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Abstract

Fast-acting, thin, flexible, bending-type actuators are an emerging technology for
applications, such as in tactile feedback devices. Conducting polymer (CP) tri-layer actuators are
a category of electroactive material that exhibit relatively high strain (>1 %), high work density,
operate at low voltages (< 1 V), are thin (microns), and biocompatible. Strain is proportional to
charge in the CP; therefore, the faster charge moves through of the system, the faster the tri-layer
actuates. Our objective was to optimize the electrical, ionic, and material properties of
PEDOT:PSS/PVDF/PEDOT:PSS actuators to increase charge storage and transfer capabilities.
The goal was to increase the actuation speed of these devices, such that they achieved sufficient
displacements and forces at physiologically relevant frequencies for vibrotactile feedback. We
hypothesized that we could optimize the electro-chemo-mechanical properties of the PEDOT:PSS-
based actuators using polar solvents and ionic liquid, to increase actuation speed. We soaked
samples in methanol, methanol mixed with EMITFSI (50%v/v), ethylene glycol, ethylene glycol
mixed with EMITFSI (50%v/v), or dimethyl sulfoxide.

These treatments improved both electrical and ionic conductivity of PEDOT:PSS. Our
results suggested that diffusion of ions through the CP layers was the largest source of impedance.
Therefore, ionic resistance dictated the RC time constants. Treatment with polar solvent combined
with ionic liquid resulted in the largest actuation speed, with a cut-off frequency of 4-Hz. We
measured resonant frequency at ~300-Hz for a 5-mm long beam treated with MeOH and EMITFSI.

We then investigated designs for vibrotactile displays. We applied a viscoelastic model to
predict the skin deflection our actuators achieved. Results showed that force generation was the
primary limiting factor. Free beam deflection exceeded the frequency-dependent minimum

perception threshold by up to two orders of magnitude. However, this deflection decreased
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substantially when the actuators were mechanically impeded by the fingertip. The model predicted
that our actuators just barely exceeded the absolute threshold of human perception on the hand. In
future work we plan to further optimize the fabrication process and design of these conducting
polymer tactors for applications such as in non-invasive biomedical, wearable, and communication

devices.
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Lay Summary

Vibration as a form of communication from computers to humans, generated by devices called
“vibrotactile actuators”, is a common mechanism that has been incorporated into biomedical,
wearable, and communication devices. Current technologies typically use rigid, bulky materials,
and designs. In this work we developed high-speed, thin, flexible artificial muscle from a polymer
material that is intrinsically conductive, both electrically and ionically. Human skin is highly
sensitive and can detect displacements as small as 100 nm at frequencies between 100 to 200 Hz.
We showed that by increasing the speed of our devices, we could generate vibrations within this
frequency range above the minimum perception threshold. This dissertation describes the design,

characterization, and analysis of this technology.
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This research serves as an extension of the work previously conducted by Dr. Saeedeh
Ebrahimi Takalloo on conducting polymer tri-layer actuators and was conducted under the
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contributions from Dr. Saeedeh Ebrahimi Takalloo and Erfan Taatizdeh (PhD candidate in the
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layer properties described in this work was carried out by the author.
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In Chapter 4, design of the vibrotactile displays was conducted primarily by the author. Dr.
Chan Ge (Postdoctoral Researcher, UBC) developed the laser cutting recipe and performed this
fabrication step. Erfan Taatizdeh assisted with 3D printing the tactor holders. Sadan Wani (UBC,
MASc, SBME), Jian (Johnson) Gao (UBC, MASc, SBME), Erfan Taatizdeh, Dr. John Madden,
and Dr Karon MacLean (Professor, Dept. of Computer Science, UBC) provided feedback on the
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Part of the research described in Chapter 2 and 3 on the electro-chemo-mechanical behavior
of PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators treated with methanol and/or ionic liquid
was published in the conference proceedings and presented by the author at the Electroactive
Polymer Actuators and Devices SPIE conference (Long Beach, CA, 2022). The author collected
all the data and wrote the manuscript for this publication:

Freya Hik, Erfan Taatizadeh, Saeedeh Ebrahimi Takalloo, John Madden, "The effects of
improved conductivity on actuation," Proc. SPIE 12042, Electroactive Polymer Actuators

and Devices (EAPAD) XXIV, 1204204 (20 April 2022);
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Chapter 1: Introduction

In this chapter, we first outline the motivation, aims and hypothesis that drive this work.
Next, we provide an overview of conducting polymer (CP) actuators as a category of artificial
muscle and alternative to conventional actuators. We then describe the electro-chemo-mechanical
mechanisms that drive actuation of CP tri-layer actuators. Previously developed models describe
the charge storage and actuation mechanisms that allow use to predict rate limiting factors
impeding high-speed actuation of tri-layer actuator devices. These mechanisms correlate to
characteristic RC time constants and cut-off frequencies. Next, we provide a brief literature review
on previous developments of CP tri-layer actuators. We also provide an overview of conducting
polymers, with a focus on specifically poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS), which is the active material we use in our technology. Previous work has
investigated how to increase the electrical conductivity of PEDOT:PSS; we provide a brief
overview of this literature and how it fits into the context of our work on CP tri-layer actuators.
Finally, we discuss the scope of work covered in this thesis and give a brief overview of the layout
of this thesis.
1.1 Motivation

Fast-acting, thin, flexible, bending-type actuators are a promising emerging technology for
applications such as tactile feedback [8, 9], microgrippers [10], image scanning catheters [11], CP
driven textiles [12], micro-injection and pump systems [13, 14], micro-autofocus lenses [15],
robotic fish [16], and controllable drug delivery systems [17]. Actuators are devices that convert
external stimuli — such as electrical, thermal, or optical energy — into mechanical energy [18].
Conventional actuators are typically composed of bulky, rigid components, such as motors, gear

boxes, and pneumatic or hydraulic piston systems. Artificial muscles are a class of materials and
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devices that reversibly generate actuation (i.e., contraction, expansion, or rotation) within one
component [19]. Electroactive polymers (EAP) actuators exhibit muscle-like properties and so fall
into this category of artificial-muscle. They serve as a potential alternative to conventional
actuators due to their lightweight, compliant properties, high work density, biocompatibility,
ability to operate in air and fluid, lack of need for external gears or motors, and simple fabrication
[20-22].

CP tri-layer actuators are a category of EAP actuators that show promise for many of these
applications. However, they suffer challenges of low bandwidth (<1 Hz). Recent work by Maziz
et al. showed that miniaturizing CP tri-layer actuators increases speed, but sacrifices absolute
displacement amplitude [23]. In our research, we show methods of chemically increasing the
electronic and ionic conductivities of the PEDOT:PSS to improve the high-speed capabilities of
these actuators. Applications such as vibrotactile displays and active scanning catheters require
thin, flexible, biocompatible materials.

In this thesis, we specifically explore vibrotactile feedback applications for haptic devices,
in depth (Chapter 4). Figure 1-1 illustrates the development of conducting polymer tri-layer
actuators described in this thesis for the high-speed application of vibrotactile displays. We
initially characterized the electrochemical and mechanical performance of our chemically treated
actuators. We then analyzed if the improved charging speed of PEDOT:PSS allowed us to design
vibrotactile displays that exceeded the minimum skin displacement and force thresholds required
for human perception. The energy flow diagram shows how adjusting different properties of
PEDOT:PSS results in benefits and trade-offs, which we need to specifically consider and optimize

for our intended application.
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Figure 1-1 Energy flow diagram of the work completed in this thesis. PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators were post-treated
with the following polar solvents and/or ionic liquid: methanol (MeOH), ethylene glycol (EG), dimethyl sulfoxide (DMSQO), methanol mixed
with Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (50% v/v; MeOH+EMITFSI), or ethylene glycol mixed with EMITFSI
(50% v/v; EG+EMITFSI). Actuators were electro-chemo-mechanically characterized to identify how improving conductivity increased
strain, blocking force, and speed; these results are described in Chapter 2 (electrochemical characterization) and Chapter 3 (mechanical
characterization). High speed actuators were designed as vibrotactile displays to exceed the minimum force and perception thresholds of
glabrous skin on the fingertip. Perception thresholds, shown in panel 3 frequency response graphs, were previously described by Brisben et
al. (1999; black line) and Israr et al. (2006; grey points). Vibrotactile actuator characterization is described in Chapter 4.



1.2 Objective

The overall objective of this work was to optimize the electrical, ionic, and material
properties of PEDOT:PSS to increase the charge storage capabilities of the material, and reduce
the overall impedance of the system. The end goal was to increase the actuation speed of these CP
tri-layer devices such that they achieved sufficient displacements and forces at physiologically
relevant frequencies.

1.2.1 Specific Aims

This project includes:

1. Electrochemical characterization of the PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators
following chemical post-treatment with polar solvents and ionic liquid to determine how these
processes affect charge storage and time constants related to charging/discharging of the active
material (Chapter 2).

2. Mechanical characterization of PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators following
chemical post-treatment with polar solvents and ionic liquid to determine how these processes
affect the Young’s modulus, actuation-frequency response, and blocking force (Chapter 3).

3. Investigation of the chemically post-treated PEDOT:PSS/PVDF/PEDOT:PSS tri-layer
actuators for the specific application of vibrotactile displays, to assess how we can design thin
flexible CP tactors that exceed the required displacement, force, and frequency thresholds for

perception (Chapter 4).



1.3 Hypothesis

We hypothesize that we will be able to optimize the electro-chemo-mechanical properties
of the conducting polymer actuators, such that we can increase actuation speed and incorporate
this technology into viable vibrotactile displays.
1.4 Background

Conducting Polymers (CPs) are a category of ionic EAPs that transduce electrical energy
into mechanical energy through electrochemical processes. Baughman first proposed the idea of
using CP to convert electrochemical energy to mechanical energy in 1990 [24]. Subsequently,
most of the early research on CP actuators examined single-layer or bi-layer structures, which

require a liquid electrolyte environment to operate [25].

gold

PEDOT : PSS PVDE

Figure 1-2 Schematic of the actuation mechanism for a PEDOT:PSS/PVDF/PEDOT:PSS tri-layer
actuator. These devices are composed of two layers of PEDOT:PSS (dark grey) that sandwich a
porous PVDF membrane (light grey). Under the influence of a potential difference, charges diffuse
through the structure, which causes the structure to bend. Red ‘+’ and blue ‘-’ symbols represent
these charges. In the closed circuit configurations, the faded negative charge symbols indicate that
those ions have left one electrode and migrated to the counter electrode.



More recently, tri-layer structures have drawn particular interest due to their ability to
operate in air [8, 21, 22, 26-32]. These tri-layer actuators consist of two layers of electronically
and ionically conducting polymer (CP), such as Polypyrrole (PPy), Polyaniline (PANi), or
PEDOT:PSS. These CP electrodes sandwich an ionically conducting and electronically insulating
layer, such asa solid polymer electrolyte, poly(ethylene oxide): nitrile butadiene rubber
(PEO:NBR) or a porous polyvinylidene fluoride (PVDF) membrane. When operated
electrochemically, the whole structure is charged like a capacitor, and a reversible redox reaction
takes place in the two CP layers. This leads to the transport of ions from one electrode to the other
through the separator. As a result, the CP electrode with excess ions expands, while the counter
electrode actively contracts, due to a lack of ions. This causes an internally induced bending
moment, allowing for displacement along the length of the device. Figure 1-2 schematically
depicts this actuation mechanism. In this image, red ‘+’ and blue ‘-’ symbols represent the balanced
positive and negative charges. In the closed-circuit configurations, the faded negative charge
symbols indicate that those ions have left one electrode and migrated to the counter electrode.
These devices have a 100-200 um thick planar configuration and experience up to 10 % strain [33,
34]. They are also fabricated from low-cost materials and have a low actuation voltage (<2 V).
Challenges with these CP actuators include lack of large force generation capabilities, high power
requirements, and slow speeds (due to low cut-off frequencies) [8, 22]. The focus of this research
is to increase the speed of tri-layer conducting polymer actuators fabricated from PEDOT:PSS.
1.5 Fundamental Principles of Actuation

Madden et al. developed an analytical electro-chemo-mechanical model based on the
diffusive elastic metal (DEM) to describe the charging process of tri-layer actuators that results in

actuation [35]. This model likens the actuators to a 2D transmission line and links mechanical
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deformation through the experimentally derived strain-to-charge ratio (o) [3, 8, 28, 32, 36, 37].
Figure 1-3 shows the equivalent circuit for this model. Here, an RC equivalent circuit explains the
diffusion of ions through the electrode and separator thicknesses and the electrical resistance along
the length of the device. Successive capacitors (Cy) and ionic resistors (Rip), electrical resistance
(Rep) in series define the diffusion line. Separator resistance (Rg) and contact resistance (Rc) also
contribute to the overall resistance of the system. Leakage resulting in short circuit resistance
(Rsnort) between the CP layers is also possible. Double layer capacitance (Cq) forms at the
interfaces between CP electrode and electrolyte.
1.5.1 Cut-off Frequency

Actuation speed depends on rate of charge insertion, which is most significantly
determined by impedances resulting from the following:

(1) Resistance to the transport of electrons along the length of the CP layer (Rep).

(2) Resistance to the transport of ions through the thickness of the CP layer (R;p).

(3) Resistance to the transport of ions through the thickness of the separator (Ry).

(4) Capacitance due to charging of the electrical double-layer at the surface of each

electrode (Cu).

(5) volumetric capacitance due to ion storage within the material (Cy)

(6) contact resistance (Rc)

(7) leakage (Rshort)

These mechanisms establish time constants, described by Equations (1-1)-(1-3), and limit

performance:

L2

Te =RepC=Cy -, (1-1)
h2

Tip = RipC = Cvia (1-2)



: (1-3)

where 1. is the electrical time constant correlated to charging along the length (L) of the device,
T;p 1s the diffusion time constant correlated to migration of ions through the thickness of the CP
electrodes (hp), and t, refers to the diffusion time constant of ions through the thickness of the
separator layer (hp). The parameters ce, o;p, and o, refer to the electrical polymer ionic and

separator ionic conductivities, respectively.
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Figure 1-3 a) Equivalent transmission line circuit used to model the electrochemical behavior along the length
and through the thickness of the CP tri-layer actuators. The initial faded segment closest to the power source
is fixed between two electrodes. The neutral plane (dashed line) has zero potential, since we assume the tri-
layer is symmetric. b) Equivalent RC transmission line circuit of the element Z;, which models the diffusion of
ions through the though the thickness of the CP layers (Information obtained from © 2019 Ebrahimi T. UBC
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The RC time constant of the whole system is inversely proportional to the cut-off frequency
(f¢). This refers to the frequency at which the energy flowing through the system begins to decrease
such that each CP layer does not have sufficient time to fully charge/discharge, and is expressed

by Equation (1-4):

fe (1-4)

=5—
A major challenge to developing fast actuating CP tri-layers is reducing the impedance of the
system, such that we achieve high f.. This frequency defines how fast the device can actuate at
close to its maximum strain with unform curvature. If the frequency of the applied voltage is
smaller than the cut-off frequency of the tri-layer, the CP layer is fully charged at peak voltage and
the beam demonstrates uniform curvature at maximum displacement. Actuation speed is a function
of device dimensions and material properties.
1.5.2 External and Free Strain

Peak-to-peak displacement (2D) represents the full range of motion of the actuator during
a single voltage cycle. Below fc, the device achieves close to maximum displacement amplitude

(D). We calculate external strain (2€,,) using Equation (1-5):

2Dh
ZEex = D242 ° (1'5)

where 4 is the thickness of the tri-layer swollen in electrolyte and L’ is the distance from the fixed
end to the point along the beam at which we measure displacement. However, external strain only
accounts for the displacement and dimensions of the beam. Differential free strain (2¢€), calculated

using Equation (1-6), further accounts for the thicknesses and Young’s moduli of individual layers.



Therefore, it is a more representative measure of the electrochemically induced strain in the active

CP layers of the actuators. Here,

hp [nm3+6m?+12m+8 2Dh, [nm3+6m?+12m+8
2€ = 2€,— = ,

h 6(m+1) T D242 6(m+1)

(1-6)

where 7, is the thickness of the conducting polymer layer swollen in electrolyte, m = hg/h), is the
ratio of swelled thickness of the separator and conducting polymer layers, and n = E¢/E,, is the ratio

of swelled Young’s moduli of the separator and conducting polymer layers, respectively.

1.5.3 Blocking Force

Blocking force (F'3) is the maximum force generated by the actuator, which we define as
the minimum force required to keep the tip of the beam in its neutral position. The work in this
thesis does not specifically focus on improving Fz; however, it is an important parameter for

applications such as tactile displays. Equation (1-7) approximates the relationship between € and

Fpfor f<f.

3w
Fp~€ [ZEphp(hp + hg)]. (1-7)

The actuator achieves maximum possible Fg at f < f.. Similar to the displacement-frequency
response, Fp decreases as f increases above f.. When we operate the devices faster than f., the
electrodes only partially charge, and this reduces the overall force the system generates.
1.6 Literature Review on CP Tri-layer Actuators

In this section, we summarize and compare previous developments in the CP tri-layer
actuator space. The most common CP’s used for tri-layer actuators include PEDOT [38§],

PEDOT:SS [15, 39, 40], PPy [38, 41-45], and PEDOT:PPy composite [38]. Effective separator
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materials include PEO:NBR [40] and PVDF [15, 38, 41, 44, 45]. Table 1-1 summarizes the typical
Young’s moduli reported for these materials. The tri-layer actuators characterized in this work

were fabricated from PEDOT:PSS and PVDF.

Table 1-1 Young’s Moduli of conducting polymers and separators commonly used to fabricate tri-layer
actuators (Adapted from © 2019 Ebrahimi T. UBC [3]).

Material Young’s Modulus (MPa) | Reference
PPy 90 [26]
PEDOT 180 [23, 46]
PEDOT:PSS 2000 [47]
PEO:NBR, PEO:PTHF, PEO:PB copolymers 1 [23,46]
PVDF 70 [26]

Figure 1-4 compares the relationships between f., maximum €, and maximum Fjp of
different actuators described in the literature, for specified dimensions (Appendix A). This
summary demonstrates the benefits and trade-offs between the different material selections.
PEDOT has higher electrical and ionic conductivities than PPy. Fabrication methods for PEDOT
achieve higher porosity, which facilitates better ion movement [38]. Therefore, PEDOT- and
PEDOT:PSS-based actuators exhibit higher cut-off frequencies than PPy-based actuators [3, 23,
48]. This may make them more suited to high-speed applications that do not necessarily require
high strain, such as vibrotactile displays [8, 18].

Maziz et al. reported the highest fc; they showed that actuator deflection remained within
90% of its maximum amplitude up to 20 Hz for ultra-thin PEDOT/PEO:NBR/PEDOT micro-
actuators with dimensions of 900 pm x 300 pm x 6 um [23]. This ultra-thin structure facilitated
shorter diffusion times than typical tri-layer actuator designs with thicknesses in the range of 50-
150 pm. This study also demonstrated a fundamental resonant frequency (f) of 930 Hz, which is

the highest reported value for CP tri-layer actuators. At f,, the beam displaced 190 um, 690 pm
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from the fixed end. However, this thin design has a trade-off of lower Fj; the structure described
by Maziz et al. only achieved 1.5 uN at low frequencies [23].

PPy-based actuators universally exhibit larger maximum free strain but with the trade-off
of lower speeds [10, 33, 38, 45]. This is likely due to a more compact structure impeding ion
movement through the electrodes [38]. Gaihre et al. reported the largest free strains up to 10.2%
(at low fc < 0.1 Hz) in a micro-actuator with dimensions of 850 x 250 x 126 um, fabricated by
electrodeposition of an 8§ um thick PPy layer on both sides of a 110 um-thick commercial PVDF
membrane [33].

PEDOT-PPy composite actuators achieved the highest Fg [38]. Temmer et al
demonstrated that the PEDOT layer allowed for higher actuation speeds and the PPy layer
contributed to the higher strain and blocking force. The PEDOT/PPy/PVDF/PPy/PEDOT actuators
achieved a blocking force of 4 mN/V at 0.2-1 V, which is the highest force reported in the literature.
However f. was only ~0.5 Hz, which is one to three orders of magnitude lower than values reported
for PEDOT:PSS and PEDOT actuators.

In this thesis, we further developed and characterized tri-layer actuators fabricated from
PEDOT:PSS/PVDF/PEDOT:PSS. Previous work by Ebrahimi T. ef al. achieved an f., €, and F'z
values of of 2.2 Hz, 0.63 %, and 0.6 mN, respectively [3]. We used the fabrication technique spray
coating to deposit controlled, quantifiable sub-millimeter thick PEDOT:PSS layers on a 100-125
um PVDF membrane. An advantage to these actuators is that they were fabricated from

commercially available materials through a reproducible and scalable fabrication method.
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Figure 1-4 Plot of maximum free strain versus cut-off frequency of tri-layer CP actuators. Each data
point corresponds to a single device and is labelled with its maximum peak-to-peak displacement and
blocking force for the specified dimensions reported in the study.



1.7 The Development of Conducting Polymers

Conducting polymers show promise in flexible, inexpensive, large-area applications, such
as flexible displays, radio frequency identification devices (RFIDs), photovoltaic arrays; sensors
and actuators [49]. In 1977, Alan J. Heeger, Alan G. MacDiarmid, and Hideki Shirakawa
discovered doped the polymer polyacetylene exhibited high conductivity up to 28, 500 S/cm; for
this work they won the Nobel Prize in Chemistry in 2000 [50, 51]. While polyacetylene failed to
achieve commercialization due to its poor stability in air, the discovery of its conductive properties
launched subsequent research into conducting polymers as a new generation of materials that
exhibit the intrinsic electrical and optical properties of metals and semiconductors, but maintain
the mechanical and processing advantages of polymers [52].

Strategies to solve the lack of stability of polyacetylene involved the addition of electron
donating heteroatoms, such as N and S, either in the main polymer chain or as carbon substituents
in the heterocycles [53, 54]. In 1988, the German Bayer Company used this concept to synthesize
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), which has become one of
the most successful conducting polymers in both fundamental research and commercial
applications [54-56]. PEDOT:PSS has good film-forming properties, high transparency in the
visible range, thermal stability, tunable conductivity through secondary doping or solvent
treatment, environmental stability, and flexibility [53, 56-59].

PEDOT is prepared through the oxidation polymerization process of EDOT [60]. To
synthesize PEDOT, the monomer EDOT is immersed in a polyelectrolyte solution in the presence
of an oxidizing agent. PSS is the most common anionic polymer used in this process, which results
in aqueously dispersed PEDOT:PSS [56]. In this system, PSS functions as both the dopant and

charge stabilizer for PEDOT [55]. PEDOT alone is hydrophobic and insoluble in water, which
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restricts deposition methods. PSS is an anionic surfactant whose hydrophilicity enables aqueous

dispersion [55, 61].
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Figure 1-5 Chemical structure of PSS (top and PEDOT (bottom). A chemical shift in S 2p
peak occurs as a result of the different oxidation states of S in PSS and PEDOT.
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PEDOT:PSS consists of nuclear crystalline PEDOT domains surrounded by amorphous
PSS matrices. Figure 1-5 shows the chemical structure of PEDOT:PSS. PEDOT has a conjugated
backbone that allows delocalized bipolarons to easily transfer via m-orbitals [57]. Polymer chains
stack due to m-m interactions, which give rise to weak Van der Waals forces. Unfortunately, PSS
is not electronically active and therefore hinders the electronic performance of PEDOT. Charge
transfer is fast along PEDOT chains, moderate between PEDOT chains, and slow between lamellar
planes that are separated by insulating PSS [55]. Therefore, charge transport mechanisms depend
on the structure and doping of the CPs [49, 53].
1.8 Literature Review on PEDOT:PSS Electrical Conductivity

In this section, we explore previous work to improve the electrical conductivity of
PEDOT:PSS films. Table 1-2 summarizes the changes to electrical conductivity following post-
treatment with acid, polar solvents, or ionic liquids reported in the literature. As we discussed in
Section 1.5.1, the electrical resistance of the CP material contributes to the impedance of the tri-

layer system. This results in a lower mechanical response as frequency increases, due to
15



insufficient time for the electrodes to become fully charged. We investigated techniques to post-
treat PEDOT:PSS films to increase the speed of the devices.

Pristine PEDOT:PSS films tend to exhibit low chain alignment with the presence of excess
PSS. This alignment is an important characteristic for CP’s because it determines the energy
required for charge to transfer between polymer chains, which contributes to the overall
conductivity of the material. Th morphology of pristine films results in low electrical conductivity
in the range of 1-10 S/cm [59, 62]. Secondary doping is the most common approach to effectively
enhance PEDOT:PSS conductivity by optimizing the morphology and crystal structure of PEDOT,
which increases carrier mobility and density. This involves either adding dopants to the aqueous
solution or post-treatment of PEDOT:PSS films with a dopant solution. Secondary doping differs
from primary doping (doping that takes place during polymerization) in that the property changes
the polymer experiences may persist even after the secondary dopant is completely removed [63].

Addition of certain additives causes a screening effect, which weakens coulombic
interactions between positively charged PEDOT and negatively charged PSS and promotes
rearrangement of the PEDOT chains [55]. However, this method often also promotes gelling,
which limits the deposition methods possible for fabrication. Kim et al. (2002) showed that
dimethyl sulfoxide (DMSO) increases PEDOT:PSS electrical conductivity from 0.8 S/cm to 80
S/cm but does not cause the aqueous solution to gel [64]. Additionally, Jonsson et al. observed an
increased ratio of PEDOT:PSS after mixing the solution with solvents, which they attributed to
some segregation of PSS from the surface of the grains and removal from the surface of the film.
This induced better connection between PEDOT:PSS grains, creating a more efficient pathway for

charge transport [53, 56]. Now, commercial manufacturers of PEDOT:PSS recommend adding
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DMSO to their products prior to deposition; the recipe we followed in this work uses a 5% (v/v)
DMSO in PEDOT:PSS solution.

Post-treatments effectively remove excess insulating phase to enhance conductivity of CP
films. Commonly used post-treatment solutions include: organic solvents, acids, alkali, ionic
liquids (ILs), and reducing agents [55, 57, 58, 60]. Physical treatments such as annealing and UV
radiation also alter PEDOT:PSS film morphology and improve the conductivity of the material
[65-68]. In this work, we explore several chemical post-treatments and their influence of
conductivity and actuation.

1.8.1 Acid Post-Treatment

Concentrated sulfuric acid (H2SOs) is the most successful reported secondary dopant post-
treatment for increasing PEDOT:PSS conductivity. Kim et al. found significant electrical
conductivity enhancement when directly dipping or immersing PEDOT:PSS films into H>SOas,
which resulted in a maximum conductivity value of 4380 S/cm (the highest recorded at the time
of the study in 2014 and nearly comparable to ITO — a material commonly used as the charge
transport layer or electrical interconnect in organic electronic devices). X-ray diffraction (XRD)
absorption peaks in the UV range correlated with PSS reduced with increasing acid concentration,
demonstrating that HoSO4 selectively removed PSS from the polymer matrix. This treatment also
induced structural rearrangement of PEDOT:PSS and the formation of crystallized nanofibrils via
a charge-separated transition mechanism. The extent of morphological changes also increased with
increasing acid concentration [62]. Recently, Shi et al. demonstrated a further increase the
maximum recorded electrical conductivity of 6324 S/cm following concentrated H>SO4 post-
treatment. To achieve this, films were treated with HoSO4 twice: once at 9.2mol/L and second at

18.4mol/L [69].
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1.8.2 Polar Solvent Post-Treatment

A plethora of studies investigate the effects of polar solvent post-treatment methods on the
electrical conductivity properties of PEDOT:PSS. Post-treatments that have shown to significantly
increase the conductivity of PEDOT:PSS include immersing the films in: (1) DMSO [70, 71], (2)
methanol (MeOH) [72], (3) ethylene glycol (EG) [73-75]. The hydrophilic nature of PSS and the
hydrophobic nature of PEDOT offers a means for selectively de-doping PSS from PEDOT using
these polar solvents.

DMSO dissolves the PSS shell so that PEDOT in the core releases and self-aggregates,
which leads to phase separation of the PEDOT and PSS [53]. Luo et al. showed that DMSO post-
treatment of PEDOT:PSS is much more efficient than DMSO aqueous addition for the
improvement of conductivity. However, Unsworth et al. showed that both methods (immersion or
addition) improve conductivity by a similar magnitude [76].

Alemu et al. post-treated PEDOT:PSS films with methanol and the conductivity increased
from 0.3 to 1362 S/cm. Other alcohols like ethanol and propanol showed inferior conductivity
enhancements. The conductivity enhancement was greatly affected by the hydrophilicity and
dielectric constant of the alcohols used [77].

Multiple studies successfully demonstrated that EG post-treatment improves the electrical
conductivity of PEDOT:PSS. Ouyang et al. enhanced the conductivity of PEDOT:PSS by more
than two orders of magnitude with EG [75]. Ely ef al. further enhanced the conductivity by
chemically modifying PEDOT:PSS films with EG. The peak conductivity through this method
was 610 S/cm [73]. Sankir et al. showed that EG post-treated films experienced a 250-900x

increase in conductivity [74].
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1.8.3 Mechanisms

Despite the substantial amount of literature showing the improvement in conductivity with
chemical post-treatments, the mechanisms are still widely debated. Some suggested mechanisms
include [76, 78]:

(1) A screening effect between PEDOT and PSS chains due to polar solvents that induce a
phase separation between the polymers.

(2) PSS precipitation and removal.

(3) Enhanced charge mobility, due to improved interchain packing and thinner PSS barriers.

(4) More uniform distribution of PEDOT-rich regions.

The most commonly proposed mechanism in literature is that the increased conductivity is
associated with phase separation between the insulating PSS and the conducting PEDOT. Polar
additives weaken the electrostatic interactions between PEDOT and PSS, thus promoting
separation of the two polymers. This screening also causes the redistribution of PEDOT on PSS
chains, facilitating the release of free PSS [61]. A major piece of evidence that supports this
hypothesis is the decrease of the PSS content, as measured using S 2p signal intensity on the film
surface from X-ray photoelectron spectroscopy (XPS) [61, 76, 79]. Polymer interactions with these
solvents provide free energy that favors dissolving PSS, which washes away excess PSS and
improves interconnectivity of the PEDOT-rich domains [53, 61, 80].

A study by Palumbiny et al. used Grazing-Incidence Wide-Angle X-ray Scattering
(GIWAXS) to observe the structural evolution of PEDOT:PSS in EG treated films during drying.
Their results showed a decrease in the m-m stacking distance from 3.63 to 3.45 A. The authors
proposed a model in which EG promoted the interchain coupling of PEDOT segments, which
enhanced conductivity [81]. Additionally, hydrogen bonding between the EG and PSS components

caused a phase separation, which lead to a linear reorientation of PEDOT chains and larger PEDOT
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domains in the bulk film. Collectively, these factors resulted in higher electrical conductivity
compared to pristine PEDOT:PSS [82].

Ouyang et al. suggested that the number of polar groups in organic solvents affects the
conductivity of PEDOT:PSS [75]. The interactions between the dipoles drives the conformation
of PEDOT in solid film from coiled type (dominated by benzene chain structure to a linear type
(dominated by quinone chain structure) resulting in delocalization of the carriers on the PEDOT
chain, which improves electronic transmission [55]. As a result of this linear realignment, Shi et
al. showed through 4-point probe measurements that out-of-plane conductivity can be up to five
orders of magnitude lower than in-plane conductivity, which indicates electron transport properties
of PEDOT:PSS are anisotropic [69]. We did not observe this significant of a difference between
planes in our results, discussed in Section 2.5.2.

1.8.4 Ionic Liquid Post-Treatment

Ionic liquids (IL) are organic/inorganic salts with properties such as good chemical
stability, low flammability, negligible vapor pressure, and a large electrochemical window
(3.5<EW<6). The majority of investigations to improve electrical conductivity with ILs focus on
ethyl-3-methylimidazolium (EMIM) ILs [83], such as ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM TFSI) — the IL we use as the electrolyte in this work
[84]. A study by Atoyo et al., looking at improving electrical conductivity and the Seebeck
coefficient in PEDOT:PSS using EMITFSI, showed a maximum conductivity of 1439 S/cm. This
is highly conductive compared to solvent treatments such as DMSO (100-600 S/cm) and EG (400-
1000S/cm). The proposed mechanisms for improving conductivity are similar to those discussed

for polar solvents [84, 85].
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In another example with different ILs, Oechsle et al. showed that post-treatment with 1-
ethyl-3-methylimidazolium  dicyanamide (EMIM DCA), I1-allyl-3-methylimidazolium
dicyanamide (AMIM DCA) and 1-Ethyl-3-methylimidazolium tetracyanoborate (EMIM TCB)
increase the electrical conductivity of PEDOT:PSS by 2-3 orders of magnitude. EMIM DCA and
AMIM DCA both decrease the film thickness by ~150 nm, however EMIM TCB increased film
thickness by about 75 nm. The most pronounced improvement occurred with EMIM DCA
treatment, with a maximum conductivity of 1126 S/cm [83]. This study proposed the increased
conductivity was due to the removal of non-conductive PSS polymer and conductivity enhancing
morphology changes to the PEDOT:PSS films. This was supported by the measured decrease in
film thickness with the post-treatment of EMIM DCA and EMIM DCA. For the case of EMIM
TCB, the film thickness increased, which is likely due to the interaction between IL anions and the
charged polymer backbone, PEDOT"; The anions replace PSS™ and accumulate in the polymer
matrix, causing swelling [83]. This ion exchange between the PSS and IL components helps
PEDOT decouple from PSS and grow into large-scale conducting domains [86].

Teo et al. used EMIM TCA to improve the electrical properties of PEDOT:PSS for
stretchable electronic applications. They added increasing concentrations of the IL to aqueous
PEDOT:PSS and observed that this resulted in an increase of electrical conductivity from 1 S/cm
to 1280 S/cm. However, they also observed that adding high concentrations of EMIM TCA caused
PEDOT:PSS to precipitate out of solution and made the material too viscous for fabrication
techniques requiring a liquid starting material [87].

Finally, Luo ef al. came up with a method to treat PEDOT:PSS films with a mixture of
organic solvent and IL. All films post-treated demonstrated much higher conductivity compared

to untreated films. They showed that DMSO alone increased electrical conductivity more than the
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mixed DMSO-IL [88]. In our work, we soak all our CP tri-layer actuators in the IL electrolyte
EMITFSI, which provided the ions that migrate and facilitate actuation. Therefore, we further
explored how the combination of ILs and polar solvents affect the material and electrical properties

of PEDOT:PSS.

Table 1-2 Summary of electrical conductivity following chemical post-treatments.

Additive Pristine Treated Substr Film
Additive tvoe Conductivity | Conductivity | Supplier ate Fabrication Reference
yp (S/em) (S/em) Method
oxalic ) .4 0.2 182 Clevios |1« Spin coatin [89]
acid ¢ ‘ PH1000 P g
sulfuric . Clevios . .
acid Acid 1 4380 PH1000 Glass Spin coating [62]
sulfuric . Clevios . .
acid Acid 4.2 6323.9 PH 1000 Glass Spin coating [69]
AMIM Ionic Ossila . .
DCA liquid 1 881 PH1000 Glass Spin coating [83]
EMIM Ionic Ossila . .
DCA liquid 1 1126 PH1000 Glass Spin coating [83]
EMIM Ionic Ossila . .
TCB liquid 1 440 PH1000 Glass Spin coating [83]
EMIM Ionic Clevios . .
BF4 liquid 1 125 PH1000 Glass Spin coating [88]
Polar Clevios . .
DMSO solvent 1 930.21 PH1000 Glass Spin coating [88]
Polar Baytron . .
EG solvent 0.4 200 P V4071 Glass Spin coating [75]
Polar Ossila .- .
EG solvent 0.2 1200 PH1000 Silicon | slot-die coated [81]
Polar Clevios . .
MeOH solvent 0.3 1362 PH1000 Glass Spin coating [77]
DMSO sofl)\(l);?li + Clevios
+EMIM ‘onic 1 700 PH1000 Glass Spin coating [88]
BF4 ..
liquid
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1.9 Conclusion

In this thesis, we explore the effect of the post-treatments on electrochemical and actuation
properties of PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators. Most studies looking to
improve electrical conductivity of PEDOT:PSS focus purely on improving the electrical properties
of the material for applications such as flexible organic electronic devices. However, these studies
do not consider the electrochemical properties of the material [90]. They do not consider the effects
to ionic conductivity of the material, and, in most cases, porosity is not desired in the polymer
structure. For CP tri-layer actuators, we also needed to investigate how these post-treatments
affected ionic conductivity because ionic resistance is a large source of impedance that increases
the time constant in our actuators.

In the following Chapters we investigate how MeOH, EG, DMSO, and EMITFSI alter the
charge storage and charge transfer mechanics of our CP tri-layer actuators. The goal of this work
was to increase actuation speed, such that our devices achieve high displacements and blocking
forces at high frequencies. We hypothesized that we could achieve this by improving electrical

conductivity of PEDOT:PSS.
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Chapter 2: Electrochemical Characterization

In this chapter, we discuss the materials selection, fabrication, and electrochemical
characterization of PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators. We first describe the
spray coating method we used to deposit the commercially available conducting polymer poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) on the separator membrane
polyvinylidene fluoride (PVDF). Based on the literature review discussed in Chapter 1, we selected
the polar solvents methanol (MeOH), ethylene glycol (EG) and dimethyl sulfoxide (DMSO) to
treat the PEDOT:PSS films.

Initial characterization included optical profilometry to measure the thicknesses of the
deposited PEDOT:PSS films, analysis of PEDOT:PSS water solubility pre- and post-treatment,
and measurements of mass change at each stage of the tri-layer fabrication process. Next, we
present electrical and ionic conductivity results of the untreated and treated devices. We then
further characterized the electrochemical behavior of the CP tri-layer actuators through cyclic
voltammetry. This allowed us to determine the volumetric capacitance and time constants for each
treatment. Finally, we presented results from X-ray photoelectron spectroscopy (XPS), which we
used to analyze the near surface chemistry of our tri-layer actuator samples pre- and post-treatment.
XPS analysis showed that PSS was removed from the surface of the sample following chemical

treatments, which helped us explain the increases to electrical conductivity we observed.
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2.1 Materials Selection and Tri-layer Fabrication
2.1.1 Materials
This section summarizes the key materials we used to fabricate and characterize the CP tri-layer
actuators.
2.1.1.1  Conducting Polymer

We wused the conducting polymer poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS, Heraeus Clevios™ PH 1000, Ossila) as the electrically active material in
our tri-layer actuators. This material is designed for high conductivity and optical transparency
applications. As discussed in Section 1.7, PEDOT:PSS is a commercially available, which
removes the need for complex synthesis processes. In addition, its stability in air and water
solubility allows for simple fabrication techniques (such as spray coating, molding or printing) and
storage. We chose PEDOT:PSS over other conducting polymers due to these advantageous

properties. Table 2-1 summarizes relevant technical specifications provided by the company.

Table 2-1 Summary of technical specifications for PEDOT:PSS (Heraeus Clevios™ PH 1000, Ossila)
provided by the company.

Specification Value
Resistivity <0.0012 Q.cm (with use of 5% (v/v) as morphology enhancer
Solid content 1.0 — 3.0 wt% dispersed in water
PEDOT:PSS ratio 1:2.5
Particle size distribution Dso =30 nm
Work Function 48-50eV

2.1.1.2  Separator

We used commercially available polyvinylidene fluoride (PVDF, Durapore®,
MilliporeSigma) as the ionically conductive porous separator layer. This material is commercially
available, highly porous and ionically conductive. Previous work, discusses in Section 1.6, has

successfully described PVDF as the separating membrane in tri-layer actuators [3, 10]. This
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separator layer serves as an ion reservoir through which ions migrate under an applied potential
between CP layers [45]. According to the company specifications, these hydrophilic membranes
have a thickness of 125 um and pore size of 0.45 um. One disadvantage of commercial PVDF is
that we cannot control th thickness of the membrane.
2.1.1.3  Electrolytes and Solvents
EMITFSI
We used the ionic liquid (IL) 1-Ethyl-3-methylimidazolium Bis(trifluoromethanesulfonyl)

imide (EMITFSI, > 99%, Solvionic). EMITFSI is a non-aqueous solvent/electrolyte that has
advantages over its traditional water-based counterparts due to its low vapor pressure, high thermal
stability, good conductivity, and wide electrochemical window. Its non-volatile and stable
properties eliminate the need for encapsulation of the tri-layer actuators. This allows the devices
to have a long shelf-life, such that mechanical performance does not decrease overtime due to
evaporation or degradation of the electrolyte [39].
Polar Solvents

Base on our analysis of previous work describe in Section 1.8, we used the following solvents

to post-treat the PEDOT:PSS films in our tri-layer actuators:

e Methanol, MeOH (CH30H, > 99.8%, Sigma-Aldrich)
e Ethylene glycol, EG (HOCH>CH>0OH, 99.8%, Sigma-Aldrich)
¢ Dimethyl sulfoxide, DMSO ((CH3)2S0, > 99.7%, Sigma-Aldrich)
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2.1.1.4 Contact Electrodes

Contact resistance between metal electrodes and the CP material contributes to limiting the
speed of the device. Additionally, certain metals react with the electrolyte stored in the device,
which further increases contact resistance and can damage the sample. We selected gold ((99.99%,
0.127-mm thick, Sigma Aldrich) as the electrode material because it is inherently inert and is the
best choice to achieve an ohmic contact with PEDOT:PSS. Gold has a work function of 5.1-eV
[91], which nearly matches the HOMO level of PEDOT:PSS of 4.8 — 5.0 eV.
2.1.2 Fabrication

This section describes the spray coating fabrication process we used to deposit
PEDOT:PSS on both sides of PVDF membranes. It also discusses the chemical post-treatments
we used to enhance the electrical properties of the CP electrodes.
2.1.2.1  Spray Coating

This tri-layer fabrication method was developed and refined by Ebrahimi T. et al. over the
course of her PhD at the University of British Columbia [3]. Spray coating is a well-characterized
film deposition technique that allows for tuning the thickness of each coat down to 200 nm. This
process is also scalable, low cost, reliable, and reproducible. We prepared a solution of aqueously
dispersed PEDOT:PSS (Heraeus Clevios™ PH 1000, Ossila) with 5% (v/v) DMSO (as
recommended by the manufacturer) and stirred vigorously for at least 15 minutes. The solution
was then loaded into a 25 mL spray-coating syringe (Hamilton 1025 TLL). We used a Sono-Tek
ExactaCoat robotic spray coater equipped with a 120 kHz ultrasonic atomizing nozzle to deposit
PEDOT:PSS on the PVDF membranes. This deposition technique converts high frequency sound

waves into mechanical energy, which is then transferred into the liquid deposition material creating
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a standing wave. A fine mist of uniform droplets form (mean diameter = 18 um) that break away
from the atomizing surface of the nozzle and are directed towards the substrate via the shaping air.
We used Vortex ultrasonic spray shaping to produce a conical spray pattern, which followed a
raster path with a spacing of d = 2-mm.

We fixed 6.7-cm x 6.7-cm sheets of PVDF on the spray-coating substrate using a machined
Al frame with a mask dimension of 5-cm x 5-cm. We also heated the substrate temperature to
130°C to facilitate rapid water evaporation and prevent diffusion of the deposited material into the
bulk PVDF and short circuiting between the two CP layers. Ebrahimi T. et al. demonstrated that
this fabrication procedure reliably produced functional tri-layer actuators [3]. We did not explore
how adjusting these parameters affected material properties or performance in this work. Table
2-2 lists the fixed parameters of this deposition procedure, which we controlled using the software,
ExactaCoat, provided by the manufacturer. Each sample was allowed to heat up to the temperature
of the substrate and coated with 20 layers of PEDOT:PSS per side. We weighed the PVDF
membranes, using an analytical balance (Mettler Toledo, accuracy of 0.1 mg), before and after

deposition to determine the mass of PEDOT:PSS (detailed SOP available in Appendix B.1).

Table 2-2 list of parameters used for spray coating.

Parameter Value
Substrate Temperature (T) 130°C
Nozzle Height (H) 9cm
Path Spacing (d) 2 mm
Nozzle Speed (Vn) 20 mm/s
Shaping Air Pressure (Pair) 4 PSIG
Sample Flow Rate (Q) 0.13 mL/min
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2.1.2.2 Solvent Treatment

Following deposition, we used a fresh razor blade to cut tri-layer samples into either 1.5-
cm X 1.5-cm samples, 1-cm X 3-cm samples, or T-shaped samples with a beam dimension of 1.2-

cm X 2-mm and a contact area of 4-mm X 3-mm. These shapes are shown in Figure 2-1.

Dimensions 3x1lcm 1.5x1.5cm 1.5cmx2mm
.
Electrical conductivity * lonic conductivity * Displacement
Mechanical Testing LY 3D Impedance
2D Impedance

Figure 2-1 dimensions of cut samples and experiment for which each sample type was used for.

We post-treated the PEDOT:PSS films with DMSO, EG, MeOH, DMSO+EMITFSI,

EG+EMITFSI (50%v/v) or MeOH+EMITFSI (50%v/v). Table 2-3 summarizes these treatment

methods.
Table 2-3 Summary of post-treatment methods.
Treatment Time for Solvent Immersion Time for post-treatment MeOH Solvent
(min) Immersion (min)

Pristine - -
MeOH 45 -
MeOH+EMITFSI 45 -
DMSO 10 15
DMSO-+EMITFSI 10 -
EG 10 15
EG+EMITFSI 10 -

DMSO and EG Treatments

We soaked 3 of each sample dimensions type in the organic solvent for 10 minutes, while
gently stirring. Oversoaking the samples resulted in damage to the PEDOT:PSS films (Appendix

C.1). We then soaked these samples in MeOH for 15 minutes to remove the solvent from the
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sample. MeOH was chosen because it is highly volatile (~12kPa at room temperature) and
therefore evaporated quickly during the drying process. The samples were then dried on a hot plate

at 50°C until all solvent was completely evaporated.

DMSO+EMITFSI and EG+EMITFSI Treatment

We prepared the solvent solution by mixing an equal volume of DMSO or EG and
EMITFSI and stirring vigorously for 15 minutes. Three of each sample dimension type was soaked
in these prepared solvents for 10 minutes, while gently stirring. Following immersion, samples
were dried on a hot plate at 50°C, until they appeared dry. However, since EMITFSI is non-

volatile, we could not remove all the solvent from the films.

MeOH and MeOH+EMITFSI Treatment

We soaked 3 of each sample dimension type in the organic solvent for 45 minutes, while
gently stirring, until the samples were completely saturated. MeOH is a much gentler solvent than
EG or DMSO, and oversoaking did not damage the PEDOT:PSS films. The samples were then
dried on a hot plate at 50°C until all solvent was completely evaporated. A similar treatment
procedure was also followed for samples soaked in a MeOH+EMITFSI (50%v/v) solution, which
was prepared by mixing equal volume MeOH and EMITFSI and stirring vigorously for 15 minutes.
lonic Liquid Electrolyte Saturation

We soaked all samples (including untreated samples) in EMITFSI electrolyte for at least
three hours, which was the amount of time needed for complete saturation of this thicknesses of

our samples described by Ebrahimi T. et al. [3].
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2.2 Profilometry

Optical profilometry is a non-destructive, non-contact surface analysis technique we used
to measure the thickness of the PEDOT:PSS layers following spray coating fabrication. The
instrument splits a light beam into two paths; one path reflects off the surface of the sample of
interest and the other reflects off a reference mirror. When the reflected light from these two
surfaces recombines, the interference patterns provide information about the surface topography
of the sample. In the following section, we discuss the application of this technique to characterize
the dimensions of our samples.

2.2.1 Methods

In Previous work, Ebrahimi T, et al. measured the equivalent thickness of the spray coated
PEDOT:PSS layers using a Bruker Dektak XT profilometer (stylus diameter: 2 um, force: 0.1 mN)
[3]. The results demonstrated a linear relationship between PEDOT:PSS film thickness and the
number of spray coats. We reproduced these measurements using a 3D optical surface profilometer
(Filmetrics Profilm3D). We determined step height for 6, 10, 12, 15, 21, and 30 coats of
PEDOT:PSS deposited on a glass microscope slide.

We also performed optical profilometry measurements on PEDOT:PSS/glass samples
following post-treatment with each of the methods outlined in Section 2.1.2.2. As discussed in
Section 1.8.3 on mechanisms, polar solvents cause morphological changes and the removal of PSS
in the PEDOT:PSS films. The goal of these measurements was to identify and quantify the change

in thickness to the PEDOT:PSS films.
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2.2.2 Results

Figure 2-2 shows the linear relationship between film thickness (hp,) and number of
PEDOT:PSS coats (n). One coat deposited a film of PEDOT:PSS 230 nm thick. Previous work by
Ebrahimi T, et al. reported a single coat thickness of ~400 nm, which they claimed to date was the
minimum thickness reported for the CP layer of a tri-layer conducting polymer actuator [3]. We
have achieved a layer thickness slightly more than half of their reported value.

Ebrahimi T, et al. also showed that sheet resistance of the PEDOT:PSS films decreased
with increasing number of coats due to penetration of the CP into the porous structure of the PVDF
membrane. Therefore, the initial coats of PEDOT:PSS have a higher actual surface area. As the
number of coats increases and the pores fill in, the apparent and actual surface area values
converge, and sheet resistance decreases. Additionally, as the pores are filled in, contact area
increases, which reduces the contact resistance between the CP and gold electrodes [3]. Based on
these findings, we chose to design tri-layer actuators spray coated with 20 layers of PEDOT:PSS.
This corresponded to an equivalent glass slide thickness of 4.74-um, which is sufficiently thick to

reduce both sheet and contact resistance.
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Figure 2-2 Thickness of PEDOT:PSS deposited on a glass slide versus the
corresponding number of coats.
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We did not observe changes in thickness between untreated and treated PEDOT:PSS/glass
samples. These results contradict previous reports on organic solvent treatments — including
MeOH, DMSO, and EG - reducing the total film thickness of deposited PEDOT:PSS [92]. The
lack of changes to film thickness are likely due to immersion of all samples, including pristine, in
the EMITFSI. Previous work showed that samples soaked in EMITFSI swelled proportionately to
the IL uptake [93, 94]. Since all samples are treated with EMITFSI, this may explain why the film
thickness does not change between samples.

Based on these results, we assumed that the film thickness of all 20-layer, treated or
untreated, samples was (4.74 = 0.1) um. This assumption has several limitations, which Section
2.2.3 outlines.

2.2.3 Limitations

There are several limitations to this method of using profilometry to measure equivalent
PEDOT:PSS film thickness on glass slides. However, the rough and opaque nature of PEDOT:PSS
and PVDF make it impossible to use profilometry to directly measure CP film thickness deposited
on the membrane. Additionally, the initial coats of PEDOT:PSS penetrate into the bulk of the
PVDF membrane through the pores. In this analysis of the tri-layer actuators, we assumed there is
a distinct junction between the two materials; in reality, a PEDOT:PSS gradient exists. Therefore,
the actual thickness of the PEDOT:PSS electrodes is slightly larger than the film deposited on
glass slides. Work by Ebrahimi T, et al. used scanning electron microscopy (SEM) in conjunction
with Energy-dispersive X-ray (EDX) element analysis to image a cross section of a 10 layer
PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators. These results showed that some PEDOT:PSS
can penetrate up to 15 um into the PVDF membrane on each side, which leaves ~95 um of PVDF

with no PEDOT:PSS [3]. Simaite ef al. showed that a certain depth of this entanglement between
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the PEDOT:PSS polymer chains and PVDF membrane promotes better adhesion between the
layers, which reduces the likelihood of delamination under mechanical stress [39].

Finally, we also assumed that deposition of PEDOT:PSS is symmetrical on either side of
the PVDF membrane. However, due to manual processes involved in fabricating the tri-layers,
such as flipping the PVDF membranes over to switch sides being spray coated, it is unlikely the
devices are ideally symmetrical. Simaite et al. used AFM to show that commercial PVDF
membranes have slightly asymmetric surface roughness’s, which may also contribute to
differences in how PEDOT:PSS wets and bonds to the each side of the membrane during spray
coating [39]. Nguyen et al. also reported asymmetry in their PEDOT/PEO:NBR/PEDOT tri-layer
actuators by measuring differences in electrical properties of the different electrodes [95].

2.3 PEDOT:PSS Water Solubility

PEDOT:PSS is water soluble due to the hydrophilicity PSS component. While this property
is a valuable asset that allows for easy fabrication of thin films from commercially available
PEDOT:PSS, it limits the selection of electrolyte materials to those that are non-aqueous, such as
IL’s. In this section we show how removing PSS via organic solvent treatment improves the
stability of our tri-layer actuators in water.

2.3.1 Methods

We soaked 1ecm x 1cm 20-layer PEDOT:PSS/PVDF samples in deionized (DI) water for 1
minute while stirring. We then rubbed the samples on a piece of white A4 paper until they were
dry. We then used tweezers to scrape at the surface of the samples and observed if we could remove
PEDOT:PSS. From this crude experiment we were able to draw conclusions on the stability of
each sample following immersion in DI water. We performed this process with a pristine sample

and samples treated with MeOH, MeOH+EMITFSI, EG, EG+EMITFSI, or DMSO.
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2.3.2 Results

Figure 2-3 shows the images of each sample following immersion in DI water. The pristine
sample (Figure 2-3a) was severely damaged; PEDOT:PSS rubbed off onto the A4 paper and we
were easily able to scrape the CP off the membrane. This shows that untreated PEDOT:PSS
samples are not stable in aqueous solution. Conversely, all treated samples (Figure 2-3b-e)
exhibited high stability in water. We observed that very little PEDOT:PSS rubbed off in this
process.

PSS both balances the charge of the polymer backbone and stabilizes aqueously dispersed
PEDOT:PSS. However post-deposition, PSS contributes to lower conductivity and hydrophilicty.
Additionally, PSS has hygroscopic properties; this means that the material has the tendency to
absorb water over time, which reduces the lifetime of PEDOT:PSS films exposed to air and
moisture [96]. Dobbelin et al. showed that adding ILs to aqueously dispersed PEDOT:PSS resulted
in hydrophobic cation exchange. They observed that PEDOT:PSS precipitated in water. Modified
PEDOT:PSS films showed robust water resistance under a current of flowing water, whereas
commercial PEDOT:PSS films were easily washed away [96]. In comparison, our results suggest
that soaking PEDOT:PSS in the IL EMITFSI does not sufficiently remove PSS to improve water
stability of our tri-layer actuators. However, the hydrophobic nature of the PEDOT:PSS films
following treatment with organic solvents or a combination of organic solvents and EMITFSI,

suggests that we removed PSS from the polymer films.
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a) Pristine b) MeOH d) EG

d) DMSO e) MeOH+EMITFSI  e) EG+EMITFSI

Figure 2-3 Water solubility of PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators a) pristine and post-
treatment with b) MeOH, c¢) EG, d) DMSO, ¢) MeOH+EMITFSI, or f) EG+tEMITFSI. 1x1cm samples were
soaked in deionized water for 1 minute then dried on paper. Images were captured using a Nikon D5100
DSLR Camera.

The improved stability of PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators in water
opens the opportunity to explore aqueous electrolytes, as an alternative to IL’s. Oyedotum et al.
reported that the aqueous electrolytes KOH and Na>SO4 showed a higher current response and ion
mobility, compared to a proticl-ethylimidazolium bis(trifluoromethanesulfonyl)imide IL
electrolyte. K" and Na" ions have higher diffusion coefficients, lower viscosities, and are smaller
than the IL. These properties contributed to overall lower solution resistance, evident from lower
real part impedance (Z’) shown in the Nyquist plot [97]. This suggests that using aqueous salts

instead of EMITFSI could improve the actuation speed of our devices. However, this study also
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found that the IL had a larger electrochemical stability window of ~1.5 V compared to both
KOH@q) and NazS0O4,aq), which exhibited potential windows of ~0.4 V, due to electrochemical
breakdown of water [97]. A study by Temmer et al. compared mechanical performance of various
tri-layer actuators doped with either LiTFSI (an aqueous electrolyte) or EMITFSI (an IL). They
found that LiTFSI yielded higher strain, actuation speed, and force generation — regardless of CP
material. This was likely, in part, due to the lower viscosity of the aqueous electrolyte [38].
Unfortunately, aqueous electrolytes are also volatile, which necessitates an encapsulation step of
our tri-layer actuators [38, 98]. In future work, we intend to investigate if replacing EMITFSI with
an aqueous electrolyte improves the actuation response of our devices.
2.4 Mass and Density

This section reports how the mass of our PEDOT:PSS/PVDF/PEDOT:PSS tri-layer
actuators changes following treatment and soaking in EMITFSI electrolyte. Here, we also report
the average mass density of our samples following each treatment.
2.4.1 Methods

We used an analytical balance (Mettler Toledo, accuracy of 0.1 mg) to weigh each sample
(3 per treatment). We then treated each sample following the process outlined in Section 2.1.2.2.
After the sample appeared visibly dry, we weighed it again to determine the % mass change. Next,
we saturated the sample in EMITFSI electrolyte and measured the % increase in mass. We used
the equivalent glass slide PEDOT:PSS film thickness measured in Section 2.2 to determine the
average density of each sample.
2.4.2 Results

Table 2-4 summarizes the results from this experiment. Treatment with pure organic

solvents (MeOH, EG, or DMSO) decreased the mass of the tri-layer actuators. This suggests that
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these treatments remove PSS from the polymer structure. Samples treated with an organic solvent
plus IL (MeOH+EMITFSI or EG+EMITFSI) increased in mass. As expected, all samples
increased in mass following post-treatment immersion in EMITFSI. However, this increase was
smaller for the MEOH+EMITSI and EG+EMITFSI samples. These results suggest that residual
EMITFSI remains in the tri-layers from the pre-treatment, which explains the smaller observed

mass increase post-treatment.

Table 2-4 Summary of % mass change of PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators untreated
(pristine) or treated with MeOH, MeOH+EMITFSI, EG, EG+EMITFSI, or DMSO. Then % mass change
following each sample soaking to saturation in EMITFSI. The average mass density (paverage) Was calculated
based on these measurements. S.E. refers to standard error.

Treatment % A mass - treatment | S.E. (%) | % A mass - soaked | S.E. (%) | paverage (g/cm?)
Pristine - - +113.4 - 10.2
MeOH -3.5 0.7 +120.4 7.7 10.8
MeOH+EMITFSI +107.8 17.4 +31.2 3.0 13.6
EG 2.5 0.3 +119.5 1.4 10.7
EG+EMITFSI +10.1 2.4 +97.5 3.6 9.2
DMSO -4.7 0.4 +126.8 2.9 10.3

2.5 Electrical Conductivity
This section explores how PEDOT:PSS treatment with organic solvents or organic solvents
combined with the IL EMITFSI affects electrical conductivity.
2.5.1 Methods

We fabricated a four-line probe set-up by sputtering Snm/100nm thick Cr/Au on a glass
microscope slide. This set-up consisted of four electrodes with a length equivalent to the width of
the glass (~2.54 cm) and a width of (2.7 + 0.25) mm. There was a (3 £ 0.25) mm space separating
the inner and outer electrodes (L) and a (9.7 + 0.25) mm gap between the inner electrodes. We
pressed 1-cm x 3-cm tri-layer samples firmly over the four electrodes by tightly clamping a second

glass microscope slide over the sample.
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Figure 2-4 Schematic of experimental set up for electrical conductivity measurements (Information
obtained from © 2019 Ebrahimi T. UBC [3]).

We applied a Galvano-dynamic measurement by applying a ramp current from -0.5 mA to
+0.5 mA at a rate of 0.1-mA/s between the two outer electrodes. The change in voltage between
the two inner electrodes was measured using a Solartron 1287A Potentiostat/Galvanostat
(Hampshire, UK). We took three measurements per side of each sample. Linear regression on the
Ohmic I-R curve allowed us to determine the electrical resistance (Rc) along the length of the

sample, from the slope. We calculated sheet resistance (R) using Equation (2-1):

w
RD - Re?a (2_1)

where the width (W) was (10 = 0.25) mm for all measured samples. We then calculated the

electrical conductivity of the PEDOT:PSS films (c¢) using Equation (2-2):

1
o, = )
€ Rghp (2-2)

For this analysis we used the equivalent thickness of PEDOT:PSS on glass slides (hp).

We used samples coated with 20 layers of PEDOT:PSS for all the measurements. For each
solvent treatment, we measure three separate 1-cm x 3-cm samples; both CP electrodes (each side
of the tri-layer) were measured separately three times. Table 2-5 summarizes the parameters used

in these measurements.
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Table 2-5 Summary of parameters used for electrical conductivity measurements.

Parameter Value
Width (W) 10 £ 0.25 mm
Length (L) 9.7£0.25 mm
Number of Coats (n) 20
Polymer Thickness (hp) 4.74 pm

2.5.2 Results

Figure 2-5a shows characteristically linear IR curves for each sample. Based on Ohm’s law
(V =1R), the slope equals electronic resistance, R.. The pristine samples have the steepest slope,
which corresponds to much higher resistance compared to samples that have undergone treatment.
From these results, we calculated the conductivity, g. by assuming thickness, /,, of each sample
was equal to the equivalent film thickness of PEDOT:PSS sprayed on a glass slide — described in
Section 2.2.2. Figure 2-5b illustrates the relative change in o. compared to the untreated samples
following each treatment. The large error may be a result of differences in geometry, such as

variable thickness or width, since we manually cut these samples.

¢ Pristine
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¢ MeOH+EMITESI !
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Figure 2-5 a) Representative I-V curves for each solvent treatment of PEDOT:PSS tri-layer actuators. b)
Measured electrical conductivity of PEDOT:PSS films untreated relative to with solvent post-treatments
(ratio of conductivities). The error bars represent standard error.
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Pristine samples had a mean o, of (23.0 = 11.1) S/cm. All post-treatments increased c. by
one order of magnitude. DMSO and EG+EMITFSI reported the largest absolute conductivity
measurements with values of (582.8 = 130.8) S/cm and (522.8 = 133.1) S/cm. However, these
measurements also had high relative errors, which suggested these treatments were less
reproduceable than MeOH- or pure EG-solvents. We also found that DMSO and EG sometimes
delaminated the PEDOT:PSS from the PVDF membrane if the films were exposed to the solvents
for 30 and 45 minutes. DMSO+EMITFSI was the least effective treatment, with a mean o. of
(219.6 = 68.4) S/cm, which was approximately half that of MeOH. This treatment also exhibited
a high relative error, suggesting it had the potential to damage samples during post-treatment.

Table 2-6 summarizes the R. and o. results for each treatment.

Table 2-6 Tabulated values for electrical resistance (Re) and conductivity (ce¢) with their respective errors for
each solvent treatment of PEDOT:PSS tri-layer actuators.

Treatment Re (Q) R error (Q) Ce (S/cm) o. error (S/cm)
Pristine 90.6 43.6 23.0 11.1
MeOH 4.9 0.6 427.0 51.8

MeOH+EMITFSI 4.2 0.4 498.4 54.1
EG 4.4 0.2 471.4 26.0

EG+EMITFSI 4.0 1.0 522.5 133.1

DMSO 3.6 0.8 582.8 130.8
DMSO+EMITFSI 9.5 2.9 219.6 68.4

Our results are similar to previously reported values in literature on improving the electrical
conductivity of PEDOT based tri-layer actuators. To our knowledge, the electrical conductivity
we measured is the highest reported for PEDOT- and PEDOT:PSS- based actuators. Temmer et
al. showed an effective conductivity of 176.7 S/cm for pure PEDOT electrodes [38]. In another
study, Maziz et al. measured electrical conductivity of their untreated PEDOT electrodes for a 3.0
um sample to be 36 £ 7 S/cm [23]. Despite the low conductivity they achieved, the actuators

described in the latter study demonstrated high cut-off frequencies and a resonance peak at 930
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Hz. This suggests that other mechanisms in addition to high electrical conductivity are also
important to fast actuation. In their case, they used a separator layer that was ten times thinner than
the PVDF layer used here, and all dimensions were small.

Some studies on tri-layer actuators investigated additives to improve electrical
conductivity. Maziz et al. used the polar monomer polyethylene glycol methacrylate derivative
(mPEG) as an additive for polymerization of PEDOT electrodes. These samples were also directly
rinsed with MeOH [99]. Tri-layers fabricated using this method achieved maximum electrical
conductivity values around 400 S/cm, which is within the lower range of conductivities measured
for our samples. Samples that this research group synthesized without mPEG demonstrated
conductivity values of 22 S/cm, which is also similar to the conductivity of our untreated samples.
Nguyen et al. also investigated the glycol-based additive mPEG for improving PEDOT electrical
conductivity. They observed an increase from 18 S/cm (in the untreated sample) to 164 S/cm (in
the treated sample) [95].

In another study, Ikushima et al. investigated how various additives improve the electrical
conductivity and overall performance of PEDOT:PSS-based tri-layer actuators. Similar to our
findings, they observed that DMSO resulted in the largest increase in conductivity. However, they
observed the caveat that DMSO immersion led to a high incidence of short-circuiting between the
two electrodes and delamination — a trend that was also apparent in our experiments. In addition,
this group reported an improvement to the conductivity of PEDOT:PSS by adding PEO to the
aqueously dispersed solution, prior to deposition. Their results revealed that the higher the PEO
concentration the higher the PEDOT:PSS conductivity but the lower the elastic modulus. To
reduce the power loss due to the IR voltage drop along the length of the PEDOT:PSS films, the

electrical conductivity must be high; however, to achieve large forces, the elastic modulus should
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also be high [15]. Their untreated films demonstrated an electrical conductivity of 6.2 x 102 S/cm
and at 1wt% PEO, they showed a 3 to 4 order of magnitude increase in conductivity [15]. This is
a lower absolute magnitude but larger relative increase compared to the samples we fabricated.

Finally, Rohtlaid ef al. studied the effect on electrical properties of PEDOT:PSS electrodes
as a function of polyethylene oxide, PEO, content (0-60wt%). This additive increased the electrical
conductivity of PEDOT:PSS from 1 S/cm to 163 S/cm at a concentration of 40 wt% PEO [90].
This showed that PEO enhances the conductivity of PEDOT:PSS; however, the treatments
reported in our work achieved a higher absolute magnitude for conductivity by ~4 times.

Overall in this work, the peak conductivity values are consistent with those reported in the
literature for treated PEDOT:PSS. The electrical conductivities are similar to but higher than those
employed in other treated PEDOT:PSS tri-layer actuators. Next we show how these treatments
increase ionic conductivity. We then explore how these results improve actuation.

2.6 Ionic Conductivity

Most studies looking to improve electrical conductivity of PEDOT:PSS focus purely on
improving the electrical properties of the material for applications such as solar cells [58]. These
studies do not also consider the ionic conductivity of the material and in most cases, faster ion
transport is not desired in the polymer structure. Even within the CP tri-layer actuator literature,
researchers rarely report ionic conductivity. Nguyen et al. determined the ionic conductivity of
their PEO/NBR separator layer by measuring impedance at high frequencies. However, their
model neglects to account for ionic conductivity of their CP electrodes [95]. We investigated how
our post-treatments affected ionic conductivity because ionic resistance is a large source of

impedance that increases the time constants of our actuators [33].
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2.6.1 Methods

We conducted ionic conductivity (6;) measurements using an ionic four-channel diffusion
set-up shown in Figure 2-6. This was a procedure previously described by Dobashi et al., which
allows for the separation of ion transport analysis in mixed electronically and ionically conducting
membranes [100]. We immersed two platinum (Pt) electrodes (1-cm x 2-cm) in the EMITFSI
solution at each of the two ends of the set-up, which served as the working and counter electrodes,
through which we applied a ramp current from -0.5-mA to 0.5-mA. We used Ag/AgCl reference
electrodes (BASi, MF-2021) placed into the two middle cannulas to measure the potential across
the membranes. The ends of these reference electrodes were separated by a (9 £ 0.5) mm gap. The
cross-sectional area through which ions and solution were able to transfer from one side of the
membrane to the other (A) was equal to 0.65-cm?.
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Figure 2-6 (a) Schematic of the set-up used for the four-probe ionic conductivity
measurements. (b) The equivalent electric circuit model of ionic conductivity measurement
setup (Information obtained from © 2019 Ebrahimi T. UBC [3]).

Prior to any measurements on the tri-layer samples, we applied a Galvano-dynamic
analysis on the pure EMITFSI electrolyte without a membrane separating the electrodes. We
applied a ramp current from -0.5-mA to +0.5-mA at a rate of 0.1-mA/s between the working and

counter electrodes and measured the voltage change between the reference electrodes. These
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measurements were performed to determine solution resistance (Ry;) from the slope of the I-V plot.
We then fixed a PVDF membrane (without deposited PEDOT:PSS) between the two parts of the
experimental apparatus. We applied the same Galvano-dynamic parameters to measure the PVDF
separator resistance (R;g), which we also determined from the slope of the I-V plot. We conducted
these initial measurements on each day we performed o; experiments, to account for fluctuations
in room conditions, the age of the electrolyte, and any sources of error outside of our control. In
particular, EMITFSI is hygroscopic, which means that it absorbs humidity over time and becomes
more ionically conductive [3].

For samples with high o;, we conducted Galvano-dynamic measurements by applying a
ramp current from -0.5-mA to +0.5-mA at a rate of 0.1-mA/s between the working and counter
electrodes and measuring the potential difference between the two inner reference electrodes, using
a Solartron 1287A Potentiostat/Galvanostat (Hamshire, UK). These samples exhibited a
characteristically linear Ohmic I-V curve. We performed linear regression on the data to determine
the total ionic resistance (R;) from the slope. We ran three sequential measurements on each sample
without disassembling the set-up.

We determined that some samples, for example the untreated samples, did not exhibit the
characteristically linear Ohmic curve seen in pure resistors. This is likely because the current ramp
rate was too fast to allow for charging within the CP layers. For these samples, we performed
Galvano-static measurements by applying a constant current for a sufficient amount of time to
allow full charging of the tri-layer, which was indicated by a plateau in the voltage vs. time curve.
Constant currents from -0.5-mA to +0.5-mA in 0.1mA intervals were applied for 5-10 minutes.
We then plotted the plateau voltage vs. current and performed a linear regression to determine R;

from the slope (Appendix C.1).
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The dimensions of the samples we used in these measurements was 1.5 X 1.5 cm. Figure
2-6b shows the equivalent circuit model for the PEDOT:PSS/PVDF/PEDOT:PSS membrane
immersed in EMITFSI electrolyte. The total ionic resistance of the membrane between the cannula
ends (R;) is equal to the sum the ionic resistance of EMITFSI (R;s), the PEDOT:PSS layers (Rj),

and the PVDF membrane (R;¢) according to Equation (2-3):

Ri = ZRl'S + 2Rip + Rig . (2-3)

The ionic conductivities of the EMITFSI electrolyte (oi5), PVDF membrane (o), and
PEDOT:PSS layers (c;,) were determined through Equation (2-4):

Aj .
i =$’(l =5,9,P) »

(2-4)

where A, is the gap between the two inner cannulas equal to (9 £ 0.5) mm, A (= hg = 125-um) is
the thickness of the PVDF membrane, and A, (= 2hp) is the equivalent thickness of PEDOT:PSS
deposited on a glass slide and is based on the profilometry measurements in Section 2.2.2.
2.6.2 Results

Table 2-7 summarizes the measured ionic resistances and calculated ionic conductivities
of pure EMITFSI electrolyte, PVDF soaked in EMITFSI, and PEDOT:PSS/PVDF/PEDOT:PSS
tri-layer samples (1.5x1.5cm), using an ionic four-channel set-up, which measures the resistance
of the system to diffusion of ions. The mean ionic conductivity of EMITFSI was (0.8 = 0.06) S/m,
which was in the range of values previously reported in literature [101, 102]. For example, Tokuda
et al. measured the o; of EMITFSI at room temperature to equal 0.58 S/m [103]. We measured a
mean ionic conductivity of the PVDF membrane of (0.56 &+ 0.47) S/m, which was also similar to

previously reported values using the same experimental set-up [100]. However, these results
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Figure 2-7 Measured ionic conductivity of PEDOT:PSS films with solvent post-treatments, relative to
untreated PEDOT:PSS.

showed a large experimental variation, due to fluctuations in ambient conditions, such as air
temperature, humidity, and apparatus set-up between days. We stored EMITFSI in a sealed

container, to prevent water uptake due to air exposure as much as possible.

Table 2-7 Tabulated values for ionic resistance (Ri) and conductivity (oi) with their respective errors for each
solvent treatment of PEDOT:PSS tri-layer actuators. Pure EMITFSI refers to measurements on this ionic
liquid alone, without a separator membrane in the cannulas.

Treatment Ri (Q) Ri error (Q) 6i (S/m) i error (S/m)
Pure EMITFSI 172 9 0.80 0.06
PVDF 3.4 3 0.56 0.5
Pristine 1204 50 6.1E-05 4E-06
MeOH 703 60 1.0E-04 1E-05
MeOH+EMITFSI 4.9 2 1.5E-02 7E-03
EG 154 6 4.8E-04 3E-05
EG+EMITFSI 16.9 unknown 4.3E-03 2E-04
DMSO 410 220 1.8E-04 1E-04
DMSO+EMITFSI 860 670 8.5E-05 7E-05

Figure 2-7 compares the relative changes in 6; for PEDOT:PSS tri-layer actuators with and
without chemical post-treatments. For all samples, the PEDOT:PSS layers were the largest

contributors to overall R; and are therefore more rate limiting compared to the separator or pure
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EMITFSI. For untreated samples, we reported an o; value of (6.05 + 0.42) x10° S/m using
galvanostatic measurements from -0.5 mA to 0.5 mA. We found that the solvent treatments we
used to improve electrical conductivity of PEDOT:PSS also increased the ;.. We observed that
treatments with EMITFSI mixed with a polar solvent showed the most significant increase of o;.
Treatment with MeOH+EMITFSI resulted in the largest change, increasing the o; by three orders
of magnitude to (1.49 £ 0.69) x102 S/m. EG+EMITFSI increased o; by two orders of magnitude
to (4.32 £ 0.24) x107* S/m. The polar solvents MeOH, EG, and DMSO increased o; by one order
of magnitude, with values of (1.04 = 0.10) x10* S/m, (4.75 + 0.32) x10™* S/m, and (1.77 £ 0.96)
x10* S/m, respectively. The treatment DMSO+EMITFSI did not significantly improve o; and
measurements were not reproduceable, resulting in a large experimental error. Pure DMSO
treatments also reported highly variable results and a large error. This is consistent with our
observations that over-exposure to DMSO damages the PEDOT:PSS films and reduces the electro-
chemo-mechanical properties of the material.

Little work has been reported on enhancing o; of PEDOT:PSS. To the best of our
knowledge, this is the first study that reports the effects of treatments of polar solvent +ionic liquid
mixtures to improve the ionic conductivity of conducting polymers. Abdullayeva et al. used an
aqueous solution of 5% Nafion™ mixed with PEDOT:PSS to enhance proton transfer through
electrochemically-overoxidized PEDOT:PSS. They observed that this treatment enhanced o; from
0.0035 to 0.13 S/cm [104]. This approach is different, as it adds a second, ionically conductive
phase to the film. In another study, Liu et al. added diethylene glycol (dEG) to aqueously dispersed
PEDOT:PSS prior to deposition. They used SEM to show these films pre-treated with dEG had
more macroscale pores compared to pristine samples. These large pores were likely voids

previously occupied by dEG, prior to drying. This study showed that the increased porosity of their
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treated films resulted in better electrochemical performance in terms of specific capacitance, due
to the increase in accessible surface area or better ion access to dope the PEDOT. They also showed
that PEDOT:PSS-dEG films retained a highly rectangular cyclic voltammetry (CV) curve, even at
high scan rates, which is indicative of high charge mobility [105]. These results corroborate our
findings. Ours is the first direct measurement of the effect of polar solvents on ionic conductivity
in PEDOT:PSS.
2.7 Cyclic Voltammetry

In this section, we present CV results for wuntreated and treated
PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators. We determined the volumetric capacitance
(Cv) and electrochemical time constants (t). These results show how chemical treatment with polar
solvents or IL affect the charge storage capabilities and charge transfer rates of our devices.
2.7.1 Methods

The experimental apparatus for the CV measurements involved tightly clamping the 1.5-
cm x 1.5-cm PEDOT:PSS/PVDF/PEDOT:PSS tri-layer samples between two gold foils (99.99%,
0.127-mm thick, SUREPURE CHEMETALS, L.L.C.) of approximately the same size. We used a
two electrode set-up to apply a cycling voltage between -1V and +1V (AV = 2V) at scan rates (v)
0f(0.2,0.4,0.6,0.8, 1,2, 3,4, and 5) V/s. We ran each test for 5 cycles and measured the current
using a Metrohm Autolab® Potentiostat/Galvanostat. Additionally, for samples that appeared to
charge slowly and thus did not exhibit a capacitive CV even at 0.2-V/s, we ran further CV

measurements at 0.05 and 0.1 V/s.
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Figure 2-8 (a) Schematic of the experimental set-up for performing CV measurements, composed
of the tri-layer actuators sandwiched between two gold foils. (b) The corresponding simplified 1D
equivalent circuit model for the CV measurement set-up (Information obtained from © 2019
Ebrahimi T. UBC [3]).
Figure 2-8b shows the simplified 1D equivalent circuit model for the CV measurements.
R¢ 1s the sum of the contact resistance and any external resistance between the sample and power
supply. Rip and Rjg are the ionic resistances of the PEDOT:PSS and PVDF layers. Cp and Cq
represent the capacitance of the PEDOT:PSS layers and double layer capacitance respectively.
Since Ca (~ 20uF) << Cp, and assuming the two CP layers were symmetric, we calculated C,

through Equation (2-5) after the CP layers were charged (the voltage across the capacitors is equal

to the applied voltage):

at (2-5)

In this specific context, we approximated the current (I) to equal the difference between
current values at 0-V for oxidation and reduction divided by 2 and v = dV/dt. Therefore, we

calculated Cv using Equation (2-6):
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& = 2 5wm,) (2-6)

Volumetric capacitance is the capacitance per unit volume of the polymer material.
We also determined time constants (t) by fitting an exponential function to the rise time of

each CV curve, according to Equation (2-7):

t
i = Iyax <1 - e_?> + ¢, 2-7)

where i is the current, Imax is the maximum current, and ¢ is the offset. the charging time (RC) of
the system corresponds to 36.8% of the peak current. The current flow during actuation results
from the addition or removal of charge on the primary chain of the polymer to maintain charge

neutrality [22].
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2.7.2 Results
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Figure 2-9 shows the CV curves for pristine and treated samples. At sufficiently low scan
rates and from -0.8V to 0.8V for all samples, the CV curves were symmetric and rectangular,
which indicated no redox reaction occurred during the charge and discharge of the PEDOT:PSS
layers. The slight slopes of the graphs after the CP layers were charged between -0.8 to -1V and
0.8V to 1V, indicated a resistive region. This was likely indicative of leakage current passing
through the PVDF membrane. We also suspected some degradation of the sample outside the

electrochemical voltage window of -0.8 to 0.8 V occurred, which contributed to these resistive

elements.
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Figure 2-10 Volumetric capacitance (Cyv) measured for each sample at scan rates from 0.05 to 5 V/s. Cy should
be constant for all scan rates that allow sufficient time for charging, therefore the value at which Cy measured
for each scan rate converges is the volumetric capacitance of the material.
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We assumed the actuators behaved as pure capacitors and the two CP layers were
symmetric. In Figure 2-10, we show the Cy calculated at each v, based on Equation (2-6). Here,
we observed a general trend in which Cy values increased then converged as v decreased and the
actuators charged fully. Theoretically, the Cy is independent of scan rate; however when the sample
is not given sufficient time to charge (i.e. at scan rates faster than the time constant of the material),
the measured C, appears lower. Therefore, we took CV measurements across a range of scan rates
and calculated at what maximum capacitance the values converged for each sample. We recorded

the C,’s and convergence scan rates in Table 2-8.

Table 2-8 Summary of volumetric capacitance for untreated and post-treated PEDOT:PSS tri-layer actuators
as well as the scan rates at which maximum charge storage was achieved for each sample.

Treatment Cy (F/emd) S.E. (F/em?) v (V/s)
Pristine 27.4 0.5 0.4
MeOH 24.4 1.3 0.6
MeOH_EMITFSI 33.1 0.9 5
EG 55.6 4.3 0.4
EG+EMITFSI 35.0 2.4 1
DMSO 46.5 3.0 0.4

We measured the Cy of untreated PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators to
have a value of (27.4 + 0.5) F/cm?® at 0.4 V/s. This value fell within the range previously reported
in literature. For example, Ebrahimi T, et al. reported a Cy = (24.2 + 0.4) F/cm?® in her PhD thesis
[3]. Additionally, Rivnay ef al. studied the application of PEDOT:PSS in organic electrochemical
transistors (OECTs) and measured a Cv value of (39.3 £ 1.3) F/cm® [106]. In our work, post-
treatment with EG resulted in the highest Cy = (55.6 = 2.4) F/cm® at 0.4 V/s. DMSO post-treatment
also nearly doubled the Cy to a value of (46.5 = 3.0) F/cm?, also at 0.4 V/s. MeOH treatment had
little effect on the Cy of the material, with a reported value of (24.4 + 1.3) F/cm? at 0.6 V/s. The
IL + polar solvent treatments EG+EMITFSI and MeOH-+EMITFSI increased the Cy of

PEDOT:PSS to a (35.0 = 2.4) F/em® and (33.1 + 0.9) F/cm?, respectively. Additionally, we
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measured the peak Cy’s of these samples at higher scan rates than untreated or pure polar solvent
treated samples, which indicated that IL + polar solvent treated samples charged much faster. This
was likely due to the higher ionic conductivities of these materials, which reduced the impedance
to ion movement through the CP electrodes and allowed the ions to diffuse through the sample at
a higher rate under an applied potential difference.

Measurements on DMSO+EMITFSI samples produced a characteristically resistive ohmic
response, even at very low scan rates, which indicated that this treatment rendered the tri-layer
actuators non-capacitive. Therefore, we could not determine the C, for this post-treatment. As we
have discussed previously, this was likely because over exposure to DMSO damaged the CP
electrodes, which caused delamination or shorting through the thickness of the PVDF membrane.
Based on these results, we chose not to perform further characterization measurements on
PEDOT:PSS/PVDF/PEDOT:PSS tri-layer samples treated with DMSO+EMITFSI.
2.7.2.2  Electrochemical Time Constants

Figure 2-11 shows the initial rise times for current to reach a peak value and plateau. The
vertical dashed lines indicate when time equals T according to Equation (2-7). The rise times of all
treated samples were shorter than that of the pristine samples. PEDOT:PSS treated with a mixture
of polar solvent MeOH or EG and IL were significantly faster than those treated with pure polar
solvent. MeOH+EMITFSI treated samples demonstrated the fastest rise time of T =(0.04 = 0.0004)
s. The trend in these results inversely matched that of the ionic conductivity results. As o;
increased, t decreased, which suggested that ionic conductivity played a large role in determining
speed of actuation and cut-off frequencies. Table 2-9 summarizes the time constants and cut-off

frequencies of each sample based on the rise time of the CV curves.
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Table 2-9 Summary of time constants (t) and cut-off frequencies (f) for untreated and treated
PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators based on rise time of the CV curves.

Treatment T (5) S.D. (s) fe (Hz) S.D. (Hz)
Pristine 0.29 0.02 0.55 0.05
MeOH 0.16 0.02 1.02 0.11

MeOH+EMITFSI 0.04 0.0004 4.08 0.04
EG 0.20 0.03 0.80 0.10
EG+EMITFSI 0.10 0.002 1.53 0.04
DMSO 0.21 0.02 0.77 0.09
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Figure 2-11 Normalized current vs. time under an applied ramp voltage of 1V for a CV taken with a scan
rate of 0.6 V/s for pristine and treated samples with MeOH, MeOH+EMITFSI, EG, EG+EMITFSI, and
DMSO. This shows the rise time of each treatment. The electrochemical RC time constant occurs at when
Imax(1-€) = 0.37Imax. The colour-coded dashed lines correspond to the time constants for each treatment.
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2.8 X-ray Photoelectron Spectroscopy
In this section, we used the surface characterization technique X-ray photoelectron spectroscopy
(XPS) to analyze how each chemical treatment affected the near surface chemistry of our samples.
2.8.1 Background

We used X-ray photoelectron spectroscopy (XPS) to analyze the near surface chemistry of
the PEDOT:PSS/PVDF/PEDOT:PSS tri-layers for untreated and post-treated samples. XPS is a
non-destructive characterization technique, based on the phenomenon of external photo-effect,
used for assessing surface chemistry, bonding structure, and relative composition. Monochromatic
x-ray radiation bombards the sample surface with photons, which excites core electrons at discrete
energy levels. Emission of these core electrons in the sample only takes place if the energy
acquired from the photons (hv) exceeds the minimum energy necessary to overcome the binding
energy of the electron (Eg). This is the work required for the electron to escape from the surface
[107]. The XPS analyzer detects the kinetic energies (Exin) of the emitted photoelectrons, Einstein’s
relation for conservation of energy allows us to directly calculate Eg using Equation (2-8) :

Eg = hv — Eyip, - (2-8)

Each element has a unique set of associated core-level peaks that allow for unambiguous
identification. XPS spectra provide information on elemental composition and relative atomic
concentration. Peaks in the spectra correspond to the fraction of ejected core-level electrons that
preserved their original energy on their way to the detector (did not collide). Binding energies of
core-level electrons also depends on the chemical environment of their corresponding atoms,
which results in chemical shift. This chemical shift indicates the oxidation state of the elements,
which allows for the determination of bonding structure, and any changes in this structure as a

result of surface treatment or sample processing [107]. Information about chemical bonds
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identified in XPS spectra results is usually extracted by comparing the measured Eg values to
literature or data base libraries [108].

XPS notation for core-level signals follows the convention “X n/;’, where X denotes the
element, n is the principal quantum number (n =1, 2, 3, ...), [ is the angular quantum number (s,
p, d, 1), and j is the total angular momentum quantum number equal to the sum of angular and spin
orbital projection (s = £1/2) quantum numbers (j = [ + 5). All core-level signals with /> 1 have a
form of spin-split doublets with corresponding theoretical area ratios that are fixed. For example,
S 2p splits into S 2p3» and S2p12 with a respective area ratio of 2:1 [107].

2.8.2 Methods
2.8.2.1 Data Collection

We performed XPS measurements using a monochromated X-ray Al Ka source (Omicron
XM 1000, hv = 1486.6 eV). Photoelectrons were detected with an Omicron Sphera electron
analyzer in an ultra-high vacuum system (P ~ 10 mbar). We initially recorded a wide range
survey spectrum of each sample for energies ranging from 36.7 to 1286.7 eV, to obtain signatures
for all elements in the sample. For all samples we detected carbon, oxygen, and fluorine, in addition
to sulfur [108]. We expected to see contributions from these elements and none of their
corresponding peaks interfered in the spectrum range of sulfur. Subsequently, we performed
narrow-region high-energy resolution scan from 126.7 to 186.7 eV, which is the energy range we
expected to observe sulfur peaks [61, 76, 108].
2.8.2.2 Background Subtraction

A large source of error associated with determining the chemical composition of a surface
using XPS is related to the reliable measurement of peak areas and intensities. This breaks into

two aspects: (1) spectra acquisition procedure, and (2) background subtraction [107]. Inelastically
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scattered photoelectrons, that have lost energy through inelastic collisions, contribute to the step-
like background shape. Previous work extensively studies how to separate the XPS signal into the
elastic peak (< 5% of total electrons intensity) and inelastic background (> 95% of total electron
intensity) [107, 109]. The background subtraction function has a direct effect on peak areas. Well
established methods include: linear [110], Shirley [111], and Tougaard [109, 112] backgrounds
These techniques do not require preliminary knowledge of aspect such as peak shape and spectrum
structure. Linear-subtraction, is the simplest method; however it lacks theoretical grounds and
makes the peak area dependent on arbitrarily selected start and end points. The widely applied
Shirley method assumes that the number of inelastically scattered electrons contributing to the
background increase is directly proportional to the total photoelectron flux. The more complicated
and controversial Tougaard method relies on the quantitative description of inelastic scattering. It
provides an estimate of area mostly independent of upper and lower end point selections [107,
113].

Unsworth ef al. applied a Shirley background to their XPS spectra analyzing PEDOT:PSS
the impact of DMSO treatment on surface composition [76]. This method is based on an iterative
solution of equations with a selected kinetic energy above (Exright, liignt) and another below
(Ex left,liert) of the peaks described by Equation (2-9) [114, 115]:

Bssa(Ex) = kssa [ "' dEx[1(Ek) = (Irigne)]
Bssa(Ex) = kssz [y 7" dEx[I(Eg) = (Lrignt) — Bssa (EQ]

(2-9)
Egri ! / /
BSS,n(EK) = kSS,n IE: ane dEK[I(EK) - (Iright) - Bss,n—l(EK)] D

For Eg et < Ex < Ekrignt »
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where Bgsn is the n' iteration of the Shirley background, Ex is the kinetic energy, I(Ex) is the
intensity signal at Ex and kss» [units: eV'] is the n'" iteration value of the scattering factor, which
measures the strength of the background as is independent of the vertical scale, as described by
Equation (2-10):

Ileft_lright:

kssn = —F¢ .
fEII:;L}gtht dEI’([I(EI,()_(Iright)_Bss,n—1(EI’()] (2-10)

The total background is the sum of a baseline (equal to Liight) and Bssn. The iterative process ends
when the difference between B n and Bsspn-1 1S negligible.
2.8.2.3 Modelling

Sophisticated GUI software, such as CasaXPS, exist for fitting XPS. However, these programs
are complicated and offer a “black-box” approach to analysis. This often results in the development
of fit models that are difficult to interpret and lack physical meaning [107, 116]. We developed
our own model using MatLab to deconvolve our XPS spectra for the S 2p peaks correlated to
oxidation states in of the thiophene S in PEDOT and the sulfonate S in PSS. In this analysis we
took the following steps:

1) Shirley background subtraction.

2) Normalization of BE intensity to values from [0 1] with arbitrary units.

3) Optimization of data to a Gaussian model fit.
4) Calculation of peak areas correlated to relative concentrations of PSS to PEDOT.

We observed chemical shifts and BE splitting between spin-split components due the two different
oxidation states of S in PEDOT:PSS. We applied constraints to our model that account for the
underlying physics, such as the fixed relationships from the spin-orbit contributions of S 2p3, and

S 2p1/2 described in Equations (2-11)-(2-14):

Ar = A 2py, T As 2p3/2 > (2-11)
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Ap = Iiymwy, 0 =T,52py1)3,5 2p3)z »

(2-12)
Is 2p32 — 25 2p1y2 ° (2-13)
Ws2pae = Ws2p1y2 2 (2-14)

where A, Ag 5y, 12> and Ag 5p, /2 refer to the total peak and split-spin orbital peak areas. I; and w;

refer to the peak intensities and full width half maximums (FWHM), respectively. These
relationships allow for analytical consistency between multiple data sets. We used the fmincon
function in the MATLAB R2020b optimization toolbox to fit four split-spin orbital peaks (S 2p3»

and S 2p1» for PEDOT and PSS) to a Gaussian line-shape described by Equation (2-15):

2
E-Ep;

I(E) :11'3_[ i ] , 1=T,52p1/2,S 2p3/2 , (2-15)

where I(E) is the intensity at a given BE (E) along the XPS spectrum, [; is the peak intensity, and

Egi is the peak BE. We identified the values of Eg, Ep 5, 12> and Ep 5, 12 from previously reported

literature on PEDOT:PSS surface characterization [61, 76], which are outline in Table 2-10. We

specified the intensity of each S 2p peak as the maximum measured intensity from the normalized
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Figure 2-12 Chemical structure of PSS (top and PEDOT (bottom). A chemical shift in S 2p peak occurs
as a result of the different oxidation states of S in PSS and PEDOT.
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data. The unknown variables in this model include: Ar, Ag 2120 Ag 232> I 2p1/2> I 232>

FWHMy, FWHM g3, .. and FWHM g5, .

Table 2-10 Binding Energies for S 2p peaks corresponding to PSS and PEDOT.

Binding Energy (eV)
Peak
PSS PEDOT
S2p 168.7 164.8
S 2pin 168.5 164.0
S 2p3n 168.7 164.7

The cost function in our model, which we wanted to minimize, was the mean squared error
between the measured data and the curve fit of the sum of split-spin orbital Gaussian peaks

described by Equation (2-16):

MSE = ~ 32, (I(E)measured = 1(E)moae)” - 2-16)

We calculated relative surface composition of each sample by first calculating the areas of the
PEDOT and PSS peaks using Equation (2-12), then dividing these values to identify to ratio of
PSS to PEDOT.
2.8.3 Results

Figure 2-13a-c illustrates the results from XPS analysis. Table 2-11 summarizes the relative
composition results based on the integrated the S 2p peak areas for PEDOT and PSS and the
respective ratios (Rs/t, where S refers to sulfonate and T refers to thiophene). The untreated
PEDOT:PSS.PVDF/PEDOT:PSS sample had a Rg/r of 21.8. The sample treated with 50% (v/v)
EG and EMITFSI reported the lowest Rs/r value of 7.57, which corresponds to a 7.3% decrease in
PSS concentration. Treatment with MeOH+EMITFSI also reported a relatively large change with
an Rg/r value of 10.54, which corresponds to a 4.3% decrease in PSS concentration. Treatments
with DMSO and DMSO+EMITFSI did not show significant changes in composition (%

composition increases = 0.63% and 0.37%, respectively).
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Previous work characterizing the changes to surface composition of PEDOT:PSS treated with
DMSO showed large decreases in Rs/r. For example, Unsworth ef al. observed up to a 40%
decreases in the PSS component following the immersion of PEDOT films in DMSO [76]. Overall,
our Rg/r values were approximately 10x higher than those previously reported in literature [61,
76]. These discrepancies are likely because we saturated all samples (including the pristine
samples) in EMITFSI electrolyte, which replaced PSS~ as the charge balancing ion in the polymer
structure. Therefore, the EMITFSI also resulted in some removal of PSS from the untreated
sample. Additionally, EMIFSI contains a sulfonate bond; however, since all samples were
saturated in the IL, we assumed any discrepancies in the sulphonate S 2p peak between samples
was a result of PSS removal. The results from this analysis further support our observations from
sections 2.3 (water solubility) and 2.4 (mass change) that PEDOT:PSS treatment with organic
solvents and ionic liquids remove hydrophilic and insulating PSS~ from the polymer structure. This
removal enhances both the electrical and ionic properties of tri-layer actuators for high-speed

applications (Full XPS results available in Appendix C.4).

Table 2-11 Summary of peak areas corresponding to PSS and PEDOT, the ratios of PSS to PEDOT, and
mean squared error of the Gaussian model to the measured XPS spectrum data.

Sample Area PSS Area PEDOT Rs/r (PSS to PEDOT) MSE
Pristine 2.25 0.10 21.84 0.00057
MeOH 2.29 0.15 15.67 0.00037
MeOH+EMITFSI 2.29 0.22 10.54 0.00082
EG 227 0.17 13.37 0.00038
EG+EMITFSI 2.31 0.31 7.57 0.00058
DMSO 2.24 0.087 25.73 0.00075
DMSO+EMITFSI 2.27 0.095 23.96 0.00039
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Figure 2-13 Normalized XPS results for analysis of untreated and post-treated

PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators soaked in EMITFSI. a) Normalized XPS spectra and
Gaussian model for a pristine sample. b) XPS spectra and Gaussian model for sample treated with a 50%
(v/v) mixture of EG and EMITFSI. ¢) Normalized Gaussian curve fit to experimental data for the spectra of

untreated and post-treated samples.
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2.9 Conclusion

In this section we analyzed the electrochemical performance  of
PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators. We first listed the materials and fabrication
processes we used to design these devices. We treated the PEDOT:PSS with MeOH,
MeOH+EMITEFSI, EG, EG+EMITFSI, or DMSO. Next, we performed initial profilometry
measurements, which showed that PEDOT:PSS film thickness increases linearly with the number
of coats spray coated and that polar solvent chemical treatment did not change the deposited film
thickness. Our results showed that the chemical treatments described in this chapter significantly
improved both electrical and ionic conductivities of the conducting polymer. We determined time
constants and volumetric capacitance of each sample through cyclic voltammetry measurements.
These results showed that MeOH+EMITFSI and EG+EMTIFSI treatments resulted in the fastest
current rise times. Polar solvents without EMITFSI had the largest effect on increasing volumetric
capacitance. Finally, XPS analysis showed that the treatments reduced the ratio of PSS to PEDOT
on the surface of the samples. This suggests that the improvement to electrical conductivity we
observed is due to the removal of insulating PSS from the material. In Chapter 3, we show how
these improvements to the electrochemical properties of PEDOT:PSS improved the actuation

mechanics and speed of our CP tri-layer actuators.
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Chapter 3: Mechanical Characterization

In this chapter, we  discuss the  mechanical characterization  of
PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators. We first determine how the polar solvent and
IL treatments described in Chapter 2 effect the Young’s modulus of PEDOT:PSS. Next, we show
the actuation-frequency response for these tri-layers. We analyze how parameters such as voltage
amplitude, beam length, and chemical treatment impact mechanical performance. Additionally,
we use electrochemical impedance spectroscopy (EIS) to analyze the contributions from resistive
and capacitive equivalent circuit elements. These data allow us to identify characteristic time
constants that contribute to a drop in mechanical performance as frequency increases. Finally, we
predict the maximum force generation of these devices, based on the analytical electro-chemo-
mechanical model Actuatool, which was previously developed by Ebrahimi T. et al. [3].

3.1 Young’s Modulus

In this section, we present results from uniaxial tensile test measurements, which we used
to determine the Young’s Moduli of untreated and treated samples.
3.1.1 Methods

We measured the Young’s moduli of the tri-layer samples soaked in EMITFSI pre- and
post-treatment, though uniaxial stress-strain measurements using a Bose ElectroForce®-3100
system in tension mode (a strain of 0.5% at 0.1 Hz for 5 cycles). The width (W) of all the samples
was (10 £ 0.25) mm and the length (L;) under tension was (20 + 0.25) mm. We unmounted and
remounted each sample between measurements to account for experimental error. We also
performed stress-strain analysis on a pure PVDF sample soaked in EMITFSI of the same

dimensions.
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We used linear regression to calculates the material stiffness (K) from the slope of the force
vs. displacement curve for each sample (Appndix C.3). The Young’s Modulus of the PVDF

membrane (Eg) was calculated using Equation (3-1):

g, = Kot (3-1)
hgW

where Kg and hg are the stiffness and the thickness of the PVDF membrane, respectively.
To find the Young’s modulus of the PEDOT:PSS layers, we used the equivalent thickness
deposited on the glass slides for 20 coats. The stiffness of the tri-layer actuator (Kr) is express

using Equation (3-2):

KT S Kg + ZKP 5 (3-2)

where Kp is the stiffness of each CP layer. To determine the Young’s modulus of PEDOT:PSS we

used equation (3-3):

£ =(2) (7)- (3-3)

3.1.2 Results

Table 3-1 and Figure 3-1 summarize the Young’s moduli for the PVDF membrane,
PEDOT:PSS untreated, and with solvent post-treatments. The modulus of pure PVDF soaked in
EMITFSI was (77 £+ 7.33) MPa, which agrees with previously reported values [3, 26]. For Pristine
PEDOT:PSS, we measured a Young’s modulus value of (1.68 & 0.185) GPa, which is also within

the range of previously reported values of 0.9 to 2.8 GPa [3, 47].
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Table 3-1 Summary of Young’s Moduli for untreated and post-treated PEDOT:PSS tri-layer actuators.

Treatment Er (MPa) S.D. (MPa)
PVDF 77.8 7.3
Pristine 1680.8 185.8

MeOH 2459.9 437.3
MeOH+EMITFSI 849.1 244.7
EG 2527.3 594.6
EG+EMITFSI 887.9 55.5
DMSO 2161.2 579.3
DMSO+EMITFSI 2331.1 542.2

We found that treatments with the pure polar solvents (MeOH, EG, and DMSO) increased
the Young’s Modulus of the material. Samples that received EG and MeOH post-treatments
showed the highest value of (2.53 = 0.595) GPa and (2.46 + 0.437) GPa, respectively. Conversely,
samples that received post-treatment with a mixture of polar solvent and ionic liquid (with the
exception of DMSO+EMITFSI) showed a decrease in Young’s moduli to approximately half that

of untreated films.
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Figure 3-1 Young’s moduli of PVDF, untreated and post-treated PEDOT:PSS tri-layer actuator samples.
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To our knowledge, no previous studies look at the effects on PEDOT:PSS Young’s
modulus following post-treatments with polar solvent - ionic liquid mixtures. Teo et al. showed
that the IL 1-ethyl-3-methylimidazolium tetracyanoborate (EMIM TCB) added to aqueous
PEDOT:PSS was a plasticizer for the CP. In addition to improving the electrical conductivity, IL
incorporation improved the stretchability up to 50% strain on a PDMS substrate [87]. Another
study by Dobbelin et al. also showed that adding IL’s to PEDOT:PSS decreased the stiffness of
deposited films [96]. This supports our results that show IL treatment decreased the Young’s
modulus of PEDOT:PSS. There are trade-offs to increasing versus decreasing the stiffness of the
actuators. Higher stiffness correlates to higher generated forces, but lower strain [15]. We will
explore these trade-offs later in this Chapter.

3.2 Actuation Frequency Response

In this section, we show how electrical conductivity treatments with polar solvents and IL’s
effect the mechanical frequency response of the CP tri-layer actuators.
3.2.1 Methods

We applied a sine wave voltage to the two conductive sides of the tri-layer actuators
clamped tightly between gold electrodes using a Solartron 1287A Potentiostat/Galvanostat
(Hampshire, UK), with a Solartron 1260A Frequency Response Analyzer. The area in contact with
the gold was 6-mm?. We measured displacement of the 2-mm x 12-mm beam using a laser
displacement sensor (Keyence LK-G32), with a minimum resolution of 50-nm. We painted a silver
reflective point 1 cm from the fixed end of the actuator, which was illuminated with the laser. We
measured peak-to-peak actuator displacement at frequencies between 0.01-Hz to the maximum

frequency at which displacement was detected by the laser sensor (full SOP available in Appendix
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B.2). We used MATLAB R2020b to detrend the measured data to account for drift and noise. We
then fit a sine wave function to the data to determine the peak-peak displacement at each frequency.
3.2.2 Analysis
Strain

As discussed in Section 1.5.2, the peak-to-peak displacement represents the full range of
motion of the actuators during one voltage cycle. The differential external strain, 2¢,,, is

calculated from Equation (3-4):

2Dh

2€ex = D2+L'2”

(3-4)
where D is half of the peak-to-peak displacement, /% is the thickness of the tri-layer swollen in

electrolyte, and L’ is the length at which the laser is illuminating from the base of the actuator.

The differential free strain, 2e, is calculated from the external strain using Equation (3-5):

hp [nm3+6m?+12m+8 2Dh, [nm3+6m?+12m+8
2€ = 2€,0— = ,

h 6(m+1) T D242 6(m+1)

(3-5)

where 4, is the thickness of the conducting polymer layer swollen in electrolyte, m = hg/h,, is the
ratio of swelled thickness of the separator and conducting polymer layers, and n = E,/E), is the ratio
of swelled Young’s moduli of the separator and conducting polymer layers.

While the external strain only accounts for the displacement and dimensions of the beam,
the free strain accounts for the thickness and Young’s moduli of individual layers within the tri-
layer actuator. Therefore, free strain is a more representative measure of the electrochemically
induced strain in the conducting polymer layer of the actuator. Additionally, we calculated the

strain-to-charge ratios (o) using Equation (3-6):
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L (3-6)

The strain-to-charge ratio is related to the volume change produced per charge inserted; the strain
is proportional to the charge passed [117].
Resonance Frequency

Mechanical resonance is the tendency of a mechanical system to respond at a greater
amplitude when the frequency of oscillation equals the natural/resonance frequency (f.) of the
system. Mathematically, a system is at resonance when the exciting force and system’s response
are in phase with each other. The f; of CP tri-layer actuators depends on the mechanical properties

and dimension of the device [118]. Equation (3-7) estimates f. of CP tri-layer actuators:

1 h EI
fr=maﬁL—§ /E(l—fz), (3-7)

where a, is a coefficient defined by the n'" normal mode of natural frequency and equals 1.87 at
the fundamental frequency (first normal mode), 4.694 at the second mode, and 7.855 at the third

mode for a free bending cantilever beam [118]. We obtain EI from Equation (3-8) [119]:

w
El = = (Eghd + Ep(h} — 1)), (3-8)

and the total moment of inertia (It) from Equation (3-9):

CWh

= 3-9
I = (3-9)
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The damping ratio (¢) for PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators was previously
decribed by Ebrahimi T. ef al. [3]. This parameter is primarily influenced by the viscosity of the
electrolyte and thickness of the device. We estimated composite density (p) in Section 2.4.
According to these equations, f- is directly proportional to thickness (h) and increases
inversely to the square of length (L). Therefore, we predict that short thin beams result in high
fundamental resonant frequencies. Maziz et al. previously observed these correlations; They
observed a resonant peak at 930 Hz designing a CP tri-layer beam with L = 690 um and h =12 um
[23]. This is the highest recorded f- reported in the literature for CP tri-layer actuators.
3.2.3 Results
3.2.3.1 Actuation
Figure 3-2a-f shows the top view optical image of the extent of actuation of a
MeOH+EMITEFSI treated PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuator under the influence
of a sine wave voltage with an amplitude of 500mV and frequencies of a) 0.1 Hz, b) 1 Hz, ¢) f. =
4 Hz, d) 10 Hz, e) - = 69 Hz, and f) 100 Hz. Figure 3-2g-1 shows the fitted sine wave to the
normalized actuation response at each of these frequencies. Deflection follows the shape of the

applied voltage.
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Figure 3-2 a-f) Top view of PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators treated with
MeOH+EMITFSI. These actuators operate through the application of a sine wave voltage with an amplitude
of 500 mV and frequencies of a) 0.1 Hz, b) 1 Hz, c) cut-off frequency =4 Hz, d) 10 Hz, e) resonance frequency

=69 Hz, and f) 100 Hz. The length and width of the device are (12 + 0.25) mm and (2 £ 0.25) mm,
respectively. The displacement of the device was measured at L’ = (10 + 0.25) mm from the fixed end. g-1)
Fitted sine curve to the normalized peak-peak displacement versus time of the actuation response. Peak-peak
displacement of the actuator operated at 0.1 Hz and measured at L’ was 1999 pm.

The displacement of the actuator decreased as frequency increased. This decrease indicated
displacement was driven by time-dependent internal processes; as there was less time for these
processes to occur, a smaller proportion of the CP electrodes charged and the devices produced
less strain [120]. We observed cut-off frequency (f:), which occurs when the tri-layer bends to
(1 —-1/e) = 0.63 (Equation (2-7)) of the maximum deflection (D — measured at 0.01 Hz), at 4Hz
for these actuators (Figure 3-2i). At ~69 Hz, we observed the first mode of mechanical resonance,
which corresponded to an increase in displacement (Figure 3-2k). Above resonance frequency (f),

displacement decreased at a faster rate, which resulted in small but still measurable deflection at
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100 Hz (Figure 3-21). In subsequent sections, we further discuss experimental parameters, such as
applied voltage and beam dimensions, that influence the displacement versus frequency response
of these tri-layer actuators. We also explore the impact of polar solvent and IL treatments.

3.2.3.2 Influence of Voltage
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Figure 3-3 Displacement vs. plots for 1cm long beam. a) £ 1V b) £ 0.5V

We initially performed all frequency response experiments by applying a sinusoidal
voltage with an amplitude of 1 V, based on previously reported results from Ebrahimi T. et al. that
PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators were stable within this operational window
[3]. However, as shown in Figure 3-3a, we observed overoxidation resulting in electrochemical
degradation [121]. This was evident from the negative slope exhibited by all samples at /' < f..
Additionally, we could not reach the same displacement magnitude in repeat measurements, which
indicated a decrease in mechanical performance.

We repeated measurements on new samples for each treatment at a voltage amplitude of
0.5V, which are shown in Figure 3-3b. For all samples, we observed that maximum peak-to-peak
displacement at 0.01 Hz decreased with voltage, as shown in Table 3-2. We expected this result
since strain is proportional to voltage, according to Equation (3-6). John et al. demonstrated that

tri-layer actuators exhibit a linear relationship between maximum displacement and voltage [120].
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However, we observed a horizontal slope below fc, a slower rate of displacement drop-off as f
increased above f., and larger displacement magnitudes at f.. These results showed that an
amplitude of = 0.5 V stays within the electrochemical window of the tri-layer actuators and does

not degrade the material.

Table 3-2 Maximum peak-peak displacements recorded at 0.01 Hz for each treatment under an applied
sinusoidal voltage with amplitudes of 1 V or 0.5 V.

Voltage | Pristine | MeOH = MeOH+EMITFSI | EG | EG+tEMITFSI A DMSO

Maximum peak-peak ;v 5301 | 6102 2973 5450 4139 5839
displacement at 0.01
Hz (um) 05V | 2407 | 2559 1999 3176 2271 3234

3.2.3.3 Influence of Treatment

Cut-off frequency (f.) occurs when the tri-layer bends to (1 —1/e) = 0.63 of the
maximum deflection (D — measured at 0.01 Hz). Pristine samples demonstrated an f. = 0.1 Hz. We
predicted that improving the electrical conductivity of PEDOT:PSS through polar solvent
treatments would increase the speed of our tri-layer actuators. As discussed in Section 2.6, we also
found that these treatments significantly increased ionic conductivity of the tri-layer actuators.
Based on the frequency response results presented in Figure 3-3b, we concluded that ionic
conductivity more strongly influenced cut-off frequency of the actuators compared to electrical
conductivity. MeOH+EMITFSI and EG+EMITFSI treated samples showed the largest increase in
ionic conductivity, which corresponded to the highest f. values of 4 Hz and 2 Hz, respectively.
DMSO post-treatment increased f. by an order of magnitude to 1 Hz. MeOH and EG treatments
did not significantly change f:, compared to the untreated sample.

Electrical and ionic conductivities appeared to also have an effect on the frequency
response at > f.. Resonance peak-to-peak displacement of the pristine sample was 66.4 pm at 93

Hz. All treated samples demonstrated a less rapid drop-off in displacement as f increased,
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compared to the pristine sample. The MeOH+EMITFSI treated samples showed the largest
magnitude of peak-to-peak displacement at resonance, with a value of 749.1 um at 69 Hz. These
results demonstrated that we successfully improved the speed of our CP tri-layer actuators, which
opens the possibility of high-speed applications, such as vibrotactile feedback displays.

When the actuators had sufficient time to charge, at f < ., the conductivities of the material
did not appear to influence displacement characteristics. We observed that samples treated with
pure organic solvent achieved the largest maximum displacement at low f. DMSO treated samples
exhibited the largest displacement with a value of 3.24 mm. MeOH and EG achieved
displacements of 2.56 mm and 3.18 mm, respectively. Conversely, maximum displacements of
MeOH+EMITFSI and EG+EMIFSI decreased compared to the pristine sample with values of 2.00
mm and 2.27 mm, respectively. The untreated sample achieved a maximum displacement of 2.41

mm. These results appear to correlate to the stiffness of the material.

Table 3-3 Summary of measured parameters for PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators pristine
or treated with MeOH, MeOH+EMITFSI, EG, EG+EMITFSI, or DMSO. Parameters include: volumetric
capacitance (Cv), Young’s Modulus (Ep), peak-to-peak displacement (D), mechanical cut-of frequency (fc),

resonance frequency (fr), free strain/Voltage (¢/V) and strain-to-charge ratio (a).

D (um) -
Treatment Cv Ep measured at | Mechanical f | Mechanical €V a
(F/cm3) | (MPa) 500mV & (Hz) fr(Hz) (%/V) | (mm%/C)
f=0.01 Hz
Pristine 27.4 1680.8 2407 0.1 93 0.35 0.13
MeOH 244 24599 2559 0.07 63 0.36 0.15
MeOH+EMITFSI 33.1 849.1 1999 4 69 0.34 0.10
EG 55.6 25273 3176 0.4 77 0.44 0.08
EG+EMITFSI 35.0 887.9 2271 2 75 0.38 0.11
DMSO 46.5 2161.2 3234 1 64 0.45 0.10

Table 3-3 summarizes the experimental parameters of PEDOT:PSS required to determine
€ at 0.01 Hz and o — based on Equations (3-5) and (3-6), respectively. Values for fc and f, are also

tabulated. Based on these results, we concluded that none of PEDOT:PSS post-treatments had a
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large impact on o, compared to the untreated sample. We measured an o value of 0.13 mm?/C for
the pristine samples, which agreed with previously reported values by Ebrahimi T. ef al. [3].
3.2.3.4 Influence of Geometry

In addition to electrochemical and material properties of PEDOT:PSS, dimensions of the
cantilever beam also impact the displacement-frequency response. In this section we measured the
frequency response of a (5 £ 0.25) mm sample treated with MeOH+EMITFSI. John et al. showed
that the fundamental resonant frequency is an inverse function of length [118]. According to
Equation (3-7), we expected the shorter sample to exhibit a higher f.. Figure 3-4 shows the
displacement versus frequency response of a (5 = 0.25) mm PEDOT:PSS/PVDF/PEDOT:PSS tri-
layer actuator treated with MeOH+EMITFSI compared to the same sample (10 + 0.25) mm long.

Decreasing the length of the beam increased £ from 69 Hz (at 10 mm) to 292 Hz (at 5 mm).
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Figure 3-4 strain vs. frequency response for
MeOH+EMITFSI treated sample at = 0.5V for beam
length of 10 mm vs. Smm.

Intuitively, the time required to charge the length of a beam (tc) decreases with beam
length. Therefore, we expected f. to increase accordingly. However, for both the 10 mm and 5 mm
length beams, f. = 4 Hz. This suggested that ionic resistance through the thickness of the tri-layer

actuator contributes more to overall impedance than electrical resistance along the length of the
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beam at low frequencies. However, as fincreased, 1. appeared to play a larger role in limiting the
speed and performance of the device. As shown in Figure 3-4, the 5 mm length beam exhibited a
lower rate of drop-off in € compared to the 10 mm sample. At 100 Hz (above the 10 mm sample
f-and below the 5 mm sample f), the € of each beam were equal. As f continued to increase, the 5

mm sample exhibited higher €.

Table 3-4 Summary of measured parameters for MeOH+EMITFSI treated PEDOT:PSS/PVDF/PEDOT:PSS
tri-layer actuators (10 = 0.25) mm or (5 £ 0.25) mm in length. Free strain/voltage (¢/V) and strain-to-charge
ratios (o) are also tabulated.

D (um) - measured at . Mechanical f; o 3
Length 500mV & £=0.01 Hz Mechanical f. (Hz) (Hz) €/V (%/V) o (mm°/C)
10 mm 1998.9 4 69 0.34 0.10
5 mm 291.1 4 292 0.20 0.06

3.3 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a technique based on mathematical
transforms that result in real values of impedance in temporal space. Impedance is the general
oppositional force to electron current that accounts for frequency dependence. It can encompass
resistance, capacitance, and inductance. In Bode plots, impedance and phase angle are plotted
versus frequency [122]. This analysis gives information on time constants and nature of the
impedance across a wide frequency range.
3.3.1 Methods

We performed 2D EIS measurements using the same set-up as described in Section 3.2.1
for actuation-frequency response. We clamped a T-shaped sample with beam dimensions of L =
(12 £ 0.25) mm, W = (2 = 0.25) mm, and contact area = 6 mm? tightly between gold electrodes.
We applied a sinusoidal voltage with an amplitude of 10 mV and frequency sweep from 10° Hz to
to 10~ Hz using a Solartron 1287A Potentiostat/Galvanostat (Hampshire, UK), with a Solartron

1260A Frequency Response Analyzer.
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3.3.2 Results
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Figure 3-5 Bode a) magnitude and b) phase plots of the impedance for 1cm and £10mV

For all devices, at high frequencies the phase of impedance was close to zero, as shown in
Figure 3-5b. This was indicative of nearly pure resistive behavior. Here, the magnitude of
impedance is equal to the sum of ionic resistances, electrical resistance and contact resistance. As
predicted from both electrical and ionic conductivity measurements, pristine samples exhibited the
largest impedance compared to treated samples at high frequencies. Figure 3-5b shows that
impedance phase decreases as frequency of the applied voltage decreases, which indicates
charging/discharging of the PEDOT:PSS electrodes, as they become more capacitive.

A phase angle of -90° is the maximum possible phase shift between voltage and current,
and indicates the device is ideally capacitive. However, none of the samples in this study fully
reach -90°, which suggested that there is electron flow through the separator layer. This was likely
a result of leakage between the CP electrodes, due to an electrical short-circuit. Pristine and MeOH
treated samples showed the lowest absolute phase angle at low frequencies. Conversely, the
MeOH+EMITFSI and EG+EMITFSI treated samples exhibited the most capacitive behavior with

phase angles of -88.9° and -89.2°, respectively at 0.001 Hz.
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The impedance of a resistor is independent of frequency and only contains the real
component of impedance (Z’). Conversely, impedance of a capacitor is inversely proportional to
frequency and only has the imaginary (Z’’) component. Bode plots with slopes near -1 are
characteristic for capacitive materials and slopes near 0 are indicative of resistive behavior [123].
The slopes of the untreated sample and samples treated with pure polar solvents demonstrated
Islopes| < |-1|, which indicated that they did not behave as ideal capacitors at low frequencies.
However, the MeOH+EMITFSI and EG+EMITFSI treated samples had slopes equal to -0.99 and
-0.98, respectively, which showed quantitatively that they are near ideal capacitors. Table 3-5
summarizes these results.

The tri-layer exhibits half capacitive and half resistive behavior when the impedance phase
equals -45° [100]. This occurs at the cut-off frequency of the device, which correlates to the
minimum time required for fully charging or discharging the capacitor. This time constant
represents the transition from resistive to capacitive behavior for an electrochemical capacitor
[123]. Table 3-5 summarizes these cut-off frequencies determined from the Bode phase plots for

the untreated and treated samples.

Table 3-5 Summary of cut-off frequencies (at phase = -45°) and slope of Bode magnitude plot for pristine and
treated PEDOT:PSS/PVDF/PEDOT:PSS samples.

Pristine MeOH MeOH+EMITFSI EG EG+EMITFSI DMSO
fe 0.05 2.0 2.0 6.3 1.6 2.0
Bode Slope -0.72 -0.69 -0.99 -0.86 -0.98 -0.94

The phase Bode plots for pristine and polar solvent treated samples appeared to consist of
multiple time constants corresponding to several rise and plateau sections through the frequency
sweep. Dobashi et al. proposed that this behavior may be explained by a gradient in the distribution
of PEDOT into the PVDF membrane, which results in non-uniform electronic and ionic resistances

per unit length and capacitance per unit length across the thickness of the device [100].
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Figure 3-6 a) equivalent circuit of Warburg open (W,) element in series with a resistive element

(Rs). Model results for b) Bode plot of |Z| versus frequency of MeOH+EMITFSI treated samples,

¢) phase Bode plot of MeOH+EMITFSI treated samples, d) Bode plot of |Z| versus frequency of
EG+EMITFSI treated samples, ¢) phase Bode plot of EG+EMITFSI treated samples.

For samples that exhibited close to ideal capacitive behavior (MeOH+EMITFSI and
EG+EMITFSI), we used the program ZView to model an equivalent circuit that consisted of a
resistor (Rs) in series with a Warburg open circuit element (W,) — shown in Figure 3-6a. Warburg
impedance represents 1D diffusion behavior. In electrochemical systems such as supercapacitors
or batteries, the process of ion diffusion within a porous electrode in the system also gives rise to
a characteristic Warburg element. In an open system, the response tends towards capacitive-like

behavior as f'decreases. Equation (3-10) describes the W, element:

W, =Z,(jwt) "% coth(jwt)%, (3-10)
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where Zy is the real component of W, T is the time constant of the system and is related to the
effective diffusion thickness (L) and effective diffusion coefficient (D) of the ions by Equation

(3-11):

2
= %_ (3-11)

The coefficient a equals 7 in an ideal Warburg system. Table 3-6 summarizes the modelled values
of Rs, Zo, 1, and a for both MeOH+EMITFSI and EG+EMITFSI treated samples.

In both models, x =~ 0.5; the MeOH+EMITFSI model had a value of 0.47 and the
EG+EMITFSI model value was 0.49. This showed that the systems exhibited nearly ideal Warburg
characteristics and were diffusion controlled. The t values for MeOH+EMITFSI and
EG+EMITFSI treated samples were 0.050s and 0.19s, respectively. These values correspond to f.
values of 3 Hz and 0.8 Hz, which fall within the range of /. values we calculated from the actuation-
frequency response data for both treatments.

We used this model to calculated capacitance (C) from the Warburg RC time constant (t)
and resistance (Zo). These values were 3.2 mF and 3.0 mF for MeOH+EMITFSI and EG+EMITFSI
treated samples, respectively. We also compared the R and Zo values obtained in this model to the
R; values we measured in Section 2.6.2 (Ionic Conductivity). R; for the MeOH+EMITFSI sample
had a value of 17.6 Q, which fell between the values for Ry and Zo, shown in Table 3-6. This
suggested that, due to the low ionic resistance of MeOH+EMITFSI treated PEDOT:PSS, the time
required for diffusion of ions through both the separator and conducting polymer layers contributed
significantly to the RC time constant. Conversely, we measured a value of R; equal to 61.2 Q for

the EG+EMITFSI treated samples. Rs and Zo values for this sample were 17.9 Q and 72.2 Q,
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respectively. These values suggested that ionic resistance through the conducting polymer layers
dominated the RC time constant in these samples.

Figure 3-6b-c show the Bode plots for the MeOH+EMITFSI model and Figure 3-6d-e show
the Bode plots for the EG+EMITFSI model; all these figures also include the experimental results
for comparison. The impedance response for pristine and pure polar solvent treated samples show
more complex behavior. More analysis is needed to understand these systems and develop well-

fitting equivalent circuit models.

Table 3-6 Summary of EIS equivalent circuit modelling results of MeOH+EMITFSI and EG+EMITFSI
samples for the following elements: solution resistance (Rs), Warburg open impedance (Zo), Warburg open
time constant (t) and Warburg open phase (o). From these results, capacitance (C) and volumetric
capacitance (Cy) were calculated based on the specific cantilever beam geometry. Ionic resistance (R:), based
on the measured ionic conductivity and specific cantilever beam geometry is also presented here.

MeOH+EMITFSI EG+EMITFSI
Element Value error Element Value error
Rs (Q) 18.0 0.2 Rs (Q) 17.9 0.1
Zo (Q) 16.9 2.6 Zo (Q) 72.2 1.8
T(S) 0.050 0.010 T(8) 0.19 0.01
o 0.47 0.02 a 0.49 0.001
C (mF) 32 0.01 C (mF) 3.0 0.03
Cy (F/em?®) 18.8 - Cy (F/em?) 17.6 -
R: (Q) 17.6 - R: (Q) 61.2 -

Warburg impedance models have some limitations; we assumed 1) the CP electrodes were
a single lumped element with a real and imaginary component, and 2) charge was evenly
distributed through the structure, which means we could not derive conclusions about the actual
location of the charge within the porous structure. A transmission line model is a more complex
alternative that is capable of assigning local circuit elements and configurations to more accurately
describe the electrochemical behavior of the system. Several researchers have developed

transmission line models to describe CP tri-layer actuators [3, 26, 30, 100, 124, 125].
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3.4 Application of Actuatool Model

Ebrahimi T, ef al. developed the graphical user interface (GUI) ActuaTool — an analytical
model to dynamically predict the electro-chemo-mechanically behavior of the actuators based on
input geometry and material properties of the separator and CP layers [3]. Deformation, speed and
blocking force are all metrics we need to optimize to our intended application. Models such as
Actuatool are helpful tools for iteratively optimizing device parameters. Blocking force, in
particular, is a challenging metric to quantify experimentally. In this section, we discuss the
application of Actuatool to estimate how the chemical post-treatments effect blocking force
(supplemental results available in Appendix D).
3.4.1 Blocking Force

Blocking force is defined as the minimum force needed to return the actuator to its neutral
axis and is an indication of the maximum force possible. Equation (3-12) approximates the

relationship between € and F as a function of frequency (f):

Es(f) _

(3-12)
7~ (f)[ Eyhy(h, + h )].

In this relationship for dynamic actuation, we assume charge transfer occurs evenly though the
entire volume of the CP layers. We also assume that the entire beam returns to its neutral axis
when we apply Fg to the tip. However, since the bending moments vary along the length of the
beam, some buckling occurs. These assumptions result in a slightly larger Fg predicted by the

model compared to what the actuators can generate.
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3.4.1.1 Methods

We collected Fg measurements experimentally using a micro-force sensor (Femtotoolss;
FT-S270 and FT-S540). We clamped a 20 layer pristine tri-layer actuator beam with the same
dimensions as described in Section 3.2.3.1 on actuation (L = 10 mm, W =2 mm, h, = 4.74 um,
and hg = 125 um). The tip of the force sensor was brought into contact with the tip of the actuator,
such that no force was applied. We applied a sinusoidal voltage with an amplitude of 1 V at /=
0.01 to 100 Hz sequentially and recorded the maximum force. We then compared these
experimental results to the modelled Fg — frequency response (Note: this experimental data was
collected by Dr. Saecedeh Ebrahimi Takalloo during her PhD).

Next, we predicted how treatment with polar solvents and polar solvents mixed with
EMITFSI impacted Fg frequency response of our CP tri-layer actuators. We applied the Actuatool
model based on our measured electro-chemo-mechanical parameters.
3.4.1.2 Results

Figure 3-7 shows the Fp frequency response determined experimentally and using the
Actuatool model. At f < f., the model accurately estimated the Fg generated by the tri-layer
actuators. As we predicted, the modelled results report slightly larger Fg at f > f.. These results
show that we can reliably use Equation (3-12) to estimate Fg. Measuring Fg experimentally
presents multiple challenges that makes obtaining accurate results difficult and time consuming.
Therefore, we chose not to continue with experimental analysis for treated samples, after showing
that our model reliably estimates blocking force, especially at low f.

We observed that the samples with the largest E, generate the largest Fy. Since Fg is
proportional to E,, according to Equation (3-12), we expected to see this trend. At low f, samples

treated with pure polar solvents exhibited the largest Fg values. MeOH+EMITSI and
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EG+EMITFSI treated samples generated approximately half the force of untreated samples, due
to reduced Ep values. However, these samples maintained maximum force output up to ~1 Hz,
which was the highest 1. of all the samples modelled. These results suggest that pure polar solvent
treated samples are better suited to relatively high force and low speed applications, whereas those

treated with a combination of polar solvent and IL may work for low force and higher speed

applications.
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Figure 3-7 a) Comparison of blocking force (Fs) measured experimentally and predicted by the Actuatool
model. b) Modelled Fs frequency response for PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators
pristine or following treatment with MeOH, MeOH+EMITFSI, EG, EG+EMITFSI, or DMSO.

These results support previous work that shows altering properties of the CP tri-layer
actuators to enhance performance in one parameter often comes at the cost of performance in
another aspect [38, 44]. Our DMSO treated samples exhibited a maximum Fg of 1.9 uN/V at low
frequency. Previous work by Temmer et al. designed PEDOT/PPy composite tri-layer actuators
that achieved a maximum Fp of ~3mN/V. They showed that adding a PPy layer to PEDOT-based
actuators increased the maximum strain and force but decreased the speed. Their pure PEDOT tri-
layer actuators exhibited a much lower Fg of ~ 0.45 mN at low f; however, they generated larger

forces and displacements than the composite tri-layers above ~1 Hz [38]. The trade-offs this

86



research showed between designing for high strain and force compared to speed by incorporating
PPy are similar to the trends we see between the pure polar solvent and polar solvent + IL
treatments we investigated in this work.
3.5 Comparison of Cut-off Frequencies

Table 3-7 summarizes all the f. values we have discussed so far in this thesis. We calculated
the electrical (f.), ionic — polymer (f:;») , and ionic separator (fic) values based on the time constant
Equations (1-1)-(1-3). These calculations show that impedance of ion diffusion through the
separator has the least impact on limiting actuation speed. The f.;, arising from ion diffusion
through the CP layers has the smallest value and appears to initially cause the drop in mechanical
performance at low f. Therefore, CP ionic resistance likely contributes most to the overall
impedance of the system. However, results for the MeOH+EMITFSI treated samples show an
exception to this general trend. In this case, fee < feipp, Which suggests that the rate of electrical
charging plays a larger role in impeding mechanical performance, due to the higher ionic

conductivity of these samples.

Table 3-7 Summary of all calculated, measured, and predicted cut-off frequencies
Cut-Off Frequency

. . Ccv Mechanical
Tonic - Tonic -

Treatment Electrical Rise Frequency EIS Actuatool
Polymer | Separator

Time Response
Pristine 0.13 0.02 11.19 0.55 0.10 0.05 0.05
MeOH 2.68 0.03 12.56 1.02 0.07 2.0 0.11
MeOH+EMITFSI 2.30 3.31 9.26 4.08 4.00 2.0 3.63
EG 1.30 0.06 5.51 0.80 0.40 6.3 0.21
EG+EMITFSI 2.28 0.91 8.76 1.53 2.00 1.6 2.00
DMSO 1.92 0.03 6.59 0.77 1.00 2.0 0.10

The f. values we measured based on the CV rise time and mechanical frequency response
appear to most closely align with f.;,. Our results suggest c. is not the main contributing factor to

the overall f., at least in the geometry and for the materials we used. Additionally, this further
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supports our observation that ionic resistance due to diffusion through the CP electrodes is the
largest contributor to overall f. and drop in mechanical performance. If the tri-layers were
significantly longer (about 2.5 times longer in the pristine case, and 7 times longer for the treated
material), or less conductive, we expect ce would dominate the frequency response.

Finally, we applied our definition of mechanical £ to our modelled Actuatool results. These
results mostly agree with the measured values, with the exception of the DMSO treated samples
that have a modelled f: value 10 times smaller than the corresponding measured value. Figure 3-8

illustrates the range of /. values calculated, measured, or modelled for each treatment.
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Figure 3-8 Comparison of calculated, measured, and modelled f: values.
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3.6 Conclusion

In this section we analyzed the mechanical performance of
PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators. We first described how polar solvent affect
Young’s Modulus. Next, we showed the actuation frequency response of samples treated with
MeOH, MeOH+EMITFSI, EG, EG+EMITFSI, or DMSO compared to untreated samples. We also
applied a transmission line model to predict force generation versus frequency of our samples. Our
results showed that despite improving the conductivity of PEDOT:PSS, we did not significantly
increase the cut-off frequency of the device. However, treated samples demonstrated larger strain
at frequencies > 1 Hz and higher displacement values at resonant frequency. Therefore, the
contribution of this work may be relevant for applications that require high frequencies, but not
necessarily large displacements. For example, tactile feedback interfaces that reproduce sensations
have applications in myoelectric prosthetics, robotic surgical tools, and braille cells for the visually
impaired. Vibrotactile haptic displays operate best at high frequencies between 100-300 Hz, but
only need small displacements < 100 nm to overcome threshold of human perception [126, 127].

In Chapter 4, we investigate the feasibility of these CP tri-layer actuators in vibrotactile displays.
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Chapter 4: Feasibility of Vibrotactile Feedback Displays

Tactile displays that create vibration are the most widespread and best understood form of
haptic feedback [127]. The basic mechanism for vibration feedback of surface haptic devices
involves a vibration wave propagating into a screen to reach the finger or hand. This approach is
sufficient for simple vibrotactile effects, such as alerting a user to incoming notifications [128].
More sophisticated actuators can also create a range of sensations that vary in amplitude,
frequency, and waveform. Important engineering considerations generally include size, shape,
cost, robustness, material properties, speed of response, input requirements, power consumption,
noise and heat generation, potential interference with other system components [127].

In this Chapter we provide a brief background on the physiology of touch in humans. We
also explore advantages and limitations of current and developing vibrotactile haptic technologies.
This background provides a framework for how we can design our conducting polymer tri-layer
actuators into viable tactors that advance this space. We developed initial conducting polymer
tactor prototypes and characterized their displacement and electrochemical impedance. In addition,
we modelled blocking force and used these values to predict the skin deflections our actuators
could generate. Based on these results, we discuss the efficacy of our actuators as vibrotactile
displays and the future work needed to design viable tactors that we can incorporate into

commercial haptic technologies.
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4.1 Background
4.1.1 Physiology of Perception

Human sense of touch is highly developed and essential for nearly all facets of daily life.
The somatosensory system allows users to experience and interpret tactile stimuli (mechanical,
thermal, electrical and chemical stimulation) — and kinaesthetic stimuli (physical force/torque,
body orientation, lib alignment, and joint position) in the physical world [129, 130]. In electronics
design, haptic feedback is the use of touch to communicate information to the device user. This
tactile sense enables humans to perceive object properties through skin contact. For example,
smartphones deliver short vibrations as notification alerts or to confirm a virtual key has been
pressed. More sophisticated tactile rendering can display natural, intuitive and rich information,
with relatively low complexity and cost [127].

Cutaneous sensory end organs, called mechanoreceptors, are responsible for detecting and
distinguishing mechanical stimuli, which allows us to sense pressure, texture, and vibration [131].
Mechanoreceptors reside in the dermis layer of the skin (typically 50-100 um beneath the surface)
and consist of one or more sensory cells, the corresponding afferent nerve fibers, and the
connection to the central nervous system (CNS) [126]. The typical thresholds for perception are
stimuli on the order of 10-100 mN and 10-100 um [130]. Perception of vibrotactile stimuli depends
on actuation frequency, amplitude, waveform, shape and material of the indenter, body site,

duration, contact area, gender, and age [128, 129].

91



4.1.1.1 The Four Channel Model

Glabrous skin (smooth hairless skin found on the hands and feet) contains four types of
mechanoreceptors, shown in Figure 4-1, which differ in adaptation (slow or fast) and size of the
receptive field (small/I or large/Il), to respond to different stimuli. Adaptation refers to the nature
of response to a stimulus. Slow adapting receptors respond to steady skin indentation with a
sustained afferent neuron discharge. Fast adapting receptors stop firing as soon as the indentation
is static [7]. The receptive field refers to the area on the skin on which an external mechanical
stimulus will evoke a nervous impulse on a single nerve fiber [7]. The size of the receptive field
depends on the number of sensory cells connected to this nerve fiber. Each afferent unit responds
to a mechanical stimulus, only if it is applied over a certain sized area of the skin. A smaller
receptive field results in higher spatial sensitivity [126]. Table 4-1 summarizes properties of the
four cutaneous mechanoreceptor types. These physiological characteristics of skin provide

important parameters for designing haptic technologies.

Merkel receptor

Light pressure
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Figure 4-1 Schematic of the four mechanoreceptors found in glabrous skin (Information obtained from
© 2013, Cengage Learning)
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Table 4-1 Summary of cutaneous mechanoreceptor systems. *SA channels tend to maintain their response
level for a sustained stimulus and are therefore responsible for spatial properties. "FA channels stop
responding shortly after the stimulus is applied [7, 127]).

Receptor Merkel Cell Meissner Ruffini Ending Pacinian
Corpuscle Corpuscle
Receptive Field Type I (small) Type II (large)
. slow adapting fast adapting slow adapting fast adapting
Adaptation a
P (SA) (RA)® (SA) (RA)
. tip of epidermal dermal papillac . dermis (deep
Location . (close dermis .
sweat ridges ) tissue)
to skin surface)
Axon diameter (um) 7-11 6-12 6-12 6-12
Best stimulus edge or point lateral motion skin stretch vibration
Frequency Range 0-100 1-300 - 5-1000
Ideal Frequency 5 50 - 200
Threshold for rapid 3 ) 40 001

indentation or vibration (um)

The two types of fast-adapting mechano-receptors that detect vibration are Pacinian
Corpuscles (PC) and Meissner Corpuscles (MC). These organs are designed to interpret
information about the dynamic qualities of mechanical stimuli, such as texture and vibration.
Pacinian corpuscles (FA-II)

PC receptors are large encapsulated endings located in the subcutaneous tissue. They
exhibit the largest receptive fields and sensitivity bandwidth. PC’s respond to mechanical stimuli
in a wide frequency range (10-1000 Hz) but are most responsive to stimulus between 150-300 Hz.
The spatial field of PC’s is relatively large, which results in low spatial acuity. These channels are
also capable of temporal and spatial summation. This means that a stimulus is perceived as stronger
over time or for larger contact area [128, 131, 132]. This spatial summation means that the size of
skin contact area is one of the most important variables we need to optimize to exceed perception

thresholds for frequencies around 200-Hz [133].
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Meissner Corpuscles (FA-1)

These mechanoreceptors are sensitive to stimuli acting tangential to the skin surface, which
makes them important for sensory control of grip and detection of slip. They are also relevant for
detecting vibrations. In contrast to PCs, MC’s are activated at relatively low frequencies (3-100
Hz). These receptors have smaller receptive fields than PC’s and better spatial resolution.
Detection thresholds are independent of vibration frequency and MC’s do not experience spatial
or temporal summation. These types of mechanoreceptors are most dense on the glabrous skin of
the fingertips, where touch is easier to localize [133, 134].
4.1.1.2 Kinaesthetic Receptors

Kinesthesia is the inherent sense of movement of a limb and plays a critical role in
coordinating dexterous upper limb (UL) motion. There are also two primary types of receptors for
kinaesthetic perception. Neuromuscular spindles consist of muscle fibers wound around nerve
fibers parallel to skeletal muscle to measure strain. These afferent sensory receptors are responsible
for detecting muscle stretch and providing proprioception. Golgi tendon organs are embedded in
tendons and are mechanically in series to skeletal muscle; they are used to control the force muscles
exert, detect maximum muscle tension, and provide feedback on joint angles [133].

Schofield, ef al. demonstrated that when vibrations at frequencies between 70-110 Hz and
amplitudes between 0.1-0.5 mm are applied over musculotendinous regions of a limb, it induces a
kinesthetic illusion [135]. These vibrations activate muscle spindles, which gives subjects the
illusion that their limb is moving in space, even though it physically remains stationary.
Vibrotactile displays that stimulate the kinesthetic illusion have shown promise in applications
such as providing a proprioceptive sensory feedback loop in myoelectric prosthetic limbs [136,

137].
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4.1.1.3  Absolute Threshold
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Figure 4-2 a) Psychophysical thresholds for detection of vibration as a function of stimulation frequency.
Humans can detect vibrations as small as 10 nm at ~200 Hz (Information obtained from, © 1999, The
American Physiological Society [1]). b) The neural threshold for detection of vibration is defined as the lowest
stimulus intensity that evokes a single action potential per cycle of sinusoidal stimulus. Each mechanoreceptor
is most sensitive within a specific range of frequencies. Human thresholds for vibration align with the most
sensitive receptor at each frequency range (Information obtained from, © 2021 McGraw Hill [2, 7]).

Psychophysics researchers most commonly represent sensitivity to physical stimuli by the
parameter ‘absolute (detection) threshold’. This metric describes the minimum stimulus intensity
required for a person to feel [2]. For vibrotactile feedback, the frequency of vibration largely
determines the absolute thresholds for a specific force and displacement. This is due to the
frequency-dependent nature of the fast acting mechanoreceptor channels. The channel with the
lowest threshold at a given frequency determines the absolute threshold, as shown in Figure 4-2b.
However, strong enough stimuli excite multiple mechanoreceptor types and, in this case, all
activated channels contribute to perception [127, 133]. For example, MC channels typically
dominate at frequencies from 1 Hz to 100 Hz. Their detection threshold decreases from
approximately 30 pum to 1 um in this range. As frequency increased above 100 Hz, PC channels

dominate, according to the U-shaped threshold curve of skin displacement amplitude versus
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frequency, shown in Figure 4-2a [1]. From this graph, the minimum absolute displacement
threshold is between 150 to 300 Hz and as small as 0.1 um. Figure 4-2b illustrates how human
perception thresholds to vibration correspond to the most sensitive mechanoreceptor at a given

frequency [7, 138].
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Figure 4-3 a) comparison of frequency dependent displacement thresholds reported by Brisben et al.
and Israr et al. (Adapted from [1, 2]). b) Measured force detection threshold (Adapted from [2]).

Israr et al. reported displacement and force detection thresholds for sinusoidal waveforms
with frequencies between 10-500 Hz on the fingertip [2]. To our knowledge, this was the first
study that measured the perception threshold of applied force. Figure 4-3a compares the
displacement threshold results reported by Israr et al. to those reported by Brisben et al. seven
years earlier. The shapes of these threshold curves follow a similar U-shaped trend, with minimum
detection thresholds occurring between 150 Hz and 300 Hz. Brisben ef al. found slightly lower
detection thresholds for vibrations transmitted through a hand-held tool. These discrepancies
suggest that confounding variables in the experimental set-up, such as contact area, contact force,
rigidity of surroundings, skin temperature and water content, affect detection threshold levels.

The shape of the force detection threshold, shown in Figure 4-3b, also follows a U-shaped

curve, with a minimum occurring at approximately 160Hz and 70 uN. The force curve exhibits a
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lower slope at low frequencies and higher slope at high frequencies, compared to the position
threshold curves. This relationship likely results from the mechanical impedance of the skin. This
study shows that skin exhibits mass, damper, and spring components [2]. The low slope at
frequencies < 40 Hz indicates a dominant viscous element. As the slope increases from 40 to 80
Hz, the stiffness component plays a larger role in the mechanical behavior. The inertial component
dominates at frequencies > 320 Hz, as shown by the rising slope of the curve. These trends are
characteristic of a viscoelastic material, which suggests that skin experiences frequency dependent
stiffness [139]. In Section 4.3.4, we use a viscoelastic model to predict the extent of skin
displacement our actuators achieve, based on the frequency dependent blocking force.

Absolute threshold gives margins for sensor and actuator noise and defines the lower limit
for communication applications. The subjective perception of vibrotactile stimulation results from
a combination of the sum of all tactile and kinaesthetic mechanoreceptors, which has an important
role in haptics design. More specifically, 3 Hz is perceived as slow kinesthetic motion, 10-70 Hz
feels like rough motion or fluttering, and 100-300 Hz feels like smooth vibration [127]. The
subjective quality of vibration can be further modulated by stimulus amplitude and spatial
configuration. For example, the fingertip has a spatial resolution between 1-2 mm?; however, due
to size limitations of existing commercially available technologies, current haptic designs do not
take advantage of this fine human perception [128]. Artificial muscle technologies in development

have the potential to overcome these challenges.
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4.1.2 Existing Vibrotactile Actuator Analysis

In this section we outline existing high-speed vibrotactile actuators and describe the advantages
and disadvantages of these technologies.

4.1.2.1 Linear Electromagnetic Actuators

Electromagnetism is the physical phenomenon most commonly used to create vibrotactile
stimuli. There are a number of motor configurations. In these, an electrically conductive wire (i.e.
copper) is covered with an electrically insulating material and wrapped into a continuous coil.
When an electrical current is passed through the wire, it generates a steady magnetic field that is
strongest inside the wire. A force is generated between the wires in the coil and permanent
magnets, other wires that carry currents, or soft magnetic materials. By alternating the applied
currents, a vibration is generated. The main challenge with electromagnetic devices is that
achieving sufficient forces and displacements typically demands complex designs, bulky rigid
components, and poor power efficiencies [126].

Solenoid motor:

A solenoid motor consists of a movable ferromagnetic material (i.e. steel) attached to a
spring and enclosed inside a conductive coil. These types of linear motors come in a wide range
of sizes and are commonly used in industry applications. The smallest commercial versions have
dimensions on the order of 10-mm. The electromagnetic force that actuates a solenoid is strongly
dependent on the position the movable element within the magnetic field. Therefore, altering
device orientation or mechanical properties of the surface the tactor is contacting often leads to
inconsistent vibrotactile sensations. Solenoids also generate heat, which makes them hazardous to

use in contact with skin for long periods of time [127].
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Voice coil:

A coil that encloses a movable permanent magnet is typically referred to as a voice coil.
These devices are similar to speakers used in audio systems, which create broad-frequency air
pressure variations that we perceive as sound [128]. When the coil is energized, it attracts or repels
the magnet, depending on the physical orientation and direction of current. Applying an alternating
current to the coil creates a magnetic field that similarly varies over time, which produces tactile
vibrations. These devices are typically sized on the order of tens of millimeters, are usually suitable
for low-to-mid range actuation frequencies with respect to human tactile perception, have
relatively low voltage requirements (~5 V), and produce a wide range of waveforms with fast
response times (1-3000 Hz) [127, 140]. To ensure purely linear actuation, many devices have built
in bushing. However, this generates static friction, which can make small vibrations difficult to
feel and somewhat distort larger vibrations. Linear ball bearings tend to have lower static friction
but generate parasitic lateral vibrations that are perceptible by the user. Vibrotactile sensations
generated by voice coils are generally more consistent than those produced by solenoid motors.
Linear resonant actuator (LRA):

A linear resonant actuator is a special type of very small voice coil. These devices are
commercially available in thicknesses between 1-3 mm and come in a wide range of geometries.
Rather than directly transferring the force produced by the voice coil to the skin, the device
optimizes power consumption by pushing against a spring at the spring’s resonant frequency. This
enables the device to generate higher displacements and forces more efficiently. However,
operating LRA’s outside of resonant frequencies (typically £2-Hz) generally does not generate

forces perceptible by human skin. This category of vibrotactile actuator is found commercially in
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very small mobile devices. Video game controllers also make use of LRAs to provide trackpads
with haptic feedback [127, 128].

4.1.2.2 Rotary Electromagnetic Actuators

Eccentric rotating mass (ERM) motors:

Rotary electromagnetic actuators are the most common mode of vibration for haptic
surface technologies and are ubiquitous in older mobile electronic devices and gaming controllers
[126, 128]. These direct current (DC) motors are designed to rotate continuously when a constant
current is applied. An off-centre mass is fixed to the output shaft so that its rotation exerts large
uneven centripetal forces on the body of the motor. This eccentric rotating mass (ERM) produces
side-to-side osculation of entire device, similar to how spinning clothes in a laundry machine
produce vibrations. This is the reason why older mobile phone models tend to spin on a hard
surface as they vibrate. ERM actuators can generate relatively large vibrations and be made in a
diverse range of sizes and shapes (order of 10 mm). However, this design inherently couples
frequency and amplitude of the resulting vibrations to the motor’s rotational speed. This restricts
the diversity of possible vibration waveforms. Additionally, internal static friction prevents such
motors from rotating under very small applied voltages, and they have a time delay for spin up
[127, 128, 141].

Piezoelectric actuator:

Piezoelectric actuators are devices, typically fabricated from ceramics, that produce a small
displacement with high force capabilities, in response to a high voltage. As shown in Figure 4-4,
the dipoles of the piezoelectric material align under the influence of an electric field, which causes
the structure to expand. This technology offers an attractive alternative to electromagnetic

actuators in haptic interfaces because it is compact, has a high force-to-volume ratio, and can
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operate without gears. Additionally, the ability to build ceramic medical devices with non-
magnetic motors allows for compatibility with magnetic resonance imaging (MRI) environments.
However, piezoelectric actuators typically require high input voltages (50-200 V) and are brittle

and weak to external shock [128, 142].

a) b) 1 dipole
Piezo Displacement ——  Electric
Material Field

Figure 4-4 Piezoelectric material a) at rest b) under an applied electric field.

4.1.2.3 Other Emerging Vibrotactile Technology

Emerging vibrotactile technologies seek to transform electrical energy directly into
mechanical vibrations without additional moving parts, to avoid the bulk and complexities of
electromagnetic actuators. Electroactive polymers (EAPs) are materials that undergo dimensional
changes in response to an applied electric field. “Artificial Muscle” fabricated from EAPs has the
ability to mimic the behavior of mammalian muscles.
Pneumatic Actuators

Soft pneumatic actuators operate by transferring air from a source to a deformable bladder.
A thin elastomer membrane encloses circular reservoir that inflates/deflates in response to pressure
changes, like a balloon. Figure 4-5 shows an example of a pneumonic vibrotacile actuator
developed by Huraoto et al. [5]. The active area of the tactor is ~1.5 cm in diameter and inflates
to a thickness of ~2 mm under 50 kPa. Pneumatic actuation is appropriate for applications where

there are geometric restrictions or for sensitive regions of the body where rigid bulky components
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cause irritation and discomfort. The need for a high-pressure air source and regulatory system

limits the vibratory action at high frequencies and portability of this technology [5].

Figure 4-5 a) dimensions of a soft pneumonic actuator. b) the soft pneumonic actuator deflated. c) the soft
pneumonic actuator inflated to 50 kPa (Information obtained from © 2019 IEEE [5]).

Dielectric Elastomers

These devices are fundamentally a parallel plate capacitor, where the dielectric is made of
a low modulus polymer and the electrodes are typically deformable/stretchable conductors. A
potential difference across the electrodes leads to electrostatic forces that compresses the polymer,
which reduces the overall thickness of the structure and increases the lateral dimensions due to the
Poisson effect. Figure 3-6a schematically depicts this actuation mechanism of a dielectric
elastomer under the influence of a potential difference. The polymer materials are elastomers, such
as silicones and polyurethanes. The relatively low dielectric constants of these materials lead to
high driving voltages (>1-kV) and corresponding electric fields (>100-MV/m), with operating
limits set by electrical breakdown. Single film dielectric elastomer actuators (DEAs) are typically
10-200 pm in thickness and have maximum out of plane strains between 25-35%, which
corresponds to vertical a displacement of 3.5-70 um and lateral displacement of 10-20 mm,
depending on device dimensions. Multiple layers of thin DEA’s are stacked on top of each other

to sufficiently increase strain and blocking force. These actuators operate stably in air, are
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fabricated from simple low-cost materials, experience relatively fast actuation, and exhibit high

strain [6, 128].

Stretchable electrode

Elastomer

(a) Deactivated (b) Activated

Figure 4-6 Structure and actuation of a dielectric elastomer actuator (Information obtained from © 2019
Itsuro Kajiwara, Shigeki Kitabatake, Naoki Hosoya, and Shingo Maeda. Published by Elsevier Ltd. [6]).

Plasticized PVC gels

PVC gels were first discovered to have electroactive properties by T. Hirai in 1999 (after
previously being deemed electrically inactive), by adding a plasticizer to weaken the interchain
dipole interactions. The mechanical properties of the gel are highly dependent on the amount of
plasticizer used. Plasticized PVC gels differ from the Maxwell type deformations seen in dielectric
elastomers because PVC gels experience an asymmetric deformation at the anode and cathode and
a slight deformation in the direction of the electric field. The proposed mechanism of actuation is
that charges injected from the cathode migrate toward and accumulate at the anode; this
accumulation of charge promotes electrostatic forces between the gel and the anode, which results
in deformation. Boundary conditions established by the electrodes determine the nature of this
deformation. Figure 4-7 shows various types of actuation dynamics these devices can experience.
Plasticized PVC gel actuators exhibit relatively fast actuation and achieve high maximum strain
(~76%). However, they operate under high voltages (50-3500 V), experience hysteresis, and are

often designed with rigid electrodes [4].
103



Anode Cathode PVC gel
PVC polymer . . g
L) Physical cross-linking points

[P S 1
L@/ ©; s Plasticizer molsculesz,

(b) (d)

Figure 4-7 Different modes of actuation based on electrode arrangement. a) creep deformation. b)
bending deformation. c) crawling deformation. d) contraction deformation (Information obtained
from © 2019 The Royal Society of Chemistry [4]).

4.1.2.4 Summary

Vibrotactile displays must exceed the minimum frequency dependent force and
displacement thresholds of human skin. Commercially available haptic technologies, such as
electromagnetic motors and piezoelectric actuators are all rigid structures that easily generate high
enough forces to deform skin. However, as we discussed in this analysis, each technology comes
with limitations. Rigid structures are suitable for rigid surface haptic applications, such as in smart
phones and gaming controllers. However, these devices are bulky and uncomfortable for
applications that directly interact with the body, such as in wearable electronics, textiles, and
biomedical devices. Emerging soft actuator technologies are more compact and able to contour to
the body, making them more comfortable to wear for long periods of time. However, devices that
have demonstrated that they can exceed to thresholds for human perception, such as EAPs and
pneumonic actuators, experience limitations. EAPs require high voltages, which presents safety
issues in wearable and biomedical devices. Pneumonic actuators require compressed air; therefore,

while the tactor itself has a low profile, the technology in its entirety is bulky in impractical. Table

104



4-2 compares the different metrics for the various vibrotactile technologies in this space. and Table
4-3 summarizes the advantages and disadvantages of these devices.

Conducting polymer tri-layer actuators show promise in soft vibrotactile actuator
applications. These devices are approximately 100 to 150 um thick, operate under low voltages
(<1 V), and can be fabricated from biocompatible materials. In addition, we are able modulate the
frequency, wave form (i.e. square wave or sinusoidal), and amplitude (amplitude is proportional
to voltage); this allows for more complex haptic communication beyond simple alert notifications.
As we described in this section, most existing vibrotactile devices only oscillate within a narrow
frequency range (i.e. LRA’s) or are designed such that frequency and amplitude are coupled (i.e.
ERM motors).

However, we still face the fundamental challenge with CP tri-layer actuators that they
struggle to exceed the minimum force and displacement thresholds at frequencies needed for viable
haptic technologies. Due to the low Young’s modulus of these polymer structures, they generate
blocking forces too small to deform skin. Therefore, the property that makes them adventurous as
anew soft haptic technology, also creates a serious limitation. Additionally, these actuators operate
at relatively low frequencies compared to the most sensitive frequency range of human skin (150-
300 Hz). In Chapters 2 and 3, we discussed chemical treatments to increase the conductivity of the
CP material and increase actuation speed. In this chapter, we developed a soft vibrotactile display
from PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators driven by EMITFSI ions. We treated the
devices with MeOH+EMITFSI — the treatment that showed the greatest improvement to speed —
and then characterized them. These preliminary results will help guide future development for

viable tactor designs.
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Table 4-2 Summary of quantitative comparison between commercially available vibrotactile actuators and emerging technologies.

Actuator Solenoid |Voice Coill LRA ERM Piezoelectric C;z?;:;g:g DEA PVC Gel Pneumatic
mecham?m of linear linear linear rotary linear bending/linear linear Linear/bending linear
actuation
. order of 10- | order of | order of order of 10-mm H:10-700 order of 10-
size order of 10-mm . order of 100-um pm H: 0.2-2 mm
mm 10-mm 10-mm (can be thin) mm
D: 2-16 mm
waveform DC AC AC DC AC AC DC DC n/a
1-160 Hz
175-235 H7 (frequency and up to 300 Hz
frequency 20-500 Hz | 1-300 Hz | (fixed for amplitude <200 kHz <100-Hz <3 kHz (~5 Hz most < 100-Hz
device) coupled to common)
voltage)
blocking force
Lo <140N | 2-150N [ 0.7-1.9G | 0253.0G ~20N <10pN [ 14-205mN |  not reported 19N
vibrational
acceleration
Strain or feelable | feelable | feelable feelable 0.10% typically <2% | <120% <76% 2-mm
displacement
voltage 1.5-33V ~5-V 1.2-20V 1.5-12V 50-200 V <2-V 1-3.5kV 50-3500 V -2V
flexible (10-480 kPa
. flexible ->Y variable .
tiff rigid rigid rigid rigid rigid Penibl (0.1-1.0 depending on porble
stiiiness & & & & & (~ 80 MPa) PN cpending o (~3.5 MPa)
MPa) amount of
plasticizer)
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Actuator

Advantages

Disadvantages

Table 4-3 Advantages and disadvantages of existing and emerging vibrotactile actuators.

Electromagnetic

most common form of
vibrotactile actuator
(mature technology)
relatively inexpensive
come in a wide range of
sizes and shapes

Work well for simple
vibrations in rigid
handheld devices

Rigid and bulky

Poor power efficiency
Heat and noise generation
Often requires complex
design to achieve
consistent vibrations
LRA motors can only be
operated within £2-Hz of
spring resonant frequency
ERM motors couple
frequency and amplitude
with rotational speed.
ERM has slow start-up
times

Piezoelectric

High force-to-
volume ratio
operate
without gears
Can be made
compact
non-magnetic
components
Tunable by
layer stacking
Short start-up
time

Can create
complex
haptic effects

Rigid and
brittle to
external shock
High driving
voltage

High cost
Heat
generation

Electric EAPs

Flexible
High strain
Thin

Force tunable
through layer
stacking
Low-cost
materials

Relatively fast

actuation

High voltage
requirements
PVC gels
experience
hysteresis

Ionic EAPs

Thin planar
profile
Flexible

Low actuation
voltage

Relatively low
speeds

Low force
generation
High power
requirements
Encapsulation
needed

Pneumatic

Not electrically
driven

Applicable where
there are geometric
restrictions for
sensitive regions of
body

Require high
pressure air source
(bulky)

Relatively slow
speed.
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4.2 Vibrotactile Design
We designed vibrotactile displays using our PEDOT:PSS/PVDF/PEDOT:PSS tri-layer
actuators with various geometries. We specifically designed these displays to interact with the
finger-tip due to the high concentration of mechanoreceptors and sensitivity of this region. Our
goal was to prototype a preliminary device that could exceed the force and displacement thresholds
for human perception. The following section summarizes the fabrication steps for designing these
CP vibrotactile displays. These fabrication steps include the following:
1. Spray coating using a positive mask with the dimensions of the tactor.
2. Laser cutting to pattern the tri-layer films with cantilever beam arrays of varying lengths
and widths.
3. Chemical post-treatment with MeOH+EMITFSI to improve the conductivity of
PEDOT:PSS.
4. 3D printing of a holder to achieve tight electrical connection between the PEDOT:PSS and

gold electrodes and secure to the perimeter of the device such that only the patterned area
actuates.

4.2.1 Spray Coating Mask Design

We machined a new aluminum 9.1cm X 9.1 cm spray coating mask for fabricating tactile
displays with dimensions that accommodated a fingertip. Figure 4-8 shows this mask design,
which consists of four 1.5cm X 1.5 cm squares where PEDOT:PSS deposits on the PVDF
membrane. The 1 mm diameter circles in the corners of each square facilitate an easier and more
accurate machining process with a circular drill. Post-fabrication, these circular corners increase
the contact area between the PEDOT:PSS and gold electrodes, which allows for a better electrical

connection.
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Figure 4-8 spray coating mask for vibrotactile displays.

We deposited 20 layers of PEDOT:PSS on PVDF using the methods described in Section
2.1.2.1 on spray coating. The conical spray pattern of the nozzle results in lower film thickness at
the edges of the set patterning area. Therefore, we spaced each tactor square 2.5 cm from the edge
of the mask to ensure the deposited PEDOT:PSS films had a uniform thickness. In previously
described designs of our CP tri-layer actuators, we used a sharp razor blade to cut the
PEDOT:PSS/PVDF/PEDOT:PSS samples post-deposition. However, we suspected that this
damaged the edges of the PEDOT:PSS films and created an electrically conductive bridge across
the PVDF membrane. To avoid this problem, we spaced each tactor square 1.1 cm apart to allow
for a 0.55 cm PVDF border around each PEDOT:PSS electrode.

4.2.2 Laser Cutting

We used a laser cutter (Oxford Lasers) to pattern each tactor. This technique involves a
non-contact process that thermally removes material. The removed thickness is proportional to the
power, number of passes, and reciprocal of velocity. We first calibrated a recipe that removed the
full thickness of material, without burning the edges of the sample, by etching small holes in spare

material. Thibault et al. previously described the relationship between removed material,

109



thickness, and the three mentioned experimental parameters, which we used to guide the design of
our protocol [143]. We set the relative laser intensity to 50% output. The laser passed over our
samples 5 times at a dot moving speed of 1 mm/s. Figure 4-9 shows the four patterns we fabricated,
which we referred to as the following:

1. Long/wide (6 beams: L =0.5 cm & W =0.25 cm)

2. Long/narrow (12 beams: L = 0.5 cm & W =0.10 cm)

3. Short/wide (12 beams: L =0.2 cm & W =0.25 cm)

4. Short/narrow (24 beams: L =0.2 cm & W =0.0.10 cm)
Here, ‘long’ and ‘short’ refer to beam lengths of ~0.5 cm and ~0.2 cm, respectively. The ‘wide’
and ‘narrow’ labels refer to beam widths of 0.25 cm and 0.10 cm, respectively. Each pattern had

outer dimensions of 1cm x Iecm. The 0.25 cm border provided an area for electrical contact between

the PEDOT:PSS and gold electrodes.

Long/Wide Long/Narrow a=0.25cm
b=0.10cm
c=0.15cm
d=0.25cm
e= 0.05cm
f=0.425cm

Short/Narrow Short/Wide

Figure 4-9 Laser cutter designs patterned into PEDOT:PSS/PVDF/PEDOT:PSS tactors.

4.2.3 Chemical Post-Treatment

Based on our analysis in Chapters 2 and 3, we concluded that MeOH+EMITFSI treatment
most successfully improved actuation speed. Therefore, we applied this treatment to the tactors
shown in Figure 4-10. We used the methods described in Section 2.1.2.2 on MeOH+EMITFSI

solvent treatment.
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a) Long/Wide b) Long/Narrow

c) Short/Narrow d) Short/Wide

Figure 4-10 Patterned PEDOT:PSS/PVDF/PEDOT:PSS tr-layer actuator tactors.

4.2.4 Tactor Holder and Electrical Connection

We designed a holder for the tactor in Solidworks (3DS 2020) to allow for tight electrical
connection between the PEDOT:PSS and gold electrodes. The holders were 3D printed using a
Flashforge Dreamer 3D Printer. This design secured the 0.25 cm border of the tactors while
allowing an open square space for the cantilever beam arrays to freely actuate. We used nylon
flathead screws and washers to clamp the two sides of the holder together. We cut gold foil,
described in Section 2.1.1.4 ( on contact electrodes), into 0.30 cm wide strips and attached them

to the holder such that they continuously bordered the actuators.

Figure 4-11 Vibrotactile display (Long/Wide) clamped in 3D printed holder with gold foil contact electrodes.
Silver dots are applied to enable measurement of displacement.
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4.3 Characterization

We performed actuation frequency response measurements, EIS, and force modelling on each of
the actuators, based on the methods described in Sections 3.2.1, 3.3.1, and 3.4.1.1, respectively.
We used these measurements to characterize the feasibility of our devices as vibrotactile displays.

4.3.1 Tactor Actuation Frequency Response
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Figure 4-12 a) strain vs. frequency response for MeOH+EMITFSI treated tactors (Long/Narrow and
Long/Wide) at + 0.5V. b) Displacement vs. frequency response of MeOH+EMITFSI treated tactors
(Long/Narrow and Long/Wide) compared to the frequency dependent minimum perception threshold
of human glabrous skin on the finger (Adapted from © 1999 The American Physiological Society [1]).

We measured the displacement of a single beam on each tactor using a laser displacement
sensor (Keyence LK-G32). We applied a sine wave voltage with an amplitude of 500 mV from
0.01 Hz to 220 Hz. Figure 4-12a shows the full actuation frequency response of the Long/Narrow
and Long/Wide tactor. The long/narrow tactor achieved the highest displacement of 744.2 um at
0.01 Hz, which corresponded to a free strain of 0.60%/V, based on Equation (3-5). The long/wide
beam displaced 667.5 um at 0.01 Hz and experienced free strain of 0.54 %/V. These displacements
were over 2x larger than the maximum deflection of the 5 mm long MeOH+EMITFSI treated beam
we described in Section 3.2.3.4. However, the tactors had a lower /. of 1 Hz, compared to 4 Hz for
MeOH+EMITEFSI treated samples described in Section 3.2.3.3. Table 4-4 summarizes these

results.
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Table 4-4 Summary of measured parameters for MeOH+EMITFSI treated PEDOT:PSS/PVDF/PEDOT:PSS
tri-layer tactors (Long/Narrow and Long/Wide). Free strain/voltage (¢/V) and strain-to-charge ratios (a) are
also tabulated.

D (um) - measured at

3 [ 3

Tactor 500mV & £=0.01 Hz Mechanical f. (Hz) €/V (%/V) o (mm°/C)
Long/Narrow 744.2 1 0.60 0.2
Long/Wide 667.5 1 0.54 0.2

Multiple factors likely contributed to this reduction in speed. Leakage between the two CP
electrodes may have resulted from the laser cutting process, which thermally removed material
and potentially carbonized the edges of the tactor pattern. However, as the Bode phase plot shows
in Figure 4-13b, phase angle for both tactors reached nearly -90° and plateaued, which suggests
leakage is not the main problem. Higher contact resistance, due to the experimental setup, is likely
a large contributing factor to the higher resistance and lower cut-off frequency of the tactor system.

Both short samples exhibited highly resistive behavior and did not generate any measurable
displacement. Therefore, we could not record their mechanical frequency response. We suspect
the PEDOT:PSS electrodes were damaged during laser cutting. We observed the edges were
discolored as a result of the thermal process burning the material. This resulted in a short between
the CP electrodes. The proportion of undamaged active material remaining was too small to
facilitate high enough charge transfer to generate actuation, due to the small dimensions of the
short beams.

Figure 4-12b shows the free displacement of our long tactors compared to the threshold of
human perception described by Brisben et al. and Israr et al. [1, 2]. At the most sensitive frequency
range of skin, between 150 and 160 Hz, free beam deflection of the actuators was approximately
two orders of magnitude above the minimum perceptible skin deflection threshold. However, beam
deflection rapidly decreased and intercepted with the threshold plots around 200 Hz. At 10 Hz,

skin exhibited lower sensitivity; however, our actuators’ free deflection still exceeded the
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perception threshold by about 4 times. However, despite the free displacement easily exceeding
the minimum required to activate skin mechanoreceptors, the flexibility of the CP tri-layer
actuators means that the skin impedes the devices from achieving maximum deflection when
pushing against the fingertip. In Section 4.3.4 we use a viscoelastic model of skin to predict the
extent of skin deformation our actuators achieve. First, though, we look at the impedances of the
long tri-layers and compute the anticipated blocking forces.

4.3.2 Electrochemical Impedance Spectroscopy
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Figure 4-13 Bode a) magnitude and b) phase plots of the impedance for Long/Narrow and Long/Wide
PEDOT:PSS/PVDF/PEDOT:PSS tri-layer tactors under an applied sinusoidal voltage with an
amplitude of 10mV.

We performed EIS measurements by applying a sinusoidal voltage with an amplitude of
10 mV and frequency sweep from 10° Hz to 103 Hz, using a Solartron 1287A
Potentiostat/Galvanostat (Hampshire, UK) with a Solartron 1260A Frequency Response Analyzer.
For both tactors, impedance phase was close to zero at high frequencies, which indicated nearly
pure resistive behavior. Figure 4-13b shows that impedance phase decreases as frequency of the
applied voltage decreases, which indicates charging/discharging as the device becomes more

capacitive.
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At low frequencies the long/narrow and long/wide tactors reach phase angles of -88.8° and
-88.9°, respectively. This near -90° phase shift indicated that the tactors behaved as almost ideal
capacitors. The |Z| Bode plots in Figure 4-13a show that the slopes of the long/narrow and
long/wide samples are -0.98 and -0.99, respectively. These results further demonstrated the near
ideal capacitive nature of the tactors. The MeOH+EMITFSI treated tactors replicated the
measurements for MeOH+EMTIFSI treated samples described in Section 3.3. This suggests that
the fabrication technique we used to design the tactors did not damage them and cause leakage or
a short circuit. Conversely, the short/narrow and short/wide samples exhibited purely resistive
behavior, even at low frequencies.

We measured this f. for the long/narrow and long/wide samples to equal 1.3 Hz and 1.6
Hz, respectively. These f. values agree with the f. values we measured from the actuation-

frequency response. Table 4-5 summarizes these results.

Table 4-5 Summary of cut-off frequencies (at phase = -45°) and slope of Bode magnitude plot for pristine and
treated PEDOT:PSS/PVDF/PEDOT:PSS tactors.

Long/Narrow Long/Wide
f- (Hz) 1.3 1.6
Bode Slope -0.98 -0.99

We applied the same equivalent circuit model consisting of a resistor in series with a
Warburg open element, described in Section 3.3.2, to the Bode plots generate for the
MeOH+EMITFSI treated long/narrow and long/wide samples. Table 4-6 summarizes these results.
In both models, <~ 0.5. This showed that the systems exhibited nearly ideal Warburg
characteristics and were diffusion controlled. The t values for long/narrow and long/wide tactors
were 0.062s and 0.057s, respectively. These values corresponded to f. values of 2.6 Hz and 2.8
Hz, which fall within the range of /. values we previously calculated from the actuation-frequency

response data for MeOH+EMITFSI treated samples.
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We used this model to calculated capacitance (C) from the Warburg RC time constant (t)

and resistance (Zo). These values were 11.7 mF and 12.4 mF for long/narrow and long/wide tactors,

respectively. We also compared the Rs and Z values obtained in this model to the R; values we

measured in Section 2.6.2 (Ionic Conductivity). R; for these MeOH+EMITFSI treated samples was

2.8 Q, which was lower than the modelled Rs and Zy values, for both tactors. We suspect contact

resistance contributed significantly to the overall impedance of the system, which helps explain

why we observed a decrease in f. compared to previously described MeOH+EMITSI treated

samples in Chapter 3. These values suggested that contact resistance, in addition to ionic resistance

through the conducting polymer layers, dominated the RC time constant in these samples.

Table 4-6 Summary of EIS equivalent circuit modelling results of long/narrow and long/wide tactors for the
following elements: solution resistance (Rs), Warburg open impedance (Zo), Warburg open time constant (t)
and Warburg open phase (o). From these results, capacitance (C) and volumetric capacitance (Cv) were
calculated based on the specific tactor geometry. Ionic resistance (R;), based on the measured ionic

conductivity and specific tactor geometry is also presented here.

Long/Narrow Long/Wide
Element Value error Element Value error
Rs (Q) 9.1 0.03 Rs (Q) 7.1 0.02
Zo (Q) 53 0.2 Zo (Q) 4.6 0.1
T(S) 0.062 0.002 T(8) 0.057 0.002
o 0.49 0.0004 a 0.49 0.0004
C (mF) 11.7 0.05 C (mF) 12.4 0.05
Cy (F/cm?) 10.9 - Cy (F/em?) 11.5 -
R; 2.8 - Ri 2.8 -
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4.3.3 Blocking Force Modelling

a i b) —~ '

) e Long /Narrow ) Z,—< e Long /Narrow
— mmm Long /Wide G mmm ong /Wide
Zj_ s Short /Narrow © s Short /Narrow
\q—; 1000 Short/Wide o Short/Wide

Q
: 2 ol
= 2
60 i
2 500 g
% - 5t
3 -
:
0 = o '
10° 10 10° 10
Frequency (Hz) Frequency (Hz)

Figure 4-14 a) Modelled blocking force of an individual beam for each tactor design. b) total blocking
force generated by each tactor based on the number of beams in the design.

We applied the Actuatool model described in Section 3.4.1 to predict F3 for each tactor
design. We modelled beams with the dimensions described for long/narrow, long/wide,

short/narrow, and short/wide tactors. Figure 4-14a illustrates these results. Based Equation (4-1),

Fp(f) 3w 4-1)
‘f(f) ~ €(f) [ZL Ephp(hp + hg)]’

we know that width (W) is proportional, and length (L) is inversely proportional to Fz. We
previously described this equation in Section 3.4.1. The modelled results reflected these trends;
the short/wide sample generated the highest Fg across the entire frequency sweep, with a maximum
value of 1.4 mN. Conversely, the long/narrow generated the lowest frequency dependent F'z, with
a maximum value of 221 um. The long/wide and short/narrow tactors exhibited approximately
equal Fp versus frequency curves. The geometry of the beams did not appear to affect the speed of
the devices. As we discussed in Section 3.5 on comparing cut-off frequencies, this is likely because

the speed of the CP actuators is dominated by diffusion of ions through the thickness of the
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PEDOT:PSS electrodes, rather than electrical charging along the length of the beam. Therefore,
the main effect of electronic conductivity is only seen at /> f..

We then multiplied the Fg calculated by a single beam by the number of beams in each
tactor design (Niong/marrow = 12, Niong/wide = O, Nshort/marrow = 24, Nshorvwide = 12). Figure 4-14b shows
that the short/wide and short/narrow tactors generated the highest Fg values across the frequency
range, with maximum values of 16.6 mN and 13.2 mN, respectively. Despite these promising high
theoretical F values calculated for short tactors, the reality of these designs is limited by the
fabrication process. We need to develop a method of non-destructively patterning the tactors.
4.3.4 Viscoelastic Model for Skin Displacement

The softness and compliance of the skin plays a major role in the sense of touch. When skin
contacts an object, it conforms and contours around the surface. This resultant skin deformation
stimulates mechanoreceptors. Wiertlewski et al. applied a Kelvin-Voigt model to describe the
frequency-dependent viscoelastic response of skin on the tip of the index finger [139]. This model
represented the material as a purely viscous damper and purely elastic spring connected in parallel.
Mechanical impedance (Z) is a measure of the resistance in a mechanical structure against an
applied vibration [2]. Equation (4-2) represents the impedance of the system with the inertial

effects also included in parallel:

Z(jw) = b +j(mw - =), (4-2)
where m is the moving mass, b is the viscosity, & is the stiffness, and j is the imaginary component.
Wiertlewski et al. found that skin predominantly behaved elastically up to about 100 Hz and was
then damping dominated above this frequency; They neglected inertial contributions at frequencies
below 500 Hz [139].
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To capture the dynamic behavior in such a Kelvin-Voigt model (parallel spring and

dashpot), we assumed that stress (o) was a function of deformation described by Equation (4-3):

o =FEe+ne, (4-3)

where 1) is viscosity. We estimated the complex dynamic modulus from the effective stiffness (K)

of the material, which is made up of real and imaginary parts according to Equation (4-4):

K*=bjw+k, (4-4)

where k is the real component of stiffness in the proximal-distal direction. Wiertlewski et al.
measured k and b in a cohort of seven participants and found an average values of (1.33 £ 0.16)
N/mm and (1.39 £ 0.17) N s/m, respectively [139]. Here, the effective stiffness is the integral of
the impedance, which is obtained by multiplying Z in Equation (4-2) by jw. We assumed that the
frequency dependent £y generated by our tactors equaled the skin reaction force (F3 = F’). Based
on these values, we predicted the extent of skin displacement our four tactors generated and
compared these with the minimum perceptible displacement found experimentally by Brisben et
al. (black) and Israr et al. (grey) [1, 2]. Figure 4-15a shows these results, suggesting there are
frequency regions where the cantilever actuation may be perceptible.

Due to the relatively low elastic modulus of the PEDOT:PSS/PVDF/PEDOT:PSS tri-layer
actuators, the skin impeded displacement of these tactors. Based on the relatively high F values
short tactors theoretically achieved, we predicted these actuators could exceed the minimum
perception threshold at frequencies greater than ~30 Hz (assuming we can fabricate these without

laser damage — which so far has been a challenge). The long tactors displaced the skin above the
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perception threshold from 80 to 200 Hz, which is within the most sensitive frequency range for
glabrous skin [1, 2, 138].

Figure 4-15b shows the estimated minimum frequency dependent force threshold our
tactors need to exceed to sufficiently displace the skin. We calculated these values based on the
viscoelastic model of skin described by Wiertlewski et al. and perception displacement threshold
described by Brisben et al. (black) [1, 138, 139]. The plot also shows the experimentally measured
force threshold, which was presented by Israr et al. (grey) [2]. The modelled force threshold is
slightly lower than the experimentally determined values. However, we also observed this
discrepancy between the displacement threshold data presented by each study, which helps to
validate our viscoelastic model for skin. These results showed that the minimum specifications we
need to meet for designing feelable CP tactors are ~56 uN at 150 Hz. However, as frequency

decreases, minimum force requirements rapidly become much higher.
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Figure 4-15 a) skin displacement of PEDOT:PSS/PVDF/PEDOT:PSS tri-layer tactors with four different
geometries compared to the perception threshold of glabrous skin measured by Brisben ef al. and Israr ef al.
b) Prediction of minimum frequency dependent Fs the tactors need to achieve to displace skin a perceptible

amount, based on displacement threshold results presented by Brisben ef al. and experimental force threshold
results presented by Israr ef al. (Adapted from © 1999, The American Physiological Society [1] and © 2006,
IEEE [2]).

The estimates shown in Figure 4-15 will help guide our future designs, and indicate if we

expect displacements and forces to exceed the perception thresholds. Based on our measurements
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of free displacement in Figure 4-12, we achieved sufficient displacement but not force. Further
work to optimize these two effects may allow us to find a design range for feelable tactors.

In very preliminary experimental observations, we found that the long/wide tactors were
feelable for some of the research team when we applied a sinusoidal voltage with an amplitude of
500 mV at ~50 Hz. Each person placed their index finger over the tactor in the apparatus shown
in Figure 4-11 and expressed whether they could feel the device vibrating against their skin. One
member of our research team eloquently described the sensation as “a fly wing fluttering against
the skin”. However, we need to conduct formal human perception studies to better assess the
feasibility of this technology in future work.

Not all members of the team could sense the tactors. Two members in their fifties did not
sense any vibrations. This combination of just perceptible detection by three members of the team,
and no detection by two others, supports our conclusions that we need to design tactors that
generate higher forces. We predict that we can achieve this by shortening the actuator length to
increase force and compromise free displacement, since our evaluation above suggests force,
rather than displacement, limits viability of the technology as tactors.

4.4 Analysis of soft vibrotactile displays in the context of perception acuity

The biomechanical properties of skin widely differ between people based on various
factors such as gender and age. However, the exact trends of skin elastic modulus as a function of
age and gender are widely disputed in the literature [ 144]. Most generally, skin tends to stiffen and
thicken with age, but at a lower rate in women than men [144]. Hall e al. suggested that this
increase in Young’s modulus resulted from a decrease in the ratio of chondroitin-sulfate and
keratin-sulfate in the dermis, which diminished the collagen fibers’ ability to deform [145].

Another study by Park et al. showed that water content in the skin decreased with age, which
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caused the organ to lose elastic properties [146]. These physiological changes contribute to the
decrease in perceptual acuity with age. Confounding variables, such as occupation, demographic,
and socioeconomic status likely influence the large discrepancies in this area of research [144].

A study by Peters et al. showed that the number of mechanoreceptors in the finger was
approximately constant between all subjects. Therefore, individuals with smaller hands tended to
have more densely packed receptors and therefore exhibited higher perceptual acuity [147]. Since
females are typically smaller, their fingers produce a finer-grained afferent neural image of an
impressed tactile stimulus. This helps explain why women often exhibit a lower perceptual
threshold. This study showed that finger size is the sole determinant of tactile acuity, regardless of
gender. Interestingly, they did not find that women had more compliant skin than men, which
refuted the study hypothesis that this was the reason for superior perceptual acuity in women.

The research in this space shows the wide variety of factors that contribute to the sense of
touch. Therefore, while we did develop a predictive model that provided an estimate for the
efficacy of our CP vibrotactile displays, there is no set of definitive parameters we can turn to, to
establish a threshold for what will constitute a viable technology in this space. In future work, we
plan to further prototype tactor designs to maximize Fg, strain, speed, and skin displacement. We
plan to conduct in human studies to assess the viability of this technology as a thin flexible

vibrotactile display.
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Chapter 5: Conclusion

5.1 Summary of Work Done

The objective of this work was to optimize the electrical, ionic, and material properties of
PEDOT:PSS to increase the charge storage capabilities of the material, and reduce the overall
impedance of the system. The end goal was to increase the actuation speed of these CP tri-layer
devices such that they achieved sufficient displacements and forces at physiologically relevant
frequencies for applications such as vibrotactile haptic displays. As predicted, based on previous
work to improve the electrical properties of PEDOT:PSS, we showed that post-treating
PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators with polar solvents and ionic liquid
significantly increased the conductivity of the polymer material. Treatments with MeOH,
MeOH+EMITEFSI, EG, EG+EMITFSI, and DMSO all increased the electrical conductivity by one
order of magnitude. To our knowledge, we reported the highest electrical conductivity values for
PEDOT:PSS- or PEDOT-based conducting polymer actuators.

We also found that these chemical post-treatments improved ionic conductivity. Most
significantly, MeOH+EMITFSI and EG+EMITFSI increased PEDOT:PSS ionic conductivity by
at least two orders of magnitude. We proposed that this was due to the polar solvent removing
hydrophilic PSS from the polymer structure, which created voids in the structure that were filled
by the ionic liquid. Through this mechanism, the conducting polymer electrodes became more
porous, which reduced the resistance to ion diffusion through the structure. A study by Liu ef al.
showed that polar solvent treatment increased porosity of PEDOT:PSS films, which resulted in
improved electrochemical performance [105].

Cyclic voltammetry measurements showed symmetric and rectangular I-V response, which

indicated that our systems behaved as capacitors and no redox processes occurred during
123



charging/discharging. From these results, we calculated the capacitance of the system. Pure polar
solvent treatments nearly doubled volumetric capacitance, compared to untreated samples.
Additionally, we analyzed the current rise times of the CV curves, which showed that all treatments
increased the charging/discharging speed of the actuators. MeOH+EMITFSI treatment reduced the
RC time constant from 0.29 s to 0.04 s. This treatment also had the largest effect on ionic
conductivity, which suggested that ion diffusion through the PEDOT:PSS electrodes is the largest
contributor to impedance of the tri-layer system.

Previous work that studied the mechanisms of how polar solvents improve electrical
conductivity suggested that they dissolved out PSS. We performed three measurements to build a
case that supported our hypothesis that we were removing PSS from our material. First we showed
that, while pristine PEDOT:PSS sampled readily dissolved in water, treated samples were stable
in an aqueous environment. Next, we showed that the mass of samples treated with polar solvents
decreased, which suggested that we removed material. Finally, we used XPS analysis to measure
the ratio of PSS to PEDOT on the surface of our samples. These results showed that the proportion
of PSS on the surface of the samples decreased following chemical treatment. MeOH+EMTIFSI
and EG+EMITFSI treatments exhibited the largest decrease.

Next we characterized the mechanical properties of our PEDOT:PSS/PVDF/PEDOT:PSS
tri-layer actuators. We predicted that increasing electric and ionic conductivities of PEDOT:PSS
would increase the displacement of tri-layer cantilever beams at high frequencies. Our results
showed that MeOH+EMITFSI and EG-EMITFSI treatments increased the cut-off frequency by
one order of magnitude. These results further supported our analysis that ionic resistance
contributed most to limiting the speed of actuation, especially at low frequencies and for the

geometry we investigated. If our tri-layers were significantly longer (about 2.5 times longer in the
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pristine case, and 7 times longer for the treated material), or less conductive, we expect the
electronic conductivity would dominate the frequency response [148].

EIS analysis showed that samples treated with polar solvent mixed with IL behaved as
nearly ideal capacitors. At low frequencies, the phase angle was almost -90° and the bode slope
was approximately -1. We represented these results using the equivalent circuit model of a resistor
in series with a Warburg open element. Warburg impedance represents 1D diffusion behavior and
further shows that the actuation of our devices was controlled by the rate at which ions migrate
through the system. Samples treated purely with polar solvents exhibited multiple rises and
plateaus across the frequency sweep. This suggested that they experience multiple time constants,
possibly as a result of varying distribution gradient of PEDOT:PSS into the thickness of the PVDF
membrane [100].

We also used a 2D transmission line analytical model to predict the blocking force
generated by our treated tri-layer actuators. Compared to pristine samples, samples treated with
polar solvents produced higher blocking forces at low frequencies. Conversely, actuators treated
with the polar solvent and ionic liquid mixture exhibited a large drop in maximum blocking force.
These trends directly correspond in the changes in Young’s modulus. However, as with the
displacement-frequency response, tri-layers treated with MeOH+EMITFSI and EG+EMITFSI
maintained maximum blocking force at higher speeds. At frequencies relevant for vibrotactile
devices, these samples exhibited the highest blocking force. Previous work by Temmer et al.
showed that using PEDOT/Ppy composite electrodes increased the maximum force generation of
CP tri-layers, while maintaining the actuation speed exhibited by pure PEDOT devices. In future
work we plan to investigate way to increase force generation at the high speeds relevant for

applications such as vibrotactile devices.
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In the final chapter of this work, we explored the feasibility of our
PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators as vibrotactile displays. Human sense of
touch is highly developed; the somatosensory system allows us to experience and interpret tactile
stimuli. Fast adapting mechanoreceptors located in the dermis layer of skin are sensitive to
vibrations. Vibrotactile haptic devices exploit these end organs to communicate messages to the
body through vibration. Skin is a viscoelastic material and therefore exhibits a time-dependent
modulus. Previous work in the field of psychophysics have characterized the absolute
displacement and force thresholds of glabrous skin on the hand as a function of frequency [1, 2,
138].

We prototyped four designs of cantilever beam arrays with varying lengths and widths.
Actuation frequency response measurements showed that free displacement of these tactors exceed
the minimum perception threshold by up to two orders of magnitude (in the most sensitive
frequency range). However, due to the compliant nature of these soft, flexible actuators, force
generation was low. We presented a viscoelastic Kelvin-Voigt model for skin, based on a study by
Wiertlewski et al. [139]. This allowed us to predict the extent of skin displacement our tactors
could achieve. Our results showed that blocking force, rather than free displacement, at high
frequencies limited the viability of our devices. Therefore, we concluded that we need to design
short wide beams that optimize force output. Promising initial observations suggested that our
devices are actuating right at the limit of human perception. Young members of our research team

(<30 years old) were able to sense slight vibration against their fingertip.
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5.2 Applications

Wearable vibrotactile devices have many potential and existing applications, such as non-
invasive medical, assistive, and communication devices. Additionally, vibrotactile displays
incorporated into virtual and augmented reality devices can provide closed loop sensory feedback,
both for applications such as medical, rehabilitative, and recreational gaming devices. Most
practical applications require actuators with small form factors that comfortably interface on the
body [149]. Artificial muscle technologies, such as our conducting polymer tri-layer actuators,
offer a novel alternative to the standard rigid, bulky electromagnetic motors typically employed.
Vibrotactile displays have been incorporated into clothing and watches. They have also been
suggested as an accessible communication channel for the hard-of-hearing [150] and visually
impaired [151-153]. Previous studies have developed and described braille cells fabricated from
polymeric materials, such as elastomers, which translate visual information into vibrotactile
feedback for the visually impaired [154, 155].

Another application is vibrotactile haptic feedback to modulate grip force in minimally
invasive robotic surgery. Robotic surgery offers advantages such as ease of operation and reduced
procedure times. However, surgeons lose force feedback cues when they utilize these techniques.
This loss of haptic feedback coupled with the inherent ability of robotic surgical systems to apply
strong compressive and shear forces, have led to increased risk of tissue damage, reduced
performance, and increased number of mistakes [156]. Vibrotactile devices that can modulate
force and vibration to communicate complex information may provide a solution to these
limitations [157].

Sensory feedback is important for prosthetic devices to provide users with a sense of limb

embodiment. Advancements in myoelectric prosthetics have largely focused on augmenting lost
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motor function. However, restoring sensory function remains an unresolved problem for these
devices. Specifically, upper limb loss is one of the most difficult prosthetic replacements due to
the complexity of fine sensory input and dexterous function of the hand. This type of injury is
often devastating and can greatly reduce quality of life and independence. Currently, users are
forced to rely heavily on vision, which increases the conscious attention needed to operate their
prosthetic [137, 158]. Prothesis abandonment rates are between 23-39%, with many users reporting
lack of physiologically relevant sensation as a major reason for rejecting their device [159, 160].

Vibrotactile stimulation strategically placed on the residual limb of an amputee can provide
sensory feedback about their prosthetic hand, with training. Phantom hand mapping and targeted
muscle reinnervation (TMR; a reconstructive procedure that strategically relocates residual nerves
that once served the patients amputated hand to targeted muscle sites on the residual limb or chest)
are the two primary methods used to identify regions on the residual limb that are associated with
regions on the missing hand; these techniques restore the sensation of touch [161]. Conversely,
several studies have shown that the kinesthetic illusion is elicited by vibrating actuators at specific
frequencies (70-110Hz) and amplitudes (0.1-0.5mm) on musculotendinous regions, to
communicate the positional state of prosthetic joints. This activation results in an illusionary sense
of limb movement, while the joint itself remains stationary [135, 137, 162].

Previous studies on vibrational feedback and prosthetics have typically used small
commercially available piezoelectric motors that activate Pacinian corpuscles (dermal
mechanoreceptors sensitive to vibration) when applied to the skin [163]. These devices are stiff
and bulky, which limits their applicability in commercial prosthetics. There is a small amount of
space inside the socket because it typically must be vacuum sealed in place over the stump [137,

164]. Artificial muscle actuators fabricated from CPs are a promising alternative to traditional

128



tactors due to their comparably large strain (typically 2% or greater), high compliance, planar
configuration, low cost, and low actuation voltage (<2 V) [3, 8, 32].
5.3 Future Work

In future work, we need to further improve the speed and force output of our conducting
polymer tri-layer actuators, such that they can exceed the absolute thresholds for human perception
within the physiologically relevant frequency range. We observed benefits and trade-offs to
adjusting the electrochemical properties of our tri-layer actuators. Increasing electrical
conductivity did not unanimously increase cut-off frequency; however, an increase in electrical
conductivity did correspond to an increase in displacement amplitude at frequencies above the cut-
off frequency. Treatment with polar solvents mixed with ionic liquid increased ionic conductivity
by up to 300x, which increased cut-off frequency and high-speed displacement and force
amplitudes. However, these treatments decreased stiffness of the conducting polymer, which
reduced maximum displacement and force generation at low frequencies. Treatments with pure
polar solvents nearly doubled the conducting polymer stiffness, which resulted in higher maximum
displacement and blocking force. Pure polar solvents also increased the volumetric capacitance of
the CP tri-layers. This further contributed to the increase in low-frequency displacement and
blocking force, since charge is proportional to deformation. These results show that the trade-offs
between conductivity and stiffness of PEDOT:PSS need to be optimized for the application
specifications.

Increasing the width of each beam also increases blocking force but with little effect on
beam deflection or speed. However, the width of the actuators is limited by the dimensions of the
particular body part we are targeting. Thicknesses of the conducting polymer and separator layers

are also parameters we can optimize to maximize displacement, speed and blocking force. As we
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increase thickness, the structures generate higher forces, but also exhibit higher ionic resistance.
We are also not limited to rectangular cantilever beam array designs. We plan to explore other
patterns, such as spirals. We also may be able to increase displacement and force generation
without compromising speed by stacking actuators, which is a technique commonly applied in
piezoelectric and EAP actuators [166].

We also need to further investigate tactor fabrication techniques. In particular, laser cutting
the tactor patterns into our samples caused damage. Parameters such as intensity, laser velocity
and number of passes are all aspects of the recipe we can alter to prevent this from occurring.
Physically cutting the samples presents challenges with regards to precision, due to the nature of
this manual process. We also observed that using a sharp razor blade to cut the tri-layer samples
sometimes resulted in short circuiting as the two conducting polymer electrodes were pushed
together.

We also plan to explore alternative electrolytes. The PEDOT:PSS films became stable in
water following polar solvent treatment, which opens up the opportunity to explore aqueous
electrolytes. Previous work has shown that aqueous salts, such as KOH(aq) and Na2SO4(aq)
increase actuation speed, due to lower solution resistance than ionic liquids [97]. This will also
necessitate encapsulation, due to the volatile nature of aqueous electrolytes [165].

In summary, we showed that improving electrical and ionic conductivity improves the
high-speed actuation frequency response. High-speed conducting polymer tri-layer actuators have
potential in vibrotactile haptic display applications, due to their small geometry and compliant
material properties. In future work we need to further develop this technology such that we achieve
higher displacement and force outputs to overcome the absolute threshold of human perception

within the physiologically relevant frequency range.
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Appendices

Appendix A : Tri-Layer Actuator Literature Review Supplemental Information
In Appendix A we present additional supplementary results on details from the conducting

polymer tri-layer actuator literature review described in Section 1.6.
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Table A-1 Key parameters of conducting polymer tri-layer actuators published up to August 2020.
Separator | L,L’ w hy hg Fs 2D fe
Reference CP Layer Layer om) | (mm) | ) | qum) | (o) | (mm) | (2
Nguyen ef al. PEDOT PEONBR = 6 1 34 115 0011 | 84 @ 02
(2018)
M?;'(,Zlest)“" PEDOT PEO:NNBR | 0.16 | 003 | 13 | 34 | 00026 005 03
Miz;'ozlit)‘”' PEDOT PEO:NBR | 0.69 | 0045 13 | 34 00015 0.121 40
M?;'(,Zlf‘t)“" PEDOT PEO:NBR = 0.69 0045 22 7.6  0.0045 0.178 10
Maziz et al. PEDOT PEO:NBR = 0.69 0045 3 | 13 | 00052 0.8 15
(2014)
Tem(';(flr3)e’ a. | PEDOT/PEDOT PVDF 20,5 4 | 65 110 2 | 012 05
Okuzakd etal. 1 pppoT.pss IL/PU 15 5 | 14 100 218 | 7.6 | 0.5
(2014)
Ebrahimi T. ) 10.5,
(2019) PEDOT:PSS PVDF 10 2 35 | 125 | 0.64 | 435 22
Gaihre et al.
2012) PPy PVDF 0.85 = 025 8 110 1 0.033 | 0.8 | 0.05
Gaihre et al.
(2012) PPy PVDF 0.85 | 0.25 8 32 0.52 | 0.074 | 0.05
Gaihre et al.
(2012) PPy PVDF 02 | 0.05 8 32 | 0468 | 0.25 | 0.09
Gaihre et al.
(2012) PPy PVDF 0.85 | 025 | 11 32 0.12 | 0.17 | 0.05
Gaihre et al.
2011) PPy PVDF 0.85 | 025 | 11 32 0.1 | 0.146  0.01
Gaihre et al.
2011) PPy PVDF 0.85 | 025 | 11 110 | 049 | 0.053 | 0.05
John et al. 10,
(2008) PPy PVDF 91 2 25 | 110 | 062 | 7.1 | 02
Alici et al.
2007) PPy PVDF 5 1 30 | 110 1.1 8 0.1
Temmer et al.
(2013) PPy/PPy PVDF 20,5 | 4 17 | 110 = 25 1.65 | 0.7
Temmer ef al PEDOT/PPy PVDF 20,5 4 635 110 4 | 042 05
(2013)
Temmer et al. by PVDF 20,5 4 | 138 110 15 @ 05 | 2
(2013) PEDOT : ' - :
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Appendix B : Standard Operating Procedures
Appendix B includes the standard operating procedures for spray coating (Section 2.1.2.1)

and actuation frequency response measurements (Section 3.2.1)

B.1  Spray Coating SOP

B.1.1 Summary of Fabrication Steps

1. Add 5% DMSO by volume to aqueously dispersed PEDOT:PSS solution and stir vigorously
for at least 15 minutes.

2. Load PEDOT:PSS solution into 25 mL syringe.

3. Fix a 6 cm X 6 cm PVDF membrane on the spray coating substrate using an aluminum frame
with dimensions of 5 cm X 5 cm.

4. Set the substrate temperature to 130°C to facilitate water evaporation and prevent PEDOT:PSS
from diffusing into the PVDF bulk.

5. Spray n number of successive PEDOT:PSS coats on the two sides of the PVDF membrane.

* Adapt this procedure as need to for conducting polymer and substrate materials and/or thickness

of films.

B.1.2 Spray Coater Settings

= Nozzle to substrate distance = 9 cm

= Nozzle speed =20 mm/s

= Shaping air pressure = 4 PSIG

= Flow rate = 0.13 mL/min

= Spacing of serpent path = 2 mm
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B.1.3 Experimental Procedure

Solution Preparation

These steps describe the procedure for preparing 20 mL of 5%(v/v) DMSO to PEDOT:PSS
aqueous solution.

1. Pipet ImL of DMSO into 19mL of PEDOT:PSS

2. Stir for at least 15 minutes

Start-up

1. Turn red dial to “on” on the side of the spray coater.

2. Switch on manual syringe control screen.

3. Turn on computer and open ExactaCoat program (in this sequential order).

4. Ensure PEDOT tubes are connected to correct ports as shown in Figure B-1. Ensure the small

white rubber seals are inside connections when connecting the hoses to their respective ports.

Figure B-1 Set-up of lines and nozzle in spray coater chamber.
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Pre-cleaning

1.

Place collection flask under nozzle to contain liquid.

2. Clean with IPA 3x

a. Manual I/O in the Analog output (tab) in the software.

b. Open ISO valve 2.

c. Pump full syringe of IPA through line.

d. Close ISO valve 2.

e. After the last round, draw out all IPA remaining in line back into syringe, disconnect the

syringe and clean with water (if water is the solvent).

3. Clean with solvent (DI water) 3x

a. Repeat steps a to d in step 2.
b. After last round, draw out all DI water remaining in line into syringe, disconnect the syringe

and dry using a fibreless cloth.

Notes:

For these steps, syringe is controlled manually. Move syringe back and forth to fully clean
the nozzle and line.
Make sure to close valve 2 before disconnecting line from syringe when refilling.

Fill syringe to max 23mL, otherwise it will not fit in the mount.

Fabrication

1.

Heat hot plate and PVDF membrane to 130°C. Once this temperature is reached, weigh the
membrane.
Tape down aluminum foil over hot plate. Sandwich the PVDF membrane between two

aluminum foil masks and ensure good alignment. Centre the PVDF-mask sandwich on the
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hotplate, as shown in Figure B-2a. Place weights around metal frame to hold it in place. Place
a flask in top corner (Xmax,Ymax)-

. Load the syringe with aqueous PEDOT:PSS solution as shown in Figure B-2b

Specify number of coats (n) in “Saeedeh process 3” and load process. For new=20%, do initial
run at n=5.

. Ensure flow rate is set to 0.13mL/min on the manual control screen shown in Figure B-2b.

. Initially run process dry to ensure nozzle moves correctly.

. Run process wet with a fibreless cloth over the sample to ensure that the process and nozzle
are working properly (ensure that there is no droplet at the end of the nozzle or PEDOT:PSS
will not spray properly).

. Record initial volume of PEDOT:PSS in the syringe.

. Remove fibreless cloth and run the process wet.

. Once finished flip membrane over and set up apparatus again. Run for n=20. Then flip over

and run for n=15. (This is for ntw = 20 — adjust accordingly)

\\ [Zexumion] “.‘I‘I“'\ ‘
_—- D \\ B

Figure B-2 a) Set-up of membrane on substrate in spray coater chamber. b) Syringe and manual pump
set-up.
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11. After deposition, weigh the PEDOT:PSS/PVDF:PEDOT:PSS while hot. Record final volume

pumped into the syringe.

Post-Cleaning and Shutdown

1.

2.

6.

B.2

Turn off the heater

Manual I/O, withdraw the remaining PEDOT:PSS solution from the tubes with syringe pump.
Perform spray coater pre-cleaning in reverse (3x DI water followed by 3x IPA).

After Final IPA pass run automated cleaning process (nozzel2 valvel cleaning) before
drawing IPA from line.

Click Home, then safe shutdown.

Clean and sanitize all experiment equipment and surfaces.

Displacement-Frequency Response

B.2.1 Equipment Specification

Controller model: Keyence LK-G3001P
Laser Model: Keyence LK-G32
Software: Keyence LK-Navigator
Displacement sensitivity = 50-nm

Frequency sensitivity = 50 kHz

B.2.2 Laser Senser Set-up

1.

Connect laser to controller and plug controller USB into computer. Laser should be
connected to head A on the controller.

Connect controller to power (order of start-up is very important because computer
grounds controller, do not connect to power if controller is not connected to sensor, if you

need to disconnect sensor and controller, always unplug from power source first).
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3. Clamp the laser in the stand, as shown in Figure B-3.

4. Clamp CP tri-layer cantilever beam between gold contacts and position it such that the actuator
is within the range of the sensor at maximum +/- displacements. The light on controller turns
green when the object is centered in range and solid yellow when detectable but off center. The
numbers on the controller display are green when the sensor can detect an object. Figure 0-3
shows this experimental set-up.

5. The peak-peak displacement of the actuator must remain within the detectable range of the
sensor. Actuate the device at a low frequency (i.e. ~0.1 Hz) to ensure the sensor records the
full period.

6. Use duct tape and double-sided sticky tape to hold the stage and clamp in place, respectively.

Figure B-3 Experimental set-up of displacement sensor.

B.2.3 ZPlot Set-up for Displacement Measurements
Displacement measurements are performed using a two-electrode set-up. The tri-layer device

actuates under the application of sinusoidal voltage at constant frequency.
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Connect the working electrode (WE) and counter electrode (CE) to their corresponding
reference electrodes (RE) and connect each electrode to the gold contacts using small alligator
clips.

Measure the contact resistance at each contact point using a multimeter. High contact
resistance can result from salt contamination and oxide build-up on the clips and significantly
affect results. Additionally, ensure that there is no connection between the gold contacts in the
clamp; this results in current leakage.

EIS is applied using ZPlot to control the Solartron.

Perform displacement measurements at [0.01, 0.02, 0.04, 0.07, 0.1, 0.2,0.4,0.7, 1, 2,4, 7, 10,
20, 40, 70, 100, 110, 120, 140, 170, and 200] Hz or until displacement amplitude is below the
detectable limit of the laser sensor (~50-nm). Additionally, as the device approaches resonance
frequency, increase the frequency measurements by increments of 1 to 5 Hz. For example, the
resonance frequency of pristine PEDOT:PSS actuators is ~80 Hz; therefore measure peak-peak

displacement at 65-95 Hz increasing by increments of 5 Hz.

_20192.2pw (1260+1287)
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Figure B-4 ZPlot — EIS setup for displacement measurements at 0.01 Hz. Frequency increases
in increments each test, all other parameters are held constant throughout displacement
measurements. Apply voltage using linear step/sweep. Interval value is not particularly
important (set to value >1000).
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5. Run the EIS by clicking on the button indicated by the red box in Figure B-4. The program

takes several seconds to load.

B.2.4. LK-Navigator Set-up

LK-Navigator is the GUI that controls the laser displacement sensor.

1.

Before recording data go to the OUTI tab and under “Display, Analog(N)” ensure that the
minimum display unit (Y) is set to 0.01 um (Figure 0-6a). Under the common settings tab, set

the “Sample cycle(A)” to 20-us (Figure B-5b).
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Figure B-5 a) Minimum display unit setting in LK-Navigator. b) Sample cycle setting in LK-Navigator.
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Figure B-6 Adjust data storage settings. 1. Select OUT1 in selected OUT(0) dropdown menu. For
low frequency measurements, set storage cycle to 1000x and progressively decrease value as
frequency increases. All setting changes must be manually sent to controller.
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2. Select “Data Storage’ button in the top right corner. Select OUT1 from the “Selected OUT(0)
drop down menu. Adjust storage cycling based on the actuation frequency such that data is
recorded as a smooth and continuous sine wave. All setting adjustments must be manually
sent to the controller (Figure B-6).

3. Select “Start Storage” to begin recording data. The software can store a maximum of 65,536
data points and will automatically stop recording at this point. Pressing “Stop Storage” stops
recording data manually. The actuators can undergo hysteresis, so it is recommended to record
multiple full cycles.

4. Select “Storage Data Redout(L)” then “Readout(R)” to display data from OUT1. A/B cursors
can be adjusted to determine the peak-peak displacement of the actuators, as shown in Figure
B-7. Select “Save in File(A)” to save the raw data. Clear the stored data before starting the next

measurement.

B> Stat Storege ‘D Stop Storage ‘X Cleas Stored Data | Dals Starage Selting(S)

Number of Storage Data - QUTT: === QUT2: == Present state - Not connected

LRI Y

Data1 [Grapho

< 0 |
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Readfiom Flel0] | | Savein Filela] Exit HebiH)

Figure B-7 LK-Navigator data analysis interface to determine the peak-to-peak displacement
using the A/B cursor.
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Appendix C : Supplementary Results
In Appendix C, we present supplemental results and figures.
C.1  Fabrication

We observed that while polar solvents improved the electrical and ionic properties of
PEDOT:PSS films, they could also cause structural damage to the tri-layers. Figure C-1a shows
samples treated with DMSO that delaminated. Figure C-1b shows a DMSO-treated sample that

failed during uniaxial tensile testing described in Section 3.1.1.
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Figure C-1 Treatment with DMSO causes delamination and decreases the structural integrity of
PEDOT:PSS/PVDF/PEDOT:PSS tri-layer actuators.

C.2  Ionic Conductivity
In This section we show supplementary figures for Galvanostatic ionic conductivity

measurements described in Section 2.6.
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Figure C-2 Galvanostatic ionic conductivity measurements of Pristine, MeOH, EG,
DMSO+EMITFSI, and DMSO samples.
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C.3  Mechanical Testing

Here, we show the linear force-displacement curves we obtained from uniaxial tensile

measurements, described in Section 3.1.2. We determined stiffness from the slope of these curves.
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Figure C-3 Stiffness curve generated from tensile loading measurement using a Bose ElectroForce®-3100
system in tension mode (a strain of 0.5% at 0.1 Hz for 5 cycles).
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XPS Supplementary Figures
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Figure C-4 Raw XPS data normalized to intensity (a.u.) from [0 1] plotted with Shirley Background for a)
Pristine b) MeOH ¢) MeOH+EMITFSI d) EG e) EG+EMITFSI f) DMSO g) DMSO+EMITFSI.
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Figure C-5 Example of a broad spectrum XPS sweep for the Pristine PEDOT:PSS/PVDF/PEDOT:PSS tri-

layer actuator sample.
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Figure C-6 a) XPS spectra results for untreated and post-treated samples. b-h) XPS spectra Gaussian model
fit for S 2p in PEDOT:PSS. The peaks show two main chemical species, which are assigned to PSS™ (at 168.7
eV) and PEDOT" (164.7 eV). These peaks correspond to contributions from the spin orbitals S 2p32 and S
2p12 in a 2:1 ratio, respectively. The treatments analyzed include: b) Pristine, ¢c) MeOH d) MeOH+EMITFSI,
e) EG, ) EG+tEMITFSI, g) DMSO, and h) DMSO+EMITFSI.
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Figure C-7 Gaussian models fit to XPS spectra normalized to intensities values from [0 1], for untreated and
treated PEDOT:PSS samples.
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Appendix D : Modelling Supplementary Results

In this Appendix D we present the displacement-frequency response Actuatool model results.
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Figure D-1 Actuatool model comparison to displacement-frequency response.
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