recorded as a function of time under 4V square wave

6.3.3 Frequency dependence of cationic strain

The frequency dependence of the electromechanical strain of the actuators was characterized
under 4V square wave to study the influence of the density of AuNPs in the CNC layers on the
time dependence performance of actuators. Actuators with different CNC densities were
subjected to a range of frequencies and the mechanical strain was deduced from either the radius
of curvature or the tip displacement (when the radius of curvature was insufficient to be
measured). Since the bending is quite small under 1 and 10Hz frequencies, the tip displacement
was recorded, instead of the radius of curvature, and was used along with the thickness and free
length of the actuator to calculate the strain using equation (2)
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é6h
(%) = 7 x 100 )

where § is tip displacement, h is the thickness and L is the free length of actuator.'* It is
important to note that strains generated at all these frequencies are cationic strain as, in this set of
actuators, anionic strain begins to dominate at a time longer that 10 seconds from application of
the electric field. Presented in Figure 6.6 is the peak-to-peak cationic strain of actuators with
different CNC densities in response to a range of frequencies. The strain is increased for lower
frequencies as the cations are given more time to accumulate at the electrodes. Also, denser
CNCs show larger strain at any frequency, again suggesting that denser CNCs charge at a faster

rate and thus can be used to fabricate faster actuators with larger strain generated per unit time.
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Figure 6.6. Cationic strain of actuators with different AUNP concentration is shown at
different frequencies. Cationic strain increases with increasing AUNPs concentration and

decreasing frequency

6.4 Summary

We have studied ionic electroactive polymer actuators consisting of conductive network
composites (CNCs) with different volume densities of gold nanoparticles (AuNPs). We have
successfully controlled and varied the AuNP concentration in CNC thin-films with minimum
thickness fluctuation (~ 25 nm) and minimum effect on the mechanical properties of IPMCs.
Varying the AuUNP concentration provides a means to control the resistance and the CNC-ion
interfacial area in IEAP actuators, which in turn influences charging/discharging times.
Increasing the concentration of AuNPs in CNC thin-films increases the CNC-ion interface and
lowers the electrical resistance of the CNC. Actuators with higher concentration of CNC

exhibited faster charging/discharging and generated larger cationic strain. The larger cationic
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strain in denser CNCs is due to quicker charging in such systems, which results in accumulation
of more cations at the cathode before cationic strain is canceled by anionic strain. We have
demonstrated that cationic strain in an actuator with denser CNC (20 ppm AuNP solution) is
increased by more than a factor of four compared to that of an actuator with less dense CNC (4
ppm AuNP solution). Also, the time dependence response is improved by increasing the AUNP
concentration in CNC. Under 0.1Hz frequency, the actuator with denser CNC (20 ppm AuNP
solution) generates more than 164% strain compare to an actuator with less dense CNC (4 ppm
AUNP solution). Improvement is less, yet still obvious, in case of faster frequencies. Such
systems can be used in applications where fast response and optimum strain are desired, such as

mimicking the wing motion in microrobotic insects.
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Chapter 7
Ion Transport in IEAP Actuators

This chapter is an expansion on the work to be submitted to Sensors and Actuators A

7.1 Introduction

The focus of this chapter is on investigations of ion transport in IPMCs. lon sources, both ionic
liquids and aqueous electrolytes, consist of two types of ions: cations and anions. These two ions
have different masses and volumes, thus their mobility under applied electric field is different.
Figure 7.1 presents strain generated by an IEAP actuator, consist of 30-bilayers CNC
(PAH/AUNP) CNCs, at different frequencies. As can be seen from this figure, the time constant
of actuation is fixed for faster frequencies and slows down beyond a certain frequency. Since
transport of both types of ions begins simultaneously, it is challenging to distinguish between
their motion and effect on actuation, yet it is very important to develop a good understanding of

the transport of ions in the system as it is directly influential on the performance of actuators.

Understanding the dynamics of mobility and diffusion of ions within, and through, ionic
membranes in ionic devices has become increasingly important and interesting due to their vital
rule in defining the properties of those devices."? lonic devices, such as ionic polymer actuators,
fuel cells, batteries, super-capacitors, dye-sensitized solar cells and ionic polymer sensors, are
conceptually similar to electronic devices but function based on motion of ions rather than
electrons.® Understanding the dependence of the mobility of ions on operation conditions, such
as voltage and frequency, can help to improve the efficiency and performance of ionic devices,

and also provides a means to improve the design of such devices.*

The functionality of IEAP actuators is due to transfer of ions through the ion-exchange
membrane and CNCs and their accumulation at the CNC-electrode interfaces.’ Compared to
other types of electromechanical actuators, such as piezoelectric materials, IEAP actuators are
significantly more efficient and have the advantage of low operating voltage (~ 4 V) and high-

strain output (> 15%).2° The mobility of ions within the CNC layers and their transport through
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the ion-exchange membrane are highly influential in defining the properties of IEAP actuator.

The structure of a typical IEAP actuator is illustrated in Fig. 7.2(top).

In this chapter, we investigate the transport anisotropy of cations and anions within IEAP
actuators by measuring the time constant of each type of ion from experimental results, and have
theoretically quantified the turnover frequency for each type of ion based on its time constant.

Moreover, we have verified the theoretical findings via studying the response of IEAP actuators

to applied square waves of turnover frequencies.
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Figure 7.1. Strain of an IEAP actuator in response to a 4 V square wave at different

frequencies
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Figure 7.2. Top: Not-to-scale schematic of a typical IEAPA. Bottom: Three-loop equivalent

circuit, illustrating electrical behavior of IEAPAS

7.2 Materials and Methods

The layer-by-layer (LbL) self-assembly technique was used to fabricate the CNC layers.
Consecutive deposition of anionic gold nanoparticles, AuNPs (3nm diameter, Purest Colloids
inc.) and Poly(allylamine hydrochloride), PAH (M,, 70,000, Sigma Aldrich) polycation on both
sides of Nafion (N111-1P, extruded, lon Power) membrane of thickness 25um resulted in growth

of 20-bilayer thin-film nanocomposite structures. Homogeneous coverage of the thin-film was

10,11
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confirmed both visually and by measuring the sheet resistance at several points of the thin-film.
The membrane were then soaked with approximately 40 wt% 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate (EMI-Tf) (Sigma Aldrich) ionic liquid at 80°C and hot-pressed
between two gold electrodes of 50nm thickness each at 95°C and 800 pound-force. Thickness of
CNC layer was measured using a profilometer (Veeco Dettak 150) and found to be 32.5 nm. The
mechanical response of the actuator to electric field was monitored and recorded as a function of
time by a probe station equipped with a charge-coupled device (30 frames/sec) high definition

camera.

7.3 Experimental results and discussions

Presented in Figure 7.3 is the bending curvature Q (where Q is the inverse of radius of
curvature) of an IEAPA under application of a 4 V step voltage. The initial response is a slight
bending toward the anode, which is due to higher EMI* cation concentration at the cathode. The
EMI" cation concentration at the cathode increases more quickly because cations, although
spatially larger, move more easily within the ionic device. Yet, as time elapses, enough Tf
anions reach the anode to cancel the mechanical strain generated by EMI” cations, and eventually
bend the actuator toward cathode. Although Tf anions are spatially smaller than EMI" cations,
they are more massive; as a result, have smaller drift velocity V4. The drift velocity of each ion,

regardless of the electric field, can be calculated from the following equation:

where K is Boltzmann constant, T is absolute temperature and m is the mass of ion.
The observation of ultimate bending toward the cathode indicates that Tf anions, although
smaller in size, are more efficient in generating mechanical strain. One possible explanation for
this is that they exist as aggregates (eg. TFEMI*Tf). Moreover, their transfer at a slower rate is
perhaps due to existence of aggregates and/or strong interaction with the surrounding

environment.
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Figure 7.3. Top: Data and fitting of the electromechanical response of an IEAPA to a 4 V step
function. Curvature generated by EMI™ cations (bending toward anode) is indicated as (+) and
curvature generated by Tf anion (bending toward cathode) is indicated as (-). Bottom:

Magnified actuation data and fitting generated by cations
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The curvature of IEAP actuator can be discussed and understood using a two-carrier model* that
takes into account the anisotropy of cation and anion motion within IEAP actuators. Figure 7.2
(bottom) illustrates a three-loop equivalent RC circuit including two separate, yet interacting,
RC branches for cations and anions, and one loop for internal resistance of the ionic device. The
internal resistance of the ionic device was detected from electrical measurements that indicate a
leakage current, not shown here. The curvature of the actuator can be fitted in two separate steps,

for cation dominated and anion dominated motion, with the following equations:

Q=0 (1- e_t/t+) +n @)

Qe =c|(Q e ) +m] 3)

where Q" and Q are maximum absolute curvatures generated by cations and anions
respectively, T and T~ represent the time constants of cations and anions respectively, and m, n

and c are correcting constants.

As EMI" cations and Tf anions have different time constants when in an electric field, they
respond differently to wave functions with different frequencies. The turnover frequency
(frequency at which each type of ion dominates the actuation) of each type of ion can be

calculated from the following equation, by using the time constant of each type of ion.

[turnover = (anc)_l = (27'”:)_1 4)

Equations (2) and (3) were used to fit the experimental data, as shown in Fig. 7.3 (bottom). The
fitting parameters are shown in Table 7.1. The time constants t* and t ~ are found to be 0.15 s
and 3.52 s respectively. This indicates that, as expected, EMI* cations are significantly faster
than Tf anions, which results in initial fast bending toward the anode, and as time progresses Tf

anions which are slower but more efficient in generating strain (Q* < Q™) take over and generate
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enough strain to bend the actuator toward the cathode. The turnover frequencies for each type of
ion were then deduced from equation (4) and are shown in Table 7.1. The turnover frequency of
EMI" cations is determined to be 1.06 Hz; that is at frequencies 1.06 Hz and faster EMI" cations
dominate the actuation, and the curvature generated by EMI™ cations is optimum (maximized) at
the turnover frequency. At frequencies between the two turnover frequencies the curvature
efficiency of the actuator is not optimum as strain generated by cations and anions tend to work
against each other, as a result performance is decreased to different extents depending on the
frequency. When the frequency drops to or below turnover frequency of Tf anions, 0.045 Hz, Tf

anions are given enough time to generate maximum strain, thus the efficiency is again optimized.

EMI™ Cation Tf Anion

T 0.15s 3.52s
Q 0.275 mm™ 0.452 mm™
n 0.005 N/A

m N/A 0.26

c N/A -2.03

f 1.06 Hz 0.045 Hz
Vy 170.66 m.s™ 149.36 m.s™

Table 7.1. Characteristic parameters of EMI" cation and Tf anion

Presented in Figure7.4 is the actuation curvature of an IEAP actuator in response to a 4 V
square-wave function at 1 Hz frequency. The bending is only and always toward the anode,
which implies domination of EMI" cations in generating strain. The wave function is also shown,
solid line, to verify that the bending is always toward the anode. Similar data is taken for
frequencies equal to or smaller than 0.045 Hz to verify that net bending is toward the cathode
and Tf anions are dominating the bending. The plot would be a cyclic repetition of Figure 7.3,

not shown here.
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A comparison of T° and T ~ reveals that EMI" cations, although spatially larger, move at a
significantly faster speed compared to more massive Tf anions. The bending pattern of the
actuator suggests that Tf anions are more efficient in generating strain, yet at frequencies equal
or higher than the cation’s turnover frequency, bending is dominated by the fast EMI™ cations.
This suggests that the bending can be manipulated by control of operation conditions,

particularly frequency.
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Figure 7.4. Electromechanical response of an IEAPA to a4V, 1 Hz square wave, EMI*
cations dominate the actuation. The dotted line is to guide the eye and the dashed line

indicates the zero-line

7.4 Summary
lonic electroactive polymer actuators exhibit electromechanical coupling in response to an

applied electric voltage. The mobility of ions in this type of actuator is important and influential
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on the efficiency of the actuator. Understanding dependence of the mobility of ions on operation
conditions is of vital importance in improving the design and efficiency of the actuators. Here we
presented a study of frequency dependence of actuation in ionic electroactive polymer actuators
and have quantified time constants of cations and anions. We have also theoretically quantified
and experimentally confirmed the turnover frequencies of the system, at which the actuation is
dominated by cations or anions. Our findings provide critical feedback for optimizing

performance of actuators, and ionic devices in general, via control of the operation conditions.
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Chapter 8
Motion of Different Ions in IEAP Actuators

The functionality of IEAP actuators is due to mobility of ions within the IPMC. The ions are
sourced by uptake of electrolyte (aqueous or ionic liquid) into the IPMC. Nafion has a sulfonate
end group with a proton counterion. To further understand the extent of the importance and
influence of ions on the performance of IEAP actuators, we have used different ionic liquids as
the ion source and have also substituted Nafion’s proton counterion. To slow down the full
motion of the ions in the IPMC, so that we can better observe the behavior of the actuators, a 90
pum thick Nafion membrane was used instead of the 25 um thick Nafion used in the other studies
in this dissertation. Also, a CNC thin-film was not fabricated on these membranes. The actuators
used for this study consist of Nafion, the ionic liquid electrolyte, and outer gold leaf electrodes.
This chapter presents results and discussion of this study.

8.1 lonic Liquids

We have used EMI-TT for our previous studies presented in this work, and thus use it as a
reference ionic liquid here. In addition, we used two other ionic liquids that have different
cations but the same anion, 1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
(BMP-TFSI) and Triethylsulfonium bis(trifluoromethylsulfonyl)imide (TES-TFSI). Presented in
Figure 8.1 are the 3D chemical structures of the three ionic liquids we used in this study.

The samples of 90 um thick Nafion were soaked in the ionic liquids solutions diluted with
ethanol. The solution was heated to 80°C expedite the uptake process. The details of the process

are presented in chapter 3.

Samples consisting of Nafion, in its proton form, and different ionic liquids were tested under 4
V electric field. The bending occurred rather slowly due to large thickness of the ionomeric
membrane. The strain is shown as a function of time in Figure 8.2. As expected, the sample with
EMI-TT first bends toward the anode, and the bending is then slowly canceled and changes
direction toward the cathode. In the case of the other two samples, no bending due to cationic
motion was observed, and bending was only toward the cathode. Given that net strain is in fact



118 Chapter 8

the difference of cationic and anionic strains, this result suggests that BMP and TES cations have
very limited mobility in this case and thus do not generate significant strain. The strain generated

by TFSI dominates the net strain.

Since even in the case of EMI-Tf the anionic strain eventually dominates, the difference is
probably that the TES and BMP cations do not move quickly enough to provide initial cation-
induced strain. For EMI-TT, the EMI cation moves more quickly than the Tf anion so that there is

an initial bending due to the cation motion that then gets canceled by the anion-induced strain.

It is also seen in Figure 8.2 that the strain for the BMP-TFSI sample is less than that of the TES-
TFSI samples. Since the BMP cation is larger in volume than the TES cation, this result is

consistent with a larger cancelation of the TFSI induced bending by BMP than by TES.

Dual motion (cationic followed by anionic) of IEAP actuators is one of the areas that receives the
most criticism, as it makes it difficult to use the actuators in practical applications. These results

suggest that the dual motion problem can be eliminated using proper electrolytes.
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Figure 8.1. A) 1-Ethyl-3-methylimidazolium trifluoromethanesulfonate (EMI-TT) (molecular
formula: C;H1;:F3N203S), B) Triethylsulfonium bis(trifluoromethylsulfonyl)imide (TES-TFSI)
(molecular formula: CgH1sFsNO,4S3), C) 1-Butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (BMP-TFSI) (molecular formula: C11H»0FsN,04S5)
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Figure 8.2. Net strain of IEAP actuators with ionic liquids, EMI-Tf, TES-TFSI and BMP-
TFSI. Sample with EMI-TT ionic liquid is the only one exhibiting bending due to cationic

motion. 90 um thick Nafion, in its proton form, is used as the ionomeric membrane

8.2 Counterion exchange

Nafion is provide commercially in acid form. That is, it has a proton counterion at its sulfonate
end group, Figure 8.3. It has been shown previously that exchanging the proton counterion can
result in variations in the actuation behavior of IEAP actuators.

In this study, the proton counterion was replaced with the EMI cation through an ion exchange
process (see chapter 3) to scrutinize the influence of the counterion on the behavior of IEAP

actuators containing different ionic liquids.
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Figure 8.3. Nafion is shown in its acid form. The proton is highlighted

Replacing the proton with EMI and repeating the set of experiments in section 8.1, it was
observed that in all cases the actuation behavior of the IEAP actuators is influenced, as shown in
Figure 8.4. The most significant variation was in the case of the IEAP actuator with BMP-TFSI
ionic liquid, which had only exhibited bending due to anionic motion when the proton was the
counterion. In the presence of the EMI counterion, only bending due to cationic motion was
observed in this case, which shows a strong influence from the counterion in the actuation

process.

Presented in Figures 8.5, 8.6 and 8.7 are the strain of IEAP actuators with the same ionic liquid
and different counterion. Comparison of the strain between the samples with proton and EMI
counterions shows that in all cases, but to different extents, the net strain is shifted toward
cationic motion. This suggests that EMI, which is a larger cation compared to a proton,
participates in the actuation process and generation of strain. Furthermore, the reversal in the
case of BMP-TFSI from anion-dominated bending to cation-dominated bending is consistent
with the fact that the ultimate anionic bending is significantly less for BMP-TFSI than for EMI-
Tf and TES-TFSI (see Figure 8.2). Thus, the additional cationic contribution from EMI Nafion

counterion is sufficient to reverse the bending direction for BMP-TFSI.
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Figure 8.4. Net strain of three IEAP actuators with different ionic liquids and EMI counterion

for Nafion. A 90 um thick Nafion with EMI counterion, is used as the ionomeric membrane
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Figure 8.5. IEAP actuators with proton and EMI counterions, containing EMI-Tf. The net
strain in the sample with EMI counterion is shifted toward cationic motion, indicating the

influence and participation of the larger EMI counterion in generation of cationic strain
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Figure 8.6. IEAP actuators with proton and EMI counterions, containing BMP-TFSI. The net
strain in the sample with proton counterion is only anionic whereas the net strain in the

sample with the EMI counterion shifts direction completely and only exhibits cationic motion
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Figure 8.7. IEAP actuators with proton and EMI counterions, containing TES-TFSI. The net
strain in the sample with EMI counterion is shifted toward cationic motion, yet is still
dominated by anionic motion. The results indicate the strength of TFSI anions in generating

strain compared to TES cations.
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Chapter 9
Nematic Liquid Crystal Elastomer Thermomechanical

Actuators

The work described in this chapter was done during a summer internship at Naval Research

Laboratory. This work is submitted to Sensors and Actuators A.

9.1 Introduction

Development of biomimetic, stimuli responsive, smart materials has attracted significant

|1-7 |8-12

experimental™" and theoretica interest from the materials research community. There have
been considerable efforts to mimic the fiber structure of skeletal muscle by developing soft linear
electromechanical and/or thermomechanical actuators as the building blocks of artificial
muscles.”*** Liquid crystal elastomers (LCEs) have been shown to exhibit a linear, anisotropic
mechanical response to electrical and/or thermal stimulation due to a reversible change in
orientation of the liquid crystal director, which is tightly coupled to the underlying polymer

network.

Polymer liquid crystals are ordered super molecules with excellent framework for functionality.
Cross-linking of polymeric liquid crystals results in elastomers with similar properties to
conventional elastomers. Liquid crystal elastomers have some advantages over ordinary
elastomers, one of which is response to external stimuli. The mechanical response of LCEs can
be tuned by optimization of cross-linking density, flexibility of the polymer backbone, coupling
between the backbone and liquid crystal group and coupling within the liquid crystal group.

In the early 2000’s nematic LCE materials were developed for actuator applications. In the
nematic phase, mesogens have orientational order which forces the backbone of polymer chains
to align along the average direction of mesogens; this results in elongation of the elastomer.
Upon heating, the nematic order is disturbed and eventually lost which results in disappearance
of the alignment force which in turn results in relaxation of the backbone of polymers to their
coil-like conformation, and contraction of the elastomer. This process can be reversed by cooling

the elastomer and repeated by thermal cycles.
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Nematic LCEs are particularly attractive for biomedical applications since they are soft, elastic
materials. Nematic LCE actuators are axial actuators. When the actuator is stimulated,
mechanical deformation appears in all three spatial dimensions. When the actuator is expanding,
the thickness and width decrease to compensate the increase of length of the actuator. The
reverse occurs when the actuator in contracting. Nematic LCE actuators have been shown to

exert stress and strain comparable to that of human skeletal muscle (o= 350kPa and &= 25%).

LCE actuators have possible applications in biomimetic actuators, as they have close mechanical
properties and performance to biological muscles. LCEs can also be used in design of
temperature sensitive mechanical valves which can operate autonomously with no need for an

external energy source.

Nematic LCEs consist of pendant liquid crystal mesogens attached to a polymer network.
Previous studies have demonstrated that the actuation properties of LCEs may be enhanced by
doping these materials with colloidal particles. Addition of micron-sized particles was shown to
produce defects in the elastomer network that may deform the director, causing the formation of
complex structures.’>*" Effective dispersion of submicron particles in LCEs is a delicate task, yet
provides a means to improve the material response to external stimuli while preserving the
elastomer network. Incorporating a high concentration of submicron particles disturbs the elastic

1819 \while embedment of low

network of the elastomer and creates rigid compounds,
concentrations introduces several interesting properties to the LCEs.?># For instance, Reznikov
et al. embedded ferroelectric thiohypodiphosphate particles in nematic LCE matrices and
enhanced the dielectric anisotropy without significantly perturbing the director field.?> Matuo et
al. studied the dynamic behavior of nematic LCEs doped with ferromagnetic particles using
linear optical techniques and verified that ferromagnetic particles reduced the volume fraction of
the magnetic material in the sample.?* Courty et al. induced a large electromechanical response
in nematic LCEs filled with very low (~0.01%) concentration of carbon nanotubes aligned along
the director, which is particularly significant since pure nematic LCEs do not respond to electric

field.??

In this work, we embed dispersed AuNPs in nematic LCEs. Due to the high thermal conductivity

of gold (300 W/m-K), the presence of AuNPs in the elastomer was expected to enhance the
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inherently low thermal conductivity of the nematic LCE.* We report the effects of incorporating
low amounts of AuNPs into a nematic LCE and quantify the mechanical properties,
thermoelastic properties and response time of the resultant material at different AuNP
concentrations. Presented in Figure 9.1 is a schematic illustration of the AuNPs in liquid crystal

elastomer network.

Figure 9.1. Schematic illustration of the AUNPs in liquid crystal elastomer network

9.2 Materials

2,5-Dihydroxybenzoic acid, benzyl bromide, 4-pentylcyclohexylcarboxylic acid, 4-hydroxybutyl
acrylate, and anhydrous dichloromethane were purchased from Sigma Aldrich. 1,6-Hexanediol
diacrylate (HDA) was purchased from Scientific Polymer and the photoinitiator Irgacure 369
was purchased from Ciba-Geigy. AuNPs (3nm diameter) were obtained from Purest Colloids.
Further purification and/or synthesis have been described previously?®.Materials obtained from
Sigma Aldrich were used to synthesize two liquid crystal monomers, LCM-1(C3sH40010) and
LCM-2 (CsgHss0s). The synthesis of these two materials has been previously reported.? Figure

9.2 illustrates the structure of the liquid crystal monomers.
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CO0——(CHa)s——CO0—— CH=——=CH,
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Figure 9.2. Chemical structures of two liquid crystal monomers LCM-1 (top) and LCM-2
(bottom)

9.3 Samples preparation

Nematic compound

LCM-1 and LCM-2 were mixed at equal parts by weight. To this was added 10 mol% of the
cross-linking agent HDA and 0.1 mol% of Irgacure 369. The mixture was diluted in

dichloromethane.

9.3.1 Incorporation of AUNP

To bring the colloidal metal from an aqueous suspension, the AuNPs were centrifuged at 16Kxg
for 5 minutes and the supernatant was then carefully removed. Equal amount of nematic LCE
solution was added to vials containing 0, 10, 20, and 40ug of AuNPs to obtain concentrations of
0, 0.024, 0.048 and 0.096 mol% respectively. The samples were then placed under vacuum for
72 hours to evaporate the solvent. After drying, 1 mL of dichloromethane was added to each
sample and sonicated for 3 hours to create a homogeneous dispersion of nanoparticles and to
break up any possible aggregates. The samples were again placed under vacuum for 24 hours to

evaporate the solvent.
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9.3.2 Fabrication of free-standing films

The procedure of creating the free-standing elastomer films has been described elsewhere.” In
brief, the monomeric mixture was filled at 100°C into 100 um thick glass templates coated with
a mechanically rubbed layer of polyvinyl alcohol (PVA). The mixture was then aligned by slow
cooling to ambient temperature and photopolymerized under UV light. The sacrificial PVA
coating was then dissolved in hot water and the elastomer film was carefully extracted from the
cell. The resultant elastomer films were highly birefringent, confirming the alignment of the

material.

9.4 Mechanical and thermoelastic studies

All mechanical and thermoelastic measurements were done on a TA Instruments Q800 Dynamic
Mechanical Analyzer (DMA) equipped with a liquid nitrogen cooling accessory using a tension
(film) clamp. The clamp consists of a fixed upper clamp and a moveable lower clamp positioned
on an air bearing. Three types of experiments were performed on the DMA: isothermal
stress/strain, thermoelastic, and response time. Isothermal experiments were performed at 70°C
under application of 8kPa preload and applying a static force at the rate of 2mN/min. Young’s
moduli (E) were then calculated from the slope of the stress vs. strain plot. Thermoelastic
experiments were conducted by applying repeated heating and cooling cycles to samples at
several constant applied stresses ranging from 5kPa to 40kPa. The temperature was cycled
between 50°C to 130°C at a rate of 0.5°C/min. Each cycle was performed after an initial 10
minute isothermal hold. Response time measurements were performed by applying various
heating rates while the elastomer film was held under a preload of approximately 10kPa. The
changes in the strain of the elastomer were recorded as a function of time. Presented in Figure
9.3 is the elastomer under cross-polarizers, the high birefringence of the elastomers under cross-

polarizers confirms good alignment of the directors along the rubbing direction.
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Figure 9.3. High birefringence of the elastomers under cross-polarizers confirms good

alignment of the directors along the rubbing direction

9.5 Results and discussion

The strain of elastomers containing different concentrations of AuNPs was measured as a
function of stress applied parallel to the long axis of the films and the liquid crystal director. The
measurements were carried out at a rubbery plateau in the nematic phase at 70°C with a static
force applied at 2 mN/min and a preload stress of 10kPa. Taking into account the cross-sectional
area of each LCE, which was ~0.5 mm?, the Young’s moduli of the LCEs were determined from
the stress-strain curve. It was found that the modulus increased as the concentration of colloidal
gold was increased in each elastomer. Figure 9.4 (top) shows stress/strain curves for samples
containing different concentrations of AuNPs and Figure 9.4 (bottom) illustrates the change in
the Young’s moduli of the elastomers as a function of the concentration of AuUNPs dispersed in
the elastomer network. It is clear from these data that at relatively low concentrations of colloidal
gold, the material stiffened. Thermomechanical properties of elastomers also change with

embedment of AuNPs. As shown in Figures 9.5 (top) and 9.5 (bottom), samples with embedded
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gold exhibit a better structural integrity when subjected to heating. Figure 9.5 (top) presents
sequential images of a pure sample heated from 30°C to 110°C. The sample starts to lose its
mechanical integrity at around 100°C and it completely degraded at 110°C. On the other hand,
the sample doped with 0.096 mol% AuNPs, Figure 9.5 (bottom), is starting to degrade at 110°C
yet it is not fully degraded up to 125°C. These results suggest that embedment of AuNPs in ionic

liquid elastomer networks influences their thermomechanical properties.
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Figure 9.4. The Young’s modulus exhibited an increase with an increase in the concentration
of AuUNPs in elastomers. Top: Stress-strain plots for elastomers containing different
concentrations of AUNP. Bottom: The Young’s moduli of the elastomers increase with the

concentration of AuNPs.
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Figure 9.5. Samples with embedded gold nanoparticles exhibit a better structural integrity
when subjected to heating. (Top): Sequential images of a pure samples heated from 30°C to
110°C and (Bottom) samples doped with 0.096 mol% gold nanoparticle heated from 30°C to

125°C. The images are taken at 30,45,60,75,80,85,90,95,100,105,110, 115,120,125°C.

(Temperatures shown in italic only apply to doped sample)

Resistance of an LCE to applied stress largely depends on the type and concentration of the
crosslinker.® The cross-linking density, n, of each elastomer was estimated at the rubbery plateau
based on the deduced value of its Young’s modulus, using the equation E=3nRT, ?* where E is
the Young’s modulus, R is gas constant and T is temperature. Although all the elastomers
investigated in this study contain 10 mol% of the HDA cross-linker, elastomers with higher
concentrations of colloidal gold exhibited higher cross-linking densities. The calculated cross-
linking densities of elastomers along with the associated Young’s moduli are shown in Table
9.1. It can be concluded form these data that AUNPs are affecting the cross-linking density of the
elastomers and consequently increase their elastic moduli. The highest calculated cross-linking
density of 6.31x10™ mol/cm®, corresponding to the LCE with 0.096 mol% AuNPs, is still lower
than the expected value of 2.01x10™* mol/cm? for 10 mol% of HDA. Lower than expected cross-
linking density of the elastomers is likely due to the partial participation of the cross-linking

units in the polymer network.

R

0 0.31 3.62 82.93
0.024 0.40 4.67 84.41
0.048 0.46 5.37 86.90
0.096 0.54 6.31 90.28

Table 9.1. Young’s modulus, cross-linking density and mean phase transition temperature of

elastomers containing different concentrations of AUNPs
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The thermoelastic behavior of the LCEs containing different concentrations of AuNPs were
studied through heating and cooling cycles between 50 and 130°C and ramped at a rate of
0.5°C/min through the nematic to isotropic phase transition (Ty;). At a fixed static force, the
strain was measured as a function of temperature. Multiple cycles were applied to the samples
under increasing static forces. As expected, the rate of the change of the length was greatest near
the Tni. At temperatures > 100°C the length of the film remained approximately constant. A
similar pattern was observed for the cooling cycle. Figure 9.6 shows the thermoelastic plots for
the film containing 0.048 mol% of AuNPs under application of different preloads ranging from 5

to 40kPa. Embedment of AuNPs in LCEs resulted in an upward shift in the mean phase
transition temperature (T_N,). As presented in Table 9.1, 'I'_NI has increased about 7°C between

the film without any AuNPs and the one doped with 0.096 mol% AuNPs.
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Figure 9.6. Thermoelastic measurements of elastomer doped with 0.048 mol% AuNPs at
0.5°C/min heating and cooling rate under application of different static forces from 5 to
40kPa. Negative and positive strain values indicates contraction and expansion of the

elastomer respectively
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We then tested the hypothesis that embedded AuNPs, which have high thermal conductivity,
increased the thermal conductivity of the elastomer, thereby enhancing the actuation speed. To
accomplish this, the change in the rate of mechanical strain of the elastomers with respect to time
(Ae%) was measured at different temperature rates. Applying heating rates of 20°C/min revealed
no change in the strain rate of elastomer samples with or without AuNPs. When the temperature
was increased to a faster rate of ~50°C/min, the LCE elastomers doped with AuNPs exhibited
greater change in their strain rate. As shown in Figure 9.7, LCE films doped with 0.096 mol%
AUNPs exhibited more than a 100% improvement in their actuation speed compared to samples
without any AuNPs or those containing lower AuNP concentrations. This enhanced response of
LCEs doped with metallic nanocolloids is due to improved thermal conductivity, allowing more

efficient transfer of heat into the elastomer.
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Figure 9.7. Actuation speeds of LCE actuators doped with different concentrations of AUNPS
under slow and fast heating conditions. Under fast heating, the elastomer doped with 0.096

mol% AUNPs exhibited >100% faster actuation speed compared to other elastomers
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9.6 Conclusion

We have successfully dispersed AuNPs in thermomechanical nematic LCE actuators and have
significantly improved the material response to a thermal stimulus. Embedment of AuNPs in
LCEs stiffened the elastomers, resulting in a slight decrease in the strain of the actuators, but this
effect was more than compensated by a significant improvement in the actuator strain rate in
response to an external stimulus. Incorporating a fractional amount of metal nanoparticles in
these thermomechanical actuators can result in a pronounced enhancement of the thermal
conductivity. Doping LCEs with AuNPs provides a means to improve the material response time
to external stimuli. Under fast heating conditions, the AuNP-doped LCE actuators exhibited
more than a 100% increase in the rate of change of strain with respect to time. The improved
efficiency further develops the material response in this unique class of soft linear actuators for

use in a wide range of applications.
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Chapter 10

Closing Remarks

This dissertation has focused on design, fabrication and characterization of smart polymer ionic
liquid electromechanical actuators, consisting of gold nanoparticle-based IPMCs. More
specifically, the work presented here is focused on the influence of the CNC layer on the
mechanical and electrical properties of IEAP actuators, with the goals of improving the
mechanical properties to make IEAP actuators suitable for microrobotic applications. Also
included in this work is study on a class of thermomechanical actuators based on liquid crystal

elastomers doped with gold nanoparticles.

In the following paragraphs | summarize the achievements and contributions of this work to the
area of smart polymers and IEAP actuators. And in the last section | will discuss future studies
and applications.

10.1 Porous and conductive CNC nanocomposites

CNC nanocomposites are designed to increase intake of free ions and facilitate mobility of ions
through the IPMC. Two critical characteristics for CNC layers to fulfill these designated tasks
are electrical conductivity and porosity. Electrical conductivity allows uniform distribution of
electric charge across the CNC and subjects ions to a fairly uniform electric field. This results in
participation of more ions in the actuation process and also more uniform bending. The porosity
of the CNC increases the CNC-ion interfacial area and also facilitates mobility of ions by
providing nano channels that allow ion travel through the CNC. It is important to note that there
is expected to be an optimum size and number of nano channels, values below or above the

optimum values would result in decrease of performance.

Our approach to construct a porous and conductive nanocomposite was to form layers of gold
nanoparticles on ionomeric membrane via the layer-by-layer self-assembly technique. The LbL
self-assembly technique was chosen because it allows fabrication of nanocomposites with

nanometer-scale thickness with precise control over the thickness. Also a wide range of materials
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can be used with this method. Hypothetically, any dispersed charged species can be used with
the LbL self-assembly technique to form nanocomposite thin-films. Gold nanoparticles were
chosen among other metallic nanoparticles because of the good electrical conductivity of gold
and its environmental stability compared to other metals. Spherical nanoparticles were chosen
because of their geometry which allows formation of porous network with significant void

volume in between. Moreover, gold nanoparticles are widely available.

10.2 Influence of CNC on mechanical properties of IEAP actuators

In this research | presented two methods for manipulating the mechanical structure of CNC thin
films based on changing the thickness of CNC thin-films and changing the volume fraction of
gold nanoparticles in CNC thin films. These methods provided the means to study the influence

of the mechanical properties of the CNC layers on the performance of IEAP actuators.

In the first approach, thickness of CNC thin-films was controlled by varying the number of
deposited bilayers of gold nanoparticles and PAH. In this method, the thickness of CNC layers
were varied from approximately 20 nm to approximately 80 nm by depositing 10 to 40 bilayers
of gold nanoparticles and PAH. The resultant CNCs were then made into actuators and were
characterized for their curvature, strain and actuation speed due to mobility of ions in the

actuator.

First, it was observed that actuators made with this method generate significantly large strain
compared to other types of actuators which suggests that incorporation of spherical gold
nanoparticles in the CNC enhances conductivity and porosity. One key advantage of CNCs
fabricated via LbL self-assembly is maintaining a relatively small thickness, which leads to
improved mechanical strain and bending curvature of the actuators. It was also observed that
actuators with thicker CNC layers are capable of generating larger bending and net strain. The
maximum curvature of the actuators towards the anode and the net strain were found to increase
linearly with the thickness of the CNC layer. The intrinsic strain of actuators as calculated from a
theoretical five-layer model exhibited a decreasing trend with increasing thickness such that
actuator with CNC consisting of 40 bilayers generated an intrinsic strain of 11.48% while one
with CNC consisting of 10 bilayers generated intrinsic strain of 22.6%. However, it was

observed that there was a measurable curvature even for an actuator with no CNC. After
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accounting for the curvature observed in an actuator with no CNC layer, the net intrinsic strain of
the CNC was deduced and found to be ~6.1% independent of thickness. This indicates that the
full volume of the CNC is equally effective in generating the strain. The normalized response
time for actuation as a function of intrinsic strain was found to be relatively independent of
thickness with a time constant t of 1.5 s, suggesting that traversal through the Nafion membrane

is the limiting factor in the anion motion.

The improved actuation curvature, intrinsic strain and net strain are results of successful

fabrication of thin and uniform CNCs, while maintaining a porous and conductive nanostructure.

In the second approach, the surface density of gold nanoparticles in CNC layers was varied by
using diluted dispersed gold nanoparticle solutions. Colloidal solutions with concentrations of
20, 10 and 4 ppm gold nanoparticles were used to form CNC thin-films. SEM images confirmed
that decreasing surface density of gold nanoparticles results in a less dense thin-film with partial
coverage of the substrate, where the thickness of IPMC was kept at fairly constant value. Sheet
resistance of CNC thin-films was measured by four-point probe method and exhibited a
significant drop as the volume fraction of gold nanoparticles was increased in the thin-films;
which is of course due to high electrical conductivity of the connected network gold
nanoparticles. The resultant actuators were then characterized for their cationic and anionic strain
and charging/discharging time. It was observed that anionic strain is independent of the density
of gold nanoparticle; however cationic strain is strongly dependent on density of gold
nanoparticles. Charging/discharging times suggest that denser CNCs charge and discharge at a
faster rate compared to ones with less dense CNCs. Increasing density of gold nanoparticles in
CNC increases the CNC-ion interfacial area and thus the capacitance of the device, which would
increase the time constant; however, it also significantly increases conductivity which in this
case compensates the increased capacitance and reduces the time constant. The larger cationic
strain in denser CNCs is due to quicker charging in such systems, which results in accumulation

of more cations at cathode before the cationic strain is canceled by anionic strain.

The improved cationic strain in denser CNCs is due to increased electrical conductivity in the

system, which reduces the RC time constant. Such systems can be used in applications where
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fast response and optimum strain are desired, such as the wing motion in nature-inspired

microrobotic insects.

10.3 lonic Motion in IEAP actuators

It is highly valuable and interesting to develop a fuller understanding of the ionic motion within
the IPMC. It was observed that the actuation performance and bending direction of IEAP
actuators is strongly depended on the frequency of the applied waveform. This further confirms
that there is more than one simple ion motion in the IPMC. Given that there are two types of ions
provided by the ionic liquid, and the fact that cations and anions are of different volume and
mass, it is logical to presume that different ions respond differently to variations in electric field.
To test and confirm this hypothesis, 1 modeled the equivalent electric circuit of the system to
predict the bending direction of the IEAP actuators as a function of applied frequency. It was
observed that a turnover frequency can be calculated based on the response time of the faster ion,
which is representative of a frequency at which the effects of the motion of the slower ion are

essentially eliminated. The phenomenon was confirmed with supporting experiments.

To better understand the influence of type of ions on the performance of IEAP actuators, as well
as the ionic interactions within the IPMC | also studied the performance of actuators as a
function of ionic liquid type and the counterion of Nafion membrane. | took two approaches to
this subject; one was to use ionic liquids other EMI-TT as the source of ions and the other was to
substitute the proton counter-ion of Nafion with a cationic molecule.

The first approach was aimed on understanding the effects of different cation and anions in the
system as free ions. It was observed that anion-cation types strongly influence the performance
of actuators. For instance, using BMP-TFSI or TES-TFSI eliminates the cationic motion that is
observed in the EMI-TTf case. This suggests that the BMP and TES cations diffuse much more
slowly in the Nafion membrane. Furthermore, substitution of the proton counter-ion of Nafion
with the larger EMI cation results in stronger cationic motion, suggesting that the counter-ion
itself participates in the actuation process. In one case, where BMP-TFSI was used as the ion
source, the motion of the actuator was reversed from completely anionic with proton counter-ion

to completely cationic with EMI counter-ion.
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One of the most significant criticisms to IEAP actuators is the double motion, which is not
desired in most applications. This study confirmed that the problem can be eliminated by

modifications of the Nafion’s counterion and/or by using alternative ionic liquids.

10.4 Thermomechanical Liquid Crystal Elastomers

Nematic liquid crystal elastomers (LCEs) consist of pendant liquid crystal mesogens attached to
a polymer network. Thermomechanical LCEs respond to temperature changes in the
environment. The actuation speed, or response time, in thermomechanical LCEs depends on heat
propagation throughout the actuator. Since these actuators are usually very small and thin, heat
propagates quickly and it is usually not a limiting factor when the heating rate is slow. However,
when the heating rate is increased, heat propagation can become a limiting factor. To overcome
this issue, the thermal conductivity of LCEs should be improved, without disturbing the
elastomeric network. To improve the thermal conductivity of the LCEs without disturbing the
elastomeric network, | embedded a low concentration of gold nanoparticles in the elastomeric
network. Embedment of gold nanoparticles slightly stiffened the actuators; however the effect
was more than compensated by increased thermal conductivity and strain rate in response to an
external stimulus. Under fast heating conditions, the AuNP-doped LCE actuators exhibited more

than a 100% increase in the rate of change of strain with respect to time.

The improved efficiency further develops the material response in this unique class of soft linear
actuators for use in a wide range of applications.

10.5 Future Studies

One recommendation for future work is to further study ionic interactions in IPMCs. A
systematic study based on a large variety of ionic liquids and counter-ions, with special attention
to the volume and chemical/electrostatic interactions of ions, would help to draw a clear

conclusion on precise effects of ions and ionic interactions on the performance of actuators.

To use IEAP actuators in more practical applications, there is need to improve the generated
force, response time and strain. A suggestion is to improve electrical conductivity of the CNC
layers as more conductive CNC can undergo faster charge/discharge cycles. As a result the

response time can be improved. Another suggestion is to fabricate CNCs of larger thicknesses to
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first improve the mechanical properties of the actuator,
and to increase electrolyte uptake capacity which leads

to generation of larger force and strain.

Having already shown functionality of IEAP actuators,
another goal should be to use IEAP actuators in micro
devices. Although the strain of IEAP actuators is yet
not enough for larger scale applications, they generate
enough strain for micro devices and applications.
Microrobotics is one of the areas of interest for possible
use of IEAP actuators, especially since it is proven that
IEAP actuators can be made in very small dimensions,
Figure 10.1. Given the soft and flexible structure of
IEAP actuators, they have the closest properties to
biological systems and are the best candidate to be used

in biomimetic applications.

Another recommendation is to study the sensing
capabilities of IEAP systems. In this dissertation, the
focus was on actuation mechanism and performance;
however, the very same structures can be utilized as
sensors. Application of a mechanical force causes
deformation which redistributes ions in the IPMC; as a
result of the motion of ions a minimal electric field is
generated. This weak electric field can be easily
detected by any ordinary voltmeter. IEAP systems can
also be used in engines with high vibration rate, like

helicopters or automobiles, to monitor frequency of

Figure 10.1. Top: an IEAP actuator

place on a bee for size comparison.
(Bottom): Overlay images of
actuation of a similar size actuator

attached to a wing of an insect.

vibration. Frequency of vibration can be used to monitor performance of the engine or even to

detect possible malfunctions before they become more obvious.
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Given that hydrogen fuel cells have a similar structure as IEAP actuators, it is also a good
approach to study hybrid systems consisting of fuel cell and actuator in one structure. This
structure may lead to actuators for autonomous microrobotics where the power source is

embedded within the actuator.



Index 147

Index

aqueous - 17, 23, 24, 25, 26, 28, 29, 45, 49, 78, 92, 94, 106,
117,128

Aqueous Electrolytes - 24

1-Butyl-1-methylpyrrolidinium
y vipy Aquivion - x, 16, 34

bis(trifluoromethylsulfonyl)imide - xi, xv, 51, 52, 117, .
artificial muscle - 34, 35, 36, 104, 125, 139

119 . .
atomic force microscopy - 3

1-Ethyl-3-methylimidazolium trifluoromethanesulfonate - .
AuNP - ii, xi, xiv, xv, 31, 32, 45, 46, 78, 94, 95, 96, 97, 98,

Xi, xiv, 51, 52, 119
99, 100, 102, 106, 127, 128, 132, 134, 136, 137, 144

AuNPs - xi, xiii, xiv, xv, xvi, xvii, 31, 32, 46, 78, 79, 89, 94,

3 95, 96, 97, 100, 102, 108, 126, 127, 128, 130, 132, 134,
135, 136, 137

3M Scotch Permanent Double Sided Tape - 47 Automated Dipper - 43

4 B

4-(dimethylamino)pyridine - 32 backbone structure - 12, 14

batteries - 24, 106

A bending curvature - 86, 109
bimorph - 5, 82
acrylic - 10, 40 biomimetic - 34, 35, 36, 104, 125, 126, 145

birefri . 129, 130
actuation curvature - 67, 81, 90 Iretringence - xv, !

actuation mechanism - 11, 145 blockage force - 23

Bl ints - 43, 54
aerospace - 1, 2, 10 ueprints - 43,5

BMP-TFSI - xi, xv, 51, 52, 117, 118, 119, 120, 121, 123, 143

AFM -3

aggregate - 109, 128 brittle -4

alkaline - 11

alkyl-substituted imidazolium - 24 C

amplifier - 65

anion - xiv, xv, 12, 15, 29, 47, 80, 92, 97, 98, 99, 106, 107, cadmium sulfide - 29
109, 111, 112,113,114, 123,143 camera shaft - xi, 55, 56, 58

anion-dominated bending - 121 camera tower - xii, 55, 58

anode - xiv, 11, 55, 80, 89, 92, 97, 109, 110, 111, 112, 117, carbon nanotubes - 77, 126, 139
141 carboxylate - 15, 16

casted - 14, 47



148 Index

cathode - xiv, 11, 55, 80, 81, 92, 97, 103, 109, 110, 112,
117,142

cation - xiv, xv, 7, 12, 15, 47, 80, 92, 97, 98, 99, 101, 103,
106, 107, 109, 110, 111, 112, 113, 114, 117, 118, 123,
142,143

cation-dominated bending - 121

cationic strain - xiv, xv, 94, 97, 99, 101, 103, 122, 142

CCD- 81,95

Cds- 29

charge-coupled device - 81, 95, 109

charged nanoparticle - xi, 26, 29, 30, 31

charging - 7, 54, 64, 66, 94, 98, 99, 102, 142

charging/discharging times - 7, 66, 99, 102

chemical stability - 14

chemical structure - 4, 51, 117

chemical vapor deposition - 25

CNC - ii, xii, xiii, 5, 6, 12, 17, 20, 21, 44, 48, 66, 68, 69, 70,
71,72,73,74,77,78,79, 80, 81, 82, 83, 84, 85, 88, 89,
90, 92, 93, 94, 95, 97, 99, 100, 101, 102, 106, 108, 117,
140, 141, 142, 144

CNC-ion interfacial area - 102, 140, 142

colloid - 29, 139

colloidal particle - 38, 126

concentration - ii, xiv, xv, 17, 27, 45, 46, 49, 78, 94, 95, 96,
97, 98, 99, 102, 109, 126, 130, 132, 134, 139, 144

conditioner - xii, 65

conductive - ii, 3,4, 5, 6, 11, 12, 17, 66, 92, 93, 96, 102,
140, 142, 144

conductive network composite - 6

conductive network composites - ii

conductive polymers - 3

Conductive polymers - 11

contamination - 44

contraction - xvi, 11, 82, 125, 135

copper - x, 2,8,21,45,67,71,77

Coulomb force - 10

counter electrode - 27, 64, 66, 143, 144

counterion - ii, xi, xv, 6, 7, 11, 47, 49, 117, 120, 121, 122,
123,143,144

Cross-linking - 125

cross-polarizers - xv, 129, 130

crystalline - 4, 8, 10, 11, 33, 138

crystalline polar units - 4

crystalline unit - 10

CuNP - xi, 46

curvature - ii, xii, xiii, xiv, 6, 67, 68, 70, 77, 78, 81, 82, 83,
85, 86, 87, 88, 89, 94, 95, 100, 110, 111, 112, 141, 142

D

Data logger - 64

degradation - 25, 74

deionized - 26, 43, 45, 47, 49, 78, 94
Delrin - 54

dendrimer - 25, 31

Deposition condition - 27
dichloromethane - 127, 128
dielectric - 4, 6, 10, 126
Dielectric actuators - 10
dielectric constant - 10
Dielectric polymers - 10

dipping duration - 27
discharging - xiv, 7, 54, 64, 66, 94, 99, 100, 102, 142
divinylbenzene - 15

DLS - 48

DMA - 129

DNA - 25,32, 38,41

double pole, double throw - 57
DPDT - 57

dry weight - 50, 53

ductile - 4

dye-sensitized solar cells - 106
dynamic light scattering - 46, 48

Dynamic Mechanical Analyzer - 129
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elastic modulus - xii, 10, 68, 69, 82, 85

elasticity - 7, 138

electrical conductivity - 5, 12, 31, 66, 95, 140, 141, 142,
144

electrical polarization - 4

electroactive - 3, 4, 5, 6, 10, 11, 12, 34, 36, 76, 77, 102,
104, 113, 115

electroactive gels - 6, 12

Electroactive Polymer Actuators - 10, 36

electroactive polymer devices - ii

electroactive polymers - 4, 6, 10, 12

electroanalytical - 54

electrocatalyzation - 32

electrochemical window - 24

electrochromic - x, 3, 4, 5, 37

Electrochromic polymers - 4

electrolyte - 6, 23, 24, 25, 34, 104, 106, 118

Electrolyte - 23

electrolyte intake - 12

electromechanical - ii, xiv, 3, 4, 6, 8, 10, 12, 16, 24, 36, 76,

93, 100, 106, 110, 113, 124, 125, 126, 138, 139, 140

Electromechanical Actuator - 1

Electromechanical polymers - 4

electroplating - 23, 25

electrostatic force - 4, 10

electrostatic pressure - 10

electrostatic repulsion - 27

EMI* - xiv, xvii, 97, 109, 110, 111, 112, 113

EMI-Tf - xi, xiv, xv, 24, 51, 52, 66, 68, 69, 78, 85, 94, 109,
117, 118, 119, 120, 121, 122, 143

environmental stability - 24, 141

ethanol - 53, 117

evaporation - 24

external stimulus - 1, 137, 144

Extruded - 47

fabrication - ii, 5, 6, 7, 17, 21, 25, 26, 28, 35, 39, 43, 45, 47,
66, 74, 78, 90, 92, 105, 115, 140, 142

ferroelectric - 4, 6, 8, 11, 33, 126

Ferroelectric polymers are - 10

ferromagnetic - 3, 126

Flemion - x, 14, 15, 16, 33

four-point-probe measurement - 94

free cantilever - 82

free ion - 6, 23, 86, 140, 143

free-ions - ii

frequency - ii, xiv, 7, 92, 94, 100, 101, 102, 103, 106, 107,
111,112, 113, 114, 143, 145

fuel cells - 34, 37, 106, 115, 146

functional thin film - 25, 26

functionalized - 29, 30, 32, 45, 66, 78, 94

G

Glass Frame - 44

glass frames - xiii, 44, 74, 75

Gold - xii, 23, 42, 46, 50, 53, 67, 74, 78, 94, 141

gold flake - 17

Gold leaves - 50

gold nanoparticles - ii, xvi, 7, 37, 41, 45, 71, 72, 74, 78, 94,
102, 108, 134, 140, 141, 142, 144

growth rate - 6, 30

H

homogeneous - 71, 74, 128
hot-press - xi, 50, 53
Hot-Press - 50

hydrolysis - 24
hydrophilic - 15

Hyflon - 16
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IEAP actuator - ii, xii, xv, 5, 6, 7, 12, 14, 15, 16, 17, 18, 20,
21, 23, 24, 25, 43, 51, 54, 64, 66, 67, 68,70, 71, 72, 73,
77,78, 79, 81, 85, 86, 89, 92, 93, 94, 102, 106, 107, 117,
118,120, 121, 122, 123, 140, 141, 143, 144, 145, 146

imbalance - 77, 78, 86

impregnation - x, 20, 23

insulators - 3

interface - 12, 92, 93, 96, 98, 102

intrinsic strain - xiii, 6, 70, 72, 78, 82, 84, 85, 86, 89, 141

Intrinsic strain - 85

ion-x,5,7,11, 12, 13, 14, 15, 16, 17, 24, 27,66, 72, 77, 78,
80, 81, 92, 93, 95, 96, 98, 99, 106, 114, 117, 140, 143,
144,145

ion conducting polymers - 4

ion diffusion - 4

ion exchange - 7, 14, 15, 43, 49, 120

lonic electroactive polymer - ii

lonic Electroactive Polymer Actuators - 1, 50

ionic group - 15, 16

ionic liquid - xv, 17, 24, 33, 34, 36, 51, 53, 78, 80, 92, 94,
104, 109, 115, 117, 120, 121, 124, 131, 140, 143

lonic liquids - 24, 35

ionic polymer-metal composite - 5, 34, 92

ionic polymers - 4, 25, 26, 27, 37

ionomeric membrane - ii, xv, 5, 6, 7, 12, 13, 14, 15, 16, 18,
24,44, 47, 48, 66, 70, 74, 77, 78, 80, 82, 92, 94, 117,
120, 122, 140

IPCNC - 69

IPMC-x, 5,7,19, 20, 34, 51, 53, 67, 68, 71, 80, 90, 92, 94,
95,97, 99, 117, 140, 142, 143, 145

Isothermal - 129

lead sulfide - 29

limiting factor - 90, 142, 144
limiting factors - 6

linear growth - 29, 80

Liquid crystal - 4, 11, 125, 139
liquid crystal polymers - 4
liquid phase - 24

load cell - xii, 65, 68

longitudinal expansion - 82

M

Materials science and Engineering - 1

mechanical deformation - 4, 10, 11, 12, 77, 86, 126

medical - 2, 10, 36

mesogen - 4,11, 125, 126, 144

metal electrode - 5, 13, 34, 55

metal nanoparticles - ii, xii, 5, 6, 66, 67, 68, 71, 137

micropositioner - 55, 57

microrobotic - 103, 140, 143

Microrobotics - 145

microscope glass slide - 44, 74

mobility of ions - 4, 5, 7, 12, 17, 47, 67, 85, 92, 93, 94, 95,
99, 106, 113, 117, 140, 141

moisture - 23, 53, 54

morphology - 26, 27

multilayer - xi, 25, 31, 37, 38, 39, 40, 41, 43, 115

layer-by layer ionic self-assembly - 6
Layer-by-Layer lonic Self-assembly Technique - 25
LCE - 125, 126, 130, 135, 136, 137, 144

N

NADH dehydrogenase - 32

Nafion - x, xi, xiii, xiv, xv, xvii, 12, 14, 15, 16, 18, 20, 21, 33,
34, 36, 45, 47, 49, 66, 68, 74, 78, 79, 80, 81, 84, 85, 90,
92, 93,94, 97,104, 108, 117, 120, 121, 122, 124, 142,
143, 144

nano/micro-channel - 17

nano-channel - 15, 66, 67

nanocomposite - 39, 77, 78, 79, 94, 95, 108, 140
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nanomaterials - 77

nano-particle - 25

Nanoparticle - 45

nanoparticles - ii, xi, xii, xvi, 6, 7, 28, 30, 31, 32, 38, 41, 47,
70,71,72,73,74,78,94, 134, 140, 142

nanotechnology - 1

Nematic LCE actuators - 126

nematic liquid crystal elastomer - 7, 138

net curvature - 85

net intrinsic strain - xiii, 84, 85, 142

net strain - xv, 6, 78, 86, 117, 121, 123, 141, 142

number of bilayers - xiii, 6, 27, 29, 72, 74, 75, 80, 81

o

operating voltage - 24, 106

optical density - 30

optical properties - 4, 31

optical transmittance - 4

outer electrode - x, 6, 13, 23, 50, 77

oxidize - 4

P

PAH - xiii, xiv, 45, 47, 66, 72, 78, 79, 89, 94, 96, 106, 108,
141

Painting - 22

PbS - 29

PDMA-C - 29

PdANP - xi, 46

peak-to-peak - 85, 101

perfluorinated - 15, 16, 33

performance - ii, xvii, 5, 6, 7, 12, 14, 15, 17, 20, 24, 26, 46,
66, 76, 77,78, 90, 92, 94, 95, 100, 106, 112, 114, 117,
126, 140, 141, 143, 144, 145

pH sensitive - 3

phase transition - xvii, 134, 135

Piezoceramic - 3

piezoelectric - 3, 106, 138

Piranha - 47

plating - 20

platinum - x, 13, 20, 21, 23, 28, 29, 34, 38, 41, 45,77
polar component - 10

polar polymers - 4, 10

polarity - 4, 11, 13, 57

polarization - 10, 36

poly(allylamine hydrochloride) - ii, 32, 78, 94
Poly(allylamine hydrochloride) - xi, 45, 108
poly(aniline sulfonic acid) - 4
Polyacrylonitrile - 12

polyanion - 26

polycarbonate - xii, xiii, 74, 75

polycation - 26

polycations - 28

polymer repeat unit - 31

polymeric network - 4,7, 11, 12
polymerization - 45

polymer-metal interfacial area - 21
polyoxymethylene - 54, 58

polyvinyl alcohol - 129

Polyvinylidene fluoride - 11

POM - 54

porosity - 5, 17, 78, 92, 95, 140, 141
porous conductive thin-film - 5
porous-conductive - ii

potentiostat - xii, 55, 64, 95

preswell - 47

probe station - xi, 6, 43, 54, 55, 64, 95, 109
Profiler - 48

protein - 25, 38

proton - xi, xv, 7, 15, 34, 47,117,120, 121, 122, 123, 143
PtNP - xi, 46

PVA - 129

PVDF - 11



152 Index

Q

quantum dot - 25, 38

R

radius of curvature - 82, 100, 109
redox - 4,11, 12

reduce - 4, 95

reduction - x, 11, 20, 23, 28
reference electrode - 64
relaxation - 16, 40, 125
Response time - xiii, 88, 89, 129
response-time - ii

robotics - 2

rubbery plateau - 130, 134
rubbing direction - xv, 129, 130
RuO, - xii, 17,71, 72, 85

sample holder - xi, 43, 44, 47
scanning electron microscopy - 3
secondary bending - 7

SEM - x, xiii, xiv, 3, 23, 79, 95, 96, 142
semiconductive - 3

semiconductor - 29

sequential deposition - 25

Shape Memory Alloys - 2

sheet resistance - xiv, 48, 49, 94, 96, 97, 109
side-chain - 14, 15, 16

silica nanoparticle - 77

Silicone - 10

silver - 23,77

Single pole. single throw - 58

skeletal muscle - 125, 126

SMA -2

smart ceramics - 3

Smart Ceramics - 3

Smart Materials - 1, 33, 34, 35, 36

smart polymers - 3, 10, 140

Smart structures - 2

soak - 53

sodium hexametaphosphate - 29

Soft Microrobotics - 1

spin coating - 22

spray coating - 25

SPST - 58

stimuli responsive - 125

strain - xii, xiii, xiv, xv, xvi, 6, 8, 10, 13, 17, 22, 33, 34, 35,
37,68,70,71,72,73,76,77,78,79, 84, 85, 88, 89, 91,
94, 95, 97, 99, 100, 101, 102, 104, 105, 106, 109, 111,
112,113, 115, 117, 118, 120, 121, 122, 123, 126, 129,
130, 132, 135, 136, 137, 138, 141, 142, 144, 145

stress-strain curve - 130

styrene - 15, 32

sulfonate - 15, 16, 32, 117, 120

sulfuric acid - 49

super-capacitors - 106

switching speed - 24, 66

symmetric cantilever actuator - 82

T

target weight - 53

Teflon - 14, 29, 50, 53

TES-TFSI - xi, xiv, xv, 51, 52, 117, 118, 119, 120, 121, 123,
143

tetrafluoroethylene - 14

Tf - xiv, xvii, 109, 110, 111, 112, 113

thermoelastic - 127, 129, 135

Thermoelastic - xvi, 129, 135

thermomechanical - 3, 7, 125, 131, 137, 140, 144

Thermomechanical liquid crystal elastomers - 4

thickness - ii, xii, xiii, xvii, 5, 6, 10, 18, 19, 20, 26, 27, 31, 32,
39, 48,50, 70,71,72,73,74,77,78, 79, 80, 81, 82, 83,
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84, 85, 86, 87, 88, 89, 92, 93, 94, 95, 96, 100, 101, 102,
108, 117, 126, 140, 141, 142

thin-film - xi, 5, 6, 28, 29, 30, 31, 32, 45, 46, 47, 79, 93, 108,
117, 142

thin-films - i, xi, xiii, 4, 14, 29, 30, 31, 32, 43, 45, 46, 48, 71,
74,75, 95, 96, 102, 141, 142

thiol - 29

TiO, - 29

tip displacement - x, 18, 21, 100, 101

Titanium dioxide - 29

transducer - 68

transport of ions - 96

Triethylsulfonium bis(trifluoromethylsulfonyl)imide - xi,
xiv, 51, 52,117, 119

turnover frequency - 7, 112, 143

v

vapor pressure - 24
volume density - 5, 77, 92

volume fraction - 7, 69

w

waveform frequency - 7
wax paper - xi, 50

working electrode - 64

u

ultra-thin film - 23

YIG - 30
Young’s moduli - xv, 129, 130, 132, 134

yttrium ion garnet - 30

V4

zeta potential - 45, 46

zinc- 2,77





