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ABSTRACT

Ionomeric polymer transducers consist of an ion-exchange membrane plated
with conductive metal layers on its outer surfaces. Such materials are known to
exhibit electromechanical coupling under the application of electric fields and imposed
deformation (Oguro et al., 1992; Shahinpoor et al., 1998). Compared to other types of
electromechanical transducers, such as piezoelectric materials, ionomeric transducers
have the advantage of high-strain output (> 9% is possible), low-voltage operation
(typically less than 5 V), and high sensitivity in the charge-sensing mode.

A series of experiments on actuators with various ionic polymers such as Nafion
and novel poly(Arylene ether disulphonate) systems (BPS and PATS) and electrode
composition demonstrated the existence of a linear correlation between the strain
response and the capacitance of the material. This correlation was shown to be in-
dependent of the polymer composition and the plating parameters. Due to the fact
that the low-frequency capacitance of an ionomer is strongly related to charge accu-
mulation at the electrodes, this correlation suggests a strong relationship between the
surface charge accumulation and the mechanical deformation in ionomeric actuators.
The strain response of water-hydrated transducers varies from 50 ustrain/V to 750

pstrain/V at 1Hz, while the strain-to-charge response is between 9 £22" and 15

m2



“SZZT“M. This contribution suggests a strong correlation between cationic motion and
thz strain in the polymer at the ionomer-conductor interface.

A novel fabrication technique for ionic polymer transducers was developed for
this dissertation for the purpose of quantifying the relationship between electrode
composition and transducer performance. It consists of mixing an ionic polymer
dispersion (or solution) with a fine conducting powder and attaching it to the mem-
brane as an electrode. The Direct Assembly Process (DAP) allows the use of any
type of ionomer, diluent, conducting powder, and counter ion in the transducer, and
permits the exploration of any novel polymeric design. Several conducting powders
have been incorporated in the electrode including single-walled carbon nanotubes
(SWNT), polyaniline (PANI) powders, high surface area RuO,, and carbon black
electrodes. The DAP provided the tool which enabled us to study the effect of elec-
trode architecture on performance of ionic polymer transducers. The DAP allows the
variation in the electrode architecture which enabled us to fabricate dry transducers
with 50x better performance compared to transducers made using the state of the art
impregnation-reduction technique. DAP fabricated transducers achieved a strain of
9.4% at a strain rate of 1%/s. Each electrode material had an optimal concentration
in the electrode. For RuO,, the optimal loading was approximately 45% by volume.
This study also demonstrated that carbon nanotubes electrodes have an optimal per-
formance at loadings around 30 vol%, while PANI electrodes are optimized at 95
vol%.

Extensional actuation in ionic polymer transducers was first reported and char-
acterized in this dissertation. An electromechanical coupling model presented by Leo
et al. (2005) defined the strain in the active areas as a function of the charge. This
model assumed a linear and a quadratic term that produces a nonlinear response
for a sine wave actuation input. The quadratic term in the strain generates a zero
net bending moment for ionic polymer transducers with symmetric electrodes, while
the linear term is canceled in extensional actuation for symmetric electrodes. Ex-
perimental results demonstrated strains on the order of 110 pstrain in the thickness

direction compared to 1700 ustrain peak to peak on the external fibers for the same

il



transducer, could be achieved when it is allowed to bend under +/-2V potential at
0.5 Hz. Extensional and bending actuation in ionic polymer transducers were ex-
plained using a bimorph active area model. Several experiments were performed to
compare the bending actuation with the extensional actuation capability. The ac-
tive area in the model was assumed to be the high surface area electrode. Electric
double layer theory states that ions accumulate in a thin boundary layer close to
the metal-polymer interface. Since the metal powders are evenly dispersed in the
electrode area of the transducer, this area is expected to actuate evenly upon voltage
application. This active area model emphasizes the importance the boundary layer
on the conductor-ionomer interfacial area.

Computing model parameters based on experimental results demonstrated that
the active areas model collapses the bending data from a maximum variation of 200%
for the strain per charge, to less than 68% for the model linear term. Furthermore,
the model successfully predicted bending response from parameters computed using
thickness experimental results. The prediction was particularly precise in estimating
the trends of non-linearity as a function of the amount of asymmetry between the

two electrodes.
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Chapter 1

Introduction and Literature

Review

1.1 Introduction

Smart materials are a class of materials that exhibit coupling between two or more
physical domains. Electromechanical transducers are a subset of smart materials that
exhibit coupling between the electrical and mechanical domains as sensors or actu-
ators. Electromechanically coupled polymers also known as ElectroActive Polymers
(EAP) are a soft and flexible class of transducers. In this dissertation we have studied
a specific type of EAP, the ionic polymer transducer.

Also known as ionomeric polymer transducers, they consist of an ion-exchange
membrane plated with conductive metal layers on the outer surfaces. Such materi-
als are known to exhibit electromechanical coupling under the application of electric
fields and imposed deformation (Oguro et al., 1992; Shahinpoor et al., 1998). Com-
pared to other types of electromechanical transducers, such as piezoelectric materials,
ionomeric transducers have the advantage of high-strain output (> 9% is possible),
low-voltage operation (typically less than 5 V), and high sensitivity in the charge-
sensing mode. The electromechanical coupling in ionomeric polymer transducers is
thought to be due to the mobility of cations in the polymer network as shown in

Figure 1.1.
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Figure 1.1: Schematic representation of the transduction mechanisms in ionic
polymer transducers, also shown is the cluster of anions (-) and the cations (+)
free to move.

In this dissertation we studied and modeled the electrode area in ionic polymer
transducers and more specifically the conductor-ionomer interface. A new fabrication
process was developed which provided good control on the architecture of the elec-
trode. The new process was optimized to enhance the performance of ionic polymer
transducers by increasing the generated strain and strain rate. A model that assumes
the electrode as the active area is presented in this thesis. Finally, we report and char-
acterize extensional actuation, which is according to our knowledge the first account

reported for such transduction mechanism in ionomeric polymer transducers.

1.2 Smart Materials: The Big Picture

Smart materials are defined as materials that adapt to a change in the physical en-
vironment, such as electrical, thermal, magnetic, chemical, pH, or light environment.
They can be used in the form of sensors, actuators, active dampers, and energy gen-
erators (Leo, 2001). In the area of control engineering we are interested mostly in
electromechanical transducers. Materials known to demonstrate electromechanical

coupling properties include piezo-ceramics, piezo-polymers, electrostrictive polymers,



ionic polymers, conducting polymers, liquid crystal elastomers, carbon nanotubes,
and ionic gels. Other thermomechanically coupled smart materials which are ac-
tuated electrically using the resistive properties of the material are shape memory
polymers and shape memory alloys. AOne noted that those electroactive materials

exist in the liquid, gel, polymer, ceramic, or metal form. Observing Figure 1.2 one
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Figure 1.2: Energy density plot of several electroactive polymers.

would conclude that shape memory alloys (SMA) or the dielectric elastomers are bet-
ter transducers. However, energy density plots do not present the full characteristics
of the actuators. Other figures of merit should be considered in assessing the usability
of a certain smart material in potential applications. Figures of merit includes gener-
ated strain and stress that are represented in the energy density plot in Figure 1.2. In
order to amplify the strain of some of the transducer materials, uniform and bimorph
configurations are used as shown in Figure 1.3 (Leo et al., 2003). These configuration
are widely used in piezoelectric polymer benders and piezoceramics thunder benders
(Zhang, 1998) such as bimorph and unimorph respectively. Strain is defined as the
deformation per unit length of the material, sometimes in literature strain is con-
fused by defining it as “the displacement normalized by the original material length

in the direction of actuation” (Madden et al., 2004). For a bimorph and unimorph



the strain is computed using continuum mechanics as elaborated in Leo et al. (2003).
Other important transducer properties are the strain rate, work and power densities,
reliability, efficiency and operating voltage.

SMAs are thermocoupled materials that deform due to phase transition upon
the change in temperature. SMAs exhibit a shape memory effect in which the material
remembers a previous shape and can be transitioned between shapes by heating and
cooling the material (Liang and Rogers, 1992). Nickel Titanium (NiTi) alloys (better
known as Nitinol) are the most extensively studied SMA materials (Funakubo, 1987).
The actuation mechanism is due to the rearrangement of the molecular structure be-
tween a martensitic phase and an austenitic phase. SMAs have a very slow response
(seconds to minutes) and are highly dependent on the temperature and thermal con-
ductivity of the surrounding environment. The strain this material can provide is in

the order of 5 to 8%, while the stress is as large as 200 MPa (Madden et al., 2004).
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Figure 1.3: Unimorph and bimorph induced strain actuation.

Elastic Substrate

Active Layer

Shape memory polymers are a novel class of smart polymeric material that
undergo large thermally induced deformations ( > 100 % strain) that are analogous
to heat shrink tubing (Lendlein and Langer, 2002). These transducers are limited to
one cycle life time.

Piezoelectric materials also known as ferroelectric materials exists in the ce-

ramic or polymeric structure. Examples of ceramic piezoelectric material is the PZT



(Lead Zirconate Titanate), while the commonly used copolymer is poly(vinylidene
fluoride trifluoroethylene), abbreviated as P(VDF-TrFE) (Madden et al., 2004). The
actuation mechanism occurs due to the rotation of the dipoles upon the application
of an electric field (Cross and Rossetti, 1991). Dipoles in PVDF are due the large
electronegativity of the fluorine in the polymer backbone (Bar-Cohen, 2001). In or-
der to prepare an actuator, PVDF is poled at temperatures larger than the Curie
point and quenched down while the electric field is still applied (Cheng et al., 2001).
Piezo-materials operates at high frequencies, and piezoceramics provide large forces.
The main disadvantage is the high operating voltage (in the order of 1kV) and small
displacement which is amplified using bimorph or unimorph configuration as shown

in Figure 1.3 (Madden et al., 2004).
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Figure 1.4: Actuation of a dielectric elastomer under the application of
large electric potential

Dielectric elastomer actuators are made of a compliant polymer membrane
sandwiched between two conductive electrodes(Bar-Cohen, 2001). The electrostatic
attraction between the electrodes due to the application of a potential (150 MV /m)
generates a pressure on the compliant polymer and cause the deformation as shown
in Figure 1.4 (Kornbluh et al., 1999). Electrostrictive transducers have large dis-
placement in the order of 380% for 3M VHB 4910 acrylic elastomer (Pelrine et al.,
2000). Other advantages of this actuator is the easy manufacturing process and the
large stresses depending on the stiffness of the elastomer used (Bar-Cohen, 2001).

The main disadvantage of these actuators are the large operating voltages, the low



reliability and the fact that they also bend in one direction in cantilever form.

Liquid crystalline elastomers actuate upon inducing phase changes in liquid
crystalline polymers that changes of order and alignment of liquid crystalline side
chains, leading to a generated stresses in the polymer backbone(de Gennes and
Seances, 1975). Those materials are still in their early stage of development, but
the main disadvantage would reside in relatively high operating voltage (1.5 MV /m)
and low stiffness.

Conducting polymers are electronically conducting organic materials having
conjugated structures in their molecular backbone. Applying an electric potential
will change the oxidation state leading to the addition or removal of charge from the
polymer backbone and a flux of ions to balance the charge. Insertion of ions between
polymer chains is the primary reason for actuation of the material (Madden et al.,
2004). Conducting polymers are attractive transducers due to the large deformations
under relatively small voltages. The main disadvantages of conducting polymers is
their slow response time, and low electro-mechanical efficiency, and they also require
an electrolyte to operate.

Ionic gels are very similar to ionic polymers previously introduced, except
they have a gel polymer backbone. They produce larger strains compared to ionic
polymers, but exhibit much slower response time. The disadvantages of this smart
material is that it suffers from low mechanical strength and consequent structural
failure under large deformations and therefore have a short lifetime (Osada et al.,
1992).

Carbon nanotubes (CNT) are hollow cylinders consisting solely of carbon.
These tubes are either conductive or semi-conductive. CNTs could be used as ac-
tuators when a voltage is applied to them against an electrode soaked in an elec-
trolyte. The actuation mechanism is due to the motion of ions that are attracted to
the nanotubes, leading to the accumulation of ionic charge at their surfaces, which
is balanced by an electronic charge within the tubes (Baughman et al., 1999). The
charging leads to a rearrangement of the electronic structure of the nanotubes, and

to Coulombic forces, both of which result in dimensional changes. This is considered



to be a quantum mechanic actuation process (Baughman et al., 1999).

Electro-rheological fluids change their viscous properties upon the application
of an electric field. This material is not as an actuator but rather as a fluid for active
damping. The actuation mechanism is due to alignment of some particles in the fluid
leading to a change in the shear rates (Lindler and Wereley, 1999).

Finally Polyethyleneoxide and Polyethyleneglycol (PEO-PEG) based ion con-
ducting polymers are also used as actuators (Shahinpoor and Kim, 2002c). Those solid
polymer electrolytes have been made of high molecular weight PEO mixed with some
low molecular weight PEG (Gray, 1987). PEO-PEG actuators are large displacement
(10% strain) low voltage (1 to 3V) diluent free actuators, with the disadvantage of
low operating frequencies ( 10Hz) (Shahinpoor and Kim, 2002¢). Moreover Watanabe
et al. (2001) reported the use of Polyurethane-Polyethyleneglycol (PU-PEG) polymers
as actuators. PU-PEG transducers shows electrostriction properties under large volt-
age (2MV/m). The bending direction of these actuators could be controlled by the
species of the doped ions (Watanabe et al., 2001).

1.3 Ionic Polymer Transducers

In this section ionic polymer transducers will be thoroughly described, with a histor-
ical background, fabrication techniques, actuation mechanisms and models, current

characterization methods, and finally potential applications.

1.3.1 Background

Polymer-metal composites were developed as early as the 1930’s as precipitated
of colloidal silver on prepared substrates (Bar-Cohen, 2001). In the early 1990’s
Sadeghipour, et al., reported that they could act as vibration sensors. Ionic poly-
mers were developed as “solid polymer electrolyte fuel cell membranes” (Bar-Cohen,
2001). Later in 1992 while Sadeghipour and coworkers were getting close to discover-
ing their actuation capabilities, Oguro’s group in Japan described the bending of the

ionic polymers under the application of a potential across its thickness. Since that



time, several groups in the USA and across the world are working on improving the
manufacturing process, characterizing and modeling the performance, and searching

for applications for these new intelligent materials.

1.3.2 Actuation Mechanisms and Models

To date the physical mechanisms that produce actuation are still uncertain. Several
researchers are suggesting different actuation models. One of the salient features of
ion-exchange membranes is selective ion conduction. Ion-exchange membranes are
polyelectrolytes which contain charged sidegroups covalently bound to the polymer
chain. This property leads to charge aggregation within the material and phase
separation between hydrophilic regions containing the charged sidegroups and the
hydrophobic backbone. The charge aggregation also leads to an ionic selectivity
in which only certain charged groups, either cations or anions, can be transported
through the material.

Ion conduction is known to play an important role in the electromechanical
transduction of ionomeric polymers. The conduction of ions was identified by Shahin-
poor et al. (1998) as the reason for bending upon application of an electric field, and
de Gennes et al. (2000) proposed a model that related pressure and velocity within
the material to electric field and charge flux. This model is similar to form as one
developed and experimentally verified by Newbury and Leo (Newbury and Leo, 2002,
2003a,b), although Newbury and Leo used force, displacement, charge, and voltage
as the state variables for the model. The steady-state distribution of charge due to
ionic conduction was determined by Nemat-Nasser and Li (2000), where they showed
that application of an electric field produces an accumulation of positive charge at
one surface and a depletion of cations at the opposite surface. A similar model was
recently proposed by Farinholt and Leo (2002) to model charge sensing in ionomeric
materials. Recently, Nemat-Nasser (2002a) combined his model of charge redistri-
bution within the material with a model that coupled the charge state within the
polymer to the mechanical deformation.

There is increasing evidence in the literature for a link between charge accumu-



lation and mechanical deformation in ionomeric materials. The deflection response of
ionomeric transducers of various compositions and cation forms was recently studied
by Nemat-Nasser and Wu (2003a). Their results highlighted the relationship be-
tween the total charge flow in the polymer to the motion generated at the tip of the
transducer. For transducers that utilized the fluoropolymer Flemion (a commercial
polymer from Asahi Glass) instead of Nafion as the ionomer , Nemat-Nasser and Wu
(2003a) demonstrated a linear relationship between normalized deflection (tip deflec-
tion relative to length) versus normalized charge (charge transported versus total fixed
charge). Nafion-based transducers exhibited relaxation when subjected to a DC volt-
age, thus complicating the analysis of the deflection-to-charge analysis. A thorough
study of the electromechanical response of Nafion and Flemion in various cation forms
was also performed by Asaka et al. (2001a). They reported that the ‘charge-specific
displacement’, defined as the ratio of tip deformation to induced charge, varied as a
function of cation form for both ionomers. The charge-specific displacement was then
related to the conductivity and freezable water content of the polymer.

The common idea between all suggested actuation models is that anions in
the clusters are attached to the polymer backbone, while the free cations will move
within the diluent medium under the application of an electric field, causing them
to migrate towards the cathode in the hydrophilic polymer chancels (Bar-Cohen,
2001). This redistribution will cause some changes in the properties of the polymer
membrane at the anode and cathode sides.

Several parameters control the amount and speed of diffusion of ions into the
electrode. As mentioned earlier actuation mechanisms can be correlated with the
motion of cations in the transducer. Therefore maximum strain and strain rate are
correlated with the amount and speed of diffusion of the ions respectively. Two main
properties determine the speed of response, first is the electrode architecture and
second is the diluent content in the ionomer. Electrode architecture also determine
the amount of strain in an ionic polymer actuator. The viscosity and polarity of the
diluent has a major effect on the conductivity of the ionomer electrolyte. Using a

less viscous diluent allow ions to move faster while a more polar diluent may induce
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Figure 1.5: Ionomer-Conductor interface, (a) SEM of an ionic polymer
transducer electrode, (b)Diffusion of electrons through the conductive
particles, (c)Diffusion of cations through the ionomer electrolyte, and
(d)Formation of the electric double layer around the particles.

charge seperation between the cation from the anion.

Electrode architecture had three main effects as shown in Figure 1.5. The
electrode consists of a well dispersed conducting particles in an ionomer matrix as
shown in the SEM picture in Figure 1.5 (a). According to Ohms law, the diffusion
rate of the electrons into the electrode is proportional to the conductivity through

thickness of the electrode:

dg 'V
2 1.1

dt R (1.1)

The resistivity of a conductive phase dispersed in an insulator matrix is studied

using the percolation theory (see Figure 1.5 (b)). Percolation theory will be discussed

later in the chapter. After the charging of the metal particles in the electrode, mobile
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ions will move to form the electric double layer as shown in Figure 1.5 (c). These
cations are mobile only in an electrolyte medium, which is the ionomer in ionomeric
transducers. In brief the electrons require more conductor particles while ions require
more polymer for fast diffusion. Therefore an optimal concentration of conductor
to ionomer ratio is expected. Finally the cations forms an electric double layer and
accumulate around the conductive particles (see Figure 1.5 (d)). The electric double
layer theory which is detailed in a later section demonstrates that the amount of
charge accumulated per unit volt is proportional to the interfacial area between the
conductor and the electrolyte. In this dissertation, the electric double layer and per-
colation theory are analyzed qualitatively to interpret the behavior of ionic polymer

transducer due to variation in electrode architecture.

1.4 Electroactive Polymers and the Need for Large
Displacement Actuators

Electroactive polymer (EAP) transducers are usually large displacement low force
actuators. Compared to brittle ceramics EAPs are soft and compliant structures.
Piezoceramics provide micron scale displacements with a large forcing output. Sev-
eral applications requires large displacement, therefore piezoceramics are often man-
ufactured in stacks that amplify the motion. Moreover stacks might not provide suffi-
ciently large displacement, then mechanical amplification is used. Using the stacking
and mechanical amplification techniques defies one major advantage of smart ma-
terials that they are parts free with large energy density. Therefore the need for
large displacement actuators. Applications that would benefit from such transducers
includes flapping mechanisms for a Micro Air Vehicle(Akle and Leo, 2003), and arti-
ficial muscles especially for EAPs that operates under low voltage. Moreover several
polymers such as Nafion, the widely used ionomer for ionic polymer transducers, are

biocompatible making them potential muscle implants.
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1.5 Potential Applications of Ionic Polymer Trans-
ducers

All the interesting properties mentioned in the previous section gives ionic polymers
a number of potential applications. Those applications can range from using them as
sensors or as actuators. They could be used in water submerged applications, or in
other environments either as packaged polymers or ionic liquid diluent based polymers
(Bennett and Leo, 2004). Ionic polymers are usually made in the form of thin plates
(50 to 200 micrometer) enabling them to be use in MEMS (Micro Electro-Mechanical
System) application. They might be used as sensors to create micro-accelerometers,
or as actuators to create micro swimming robots. Another interesting property of
ionic polymers is that they are not toxic for human cells since they are made of
Nafion™, noble metals (Platinum, and Gold for the coating), and Li or Na ions.
This makes it possible for them to be implemented inside the body. Application can
range from health monitoring as pressure and pulse sensors, or vein replacement as
actuators. A current application under research by our group, is using those trans-
ducers to detect acoustic signals generated by the turbulence induced by a stenosis.
Detecting and characterizing this turbulence enables us to measure the severity of the
closure. The end product of this research is a non-invasive ionic transducer device
capable of detecting early stenosis. Also in collaboration with our group Etebari et al.
(2004) showed that ionic polymers could be used as wall shear sensors in submerged
applications, and they managed to correlate the skin friction coefficient to the signal
from the sensor. As actuators our team is collaborating with other companies in
fabricating an adaptive mirror for outer space applications (Buechler and Leo, 2004).
The polymers will be plated with a reflective material, and the potential applied
across the transducers will deform the shape of the mirror increasing or decreasing
the convexity. Akle and Leo (2003) proved the feasibility of using those transducers
as flapping mechanisms for a Micro Air Vehicles. Furthermore, ionic polymer me-
chanical properties are quite similar to the human muscle, which raise there potential

of replacing Human muscle (Shahinpoor, 1994). Their high dexterity makes them
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perfect for robotics applications, they can be used to build end-effectors as dexterous

as the human hand or as soft malleable end-effectors

1.6 Motivation

As mentioned earlier, transducers that operate at lower voltages are highly desired.
Such actuators will have better biological compatibility, higher safety standards, and
they will be easier to incorporate in systems especially for space applications. Figures
of merit of an actuator include the maximum achievable strain, strain rate and energy
density. Increasing these actuation characteristics broadens the applicability of ionic
polymer transducers. During the early stages of this dissertation a linear relationship
between capacitance and bending performance in ionic polymer actuators is estab-
lished. This relationship between normalized deflection versus capacitance indicates
that a fundamental relationship between charge motion and actuation mechanism
in ionic polymer transducers. Capacitance in ionomeric actuators is mainly due to
an electric double layer, which forms at the interface between the ionomer and the
conducting electrode (Sadeghipour et al., 1992). Moreover diluents have a limited
electrochemical stability window. For example water hydrated ionic polymer trans-
ducers are limited to an operating voltage of 1.23V . Above this voltage water mole-
cules starts to break down into hydrogen and oxygen gases, leading to the loss of the
diluent and degradation in performance (Bar-Cohen, 2001). This process is known
as the electrolysis of water. For most ionic liquids and organic liquids this voltage
is limited to approximately 3V. The linear relationship indicates that increasing the
capacitance of an actuator increases its displacement per unit volt. Thus increas-
ing the capacitance of the transducer will enhance the maximum achievable strain.
Apart from electrical and environmental stability the viscosity of the diluents critical
to speed of ions in the transducer. The diluent in ionic polymer transducer effects the
strain rate. As mentioned in the previous section, increasing the conductivity of the
electrode also enhances the strain rate. This is achieved by exploring the percolation

theory and its effects on the electrode. As mentioned in the introduction a novel
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fabrication technique called the Direct Assembly Process is developed during this re-
search in collaboration with Dr. Kenton Wiles and Dr. James McGrath at Virginia
Tech. The Direct Assembly Process provides us the ability of varying the electrode
conducting powder and therefore control on the electric double layer and pseudoca-
pacitance properties of the transducer. Finally the extensional experimental results
made it possible to model the effect of varying the thickness of the electrode. This
work lead to the active area bimorph model. The next sections presents a literature

review of the percolation process and electric double layer theory.

1.7 Percolation Process

Percolation process describes the behavior of a flow in a random medium. These
flows include but not restricted to fluids, ions, electrons, magnetic flux, heat, or
even viruses (Zallen, 1983). The random medium is composed of a blocking phase
and a flow permitting phase (Domb, 1983). The study of percolation first arose by
Broadbent in 1954 (Broadbent, 1954), later introduced mathematically by Broadbent
and Hammersley in 1957 (Broadbent and Hammersley, 1957). Percolation theory is
applied to a diversity of phenomena that ranges from epidemic spread in a population
to the study of quarks in nuclear matter (Zallen, 1983). The percolation theory states
that there is a certain threshold level denoted p. at which the medium transitions from
a generally flow blocking medium to a flow permitting medium.

In the case of ionic polymer transducers the percolation theory is used to
study the transition of a conductor-insulator medium from an insulator to an electron
conducting material. There are two types of percolation processes on a lattice: the
bond percolation and site percolation (Zallen, 1983). The bond percolation considers
connected or disconnected paths, while the site percolation considers sites that are
clustering together. The conductor-insulator matrix is a site percolation problem.
A continuous conducting network is formed by the coalescence of the grains in the
insulator medium. Percolation theory predicts that there is a critical percolation

threshold at which a conductive path is formed causing the material to convert from
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a insulator to a conductor (Park et al., 2002a). The mathematical development
of the percolation theory is a stochastic-geometry process (Zallen, 1983). Classical
percolation theory is typically modeled using a power law which is a function of the

volume percent of the conducting phase:

o = ky(p —pe)™” (1.2)

where (3, is an exponent with a theoretical value of 2, and &, is a scaling constant
depends on the conductivity of the materials involved (Stauffer and Aharony, 1992).
Equation 1.2 indicates that increasing the conductor phase decreases exponentially
the resistivity of the electrode. The shape and more importantly the aspect ratio of

the cites is critical on the value of p. (Park et al., 2002a).

1.8 Electric Double Layer

Capacitance in ionic polymer transducers is mainly due to an electric double layer,
which forms at the interface between Nafion and platinum (Sadeghipour et al., 1992).
Moreover, other slow Faradaic charges are mobilized due to processes that occur on
the metal-ionomer interface. Those reactions and processes are known as pseudoca-
pacitance.

During the search on methods to increase capacitance we came across highly
capacitive devices known as supercapacitors or electrochemical capacitors. Those
devices have large capacitance per unit weight or unit volume and used mainly as an
intermediate solution between a capacitor and a battery. Their design is similar to
ionic polymer transducers, they consist of two high surface area electrodes in a bath of
electrolyte with a separator in between. They take the advantage of high capacitance
of the electric double layer, and also the slow and large pseudocapacitance of some
electrode materials. The goals of this well-established field of supercapacitors are
similar to the ones for ionic polymer transducers. They need large capacitances, fast
response, and environmental stability. Several of the ideas and models that will be

discussed hereafter are obtained from supercapacitor literature.
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The electric double layer (EDL) is defined as an electrically neutral system
that occurs at an interface or surface, in which a layer of positive charges opposes a
layer of negative charges, surrounded by oriented polar molecules (Sparnaay, 1972).
In electrolytic solutions the charge accumulates at the interface between the surface
of the conductor and an electrolytic solution and hence forms a double layer, the
separation of each layer being of the order of a few angstroms (Endo et al., 2001).
The models of the EDL will be presented in the historical progressive development of
its structure. The electric double layer was first defined by von Helmholtz (1853) as
the accumulation of charges on the interface of two dissimilar metals. Gouy (1910) and
Chapman (1913) developed a model independently which accounted for the thermal
motion of the ions and described the diffuse layer. Stern (1924) presented a new model
that combined the Helmholtz and Gouy-Chapman models. His model treated the
overestimation of the electric double layer capacitance. Conway (1999) and Grahame
(1947) added the specific adsorption of ions to the Stern model. Graham’s model
constituted by three regions of inner Helmholtz plane (IHP), outer Helmholtz plane
(OHP) and the diffuse region (Endo et al., 2001). Several other chemical concepts
and mechanisms were added to the modeling of the electric double layer. The Bockris,
Devanathan and Muller model (Bockris et al., 1963), which adds the predominance of
diluent molecules near the interface to the Graham model, is considered an acceptable

model for most current applications (Endo et al., 2001).

1.8.1 The Helmholtz model

Helmholtz suggested the double layer in 1853 for a metal-metal interface, but it was
not until 1879 that he developed it for the metal-electrolyte interface (Sparnaay,
1972). This model, is also known as the Helmholtz molecular condenser (Kitahara
and Watanabe, 1984), assumes an interface that consist of a layer of electrons at the
surface of the electrode, and an array of ions in the electrolyte (Conway, 1999) as

shown in Figure 1.6(a) . The specific capacitance of the Helmholtz double-layer is
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Figure 1.6: Electric double layer models (a)Helmholtz model, (b)Gouy-
Chapman, (c)Stern, and (d)Bockris, Devanathan, and Muller (BDM)
model

given by the following equation (Endo et al., 2001),

eA

= — 1.

where ¢ is the dielectric constant of the electrolyte, d is the distance from the electrode
interface to the center of the ion, and A the effective surface area of the electrode
interface. This model failed to account for the electrolyte concentration and it neglects
interactions occurring further from the electrode than the first layer of adsorbed
species (Endo et al., 2001). Equation 1.3 indicates that the capacitance increases
linearly with the Area (A), and C'/A is defined as the specific capacitance, which is a

constant for a conductor in a given electrolyte.

1.8.2 The Gouy-Chapman model

Gouy and Chapman independently developed a double layer model which is also
known as the diffuse double layer (Endo et al., 2001). This model considered the
thermal motion of the ions and accounted for the applied potential and considered
the electrolyte concentration, both influencing the value of the double layer capacity

(Kitahara and Watanabe, 1984). The double layer would not be as compact as in the
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Helmholtz description, but of variable thickness and the ions being free to move as
shown in Figurel.6(b).
This model is analyzed in terms of the two basic equations, first the Poisson

equation,

d*y 47p
-~ __" 1.4

where p is the volume charge density at a point where the electric potential is
and ¢ is the dielectric constant (Kitahara and Watanabe, 1984). The other is the

Boltzmann equation at the two electrodes:

vy e

N, =mn,ge T (1.5)
v_ey

n_ =mn_ge T (1.6)

where n, () is the number concentration of ions in the diffuse layer, n,(_)y that of
the bulk solution, v, (_) the valence of the ions, e the elementary charge (1.602 176
53 10712 C), k the Boltzmann constant (1.38 10723 J/K), and T the absolute tem-
perature (Kitahara and Watanabe, 1984). As mentioned earlier the Gouy-Chapman
model typically predicts larger capacities compared to experimental results due to

the assumption that ions are point charges.

1.8.3 Stern and Grahame models

Stern (1924) considered that ions have a finite size and that the charge is located in
the center. He divided the double layer into two parts, a compact layer of ions next
to the electrode followed by a diffuse layer extending into bulk solution as shown in
Figure 1.6(c) (Endo et al., 2001).

Grahame divided the Stern layer into two regions. He denoted the closest
approach of the diffuse ions to the electrode surface as the outer Helmholtz plane.
The layer of specifically adsorbed ions at the electrode surface was designated as being

the inner Helmholtz plane (Endo et al., 2001).
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The Stern and Graham models are analyzed using the Langmuir theory. The
capacitance is computed by combining the capacities of the different layers in series.
The capacitance of the Stern plane C; which is computed according to Equation
1.3, and the capacitance of the Gouy-Chapman diffuse layer C,;. While the specific

adsorption capacitance is computed according to the following,

oo
=Cyj— 1.

where o is charge density on the electrode, and o4 is the surface charge of the specif-

ically adsorbed ions(Sparnaay, 1972).

1.8.4 Bockris, Devanathan, and Muller (BDM) models

In 1963 Bockris, Devanathan and Muller proposed a model that included the influence
of the diluent near the interface. They suggested that a layer of water was present
within the inner Helmholtz plane at the surface of the electrode (Bockris et al., 1963).
The dipoles of these molecules would have a fixed alignment because of the charge
in the electrode. Some of the water molecules would be displaced by specifically
adsorbed ions as shown in Figure 1.6(d). Other layers of water would follow the first,
but the dipoles in these layers would not be as fixed as those in the first layer. A
summary of the advantages and disadvantages of the each model with the formula

used to compute the capacitance is presented in Table 1.1.

1.9 Pseudocapacitance

In addition to the electrostatic capacitance that arises from the separation of charge
in the electric double layer, a contribution to capacitance can be made from reversible
Faradaic reactions that can occur on the surface of the electrode. The charge required
to facilitate these reactions is for thermodynamic reasons dependent on the poten-
tial, resulting in a Faradaic pseudocapacitance (Kotz and Carlen, 2000). Those type

of reactions are slow in nature, and are similar to store electrochemical energy in
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Pros Cons Capacitance
Helmholtz Works in high Failed to account Cy = 4‘%
concentration for electrolyte
electrolytes concentration and
potential dependence
of the capacitance
Gouy-Chapman | Accounted for the Assumes ions as Co =
thermodynamic diffuse | point charges \/ ”;;;;5 cosh UZ?TO
layer
Stern Combined Helmholtz | NA Cs = i
and Gouy-Chapman
and works well for
pure electrostatic
double layer
Graham Added adsorption NA Ce = CCZ“TCES
to the Stern model
BDM Accounted for the NA NA
dipoles of the diluent
molecules

Table 1.1: Summary of the advantages and disadvantages of each model with
the corresponding capacitance.

batteries. Pseudocapacitance could occur due to two types of processes, the first is

adsorption and the second the redox process.

1.9.1 Adsorption

It is also known as the underpotential deposition, and consist of two dimensional de-
positions of adatom arrays on the electrode surface (Conway et al., 1997). Adsorption
capacitance could be 10-100 times larger than that of the double layer (Conway et al.,
1997). Examples of adsorption includes the deposition of H or Cu on Pt, Pb or Bi
on Au, Bi on Ag, H on Rh or Pt (Conway et al., 1997). A typical underpotential

deposition reaction is as follows,

M+ H;0" +e<= M — H + H,0, (1.8)
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Compared to the electrostatic double layer, pseudocapacitance is a slow process
(Grzeszczuk and Poks, 1995). The current of the underpotential deposition process

as a function of time(Equation 1.8) is written as (Conway, 1999),

~ RT 0\2 '
R (K10H30+ + exp —%)

where s is the sweep rate.
In some situations adsorption could be so large that the potential will flip

polarity in some regions of the double layer (Kitahara and Watanabe, 1984).

1.9.2 Redox pseudocapacitance

Redox pseudocapacitance is 10x larger than the adsorption and 100x the double layer
capacitances (Frackowiak and Beguin, 2001). Redox stands for Reduction-Oxidation,
and it is a chemical process involving electron transfer between an oxidized species

Ox and a reduced species Red according to the following (Conway, 1999),

Ox + ze = Red, (1.10)

Other types of pseudocapacitance which include the 3-dimensional sorption
process (electrochemical intercalation) with charge transfer. This process occurs in
lithium ion batteries, where the Li™ ion is adsorbed into a layer-latice host materials
on the cathode, while the anode is a lithium metal (Conway, 1999). The last pseudo-
capacitive process is the phenomenon of partial charge transfer which usually occurs
on the anode with the anion. This occurs in the electrostatically adsorbed ions in the
electric double layer, when some specific electronic interaction between the ion’s va-
lence electrons the electrode’s surface orbitals occur. The chemical reaction involving

an ion is as follows,

M+ A~ = M/A079~ 1 §g, (1.11)
where 0 is a fraction of an electron charge Conway (1999).
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1.10 Electromechanical Coupling Models

Physics-based modeling efforts by Nemat-Nasser (2002b) and Leo et al. (2005) high-
lighted the role charge distribution at the boundary layer that forms at the interface
of the electrode and the polymer. Although the understanding of fundamental actu-
ation mechanisms in ionic polymer transducers is still under debate, our results and
several other models relates such mechanisms to ion conduction across the membrane.

Leo et al. (2005) modeled the electromechanical coupling by the expansion form

o(,1) = ap(a,t) + Bp(a, 1), (1.12)
where a and (3 are coefficients that define the linear and quadratic terms of the
transduction model, while o represent the stress and p is the space-temporal charge
density. In this dissertation a similar approach is adopted and the electromechanical

coupling model is assumed to be in the form of:

€ = aQ + BQ? (1.13)
where € represents the strain and Q is defined as the charge per unit area. The
quadratic term in this model produces a 15" harmonic response for a sine wave voltage
input. For ionic polymer transducers with symmetric electrodes this term generates a
zero net bending moment, due to the expansion of both active areas. If the actuation
response is measured in the thickness direction the total strain in the transducer is the
addition of strains in both electrodes. Hence, the positive SQ? term is cumulative in
extensional actuation. Moreover, the linear term is canceled in extensional actuation
of transducers with symmetric electrodes. Non-linear behavior in the bending actua-
tion is reported in literature (Kothera and Leo, 2005). The quadratic term generates

small 1% harmonic response in slightly assymetric electrodes.

1.11 Objectives

The objectives of this dissertation are classified in three categories. The first is the
development of experimental and fabrication tools that enable the variation and char-

acterization of desired parameters. The DAP provided the fabrication tool which can
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precisely vary most parameters in the transducer including the polymer, diluent, elec-
trode species and architecture. Bending and extensional characterization setups are
build to characterize the mechanical, electrical and electromechanical properties of
the transducer. The second category is transduction properties enhancement. The
properties that are targeted in this dissertation are the maximum strain and the
strain rate. The last category is the modeling and the understanding of actuation
mechanisms of the transducers. These models will serve as transducer design tools,

and toward the understanding of the basic physics of the electromechanical coupling.

1.12 Contributions

This dissertation has three major contributions to the field of ionic polymer trans-
ducers. These contributions enhance the performance of ionic polymer transducers,
provide tools to the fabrication and characterization of the actuators, and finally
highlights some physic based actuation concepts through models and correlations.

The following is a list of these contributions:

e The first major contribution is the determination of a correlation between ca-
pacitance and mechanical strain. This correlation indicates that the actuation
response in ionic polymers is directly related to the charge displacement in the
material. This result has a major impact on the modeling and on the under-

standing of the actuation mechanisms.

e The second major contribution is the development of a fabrication process which
allows good control on the composition of ionic polymer transducers. This
process, called the Direct Assembly Process, facilitates the study of different
diluents in ionomeric actuators. This resulted in a dry actuator with EmlI-
Tf ionic liquid diluents that can operate in air for over 250000 cycles. The
DAP allows the variation in the electrode architecture which enabled us to
fabricate dry transducers with 50x better performance compared to transducers

made using the impregnation-reduction technique. DAP fabricated transducers
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achieved a strain of 9.38% at a strain rate of 1%/s. This DAP allows variation
of several other transducer parameters including the ionomer used leading to

more p erformance.

e Finally, an extensional actuation mechanism in ionomeric polymer transducers
is reported for the first time in this dissertation. This actuation mechanism
enables a new class of ionic polymer transducers with large force and small
displacement. Furthermore this actuation mechanism leads to the development
of an active areas model that emphasizes the importance of the boundary layer

on the conductor-ionomer interfacial area.

1.13 Document Organization

This document is organized in six chapters. In this chapter an introduction and liter-
ature survey are presented; the next chapter will cover the experimental methodology.
Chapter two begins with a description of the electromechanical characterization pro-
cedures and setups. A fixture is built to characterize the polymers in bending, while
another fixture provide the extensional electromechnical properties of a transducer.
The second part of the chapter presents a novel fabrication technique for ionic poly-
mer transducers which is developed in this dissertation. Typically, platinum and gold
electrodes are plated on an ionic polymer membrane using an electroless chemical de-
position process known as the impregnation-reduction. The impregnation reduction
method provides indirect and limited control on the morphology of the electrodes.
Moreover this impregnation-reduction method is a function of polymer morphology
and ionic content. In this work several process parameters need to be manipulated
and optimized for different ionomers. A novel method named as the Direct Assembly
Process (DAP) is developed, which enables more precise control on electrode morphol-
ogy. This process is developed in collaboration with Dr. Kenton Wiles and Dr. James
McGrath at Virginia Tech. The method consists of mixing an ionic polymer disper-
sion or solution with a fine conducting powder and attaching it to the membrane as

an electrode. Direct Assembly Process allows the use of any type of ionomer, diluent,
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conducting powder, and counter ion in the transducer. The novel plating method
permits the exploration of any novel polymeric design. Several conducting powders
are incorporated in the electrode including single-walled carbon nanotubes (SWNT),
polyaniline (PANI) powders, high surface area RuO,, and carbon black electrodes.
The DAP provided the tool which enabled us to study the effect of electrode archi-
tecture on performance of ionic polymer transducers.

The third chapter covers the correlation between capacitance and actuation
performance of those transducers, while the fourth discuss the experimental results
that optimized the direct assembly process. Charge motion in ionomeric actuators
is mainly due to an electric double layer, which forms at the interface between the
ionomer and the conducting electrode (Sadeghipour et al., 1992). As mentioned
earlier the adsorbed positive ions are critical to the generation of electromechanical
strain. The electric double layer capacitance increases linearly with the interfacial area
Endo et al. (2001), and therefore increasing the interfacial area between the metal
and the ionomer mobilize more ions and increases the performance of the actuator.
Ohms law states that charge injection rate is proportional to the conductivity of the
electrode. Therefore the conductivity through the electrode is critical to the speed
of the actuation mechanism in ionic polymer transducers. In this chapter the effect
of manipulating the metal powder content in the electrode on the actuation of ionic
polymer transducers is explored. The trends in speed and maximum performance are
explained in terms of the electric double layer theory and percolation behavior of the
metal-polymer matrix in the electrode.

In order for ion conduction to occur in Nafion membranes, the cations within
the membrane must be dissociated by saturation with an appropriate diluent. Typ-
ically, the diluent used has been water. Water is a volatile diluent, leading to de-
hydration and the corresponding loss in performance of ionic polymer transducers
when operated in air. Bennett and Leo have shown that the hydration problem can
be overcome by using ionic liquids as the diluent in these transducers Bennett and
Leo (2004). Ionic liquids offer increased environmental stability and a larger electri-

cal operation window compared to water but suffer from high viscosity. Transducers
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solvated with 1-ethyl-3-methylimidazolium trifluoromethanesulfonate (EmI-Tf) ionic
liquids have slower strain rates compared to water hydrated samples. Five organic
diluents are also considered in this study, PolyEthylene Glycols (PEG ) with four
molecular weights (MW) and Formamide. Viscosity and polarity of such diluents are
correlated with the strain rate response in actuators. These organic diluents operates
in air for 3 to 5 hours before dehydration. Chapter 4 will present a detailed study of
transducers with these diluents.

In Chapter 5 the active areas model is mathematically derived and experimen-
tally verified. Extensional actuation in ionic polymer transducers is first reported and
characterized in this dissertation. An electromechanical coupling model presented by
Leo et al. (2005) determined the strain in the active areas as a function of the charge.
This model is presented with a linear and a quadratic term that produces a 1%° har-
monic response for a sine wave actuation input. The quadratic term in the strain
generates a zero net bending moment for ionic polymer transducers with symmetric
electrodes. The linear term is also canceled in extensional actuation for symmetric
electrodes. Moreover, in Chapter 5 the extensional and bending actuation in ionic
polymer transducers are explained using a bimorph active area model. Several experi-
ments are performed to compare the bending actuation with the extensional actuation
capability. The active area in the model is assumed to be high surface area electrode
in the transducer. The electric double layer theory states that ions accumulate in a
thin boundary layer close to the metal-polymer interface. Since the metal powders
are evenly dispersed in the electrode area of the transducer, this area is expected
to actuate evenly in the actuator. Finally the last chapter provides a summary and

conclusions of this work.
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Chapter 2

Experimental Methodologies

In this chapter a description of the ionic polymer testing experiments with fixtures
and electrical circuits is presented. Electromechanical characterization of the sam-
ples is accomplished with two experimental test apparatus. One setup characterizes
the bending response of the transducers, while a second apparatus measures the ex-
tensional response. A novel fabrication technique for ionic polymer transducers is
developed for this dissertation. The impregnation reduction method commonly used
in plating the ionomer provides indirect and limited control on the morphology of the
electrodes. Moreover this impregnation-reduction method is a function of polymer
morphology and ionic content. In this work several process parameters need to be
manipulated and optimized for different ionomers. A novel method named as the
Direct Assembly Process (DAP) is developed, which enables more precise control on
electrode morphology. The method consists of mixing an ionic polymer dispersion
or solution with a fine conducting powder and attaching it to the membrane as an
electrode. Direct Assembly Process allows the use of any type of ionomer, diluent,
conducting powder, and counter ion in the transducer. Several fabrication schemes
could be followed for the DAP. Optimal fabrication parameters are usually determined
by a critically controlled parameter such as the diluent species in the transducer, the
morphology of the electrode, etc. This chapter starts with a detailed description of
the direct assembly process while highlighting all the parameters that can be explored.

Next, the conducting powders studied in this work are presented with their distinct
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Figure 2.1: The experimental setup used to for the electromechanical measure-
ments.

properties. Third we present the diluent used and finally the method is characterized

in term of reliability, repeatability and some performance matrix.

2.1 Electromechanical Characterization: Bending

The electromechanical characteristics of ionic polymer transducers in bending are
measured from three sets of experiments. These experiments measure five transducer
properties: the electrical impedance, mechanical impedance, sensor response, actua-
tion blocked force, and actuation free displacement. Each experiment is performed
using a step input or a random input. The five tests are first described and details
on the circuitry and equipment is provided.

The samples used for these tests are usually cut in 3 mm x 30 mm rectangles
and held in a cantilevered configuration in a clamp with fixed gold electrodes (see
Figure 2.1). The free length of the transducer, L¢, is 19 mm. The thickness of the
transducer, T, varies between approximately 0.08 mm and 0.26 mm depending on
the number of electrode layers and the thickness of the membrane. The first test is

a blocked force test which characterizes the maximum force the actuator generates
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due to an applied voltage. In this experiment the tip of the polymer is blocked by a
load cell which measures the force generated due to a random voltage with a RMS
magnitude of 1 V is applied on the electrodes using a Fourier analyzer and amplifier.
In the second test the load cell is removed and a non-contact laser vibrometer measures
the maximum displacement §(¢) of the transducer in response to an applied voltage.
This is the free deflection test. During this test the current i(¢) induced in the
polymer due to the applied voltage v(t) is also measured allowing the measurement
of the electrical impedance of the polymer. The frequency response function between
the excitation voltage and the output displacement and between the input voltage and
induced current are measured over the frequency range 0.2 Hz to 200 Hz. This setup
is also used to measure the time domain response of the transducer to a sine wave
or step voltage input. The final test performed on the ionic polymers determines
the mechanical impedance. In this test one end of the transducer is mechanically
displaced by an external shaker, while the other end is blocked with a load cell.
Referencing the measured force to the displacement results in a measurement of the
stiffness of the polymer.

The measured data is then post-processed to compute the material parameters
of the samples. The free deflection §(¢) (in the time domain) or the free deflection
frequency response ( 0(w)/v(w) ) are used with equations (2.1) and (2.2), respectively,
to compute the bending strain as a function of time or frequency. Equations (2.1)
and (2.2) assume that the transducer bends with a constant curvature; experimental
results demonstrate that this is an appropriate assumption for the experiments per-
formed in this dissertation (Akle et al., 2004a). Furthermore those equations are only
valid below the first reasonance frequency, where the mode shape of the beam has a

constant curvature.

)T
€(t) = —5— 2.1
0="3 2.)
e(w f;(i)T
v((w)) - (L)fc (22)

where € is strain in the outer fibers of the transducer.
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The impedance Z(w) of the samples is computed using equation (2.3), and the ca-
pacitance C' is computed using equation (2.4) by assuming the polymer is a network

of capacitors and a resistor in series (Akle et al., 2005).

Z(w) Z’((j)) (2.3)
1
C =tz (2.4)

where A is the area of the transducer and I'm(Z(w)) is the imaginary component of
the impedance. In some cases the modulus of elasticity is computed from the natural
frequency of the system using equation (2.5) and the measured geometry. Assuming

that the ionomeric transducer is a cantilever beam, the modulus of elasticity F is
2

_ % (2.5)

where w,, is the measured natural frequency determined from the reasonance peaks

in the displacement frequency response function. The variable A is the linear mass

density of the beam, I is the moment of inertia around the axis of bending, and k,, is

computed for the first frequency according to (Inman, 2000)

1.875104
k, = L—f (2.6)
Damping properties of the transducer are also obtained from the experimental data.
Therefore strain per charge frequency response functions provide a better estimate of
the damping ratios. The half power method, also known as the 3dB method is used
to compute the damping ratio. The damping ratio is estimated according to

|Wa _Wbl

£ = ) (2.7)

2w,
where w, and wy, are the frequencies corresponding to the intersection between the 3dB
line below the maximum of the peak with the frequency response function (Ewins,
2000). The damping properties are also approximated by assuming the beam to be a
single degree of freedom damped system and the frequency response function is fitted

to the transfer function
2

H(s) = L (2.8)

§2 + 26w, S + w?
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where s is the Laplace variable (Ewins, 2000).
A direct measurement of the stiffness is obtained from the third set of exper-
iments. Assuming that the polymer is a sliding-pinned beam, the Young’s modulus

of elasticity is approximated to the first mode using the following equation (Wesley,

2003),

kL3
o - (2.9)

(5) (")

where k is the measured stiffness, L is the free length, W is the width, and T is the

thickness. Wesley (2003) showed that the experimental apparatus used in this study
is only valid at low frequencies (usually lower than 30Hz). Above this frequency
some fixture dynamic effects will deteriorate the accuracy of the frequency response
function.

A single sensing test is also performed on the ionic polymers. In this test
one end of the polymer is mechanically displaced by an external shaker while the
other end is blocked with the load cell (see Figure 2.1). The charge generated across
the thickness is sensed either by a charge sensor or a short circuit current sensor.
The sensor sensitivity is defined as the measured charge or current per unit induced
velocity.

Each of the tests could be run in two forms. The first is the step response.
A step input in applied to the system, and the corresponding response is measured.
This test is essential to determine the relaxation of the polymers. It is also used to
determine the static values of the electrical and mechanical impedances. The main
disadvantage of the step response analysis is repeatability. The back relaxation in
ionic polymer transducers varies in speed and magnitude from test to test. The
second is analyzed in the frequency domain. This analysis proved to be more robust
and repeatable for ionic polymer transducers. The input for this test is a random
white noise signal of a frequency range from 0Hz to 256Hz. An anti-aliasing filter
is used to filter the response above 200Hz. Data in the frequency range of 200Hz -
256Hz is considered distorted by the anti-aliasing filter and consequently it is removed

from the analysis. The response is then transformed to the frequency domain using
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Figure 2.2: Experimental setup used for the extensional electromechanical
measurements.

the Fourier transform to yield the frequency response function between the relevant

input-output pair.

2.2 Electromechanical Characterization: Extensional

The extensional electromechanical properties are computed from force measurements.
A force measuring setup is built and calibrated (see Figure 2.2). The load cell is a
10 1b piezoelectric Dytran 1051v1 force sensor. This load cell is pressed against the
actuator film via a stiff structure shown in Figure 2.2. A laser vibrometer measures
the displacement on the top of the support structure. The samples are prepared in
a square shape of 3mm x 3mm dimension. In some experiments the ionomeric actu-
ator is sandwiched between two metal plates and displacement is directly measured
with the laser vibrometer. Data from direct displacement measurement is generally
noisy. Transducers in the thickness direction are relatively stiff (around 10MN/m)
and thickness is in the order of 100 to 200 ym. For a 300ustrain that a typical ac-
tuator generates it is difficult to measure the 60 nm of deformation. This justifies

measuring the force compared to direct displacement measurements.
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Figure 2.3: (a) Stress amplitude generated by the piezoceramic transducer
under 75kV/m electric field. time response of the piezoceramic under 75kV/m
sine wave of (0.5Hz frequency.

2.2.1 Extensional Test Fixture Calibration

The fixture is calibrated using a T110-A4E-602 piezoceramic transducer. The piezo-
electric wafer is placed in the fixture instead of the ionic polymer transducer and actu-
ated with a 20 to 40 V signal (75 to 150 kV/m). The d33 coefficient is 390x107'*m/V
and the elastic modulus E, is 5.2x10'°Pa. The corresponding strain due to an electric
field @ of 75kV/m is computed to be € = 2.92107° and the stress generated is around

o = 1.5bMPa according to the following

€ = dggq), (210)

o= ek, (2.11)

Figure 2.3(a) shows the mechanical model of a the fixture and the load cell
in series with the piezoceramic spring and force generator. The following equation

compute fixture stiffness K

F,
_MK
F; p
Ki=1"F (2.12)
Fp

where F,, is the load cell measured force, I}, is the computed piezoceramic generated

force, and K, is the stiffness of the piezoceramic wafer. The measured stress under
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75kV/m is 225Pa as shown in Figure 2.3(b). Replacing the numbers in equation
2.12 Ky is computed to be 2.4N/um. Most importantly, the shape of the signal is
undistorted (see Figure 2.3) and the ratio of the first harmonic to the fundamental
frequency response is computed to be smaller than 1072, This verfies that any mea-
sured nonlinearity will be due to transduction in the ionic polymer transducer and

not a fixture effect.

2.3 Ionic and Electric Conductivity Measurements

The electric conductivity is of particular interest to measure the percolation properties
of the conductive powders incorporated in an electrode of a transducer. The ionic
conductivity of the membrane is an important property that is measured using the
conductivity measurements and complex plane frequency analysis. Conductivity is

measured with an HP 4192 low frequency impedance analyzer.

2.3.1 Complex Plane Frequency Response

This test is experimentally similar to the frequency response electrical impedance test
elaborated in the previous section. The difference is the frequency range and the way
the data is interpreted. Usually the frequency range of this test is in the order of 5Hz
to IMHz. The data is plotted in the complex as shown in Figures 2.4 and 2.5. Also
shown in Figures 2.4 and 2.5 is the ability this tool provides to analyze the data by
distinguishing the electrostatic double layer effect from the pseudocapacitance and
providing better insight on the type pseudocapacitance and the resistances. These
figures present the complex plane response for the ideal circuits shown next to each

plot.

2.4 Jonomers

Several ionomers are studied and characterized. Three different ion selective ionomers

are studied in this research, and the molecular structure is shown in Figure 2.6.

34



Rs Cdl

N
Pure electrostatic double
layer

RS
M EU_
Electric double layer with
parallel Faradaic leakage
resistance
Rs | | Re+ Ry
z

Figure 2.4: The complex plane representation of a simple electrostatic double
layer, and a double layer with leakage resistance.

The materials studied consist of Nafion, a product of DuPont and one of the most
widely studied materials associated with ionomeric transducers, and two alternative
ionomers, BPS (sulfonated poly(arylene ether sulfone)) (Wang et al., 2002) and PATS
(poly(arylene thioether sulfone))(Wiles et al., 2002), that are synthesized by the Mc-
Grath group using direct polymerization of sulfonated monomers. This synthetic
scheme affords precise control of the amount and the location of ionic groups along
the polymer backbone. These polymers differ from Nafion in two major aspects.
First, the concentration of ionic groups on a mass basis is almost double that of
standard Nafion, 1.70 meq/g for BPS-40 versus 0.91 meq/g for Nafion 1100. Also,
the backbone of the BPS and PATS copolymers are much stiffer than Nafion, which

produces a higher modulus material. Moreover Polyurethane-Polyurea with PEG seg-

35
































































































































































































































































































