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ABSTRACT

THE THERMOELECTRIC, THERMORESISTIVE, AND
HYGRORESISTIVE PROPERTIES AND APPLICATIONS OF VAPOR

PRINTED PEDOT-CL

FEBRUARY 2022
LINDEN KOHLER ALLISON
B.S., JUNIATA COLLEGE
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Trisha L. Andrew
Wearable electronics are a valuable tool to increase consumer access to real-time
and long-term health care monitoring. The development of these technologies can also lead
to major advancements in the field, such as self-charging systems that are completely
removed from the electrical grid. However, much of the wearable technology available
commercially contain rigid components, use unsustainable synthetic methods, or
undesirable materials. The field has thus been moving towards wearables that mimic
textiles or use textiles as a substrate. Herein, we discuss the use of oxidative chemical vapor
deposition (0CVD) to produce textiles coated with poly(3,4-ethylenedioxythiophene)
known as PEDOT-CI. We evaluate the thermoelectric, thermoresistive, and hygroresistive
properties of these PEDOT-CI fabrics. We also explore the applications of these properties
by creating humidity sensors, temperature sensors, and thermoelectric generators
integrated with clothing. In general, we discuss the process of designing a wearable to best

accommodate the desired application.

viil
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Chapter 1

INTRODUCTION

1.1 Introduction to Wearable Electronics

The advancement of wearable technologies and their integration with long-term and
continuous health monitoring has created a promising nascent means for in-home health
care.'® Providing people with a way of monitoring their health without the restraints of
being in a medical facility allows for a functional option for providing healthcare to a large
variety of patients.” Sensors, energy harvesters, and power delivery lines have been
creatively miniaturized for the purpose of creating self-charging systems that are removed
from the power grid entirely, however translating these circuit components into a
comfortable and wearable form still proves challenging.*'®'® Much of the available
wearable technologies on the market still include bulky or rigid components, which can
cause discomfort for the consumer.!” 24

In recent years, the field has started to investigate wearable electronics that either
mimic fabrics and fibers or are produced directly on the surface of textiles providing a
promising method of increasing consumer comfort.>>®! However, incorporation of
electronic materials into fabric has still proven to be a significant challenge. For example,
Grunlan et.al. used a solution spinning technique to produce fibers out of carbon nanotubes
(CNT). These fibers demonstrated ultrahigh conductivity (16 + 3 MS m™') which enabled
a very high thermoelectric efficiency (14 £ 5 mW m™' K2), shown in Figure 1.1 a.%!

However, CNTs have recently been added to the Substitute In Now (SIN) list due to

associated health risks with causing lung cancer.®”> Thus, CNTs should be avoided in
1



applications such as wearables where users will be in contact with this material. The

biocompatibility of the spun CNT fibers has not been reported.

a)
Fabrlc | thread
\(jNTthread e
:_*:-:-f—m_.,_'__%
d)
3
Vi

Figure 1.1. a) Thermoelectric Generator design of CNT threads and steel threads reported
by Grunlan et.al. b and ¢) images of PEDOT:PSS aerogel reported by Urban et.al. d and ¢)
bundle and optical microscopy image of PEDOT:PSS dyed silk yarns, respectively,
reported by Muller et.al.

Urban et.al. synthesized an aerogel from Poly(3,4-ethylenedioxythiophene),
polystyrene sulfonate (PEDOT:PSS) that mimics a porous textile, such as a felt or foam,

shown in Figure 1.1 b-c. These aerogels exhibited high thermoelectric power factors (6.8



uW m™ K?) that indicate the efficiencies are not depended on the macroscopic structure.
Although, the mechanical and wash stability was not reported and is imperative to create
functional electronic textiles.®

Alternatively, Muller et.al. reported an electronically enabled textiles through
dyeing silk yarn with PEDOT:PSS with a conductivity of 14 S cm™' shown in Figure 1.1 d-
e. In order to create the multilayer film on the fibers, a time consuming process of dipping
the yarns into acidic (pH 2) solutions of PEDOT:PSS was used. The process was also
attempted on cotton fibers, however these samples suffered hydrolysis of the cellulose in
the acidic solution and became too brittle to handle.?* Because of this the scalability and
versatility of this technique is quite limited.

It is evident from these issues that a technique is needed to create robust and
efficient electronic fabrics that can be made into comfortable wearable devices such as
sensors and energy harvesters. This technique should be versatile enough to facilitate the
coating of many types of materials and substrates for various applications. Herein, we

discuss the fabrication of electronic textiles through chemical vapor deposition (CVD).

1.2 Conductive Polymers

One viable means of creating electronic textiles is to coat or impregnate a textile
with a conductive polymer. While many polymers have been studied, the most widely
explored is currently PEDOT:PSS. PEDOT:PSS is produced through the polymerization
of EDOT in the presence of an aqueous polyelectrolyte (PSS) creating a polymer with a

small molecule counterion and enabling the final polymer to be dispersed in water.** By



utilizing a conductive polymer that can be dispersed in water, one can use traditional textile
processing methods, such as dyeing to create a polymer coating on a textile,26-33:41,59:60.65

PEDOT:PSS shares many similar properties and applications to the polymer
explored in this work, PEDOT-CI. PEDOT:PSS exhibits hygroresistive, thermoresistive,
and thermoelectric properties.®® 7% It is characterized as a mixed ionic-electronic conductor
as a portion of its conductivity is derived from an ionic conductivity.”!

PEDOT:PSS has been coated onto textiles using a dip-coating technique, that
requires multiple coating to be applied to the textile and can be time consuming. These
polymer-coated textiles result in non-uniform coatings, agglomeration of the polymer
between the textile fibers, and can be prone to microcrack and delamination upon bending
or abrasion. Furthermore, PEDOT:PSS contains acidic moieties that can lead to skin
irritation and degradation of natural fibers.’!

Additionally, it is important to consider the environmental impacts of creating these
PEDOT:PSS coated textiles on a large scale. The textile industry already produces a
significant amount of chemical waste during the processing of fabrics.”>’® Most dip-
coating techniques require several layers of PEDOT:PSS coating and specific pre-
treatment or post-treatment of the coated textile. When scaled up these techniques will add
a significant amount of chemical waste to this process.

Using PEDOT that is synthesized through different techniques can allow us to
obtain a highly efficient polymer without the need of insulating counterions such as PSS.
Techniques like chemical vapor deposition can functionalize fabrics with PEDOT coatings
not containing insulating molecules. Thus, we can study the characteristics of PEDOT

coated fabrics without the drawbacks associated with PEDOT:PSS. The CVD technique is

4



easily scaled up and produces less chemical waste than dyeing techniques, allowing for a

more environmentally friendly way of producing conductive textiles.”* 8¢

1.3 Electronic Properties of PEDOT

Conductive polymers have electronic, mechanical, photovoltaic, and thermoelectric
properties that make them attractive for both academic research and use in industry.
PEDOT is one of the most popular conductive polymers when it comes to applications due
to its high conductivity. The polymer has also been found to be stable in ambient conditions
and thus an ideal choice for developing robust products.®!

PEDOT demonstrates properties making them suitable for use in health monitoring
applications, such as having a temperature dependent resistance, known as
thermoresistivity, and a moisture dependent resistance, known as hygroresistivity. It is
also capable of generating a thermopower through the thermoelectric nature of the polymer.

This work will concentrate on exploring these three properties and their applications.

1.4 The Thermoelectric Effect

Before discussing the experimental findings of the work, it is important to first
understand the fundamental principles on which some devices in this work rely upon. The
thermoelectric effect is a phenomenon that occurs in materials with high electrical
conductivities and low thermal conductivities. When these materials are exposed to a

temperature gradient a migration of charges is induced to balance the energy dispersion,



resulting in an electromotive force referred to as the Seebeck voltage. The Seebeck
coefficient can be defined by :
Equation 1.1

av
S = (E)I=0 where AT =Ty — T¢

where dV is the measured voltage output and d7 is the difference in temperature between
the hot side (7#) and the cold side (7¢) of the material being measured. Furthermore, the
efficiency can be expanded upon through the power factor (PF):
PF = S?%¢

where o is the conductivity of the material. The PF provides a more observable value when
evaluating the material’s thermoelectric efficiencies.

When two types of thermoelectric materials with different efficiencies are
connected, they form a device called a thermoelectric generator (TEG) (Figure 1.2) which
can be used to harvest the charges accumulating at the ends of the thermoelectric material,

creating a power source.?>%




1.5 Dissertation Overview

The goal of this thesis work is to investigate the properties and applications of
robust conductive fabrics for use in a variety of wearable health monitoring systems.
Chapter 2 describes the synthesis of the conductive polymer PEDOT-CI on the surface of
textiles using CVD. Next, Chapter 3 depicts the hygroresistive properties, the humidity
dependent resistance, of the polymer coated fabrics, wherein a humidity sensor is created
and integrated into a face mask to enable respiration monitoring. Following this, Chapter
4 describes the thermoresistive properties, the temperature dependent resistance, of the
polymer coated fabrics and details how these properties can be tuned through substrate
choice. Finally, Chapter 5 shows the thermoelectric properties of the polymer coated
fabrics, which are then used to create energy harvesting devices and subsequently

integrated into a variety of garments.
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Chapter 2

A REVIEW OF ELECTRONIC TEXTILE COATINGS
AND FUNCTIONALIZING TEXTILES WITH

PEDOT-CI COATINGS USING VAPOR PRINTING

2.1 Introduction

Wearable electronics constitute the frontier of human interface devices that
are making possible advanced performance monitoring, physiochemical sensing,
new haptic interfaces, and portable energy harvesting and energy storage, to name a
few innovations.!> Most recently reported devices can be considered as non-natural
approximations of traditional textiles or threads. Many wearable devices are built on
thin or ultrathin plastic substrates that display sufficient flexibility to be skin- or
body-mounted, or incorporated into garments and accessories via patching. ¢
Selected other devices are created using specialty or designer threads/fibers, which
are sometimes yarned together then coated with a protective polymer cladding to
yield a fiber-based electronic device.!'®!> To date, these devices demonstrate
acceptable device metrics, but their performance and longevity is far from matching
those of devices built on rigid substrates, such as glass and silicon.>!¢

For nascent wearable technology, in particular, aesthetics and haptic

perception can uniquely determine the difference between success (i.e., widespread
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adoption) and failure, irrespective of device metrics. There is strong motivation for
using substrates and scaffolds that are already familiar, such as cotton/silk thread,
fabrics and clothes, and imperceptibly adapting them to a new technological
application. The pliability, breathability, wearability and feel of fabrics is
unmatched. Especially for skin-mountable devices and smart garments, the intrinsic
breathability and feel of fabrics cannot be replicated by devices built on plastic
substrates or designer fibers, no matter how thin or flexible these devices can be
made. Moreover, using traditional textile materials means that prototypes of
promising new technologies can be easily produced using existing manufacturing
routines.

A number of research groups are endeavoring to transform familiar fibers
and/or fabrics into fiber- or textile-based electrodes for electronic devices. This is
usually achieved by coating or soaking (i.e., dyeing) mass-produced threads or
fabrics with electronically- or optoelectronically-active materials.!”!® Intrinsically
conducting polymers (ICPs) are typically used as the active layer materials for many
fiber-and textile-based devices due to their advantageous mechanical properties and
processing ease. The elasticity and plasticity of ICPs are similar to those of common,
mass-produced threads, which should prevent delamination and microfissure
formation within the active layer upon bending or twisting the coated/dyed threads.
Nonetheless, fabrics and threads/yarns are demanding substrates onto which to
deposit a conjugated polymer film because their surfaces are densely textured and
display roughness over a wide range of length scales—micron length scales for

fibers, micron to millimeter length scales for threads/yarns and millimeter to
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centimeter length scales for woven and knitted fabrics. Indeed, tremendous variation
in the surface morphology of conjugated polymer-coated fibers can be observed with
different coating or processing conditions.

Importantly, the morphology of the conjugated polymer active layer
determines electrical performance and device ruggedness. For fiber-based devices,
in particular, the stability of a particular coating against high friction forces, extreme
bending radii and other large, cyclic mechanical stresses is paramount. Typical
textile manufacturing processes, such as weaving, knitting, and sewing, subject
threads/yarns to astonishingly high mechanical strain.!” Further, any textiles thus
produced are subjected to significant strain, friction forces and chemical exfoliation
during wear, laundering, and/or ironing. To survive these stresses, electronically
active coatings must be smooth, uniform, conformal and, ideally but not necessarily,
covalently tethered to the surface of a fiber to limit exfoliation and de-adhesion
events.

Here we summarize selected recent approaches to coat familiar, mass-
produced threads, yarns, or fabrics with electronically active conjugated polymers
to produce textile-based electronic devices. Previous reviews have described recent
advances in fiber-based photovoltaic devices and textile energy storage, with
particular emphasis on device performance.>!® Therefore, in this article, we place
emphasis on the fabrication method used to create various fiber- and textile-based
devices and attempt to highlight the influence of the coating method on active layer

morphology and device stability.
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2.2 Dipcoating Film Morphology and Stability

Dip coating or, effectively, dyeing fibers and textiles with pre-synthesized
conducting polymers is the most prevalent approach for creating electronically
active textiles. This method is relatively simple and does not require specialized or
expensive equipment. Dip coating only requires that the conjugated polymer be
soluble in a solvent that does not degrade the fiber or textile substrate. This allows
for the fiber/textile to be simply soaked in a solution of the solubilized polymer then
dried, leaving behind a conductive coating. The dipping-drying cycle can also be
repeated multiple times to either systematically increase the thickness of a polymer
coating or add multiple layers of different conjugated polymers. However, caution
must be exercised to ensure that the fibers/fabrics are completely dry before
undertaking a subsequent dipping cycle to prevent dissolution of the already-formed
coating.

For example, Sonkusale and Khademhosseini et al. used sequential
dipcoating to create a fully-integrated thread-based diagnostic device platform that
contained both a thread-based microfluidic network and an array of thread-based
physical and chemical sensors capable of monitoring physiochemical tissue
properties in vitro and in vivo (Figure 2.1).2 The thread-based chemical sensors were
fabricated by sequentially passing raw cotton yarns through multiple wells
containing acidic poly(aniline) (PANI) and isopropanol-solubilized conductive
carbon inks. A dryer was utilized to cure each coating in between each dipping event.
Meters of functionalized threads were thus fabricated and collected on rotating

spools.
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A similar assembly line approach was used by Gaudiana ef al. to fabricate
fiber-based organic photovoltaic devices.!! The authors drew specially-extruded
stainless steel threads through a sequence of vertically-aligned coating cups
containing, first, an isopropanol solution of tetrabutyl titanate, second, a
semiconducting polymer-fullerene mixture in an organic solvent and, third, an
aqueous solution of the highly-conductive composite material, poly(3,4-
ethylenedioxythiophene)-co-poly(styrene sulfonic acid) (PEDOT:PSS). Here, too, a
dryer was utilized to cure each coating in between each dipping event. These
multiple coated threads were then yarned together with a second, silver-coated
stainless-steel thread and the yarns dipcoated with a transparent protective cladding

to produce fiber solar cells displaying power conversion efficiencies between 2.79%

to 3.27%.
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Figure 2.1 a) Sequential dipcoating process reported by Sonkusale and Khademhosseini et
al. b) SEMs of raw cotton thread before dipcoating. c) SEM of poly(aniline) coated cotton
thread.’

The primary disadvantage with dipcoating is the large observed variance in
smoothness and uniformity of the conducting polymer coating. Often, rough,

textured coatings resulting from incomplete wetting and/or agglomerated
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conjugated polymer chains are obtained. For instance, scanning electron
micrographs (SEMs) of Sonkusale and Khademhosseini’s aforementioned PANI-
coated cotton threads reveal that the PANI coat is non-uniformly bulbous,
microporous and rough on the micron length scale (Figure 2.2¢). In the long term,
these bulbous regions are undesirable as they can potentially serve as points of de-
adhesion and exfoliation during subsequent textile processing and body-mounting.
Along the same lines, Gaudiana ef al. explain in their report that diamond tip-
extruded stainless steel thread needed to be used as the substrate onto which a solar
cell was elaborated because these specialty threads displayed a particularly smooth,
protrusion-free surface that allowed for smooth active layer coatings, which, in turn,
lead to solar cells with functional rectification ratios. The presence of even a small
number of rough surface features or active layer agglomerates on the fiber surface
would lead to insurmountable shunting pathways that can significantly deteriorate
device performance, even to the point of rendering it unfunctional.

Despite a large variation in observed coating morphology, dipcoating
remains the most popular method of fiber/fabric functionalization to date. This is
due, in part, to a selected number of conducting polymer formulations that yield
smooth, functional coatings or composites with various natural and synthetic fibers
and fabrics.

Fibers and fabrics dipcoated with aqueous solutions of PEDOT:PSS are the
most common components of electronic textiles. Sotzing et al. created highly
conductive fabrics by soaking a selection of fabrics in a commercially-available

aqueous solution of PEDOT:PSS.?° Fabrics investigated included: Spandex (50%
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nylon / 50% polyurethane); cotton; polyester, 60% cotton / 40% polyester; 95%
cotton / 5% Lycra; 60% polyester / 40% rayon; and 80% nylon / 20% Spandex. The
conductive Spandex fabric thus obtained (see Figure 2.2b) had an average
conductivity of 0.1 S/cm (for reference, the conductivity of a 100 nm-thick
“conductive-grade” PEDOT:PSS film on glass is 1 S/cm). Subjecting the fabric to
more than one soaking step increased its conductivity up to ca. 2.0 S/cm by
increasing the weight fraction of the conducting polymer component.

It must be noted that fibers and fabrics can be swelled, i.e., impregnated, by
the electronically active materials during dip coating, depending on the soaking time
and solvent used. Such swelling and impregnation events can change the mechanical
properties of the starting fiber/fabric. Different fibers and fabrics display different
degrees of uptake of various soaking solvents and conjugated polymers,
approximately obeying a “like swells like” pattern of behavior. For instance, in the
aforementioned work by Sotzing et al., it was concluded that the PEDOT:PSS was
not a continuous smooth film on a fabric surface but, rather, a homogeneously
dispersed network of PEDOT:PSS nanoparticles impregnated within a fabric matrix,
which formed a percolation pathway past a particular weight fraction (Figure 2.2b).
Further, the authors found that those fabrics with higher water uptake resulted in
higher conductivities because they soaked up higher amounts of PEDOT:PSS from

the aqueous dipcoating solution compared to more hydrophobic fabrics.?°
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Figure 2.2 a) SEM of Spandex fabric used by Sotzing et al. The inset shows a photograph
of this fabric. b) SEM of Spandex dipcoated with PEDOT:PSS. The inset shows a
photograph of this fabric. Adapted from Ref. 11. ¢) Photograph (top) and SEM (bottom) of
a PEDOT:PSS coated polyester fabric reported by Lin et al. Adapted from Ref 18.

The presence of various additives, both insulating polymer and small-
molecule additives, in the dipcoating solution has been found to significantly affect
the conductivities and/or sheet resistances of PEDOT:PSS coated fibers and fabrics
by increasing the long-range order in the PEDOT domains of PEDOT:PSS.
Changing the dipcoating solvent similarly affects sheet resistance and conductivity.
Post-deposition treatments, such as thermal annealing and post-deposition exposure
to small-molecule detergents or plasticizers vastly increases the observed
conductivity of PEDOT:PSS coated fabrics. Mohanta et al. reported that the
resistance of a PEDOT:PSS coated cotton yarn can be decreased from 2.32 MQ/cm
to 77 Q/cm if the cotton yarn is first dipcoated in DMSO instead of water then
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washed with ethylene glycol before drying.?! Similarly, Yun et al. reported that
cotton and polyurethane fabrics dipcoated with PEDOT:PSS solutions containing a
sodium dodecylsulfate (SDS) detergent displayed sheet resistances of 24 and 48
Q/square, respectively, with the cotton fabrics displaying lower sheet resistances
because of a higher amount of impregnated PEDOT:PSS in these fabrics. Using
these fabrics, the authors then created metal-free textile heaters by taking advantage
of efficient Joule heating in these conductive fabrics.??

Hu et al. dipcoated both cotton and polyester yarns in an aqueous solution
containing a mixture of PEDOT:PSS, multiwalled carbon nanotubes (MWCNTs)
and a polyurethane binder in various ratios to create fabrics displaying
thermoelectric properties.”> In this report, the polyurethane functions as an
insulating, hydrophobic polymer matrix that binds together the two conductive
components (PEDOT:PSS and MWCNTs) in the dried coating. Synthetic polyester
yarns were completely coated after five dipping-drying cycles. However, cotton
yarns, which are more geometrically unorganized, remained non-uniformly coated,
even after five dipping cycles. Accordingly, the non-uniformly coated cotton yarn
displayed a resistance of 200 Q/cm, whereas the uniformly coated polyester yarns
displayed a lower resistance of 50 2/cm.

Akerfeldt et al. created conductive synthetic fabrics by dipcoating
poly(ethylene terephthalate) (PET) fabrics into a mixture of aqueous PEDOT:PSS,
Performax (a commercially-available aqueous solution of polyurethane and
hydroxyethylcellulose that acted as a binder), ethylene glycol (a small-molecule

surfactant), and an ethoxylated urethane (a rtheology modifier).?* Similar to previous
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reports, PEDOT:PSS was observed to impregnate into the PET substrates to produce
conductive fabrics with smooth surfaces (Figure 2.3). Dipcoating solutions
containing the highest weight percent of the PEDOT:PSS component were,
unsurprisingly, found to yield the most conductive fabrics after dipcoating/drying
sheet resistances as low as 12.7 Q/square were observed. Slow drying and post-
deposition thermal annealing were also found to contribute to the low observed sheet
resistance of these conductive fabrics. This work is notable because the authors
perform extensive and systematic mechanical and abrasion testing on their
conductive fabrics. A high PEDOT:PSS weight fraction (80 wt%) and the presence
of an ethylene glycol surfactant in the dipcoating solution was found to produce
conductive textiles with high tear strength. However, these same samples
demonstrated the greatest degree of coating degradation with abrasion (it was even
visually apparent that the coatings were smeared and faded after abrasion, see Figure
2.3b). Increasing the weight fraction of the polyurethane binder to 28% in the
dipcoating solution afforded admirably abrasion-resistant coatings; however, an
increased binder concentration also increased the sample’s sheet resistance to 78.3
Q/square.?*

Miiller et al. used a dipcoating solution containing PEDOT:PSS, Zonyl FS-
300 (binder), and either DMSO or ethylene glycol (surfactant) to impregnate/coat
silk and cotton yarns.?® The notable component here is the Zonyl FS-300 binder,
which is a commercially available fluoroalkyl-containing oligo(ethylene glycol)
surfactant. After two dipcoating-drying-thermal annealing cycles, silk yarns with

conductivities between 14 and 15 S/cm were obtained. Notably, these conductive
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yarns were found to be resistant to mechanical stress and laundering. The
PEDOT:PSS dyed silk yarns maintained their bulk electrical conductivity after
being subjected to repeated bending stresses and mechanical wear during sewing.
No change in conductivity could be detected after four washing cycles in a
household washing machine; however, the conductivity of the yarns decreased by a
factor of 2 after five dry cleaning cycles.?> Such varying responses to different
laundering actions can be easily correlated to the Zonyl FS-300 binder: fluoroalkyl
chains do not interact with the long alkyl chains of the surfactants found in most
household laundry detergents (such as SDS) but are easily solvated by the
halogenated solvents used in dry cleaning. Therefore, dry cleaning likely dissolves

away some of the conductive coating, leading to higher observed resistances.

Figure 2.3 a) SEM of the most-conductive PEDOT:PSS coated fabric reported by
Akerfeldt et al. This sample had a sheet resistance of 12.7 Q/square. (b) SEM of this fabric

after surface abrasion, revealing smearing of the conductive coating. Adapted from Ref.
15.

A few patterns can be gleaned from a survey of the literature reports
highlighted thus far. First, certain conjugated polymers and their composites afford

smooth coatings compared to others. In particular, PEDOT:PSS likely swells and
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impregnates most hydrophilic fibers, as opposed to forming a strictly surface
coating, leading to highly conductive fibers and fabrics due to high polymer loading.
In contrast, poly(aniline) accumulates primarily on the surface of most fibers, which
leads to rough, textured surfaces and low polymer loadings in the final fiber/fabric
composite. Second, when using polymers that do not impregnate fibers/fabrics,
threads/fibers with longer and monodisperse staple lengths, such as nylon, silk and
synthetic threads, display smoother surface coatings in comparison to threads/fibers
with short and/or polydisperse staple lengths, such as cotton threads and yarns.
Third, the wash and wear resistance of conducting coatings obtained via dipcoating
is controlled by the presence of carefully chosen binders and/or surfactants in the

dipcoating solution.

2.3 Dipcoating Devices

In addition to the few cases highlighted above, many other types of electronic
devices are enabled by conductive fibers and textiles created using dipcoating. Ishida
et al. constructed a single-type (p-type only) thermoelectric generator using square
patches of a PEDOT:PSS coated cotton fabric sewn together with nickel foil, which
yielded a thermoelectric power density of 4.5 uW cm 2 mg '.2° Lin et al. fabricated
thermoelectric fabrics by dipcoating pre-woven polyester fabrics with PEDOT:PSS
dispersed in DMSO.?’ The coating process was repeated twice to afford fabrics with
a smooth surface (Figure 2c), conductivities of 1.5 S/cm and a maximum power
factor of 0.045 pW m™! K2 at 390 K. Single-type fabric thermoelectric generators

were then created by stitching strips of this conductive fabric onto a raw polyester
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fabric backing and electrically connecting these strips with silver-coated nylon
thread.

Inganis et al. demonstrated that a conductive silk fiber could be utilized as
the source-drain channel in an organic electrochemical transistor (OECT) by dip
coating either natural or recombinant silk fibers with poly(2,3-dihydrothieno[3,4-b]-
[1,4]dioxin-2-yl-methoxy)-1-butanesulfonic acid (PEDOT:S). These dipcoated
fibers exhibited conductivities as high as 0.044 S/cm.?®?° In a different report,
Ingands et al. demonstrated a novel fiber-based OECT device architecture
comprised of two PEDOT:PSS coated cotton yarns arranged in a cross geometry.
One yarn comprised the source-drain channel and the second yarn acted as a gate
electrode. A droplet of a polymer gel electrolyte placed at the intersection between
the two yarns completed the gate-source conduction pathway.’ Coppede et al. also
created several fiber-based OECTs using a PEDOT:PSS coated cotton yarn sewn
onto an insulating substrate. Notably, human sweat was needed to complete a
conductive channel between the gate and source electrodes in this device, allowing
these OECTs to function as skin-mountable sensors to monitor the concentrations
of varying analytes in human sweat.3%3!

Andrew et al. used dipcoating to create all-textile triboelectric generators that
generated power due to the creation of surface charge upon the physical contact of
two fabric surfaces of opposite polarity (Figure 2.4).3? Cotton fabrics were dipcoated
with a fluoroalkyl alkoxysiloxane compound, which formed a rugged, polymeric
fluoroalkylsiloxane surface coating on the cotton fabrics upon drying. This

dipcoated cotton fabric was then sewn onto a conductive fabric electrode and
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subsequently placed atop a complementary electrode (comprised of a nylon fabric
sewn onto a conductive fabric) to create an all-textile triboelectric generator. This
device yielded an average power output of 13 [JW cm™ when the stacked electrodes
were connected to a 50 MQ load and lightly patted together. This work is interesting
because the densely microstructured surface of cotton textiles was integral in
creating useable surface charge density upon physical contact (typically, planar

surfaces do not produce notable triboelectric power).
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Figure 2.4 a) SEM of pristine cotton fabric. b) SEM of cotton cloth dipcoated with a
fluoroalkylsiloxane. c¢) Voltage outputs obtained upon light patting of two textile
triboelectric generators constructed using either pristine cotton cloth (left) or
fluoroalkylsiloxane coated cotton cloth (right). A cartoon of the device is provided as an
inset. Adapted from Ref. 24.
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2.4 Electrochemical Coating

Electrochemical polymerization is another coating method that combines
polymer synthesis and deposition into one step. A monomer is dissolved in an
appropriate solvent along with an electrolyte salt and a linearly varying (triangle-
wave) potential is applied using a voltage source and, typically, a three-electrode
setup (working, counter and reference electrodes). Monomer oxidation occurs when
sufficient positive bias is applied, which initiates polymerization at the working
electrode.’® Several textiles have been coated with conducting polymers via
electropolymerization.>*

The main requirement for electrochemical deposition of conjugated polymers is
a conductive working electrode. Since standard fiber or fabric substrates are
normally insulating, they cannot be directly used as an electrode onto which a
polymer coating is deposited via electrochemical means. One creative approach for
depositing polymers onto an insulating fiber substrate is to simply wrap a metal
working electrode with the fiber, allowing the polymers formed in the vicinity of the
working electrode to passively coat the fiber. Gupta et al. coated natural fibers, such
as silk, cotton, and wool, with poly(pyrrole) in this fashion, using a platinum wire
working electrode.*

Most reports that use electrochemical polymerization to form conjugated polymer
coatings first create a thin conductive base coat, or seed layer, on the fiber/fabric
using dipcoating, VPP or solution polymerization, which then allows the fiber/fabric
to directly act as the working electrode. In this sense, electrochemical

polymerization can be best considered as a method with which to increase the
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thickness of a conductive coating on fibers/fabrics. Under optimized conditions, the
morphology of the electrodeposited polymer coating is largely determined by the
morphology of the underlying seed layer.

Cases et al. used this approach to make conductive polyester textiles. Textiles
were first coated with a seed layer of poly(pyrrole) via in situ solution
polymerization (see Section 4), and this coated textile was subsequently used as the
working electrode for an electrochemical polymerization of pyrrole or aniline. The
conductivities of the resulting textiles were approximately 20 Q/square for both
poly(pyrrole) and poly(aniline) coated textiles.’®*” Murphy et al. also prepared
poly(pyrrole)-coated textiles using this technique, however the textile substrate was
silk instead of polyester. The authors demonstrated that these poly(pyrrole) coated
conducting silks are uniquely-biocompatible biosensors.*® Similarly, Jager et al.
created metal-free textile actuators that act as artificial muscles using poly(pyrrole)-
coated conductive yarns obtained via electrochemical polymerization.?° Single- and
two-ply twisted Lyocell cellulose staple yarns were first coated with a seed layer of
PEDOT using vapor phase polymerization (see section 2). Next, these conductive
yarns were used as the working electrode to effect electrochemical polymerization
of poly(pyrrole). These textile actuators showed a 27% decrease in actuation force
when cycled between -1 and 0.5 V at 0.05 Hz for 8000 cycles. Notably, uniform
polymer coatings were found to be integral to enabling macroscale actuation and the
observed uniformity of the PPy coat was mostly ascribed the use of vapor phase
polymerization to create a smooth PEDOT seed layer. Krishnamoorthy et al.

transformed various naturally occurring fibers/threads into fiber supercapacitors
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using, first, a novel redox reaction to deposit a gold coating onto these natural fibers
and subsequently creating a PEDOT layer on the gold-coated fibers using
electrochemical polymerization. These gold/PEDOT coated fibers displayed

capacitances as high as 254 F/g.*

Figure 2.5 SEMs of poly(aniline) films deposited on conductive polyester fabrics via
electrodeposition at a scan rate of (a) 50 mV/s or (b) 5 mV/s. Adapted from Ref. 49.

The morphology of electrodeposited conjugated polymer films on
fibers/fabrics is also influenced by the rate at which the applied potential is varied
(i.e, the scan rate). Cases ef al. investigated scan rate effects on the morphology of

poly(aniline) films deposited onto polyester fabrics via electrochemical
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polymerization.*! Notably, the poly(aniline) coatings displayed “centipede-like
features—i.e., two rows of fuzzy polymer nanofibers branching from a common
core—at low scan rates (Figure 2.5), which is a highly-unusual and unmatched solid-
state structure. The surface resistivity of the poly(aniline) coated fabrics was as low

as 3 )/square for samples synthesized at a scan rate of 1 mV/s.

2.5 In Situ Solution Polymerization

Certain conducting polymers are not readily available as stable, pre-
formulated conducting inks—for example, poly(pyrrole) (PPy) and poly(aniline)
(PANI). In these cases, the polymer can be chemically synthesized in the presence
of a desired substrate to simultaneously effect polymerization and deposition. We
label this method as in situ solution polymerization. In this method, a substrate is
placed into a solution containing the desired monomer and, if appropriate, other
reagents, after which an oxidant is added to solution to initiate polymerization. A
certain fraction of the polymers formed in the reaction solution will passively adhere
to the surface of the substrate. Depending on the surface chemistry of the substrate
and the presence/absence of reactive functional groups, reactive monomers or
growing polymer chains can also become covalently attached to the substrate during

the reaction.
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Figure 2.6 SEMs of conducting polymer films on fabrics deposited via in situ solution
polymerization. (a) Poly(pyrrole) on cotton. Adapted from Ref. 52. (b) Poly(aniline) on
cotton. Adapted from Ref. 53. (¢) PEDOT on nylon showing nylon degradation. Adapted
from Ref. 50.

Though seemingly straight-forward, in situ solution polymerization is hard to
control in real time. Ways to control mass transport during
polymerization/deposition are minimal and strategies to direct film growth kinetics
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are hard to enforce. The conjugated polymer coatings obtained via in situ solution
polymerization display the highest degree of nonuniformity, surface roughness and
batch-to-batch variance among all the fabrication methods summarized in this article
(Figure 2.6). Small changes in reaction conditions (such as stirring/no stirring),
monomer/oxidant concentrations and reagent addition order can lead to significant
differences in film crystallinity/morphology, coating uniformity and correlated
electronic properties. Moreover, some fabrics have been observed to degrade under
the acidic reaction conditions necessary to effect pyrrole and aniline polymerization
in solution. Therefore, this technique is best used with caution.

Kang et al. explored various in situ solution polymerization procedures to
create PEDOT-coated nylon, PET and PTT fabrics, with the aim of optimizing their
conductivities.*> The authors found that most solution polymerization conditions
degraded and/or partially dissolved nylon fibers, leading to products with inferior
mechanical properties. Varesano ef al. created conductive PPy-cotton fabrics with
sheet resistances as low as 2.18 Q/sq.** Xu and Xu et al. also used in situ solution
polymerization to create PPy-coated cotton fabrics that served as supercapacitors
with a specific capacitance of up to 325 F/g and energy densities up to 24.7 Wh/kg.**
Aksit et al. coated cotton fibers with PANI and subsequently doped these films with
barium ferrite, achieving sheet resistances as low as 350 Q/cm.* Stejskal et al. used
the reducing ability of PPy and PANI coatings on cotton fabrics to deposit silver
nanoparticles from silver nitrate solutions onto the surface of the fabrics. These
silver/PANI and silver/PPy coated cotton fabrics displayed notable antimicrobial

activity and cytotoxicity.*®
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2.6 Miscellaneous Coating Methods

Due to the popularity and utility of PEDOT:PSS coated textiles, there exist
isolated reports in which creative or unusual fabrication methods are used to access
electronically active textiles. One such example comes from Kim ef al. who used
blade coating to coat PEDOT:PSS onto the surface of a specially formulated
synthetic fabric comprised of polyester/silver nanowires/graphene.*’ The
bladecoated PEDOT:PSS film served as a hole-transport / electron-blocking layer
for a semiconducting polymer-fullerene bulk heterojunction solar cell that was
subsequently elaborated onto the fabric surface. The solar textile thus obtained
demonstrated a power conversion efficiency of 2.27% and a specific power of 0.45
W/g.

Sotzing et al. created patterned circuits on the surface of PET fabrics by inkjet
printing a specially formulated PEDOT:PSS ink containing commercially available
“high conductivity grade” PEDOT:PSS, ethanol, and diethylene glycol.*® The ratios
of these three components were optimized to obtain an appropriate ink viscosity.
The sheet resistance of these inkjet printed wires was high (3185.7 Q/sq), which the
authors ascribed to a low concentration of PEDOT:PSS in the deposited film: a 125
mm? area was found to contain only 0.15 mg of PEDOT:PSS, even after 10 printing
passes. The authors then created patterned circuit pathways on the surface of PET
fabrics using a stenciling method.*’ A plastic stencil was fashioned and placed atop
the PET fabric, after which a concentrated PEDOT:PSS solution was stippled onto
the PET fabric through the stencil using a sponge. The sheet resistance of the wires

thus fabricated was 2.7 €)/sq, which was attributed to an increased amount of
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deposited PEDOT:PSS: the sponge stencil method deposited 1.59 mg of
PEDOT:PSS over a 125 mm? area. The current carrying capacity (CCC) for these
PEDOT:PSS wires were measured and compared against silver-coated conductive
fabrics and carbon nanotube-impregnated paper (buckypaper). The CCC of the
PEDOT:PSS circuit on PET fabrics was measured to be 1000 A/cm2, comparable

to that of buckypaper but lower than that of silver-coated bamboo cloths.

2.7 Vapor Coating

Vapor phase polymerization of conducting polymers is a nascent technique
that combines polymer synthesis and deposition into one step.’°>? This method
allows for any textile or fiber to be coated with conducting polymers without the use
of solvents, detergents, fixing agents or surface pretreatments, making it an
environmentally friendly way to create electronically active fabrics. Vapor
deposition is an attractive technique that allows for uniform and conformal coating
of arbitrary substrates of any surface topography/roughness and produces
conductive materials without any insulating moieties.>> Vapor deposited coatings
are often thin enough such that the original mechanical properties of the substrate
(and not that of the coating) will be the dominant observable.>*

Two main components are required for vapor deposition: a conjugated
monomer and oxidant. Monomers include 3,4-ethylenedioxythiophene (EDOT),
aniline (ANI) and pyrrole (Py). A variety of iron(Ill) salts are used as the oxidant,
including iron (IIT) chloride and iron (III) p-toluenesulfonate. Two major subclasses

of vapor deposition methods exist, both of which have been used to coat textiles and
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yarns with conducting polymers. The first technique is called vapor phase
polymerization (VPP) and involves impregnating the iron oxidant into a fiber/fabric
via dipcoating or dropcasting and then exposing this iron-impregnated fiber/fabric
to vapors of the desired monomer in a closed chamber. The second vapor deposition
technique is called oxidative chemical vapor deposition (0CVD) and is distinct from
VPP in that both the oxidant and monomer are introduced simultaneously in the
vapor phase to create a conjugated polymer film. oCVD is typically conducted in a
reactive vapor deposition chamber, although the requirements for this chamber are
not exact, and a variety of widely-available reaction glassware can be adapted to
effect polymer deposition. The basic requirements for a deposition chamber include
a controlled inlet for the gaseous monomer, a heated crucible to generate oxidant
vapor, a heated surface to hold the fabric/fiber substrate in the vicinity of the oxidant
vapor plume, and a vacuum pump.>?

In both vapor deposition methods, the gaseous monomer reacts with an
oxidant at or near a heated substrate to form oligomers and polymers that will be
deposited onto the substrate.’® Exposed oxidants on the surface of the fiber/fabric
create reactive radical cations of the monomer at or near the surface of the substrate,
which then react with other monomers to produce a growing polymer chain.
Depending on the chemical composition of the fiber/fabric substrate, the monomer
radical cations can also react with functional groups on the fiber/fabric surface to
afford mechanically stable surface-grafted conjugated polymer films on

fibers/fabrics. Notably, whereas the degradation and swelling of a fiber/fabric in
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certain solvents needs to be considered when using solution-based polymerization
and/or deposition methods, this is not a concern with vapor deposition methods.>?

All vapor deposition procedures are followed by necessary rinsing steps to
remove residual oxidant and other small-molecule reaction byproducts from the
deposited polymer film. Rinsing in methanol or sulfuric acid/methanol mixtures
effectively removes residual iron salts from the films and also improves the
conductivity of the isolated conjugated polymer films.>?

Dall’Acqua and Tonin et al. created poly(pyrrole) (PPy) coated cellulose
textiles using VPP for eventual use as an electroactive membrane in fuel cells.
Fabrics were first soaked in ferric chloride hexahydrate and then exposed to
vaporized pyrrole to afford PPy coatings. Coating uniformity was affected by the
weight loading and degree of impregnation of the iron oxidant—higher oxidant
loadings lead to greater oxidant impregnation in the cellulose textiles, which, in turn,
yielded smoother and more-uniform PPy coatings upon exposure to pyrrole vapor.>’
Shang et al. investigated the influence of reaction conditions, such as oxidant
loading, reaction time and reaction temperature, on the structure and electronic
properties of PPy coatings created on PET fabrics using VPP. The authors concluded
that oxidant loading did not have a notable effect on the conductivity of the PPy
coating obtained by VPP and that intermediate reaction times (4-5 hours) at low
temperatures (4 °C) afforded the smoothest, most uniform PPy coating with the
lowest sheet resistance (250 Q / square).>®

Skrifvars et al. used VPP to deposit PEDOT onto textiles.’® Contrary to

observations made for dipcoated samples, the authors determined that pre-treating
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textiles with organic solvents reduced the electrical conductivity of PEDOT coatings
obtained via VPP. Further, brittle, flaky PEDOT coatings were obtained on solvent-
treated textiles. Different types of oxidants were explored for the VPP of PEDOT.
PEDOT coatings obtained using FeCls as the oxidant displayed high electrical
conductivity, whereas samples obtained using iron (III) p-toluenesulfonate as the
oxidant resulted in strong mechanical properties. Non-natural, designer fibers have
also been used as substrates for VPP. Laforgue et al. exposed electrospun fiber mats
comprised of the oxidant, iron(IIl) p-toluenesulfonate, dispersed in an insulating
polymer matrix to EDOT vapor in order to create quasi-pure PEDOT nanofibers
with a measured electrical conductivity of 60 S/cm. 06!

Vapor deposition methods afford highly conformal conjugated polymer
coatings that preserve the topography and texture of the underlying substrate with
high fidelity. This feature can be advantageous when working with certain
morphologically distinct substrates. Bashir et al. proved this point by coating porous
poly(tetrafluoroethylene) (PTFE) membranes with PEDOT via oCVD and
demonstrating that the vapor deposited PEDOT coating did not clog the membrane
pores.®? Figure 2.7 shows the PTFE membrane pores before and after coating with
PEDOT. Additionally, the necessary post-deposition sulfuric acid rinse to remove

residual iron oxidant was also found to lower the sheet resistance of the PEDOT-

coated membranes to a final value of 0.8 kQ after 72 hours.
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Pristine PTFE Membrane

oCVVD PEDOT coated PTFE Membrane

AR

Figure 2.7 (a-b) SEMs of a porous PTFE membrane at two different magnifications. (c-d)
SEM of these membranes after PEDOT coating using ocVD. Adapted from Ref. 39.

Textile scientists have traditionally shied away from using vapor deposition
methods to create various textile-based electronics because of the perceived
difficulty and high cost of scaling up vapor coating chambers to satisfy the high-
volume demand of the textile industry. However, as described by Gleason et al.,
advancements made over the past decade have resulted in the use of vapor deposition
methods to stain-guard carpets, lubricate large area mechanical components and
protect microelectronic devices, demonstrating that vapor coating methods are
indeed conducive to large-scale, high-throughput manufacturability.®> Moreover,
the tremendous wash and wear resistance of vapor deposited films is an intrinsic
property, as opposed to a feature imparted by the addition of a carefully-chosen
binder, as in the case of conductive fibers/fabrics created via dipcoating. The
electrical properties of the conjugated polymer films created by vapor deposition are

also superior to those created from commercial conducting polymer inks: vapor-
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deposited conducting polymer films lack an insulating component (such as PSS or
solubilizing side chains on each repeat unit) and can therefore support much higher

current densities per unit volume than their solution-processed counterparts.

2.8 Chemical Vapor Deposition of PEDOT
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Figure 2.8 Reaction chamber designs for a)PECVD, b) ALD, c¢) iCVD, and d) oCVD
adapted from Ref [83].

Chemical Vapor Deposition (CVD) is a technique used to apply coatings or create
films on the surface of a substrate through vaporized precursors.” % It is a very versatile
technique and has been used on industrial levels for several decades. Vapor deposition has

been performed in a variety of chamber reactors; some examples are shown in Figure 2.8.
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Plasma-enhanced chemical vapor deposition (PECVD) requires a “pancake” style
chamber and is commonly used to deposit films of Si, Si3N4, and Si02, as well as free-
standing carbon nanostructures (Figure 2.8a). These chambers include a cylindrical, flat
body with an inlet for the precursors, a vacuum inlet, and a load-lock chamber. Inside of
the body there are two parallel-plate electrodes which are used to apply direct or alternating
current. A carrier gas used in the deposition reacts with the current to generate a plasma,
which is then used to create the reactive species used in the chemical reaction.®

Atomic layer deposition (ALD) is a technique designed to produce multilayer optical
coatings and for the controlled growth of metal oxides (Figure 2.8b). This chamber design
consists of a horizontal, stainless-steel tube. Under an applied vacuum, the precursors and
carrier gas are introduced into the chamber body via sequential pulse-purge-pulse cycles.
This allows for the reaction of species at predetermined active sites on the substrate.
Through this technique atomic level control over film growth is achieved, although this
process is time consuming as the deposition rate is so slow.**

Initiated chemical vapor deposition (iICVD) is a technique that uses a modified
PECVD chamber for controlled depositions of polymer films on numerous textured
surfaces with different surface energies (Figure 2.8c). Plasma coupled with an initiator
precursor is used to create reactive species that react and form polymer films on the cool
surface at the base of the chamber.

Oxidative chemical vapor deposition (0CVD) is also a technique used to deposit
polymer, specifically conductive polymer, films. The chamber design allows for a
vaporized monomer to react with a vaporized oxidant on the substrate which is placed on

a heated surface. The chamber design show in Figure 2.8d shows a cube-shaped chamber

42



body with monomer inlets and a vacuum inlet. In this chamber, the oxidant crucible creates
a cone of vaporized oxidant which the monomer vapors intersect with perpendicularly,

directly on the surface of the substrate.®

Monomer Substrate Oxidant
(95 °C) (110 °C) (180 °C)

Vacuum < \__/ ||=®=+

—_]

Figure 2.9 Custom built reaction chamber with three independent heating zones and
adjustable gas/monomer flow. The blue indicates monomer vapors, the red for oxidant
vapors, and the purple indicates the polymerization zone.

In this work, the polymerization reaction occurs in a custom-built tube-shaped
reaction chamber, as pictured in Figure 2.9. The chamber is made from a customized quartz
tube and functionalized with adjustable valves to control the monomer flow rate. The
reaction occurs under an applied vacuum (100-200 mTorr), which is pulled from the left
side of the chamber. There are three adjustable, independent heating zones for the
monomer, substrate, and oxidant. The monomer is added to a vial which is attached to the
inlet on left side of the chamber, closest to the vacuum. The oxidant is held in a boat and
placed so there is 2.5-5 inches of space between the monomer inlet and the left edge of the
boat. This distance can be adjusted to increase/decrease reaction times and the uniformity
of the polymer films. The substrates are placed in the space between the monomer inlet

and the oxidant boat. The monomer, substrate, and oxidant zones are heated at 95 °C, 110
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°C, and 180 °C, respectively. The oxidant is vaporized first and allowed to fully fill the
tube. Then the monomer vapors are introduced and the polymer forms on the surface of the
substrate and the heated chamber walls.

The tube chamber used herein and the cube chamber (shown in Figure 2.8d) are
similar in that they can both be used to deposit conductive polymers using oCVD. The cube
chamber includes a metal “flap” that is used to protect the substrate from the oxidant while
the crucible is ramping up to the desired temperature. This flap is mechanically adjusted
when the monomer is introduced to the chamber so the reaction can occur on the surface
of the substrate. This allows for the polymer to better adsorb onto smooth surfaces, such as
glass. If there is a thick layer of oxidant on the surface of a smooth substrate, the polymer
is more likely to delaminate during the rinsing process. Additionally, this chamber uses a
quartz crystal microbalance (QCM) to give real-time thickness measurements of the film
during the polymerization, providing a more fine-tuned control of the film thickness. The
cube-shape design of this chamber means that it is larger than the tube chamber, as such,
more time is required for a deposition.

The tube-shaped reaction chamber is a faster method to obtain conductive polymers
coatings. In this chamber, the distance between the oxidant, substrate, and monomer are all
highly adjustable, as are the heating zones. This gives more flexibility in terms of adjusting
reaction times, but also allows for the adaption of more complex polymerization setups.
For example, our lab has shown that conductive polymers can be deposited on plants in
this chamber because the substrate could be arranged in such a way that the moisture from
the plant did not react with the oxidant before it is able to vaporize.®* Although this chamber

cannot prevent oxidant from depositing on the surface of the substrate before the monomer
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is introduced, if a rough or textured substrate is used the polymer does not delaminate
during the rinsing stage. The thickness of the films deposited in this chamber are able to be
controlled by standardizing the deposition conditions such as the chamber pressure,
distance between the oxidant, monomer, and substrate, and reaction time. The thickness is
not able to be measured during the deposition, so it is measured using profilometry
measurements of a polymer-coated glass slide post deposition. Because this work focuses
mostly on fabric substrates, the tube chamber was chosen for this work over the cube
chamber.

The work described within this dissertation will focus on oCVD as a method
for coating substrates with Poly(3,4-ethylenedioxythiophene) (PEDOT-CIl). PEDOT
films on glass displaying conductivities as high as 2500 S/cm and 1500 S/cm have

been obtained via VPP and oCVD, respectively.®
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Figure 2.10 Reaction scheme for vapor deposited PEDOT-CI

Gleason et.al. first reported the mechanism of PEDOT-CI synthesized by using

oCVD in 2006.8® Our proposed reaction scheme for the oxidative polymerization of
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persistently doped PEDOT-CI can be found in Figure 2.10. First, the vaporized monomer,
3.4-ethylenedioxythiophene (EDOT), reacts with the vaporized oxidant (Iron (III)
chloride) on a heated surface to form a radical cation. The radical cations will then combine
with another oxidized monomer to create a neutral dimer. The neutral dimers are further
oxidized and join with other dimers or oligomeric chains to produce the polymer PEDOT.
The oligomer has a lowered oxidation potential due to alternating single and double bonds
making them n-conjugated which delocalizes the electrons. During polymerization a
counter ion, in this case chloride (CI) which is introduced from the oxidant, binds to the
polymer to balance the positive charges which form along the backbone every three or four

chain segments.®

2.9 PEDOT-CI Coated Textiles (Tube Reactor)

We have shown that PEDOT-CI is able to be deposited onto a variety of substrates
from glass to textiles and even directly onto plants regardless of surface roughness.’>3487:88
Due to oCVD being a multidirectional coating technique we observe conformal and
uniform polymer films. Additionally, the oCVD technique is a strictly surface coating
technique, as such we do not see penetration of the polymers into the substrate, which has
been confirmed through cross-sectional EDX measurements and published in previous
work from our lab (Figure 2.11 a-c).%’ Therefor, complex patterns of PEDOT-CI can be
produced on the surface of the substrate through a facile shadow masking technique using
Kapton tape. Figure 2.11d-e shows a sample of pristine cotton masked with Kapton Tape

and the same sample after PEDOT-CI has been deposited. We see no bleeding of the

polymer to the areas masked by the tape post-deposition, instead we see clean lines where
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the mask was applied. Figure 2.11f shows SEM images taken at the boundary between the
cotton under the Kapton tape and the cotton exposed to the PEDOT-CI polymerization. It
is clear that there was no polymer bleed even on the microscale. We also see that each
individual fiber is coated uniformly and conformally with PEDOT-CI and there are no areas

of polymer aggregation.

l oCVD

' PEDOT-C/
Coated

Figure 2.11 a) Cross-section SEM image of a nylon fiber with a 300 nm-thick PEDOT-CI
coating. b) EDX mapping of element N and c) element S of the SEM image in (a) [Ref 8],
Cotton templated with Kapton Tape d) before and e) after coating with PEDOT-CI, f) SEM
images of the boundary between the pristine fabric from the shadow mask and the PEDOT-
Cl fabric.
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The work herein explores the use of different types of fabrics when producing
PEDOT-CI coated textiles. All of the textiles used for coating have not gone through
chemical treatment, known as raw textiles, and do not have a coating on the surface that
might interfere with adsorption of the polymer. SEM images, Figure 2.12, shows the
conformality of the polymer coating on a wool felt and a polyester knit. The polyester knit

is a synthetically made textile and as a result the surface of the fibers are smooth.

PEDOT on Felt

PEDOT on Knit

o

Figure 2.12 SEM images of PEDOT-CI coated wool felt and polyester knit.

Wool fibers, on the other hand, have cuticle cells covering the exterior of the fiber
that look like overlapping plates, giving the fiber a lot of texture (Figure 2.13a). The
PEDOT-CI coatings in the SEM images shown in Figure 2.13b, previously obtained from
our lab, reflect the microstructures of these fibers respectively. Additionally, the wool

fibers, which naturally have a waxy coating made of fat, demonstrated hydrophobicity after
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the PEDOT-CI coating was deposited. In order for these polymer-coated textiles to be
functional in wearable applications, they must show durability under conditions that
normal clothing is regularly exposed to. We simulated this by washing a sample of
PEDOT-CI coated cotton in Gain detergent for 5 cycles, as well as folding a sample in half
and rubbing it against itself for 100 cycles. The conductivities of these samples as well as
a pristine sample of PEDOT-CI cotton were taken using a 4-point probe and show little to

no change (Figure 2.14a).

Cuticle Cells

Figure 2.13 a) Diagram of a wool fiber and texture caused by cuticle cells, b) SEM images
of PEDOT-CI coated wool fibers.

We also show that the polymer does not delaminate from the surface of the textile
after these conditions are applied. The samples show no visual change after washing and

rubbing as analyzed through SEM images (Figure 2.14b-d). We also evaluated the
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biocompatibility of PEDOT-CI through a skin reactivity test. PEDOT-CI was found to rank

alongside polystyrene, which is considered a non-irritant and thus safe for use as a

wearable.>>-87:88.90
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Figure 2.14 a) Conductivity of PEDOT-CI coated cotton that has been washed and rubbed,
b-d) SEM images of PEDOT-CI cotton pristine, washed, and rubbed, respectively.

2.10Summary

Chapter 2 explained the oCVD technique of synthesizing PEDOT-CI. Using this
method, PEDOT-CI coated textiles were produced. The textiles demonstrated uniform and

conformal coatings of the fibers and maintained their natural feel. The coatings textiles
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were able to maintain their natural properties after coating, as demonstrated by the PEDOT-

Cl wool samples’ hydrophobicity. These textiles showed durability under washing and

rubbing conditions making them a viable option for wearable applications. In Chapter 3,

the applications of PEDOT-CI textiles will be explored.
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Chapter 3

EXPLORING THE HYGRO-RESISTIVE
PROPERTIES OF VAPOR-DEPOSITED PEDOT-CL
AND ITS USE IN WEARABLE RESPIRATION

MONITORING

3.1 Introduction

In Chapter 2 the process of creating PEDOT-CI coated textiles using the CVD
method was explained. Chapter 3 explores the innate properties of PEDOT-CI in relation
to moisture. The change of a material’s electrical resistance when exposed to moisture is
known as the hygroresistivity. This is an inherent property of mixed ionic-electronic
conductors, such as PEDOT-CI.

In recent years there has been a rise in demand for wearable health sensors. By
integrating sensors with garments, we are able to create a means of non-invasive and long-
term health monitoring, which is more accessible to patients and lay consumers. More
recently, wearable respiration sensors have received a lot of attention and can be used for
detecting and monitoring respiratory diseases such as asthma, and respiratory viruses such
as pneumonia.'~'® Techniques that are used to accurately assess respiration involve tracking

the rise and fall of breaths using a pressure sensor, which can be subject to motion artifacts,

59



as well as techniques such as nasal cannula where pipes are inserted into the nose, which
are much more invasive, however these techniques are not practical for large-scale or long-
term monitoring.!72° Respiration allows for physiological signals, such as humidity and
temperature, to be released from the mouth and nose through an air flow. By using a
material that can sense these physiological signals, we can develop a functional and
practical way of monitoring respiration as well as other health indicators.?!

One way of sensing respiration is by using a resistive humidity sensor, which
converts humidity changes into electrical signals. Borini et. al. reported an ultrafast
graphene oxide humidity sensor with a 30 ms response and recovery time on a polyethylene
naphthalate substrate.”> These devices were able to distinguish between breathing and
speaking based on the electrical response pattern of the device. Pang et. al. and Chen et. al.
have reported success with monitoring respiration using a graphene and graphene oxide
humidity sensor, respectively, mounted into face masks.”>** Both of these reports,
however, involve a complex synthetic process that mixes vapor phase synthesis and
solution synthesis, which would be difficult to scale up for commercial production.

Herein we report a resistive humidity sensor composed of a fabric vapor coated
with poly(3,4-ethylenedioxythiophene): chloride (PEDOT-CI). We integrate the device
into a heat-molded mask as well as a cotton mask and analyze the electrical response of the
sensor to monitor a person’s respiration. We show that these devices can be used
longitudinally to differentiate between shallow breathing and deep breaths, as well as

differentiating between breathing and talking, in both indoor and outdoor environments.
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These functions will allow our wearable sensor to alert wearers to potential respiratory

distress as they go about their lives.

3.2 Results and Discussion

3.2.1 Humidity Sensors and Mask Design

Humidity Sensor Vdd
(interior)

Output
ADC |—P!

Ag Thread Leads
(exterior)

Voltage
Board follower

(exterior)

Exterior Interior

Figure 3.1 a) Illustration of a smart mask for respiration monitoring. b) Circuit diagram
of the control board. ¢) Pictures of the exterior and interior of the mask.
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The humidity sensors, also known as hygristors, were made out of a standard cotton
coated with poly(3.,4-ethylenedioxythiophene) (PEDOT-CI), using a reactive vapor
deposition (RVD) process. This procedure has been previously reported by our group.?
The resulting fabrics have a conformal and uniform coating of the polymer, which makes
them very robust. The fabrics were subjected to 10 wash cycles to assess the robustness,
the resulting resistance being 1.16 = 0.09 kQ, which indicates excellent adsorption of the
polymer to the textile fibers.?°

The hygristor devices were constructed by sewing silver thread to each end of a 2
cm x 2 cm rectangle of PEDOT-CI coated cotton with a hydrophobic fabric backing. The
hygristor was then mounted in the mask in a location that sits between the nose and the
mouth in order to sense respiration coming from both (Figure 3.1 a). The silver thread leads
were yarned and threaded through the mask to connect to the electrical board which is
mounted on the exterior of the mask. The electrical board measures the voltage changes of
the hygristor, the circuit diagram can be found in Figure 3.1 ¢. Motion artifacts are able to

be reduced through the use of cotton tubing.
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Figure 3.2 a) The measurement setup for evaluating the humidity dependent resistance of
the sensors, b) the normalized resistance response of the PEDOT-CI sensor to an increase
in humidity.

Because the PEDOT-CI samples demonstrate a moisture dependent conductivity,
we can conclusively categorize this polymer as a mixed ionic-electronic conductor. This
means that when moisture is introduced, ions within the polymer become mobile and are
able to increase the ionic conductivity. In PEDOT-CI the mobile ions are CI ions that are
introduced during the deposition process (Figure 3.3a). Comparatively, PEDOT:PSS,
which is also a mixed ionic-electronic conductor, can have several mobile ions in the form
of free SO3 anions, Na"SOs", or SO3H ions (Figure 3.3b). These ions are introduced during

the synthesis of PEDOT:PSS and can be present in the final product.
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PEDOT-CI PEDOT:PSS

Figure 3.3 a) Chemical structure of PEDOT-CI with mobile ions (CI) labeled in red, b)
Chemical structure of PEDOT:PSS with possible mobile ions labeled in red.

The post-deposition rinse that we perform on our PEDOT-CI samples insures that
residual salts are removed before samples are measured. The polymer reported herein has
Chloride as a counter ion, however it is possible to perform an ion exchange by rinsing the
samples with an acid. Previously, we have shown that we can perform an ion exchange by
rinsing with sulfuric acid. Figure 3.4 depicts the XPS measurements of samples unrinsed,
rinsed with methanol, and rinsed with methanol/sulfuric acid. These results show that the
Fe peak disappears after the rinses, and the only ions present are the counterions of the

polymer.?
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Figure 3.4 XPS measurements of PEDOT, where green is unrinsed, blue is rinsed with
only methanol, and purple is rinsed with sulfuric acid and methanol.?

3.2.2 Respiration Monitoring

Real time outputs from the mask were recorded for two separate participants in
various settings. In order to assess the accuracy of the humidity sensor, a ground-truth
respiration belt was also worn, which senses respiration from expansion and deflation of
the diaphragm. We show that the humidity sensor is able to accurately sense the moisture
in a breath and recover quickly enough in order to sense the next breath. We also show
that the humidity sensor can distinguish between deep and shallow breaths taken by the
wearer (Figure 3.5 a-b). The signal quality remains constant even when the breaths were

measured outdoors (Figure 3.5 c-d).
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Figure 3.5 Shallow vs deep breaths sensed by the mask and compared to the ground truth
belt a) indoors User 1, b) indoors User 2, ¢) outdoors User 1, and d) outdoors User 2.
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Figure 3.6 Sensing respiration while the user is walking a) indoors User 1, b) indoors
User 2 ¢) outdoors User 1 and d) outdoors User 2.
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The sensor was also tested by measuring respiration while the wearer was walking,
and the results show that there are very little motion artifacts (Figure 3.6 a-b). We believe
that these artifacts can be effectively eliminated or significantly reduced by using a
Bluetooth connection between the board and the software. The outdoor walking results
show a small amount of motion artifacts, but the overall respiration is still distinct (Figure

3.6 c-d).
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Figure 3.7 Respiration pattern of breathing vs talking for a) User 1 and b) User 2.

We found that the humidity sensor is sensitive enough to be able to differentiate
breathing from talking (Figure 3.7). The signal from speaking is less systematic than the
breathing, which is representative of the variations in breath that are released from a

person’s mouth while they are talking. This is an important difference to note, because
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during remote or long-term monitoring using this mask, any changes in respiration need to

be easily distinguishable in order to come to medical conclusions.
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Figure 3.8 Longitudinal data of the user where measurements were taken every hour
from 0- 4 hours, a) User 1 and b) User 2.

To show that the mask can be used for long-term health monitoring, we performed
longitudinal respiration monitoring (Figure 3.8). The participant wore the mask for 4.5
hours, and the respiration was recorded every 30 minutes. We see that long term use of the
sensors does not result in saturation of the signal. Furthermore, to show the versatility of

this sensor design, we mounted the humidity sensor in a fabric mask and recorded a



participant taking deep and shallow breaths, the results of which can be found in the

supporting information (Figure 3.9).
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Figure 3.9 a) Interior (upper) and exterior (lower) of humidity sensor mounted in a fabric
mask, and b) breathing response of User 2 taking deep and shallow breaths with sensor
mounted in a fabric mask.

We tested a sample of PEDOT:PSS coated on the same cotton as the PEDOT-C1
sensor in order to compare the sensitivities (Figure 3.10). We found that the PEDOT:PSS
sensors were much more conductive than the PEDOT-CI sensors, and the coating
procedure to be significantly longer and produced more waste. The PEDOT:PSS sensors
showed a respiration signal, but were unable to differentiate between deep and shallow

breaths. After 2-3 minutes of breathing on the sensor we saw the signal decay into noise
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suggesting that the sensor had fully saturated. This leads us to believe that the PEDOT-CI

sensors were more sensitive and robust and therefor better for use in this application than

the PEDOT:PSS sensors.
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Figure 3.10 Respiration measured using the PEDOT:PSS sensor mounted in the mask for
a) minute 1-2, and b) minute 3-4.

3.3 Summary

We demonstrated a PEDOT-CI coated cotton humidity sensor mounted in a face
mask for use in respiration monitoring. Through experiments on two different participants,
the sensor proved to be sensitive enough to distinguish between deep and shallow

breathing, as well as being able to discern talking from breathing. The signal quality of
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measurements taken outdoors was comparable to those taken indoors. We also
demonstrated that the breathing signal of a participant taken while walking was insensitive
to motion artifacts. The mask proved to be capable of measuring respiration for four
consecutive hours without indication of signal saturation. We additionally demonstrated
that the sensor can be integrated and functional within different types of masks by
measuring respiration of a participant using a sensor mounted in a fabric mask. We believe
that these findings can lead to a comfortable, functional, and long-term form of respiration

monitoring.

3.4 Materials and Methods

3.4.1 Sensor Fabrication.

The humidity sensors were made from PEDOT-CI coated cotton using reactive
vapor deposition (RVD). The deposition conditions can be found in our previous work.?
The devices were constructed using the coated fabric and Silver Thread (LessEMF, 66

Yarn 22+3ply 110 PET).

3.4.2 Sensor Characterization.

The sensors function by translating changes in humidity into changes in resistance
of the device. In order to convert resistance changes into voltage, we designed an electronic

board with a voltage divider by placing a constant resistance (R1 in Figure 1(b)) in series
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with the sensor and capturing the output voltage (Vpress). A voltage follower is placed to

minimize the effect of load on the sensor and to provide a low-impedance output for Analog

to Digital Converter (ADC).
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Chapter 4

THE THERMORESISTIVE PROPERTIES OF VAPOR

PRINTED PEDOT-CI

4.1 Introduction to thermoresistive textiles

In Chapter 2 the process of creating PEDOT-CI coated textiles using the CVD
method was explained. Much like PEDOT:PSS, PEDOT-CI has a variety of applications.
One property of PEDOT-CI that makes it attractive is its thermoresistive property, which
is the temperature dependent resistance.

Thermistors are materials categorized as variable resistors, meaning the resistance
of the material is not fixed and can be increased or decreased by environmental conditions,
such as temperature changes. Metals, metal oxides, and inorganic semiconductors are
thermosensitive materials commonly used in rigid temperature sensors. However, carbon
nanomaterials and polymer semiconductors have become excellent candidates for wearable
temperature sensors as they can be made into flexible films. Additionally, these materials
show biocompatibility, fast response, and high sensitivity making them practical for
applications in the wearable field.!

Semiconducting polymers conduct electricity in the form of charge carriers. The
electrical conductivity of PEDOT-CI, described in Chapter 2, comes from the conducting
of holes through the polymer material. As the temperature of the polymer increases, the
number of charge carriers is also increased. As a result the material has an increase of
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conductivity with increasing temperature.’ Due to this thermosensitivity, PEDOT-CI can
be used to make thermistors which are circuit components used to sense temperature.

In recent years, there has been a push towards the development of fabric-based
circuits and circuit components.®1° These circuits will allow for the development of textile
health monitoring systems, which can bring about a more comfortable and functional
device design.!'"'” Among these circuit components, thermistors have proven to be a
difficult element to effectively transfer to textiles. Developing a successful textile-based
thermistor requires a material that is an accurate temperature sensor, has a sensitivity in the
temperature range of the body, and is not subject to mechanical failure from the stress of
regular wear,'83°

The utilization of a textile is important for the overall comfort of the sensing
garment. Several reports have demonstrated the incorporation of rigid temperature sensing
elements by embedding them into a yarn or fabric or by mimicking textiles or fibers (Figure
4.1).364! Kennon and Dias et.al. reported the fabrication of a temperature sensing fabric.
In this work, temperature sensing elements made from copper, nickel, and tungsten wires
were woven into a fabric with a spacer yarn (Figure 4.1a). This was able to be done through
industrial weaving equipment that can handle the metal materials without it being
damaging to the equipment as it would normally be for an average sewing machine.
Although the mechanical stability under normal wear should be explored before this design
is made into a wearable garment.?’

Dias et.al. described the design of a textile thermograph made from temperature

sensing yarns (Figure 4.1b). The yarns were made by encapsulating an off-the-shelf
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thermistor using a polymer resin “micro-pod,” which was then embedded into the center
of the yarns. Using this technique, they produced a fabric consisting of multiple
temperature sensors. This allowed for the temperature of a larger area to be measured
instead of just the single contact point of a thermistor to the body. They were even able to
use this thermograph to measure the temperature of lonised water, because of the polymer

encapsulation. However, the thermistors used were rigid and could create discomfort for

37

the wearer.
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Figure 4.1 Fabric based temperature sensors, a) copper, nickel, and tungsten
thermosensitive wires woven with a spacer yarn to create a textile, b) off-the-shelf
thermistors embedded into yarns as a temperature sensing yarn, and c) Pt wires yarned with
a protective layer of polyamide fibers.
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Li et.al. reported a yarn composed of wrapped platinum (Pt) and polyamide fibers,
where the Pt wires served as the temperature sensing element (Figure 4.1c). These yarns
were designed so the polyamide fibers worked as a protective layer around the Pt wires.
The results showed that the yarns were able to sense temperature through resistance
measurements. Although, the difference between the resistance at each temperature was
minimal, and thus may be difficult to use as an accurate temperature sensor.*

These non-flexible elements can result in discomfort for a patient, and occasionally
poor contact with the skin. In order to alleviate this discomfort, the utilization of an all-
textile temperature sensor is needed. For this, the field has been expanding into coating
textiles with conducting polymers, which faces unique challenges such as delamination of
the polymer from the substrate, mechanical failure, and biocompatibility.*>** Herein, we
discuss using PEDOT-CI coatings on fabrics to create flexible and durable thermoresistive
textiles.

Chapter 4 discusses the use of various fabrics coated in PEDOT-CI to explore the
thermoresistive properties. We show that taking advantage of different fabrics as substrates
can allow for a highly tunable product. Additionally, we explore the impacts of humidity
on the PEDOT-CI coated textiles under different temperature conditions and show that the
sign of the temperature coefficient can be flipped by exposing the sample to a humid

environment.
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4.2 Results and Discussion

4.2.1 PEDOT-CI Coated Fabrics

For this work, we coated five types of commercial fabric with PEDOT-CI, using
the procedure outlined in Chapter 2. We wanted to explore fabrics of different
compositions, thicknesses, and weave porosities. Therefore, we chose a medium weight
cotton with a low weave porosity, a tobacco cotton with a high weave porosity, a tick
polyester knit, a lightweight spandex/rayon blend, and a thick wool felt. We deposited
PEDOT-CI on each of these fabrics, shown in Figure 4.2, and each fabric maintained the
feel and look (other than color) of the pristine textile. We observed no delamination of the

PEDOT-CI film from any of the textiles.

d)

SesEEERN

(WS

Figure 4.2 Microscope images of PEDOT-CI coated a) cotton, b) polyester knit, c)
rayon/spandex blend, d) wool felt, and e) tobacco cotton. f) Cross-section image of
PEDOT-CI coated wool felt.
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It is important to consider how the properties of the textile impact the PEDOT-CI
coating. Since the oxidative chemical vapor deposition (0CVD) technique creates coatings
on the surface of the substrate and does not penetrate into the fibers of the fabric, wherever
fibers are overlapping each other, such as at the weave intersects, there will be a break in

the polymer coating.

DECONSTRUCT

Figure 4.3 Polymer coated textiles deconstructed to show breaks in the polymer film from
fiber overlap.

Figure 4.3 shows how the fibers of the polymer coated textile look when the fabric
is deconstructed. Due to this, we can draw some conclusions about the textiles we explore
in this work. Textiles with tighter weave, such as the standard cotton and the spandex/rayon

blend, will have more surface area for the polymer to coat, however they will also have
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frequent breaks in the polymer film due to a higher amount of fiber overlap. Textiles with
a loose weave, such as the tobacco cotton, will have fewer breaks in the polymer film, but
resultantly will also have fewer fibers per square inch to be coated with the polymer. Wool
felt is a non-woven textile, which means the geometry of the fibers is randomized, but also
means that there are fewer fibers overlapping.

Each of these textiles has its own material properties that makes it interesting for
possible wearable applications. The cottons tend to have a more textured surface which
provides more surface area for the polymer to coat. The spandex/rayon blend and the
polyester fibers are refined and synthetic respectively and have a smoother surface and
more stretchability. The wool felt is a nonwoven material, so there aren’t as many fiber
overlaps compared to a woven material. The felt is also a thick, porous textile that allows
for the polymer film to partially penetrate the bulk of the fabric and results in higher

polymer mass loading.
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Figure 4.4 The electrical resistances of PEDOT-CI coated textiles measured at room
temperature
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All of these textile properties contribute to the resistance of the PEDOT-CI coatings
on the textiles as shown in Figure 4.4. The cotton has a high resistance because of the
frequent breaks in the polymer film. The tobacco cotton has a high resistance as well
because of the low surface area. The knit and spandex/rayon blend have higher
conductivities due to the smooth texture of the fibers. Finally, the wool felt has the highest
conductivity because of the low rate of fiber overlap and the increased mass loading of the

polymer.

4.2.2 Thermo-resistive Characterization

Source meter
or
Potentiostat

4-point probe
sample

insulating slide

copper block
(heated)

Figure 4.5 The experimental setup for measuring the thermoresistive properties.

The thermoresistive properties were measured on the setup shown in Figure 4.5.

The samples were heated on a temperature-controlled copper block while the resistances
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were measured using a custom built 4-point probe. The measurements were taken over the
course of several hours, allowing the samples to equilibrate to the measured temperature

before the conductivity was measured.
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Figure 4.6 The results of the thermoresistive measurements of PEDOT-CI fabrics a) the
resistances and b) TCR values plotted with increasing temperature.

The results of the thermoresistive measurements of the PEDOT-CI coatings
demonstrated a decrease in resistance with increasing temperature for all of the fabrics
tested (Figure 4.6a). This categorizes PEDOT-CI as a negative temperature coefficient
(NTC) thermistor. The PEDOT-CI coated fabrics that measured a high resistance at room
temperature show the greatest change in resistance between temperature values. The
fabrics with low resistances at room temperature have a comparatively smaller difference
between temperature values. For a temperature sensing application, it is best to have a

thermosensitive material with a higher resistance because the large resistance fluctuations
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with temperature can easily be assigned to the thermoresistive properties. With a lower
resistance the change between temperature values is much smaller and is harder to
definitively associate with thermoresistive characteristics. So, for a fabric temperature

sensor, it is better to chose cotton or tobacco cotton as the substrate for the sensor.
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8

Temperature (°C)

Figure 4.7 TCR of various thicknesses of PEDOT-CI coated on cotton

Figure 4.6b shows the temperature coefficient of resistance (TCR), which was

calculated using Equation 1.

Equation 2

_1(R,—Ry)

TCR = —————=
R (T, —T)
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Where Ri is the resistance of the sample at 25 °C (T1). The TCR represents the
temperature where the sample is most sensitive, i.e., has the largest resistance change. For
a wearable application we are targeting the temperature range where body temperatures
can be measured, so 35-37 °C. The cotton and tobacco cotton samples demonstrated the
most sensitivity in this range, making them ideal candidates for a wearable temperature
sensor. All of the fabrics tested showed a negative TCR, or a trend of decreasing resistances
in relationship with increasing temperatures. The temperature range where the sample
demonstrated the highest sensitivity was able to be shifted by merely changing the type of
fabric.

We also found that the amplitude of the TCR can be altered by changing the
thickness of the polymer coating. We tested the thermoresistive properties of cotton coated
with 1 pm, 3 um, and 5 pm respectively and plotted the TCR values, shown in Figure 4.7.
When measured at room temperature the resistance of these samples decreased as the
thickness increased, with the thin coating being the highest base resistance. These samples
showed very similar trends with increasing temperature, however the magnitude of the
TCR values differed. The sample with the highest resistance, the thin sample, showed the
lowest TCR values, making it the most sensitive of the samples tested. This high tunability
of the TCR values by making a minor adjustment. such as film thickness, makes this a

versatile method for creating temperature sensors.

87



4.2.3 Device Characterization and Humidity Effects
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The fabrics were made into devices using silver threads as electrodes (Figure 4.8a).
The devices were tested using chronoamperometry to measure the resistance change in
response to the change in temperature. It has previously been shown that conducting
polymers, particularly PEDOT derivatives, are sensitive to humidity changes.** In order to
determine the extent of the humidity effects on the thermistors, the thermoresistive
properties of the samples were taken at ambient humidity, then the relative humidity (RH)
of the testing environment was increased, and the samples were measured again at high
humidity. We show that the relative humidity of the testing environment affects the
samples response to temperature (Figure 4.8b). For PEDOT-CI coated cotton we see that
at 30% RH the thermistor demonstrates a NTC trend. However, when the RH is increased

to 80% the same thermistor exhibits a positive temperature coefficient (PTC) trend. It is
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important to note that during these measurements, the sample was allowed to fully
equilibrate to each temperature for several minutes. Thus, a real-time curve is not able to
be provided.

The hygroresistive properties make measuring the thermoresistive properties of the
polymer fabrics complicated. It is difficult to assign a resistance change in the device to
either the temperature or humidity if both variables are changing, as they would be when
used in a wearable. In order to isolate the thermoresistive changes, an encapsulation of the
polymer fabric is needed. By introducing a hydrophobic layer, the moisture will not be able
to impact the resistance values of the polymer. This work still needs to be done in order for

these PEDOT-CI coated fabrics to be viable as temperature sensors.

4.3 Summary

Thermistors have proven to be a challenging textile circuit component to produce,
due to the demands for efficiency, flexibility, biocompatibility, and mechanical stability.
The thermo-resistive material must also be sensitive in the temperature range of the human
body.

Herein we produced a textile thermistor by using the RVD technique to conformally
and uniformly coat PEDOT-CI on commercially available fabric. We showed that these
PEDOT-CI coated textiles have thermo-resistive properties and can operate in the optimal
temperature range for measuring body temperature. We demonstrated that the sensitivity

can be tuned using different fabrics, making them a viable choice for a larger range of
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applications. When exploring the TCR values for the thermistors, they exhibited different
ranges of sensitivity which can be tuned by the fabric choice.

Additionally, we created textile thermistor devices that show equivalent
sensitivities to the thermo-resistive fabrics. Through further investigation we also found
that the relative humidity can be used to tune the thermo-resistive properties, to the point

of entirely changing the type of thermo-resistive behavior.

4.4 Experimental

4.4.1 Reactive Vapor Deposition

Samples were prepared in a custom quartz tube reaction chamber. Polymerizations
took place at pressures <200 mTorr. The monomer zone (95 °C), substrate zone (110 °C),
and oxidant zone (180 °C) were heated individually to their respective temperatures.
Coating thicknesses range from 3-10 pm depending on the sample positioning in the
chamber. Samples were rinsed thoroughly with methanol and hydrochloric acid (1 M) and

dried/stored under ambient conditions.

4.4.2 Thermoresistive and Hygro-resistive Measurements

Thermoresistive measurements were taken using a custom-built setup using a
LabVIEW program. Samples were heated using a copper block powered by a VARIAC

transformer. The resistance was measured using a custom 4-point probe, a Keithley, and
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thermocouples to measure the temperature on the surface of the sample. The hygro-

resistive properties were measure either on this setup or using an Autolab Potentiostat to

run chronoamperometry. The relative humidity of the testing environment was increased

by introducing water-soaked sponges and sealing the setup. RH was measured by a Temtop

temperature and humidity logger.
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Chapter 5

THE THERMOELECTRIC PROPERTIES OF VAPOR
PRINTED PEDOT-CL TEXTILES AND THEIR

APPLICATIONS IN WEARABLES

5.1 Introduction

In Chapter 4 the relationship between the electrical resistance of PEDOT-CI and heat
was explored. In Chapter 5 we will expand on that concept by introducing the concept of
non-uniform heating to create a temperature gradient within the polymer film. This results
in the redistribution of charge carriers in the film, known as the thermoelectric effect.

The thermoelectric effect can be utilized to convert lost body heat to a source of
power by taking advantage of a temperature differential between the body and cooler
ambient air.! % Materials with high electrical conductivities and low thermal
conductivities, known as thermoelectric materials, demonstrate the ability to produce
power when exposed to a temperature gradient. The low thermal conductivity of the
material prevents the dissociation of heat, which creates an inequity of energy. This
disparity in energy induces the migration of charges within the material toward the colder
side.**47-% Reports have demonstrated that up to 5 mW of power can be harvested from a

normal human body after an eight-hour workday in an indoor environment, through the use
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of silicone thermopiles.”® However, the form factor, weight, and breathability of these
thermopiles needs much optimization before largescale adoption can be expected.’!*2
Additionally, the availability of materials must be considered when constructing a
thermoelectric device. The most efficient body-mounted thermoelectric generators are
composed of Bi2Tes.”>* However, tellurium is a rare earth chalcogenide with limited
availability, restricting the scalability of this material.”” Silicon devices do not face
this hurdle but do demonstrate significantly lower thermoelectric harvesting efficiencies
and poor flexibility.”®”  Alternatively, conjugated polymers are low-density,
biocompatible, flexible, lightweight, and comprised of earth abundant elements, perfectly
positioning them for integration with body-worn electronics. However, to date, the
observed thermoelectric performance of typical, solution-processed polymers have not

100-103 Iy Chapter 5 we discuss

been significant enough to warrant widespread investigation.
the thermoelectric efficiencies for a conductive polymer synthesized using the CVD
technique. We investigate the use of these vapor printed PEDOT-CI in the production of
an all-fabric wearable thermoelectric generator (TEG) with high outputs using the human
body as a heat source. We show techniques to optimize device efficiencies through
architectural design as well as the integration of devices in the form of a TEG array into a
variety of garments. We also show the on-body device outputs of several garments.

In this work, we show that the use of CVD to vapor print persistently p-doped
PEDOT-CI onto one face of commercial fabrics, such as cotton, created highly-efficient

fabric thermopiles that maintained their function in the presence of sweat.!* Further, by

integrating this one-side-coated cotton thermopile into a knitted armband, we created an
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all-fabric, wearable thermoelectric generator that produces Seebeck voltages of up to 23
mV when worn on the body (AT = 30 °C ). We show the process of optimizing
thermoelectric generators through the choice of substrate and architectural considerations.
Here, we present a method for creating arrays of polymer-coated fabric thermopiles, and
the design and optimization of thermoelectric garments containing these all-fabric TEGs.
We observe notable power outputs of up to 2 uW from a person wearing a three-quarter

zip jacket containing a six-leg TEG array.

5.2 Results and Discussion

5.2.1 Textile Characterization

As discussed in Chapter 1, conductive polymers exhibit inherently low thermal
conductivities and high electrical conductivities, making them ideal candidates for
thermoelectric materials. Additionally, the use of fabric as a substrate largely influences
the material efficiencies. Fabrics have inherently low thermal conductivities, so when used
as a substrate for a thermoelectrics, the fabric can prevent thermal equilibration, thus
allowing for voltage to be constantly generated. The thermal transports of textiles were
qualitatively assessed through the means of thermochromic paint (Figure 5.1). The
thermochromic paint simulates the PEDOT-CI coating, as it just coats the surface of the
sample. The thermochromic paint appears blue at temperatures below 30 °C, and white at
temperatures exceeding 30 °C. Thus, we can qualitatively assess the thermal transport

within each fabric sample by measuring the distance of the color change on the samples
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from the edge of the heat source. Samples were exposed to a heat source held at 35 °C on
the left edge, while the rest of the sample was exposed to ambient air, considered to be

25..°C.
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Figure 5.1 a) A sample of cotton with the bottom half coated on one side with
thermochromic fabric pain, b) the experimental setup to apply a temperature gradient to
the samples, heat transport of c¢) cotton, d) tobacco cotton, e) polyester knit, f)
spandex/rayon blend, and f) wool felt.

The sample shown in Figure 5.1b was held at this temperature gradient for over 24
hours and showed no change in the distance of the color change from the heat source. This
suggests that thermoelectric generators made from textiles can be exposed to a temperature
gradient indefinitely without reaching thermal equilibrium. Figure 5.1c-g show the results
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of cotton, tobacco cotton, polyester knit, spandex/rayon blend, and wool felt when exposed
to the temperature gradient for 2 hours each. These results showed that the thickness of the
textile, as well as the weave porosity play a role in dictating the thermal transport. The
cotton and tobacco cotton were relatively the same thickness; however, the tobacco cotton
shows almost no color change from the edge of the heat source. This is because the tobacco
cotton has a much looser weave, and the heat is able to escape in the gaps between the
fibers more easily than the tight weaved cotton. Additionally, the polyester knit, and wool
felt show a slight discoloration of the thermochromic paint on the part of the sample that
is in direct contact with the heat source. This suggests that the heat transport in these textiles
is so low that the heat is having trouble traveling in the longitudinal direction and the
coating on the textiles are not receiving as much heat as the side in direct contact with the
heat source. This information also allows us to select the correct substrate for the

application we are seeking.

5.2.2 Thermoelectric Efficiencies of PEDOT-CI

Thermoelectric efficiencies are classically characterized through the Seebeck
coefficient (S), S=(dV/dT)i=0, where dV is the output voltage and dT is the difference in
temperature between the hot side and the cold side of the material, and the power factor
PF=S%c, where o is the electrical conductivity. The power factor is considered a more
observable value.

For a 1 um thick film of PEDOT-CI prepared on standard cotton, the Seebeck was

found to be 18 uV K'! and the power factor was calculated to be 0.35 pW m™! K2 (Figure
100



5.2a). We compared this to a sample of PEDOT:PSS coated cotton and found that the
power factor value for the PEDOT-CI is over two orders of magnitude greater than that of

PEDOT:PSS, which demonstrated a power factor of 0.0032 pW m™! K2 and a Seebeck of

31 uV K2
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Figure 5.2 (a) The output voltage and calculated Seebeck coefficient of PEDOT-CI on
cotton for a given temperature difference. (b) The power factors of PEDOT-CI on cotton
and PEDOT:PSS on cotton for a given temperature difference.

5.3 First Generation of Thermoelectric Generator Devices

5.3.1 First Generation TEG Device Design

The initial, or first generation, thermoelectric generator device design is shown in
Figure 5.3. The PEDOT-CI was deposited onto a textile mapped with Kapton Tape to create
2 legs both 5 mm wide and 45 mm in length. On both ends of each thermoelectric leg, a

square (5 mm x 5 mm) of silver-plated Lycra was hand sewn to act as a charge collector.
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The second thermoelectric material was a carbon fiber that was sewn directly onto the

silver Lycra in a way that bridges the two legs together.

It is important to note that we started by making a proof-of-concept TEG design. In
this iteration of devices, silver paste was used as a charge collector. This was changed to
silver-plated Lycra in the first generation, which proved to be a more robust material for
use on wearables. Additionally, this was done so that an all-fabric device could be

produced.

2 B Natural Textile
: L PEDOT-CI

Figure 5.3 The design of the first generation of thermoelectric generator devices.

5.3.2 First Generation TEG Device Characterization

The device outputs for the first-generation TEGs were obtained using the
thermoelectric measurement setup shown in Figure 5.4a. The influence of textile weave
density on the device performance was investigated by assembling devices on a standard
cotton of medium density as well as a loose weave tobacco cotton. Silver paste was used
as the conductive connector for these devices as they were proof-of-concept. The resulting

output voltages are shown in Figure 5.4b, which show that a two-leg device on standard
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cotton can produce up to 1.2 mV at a temperature difference of 30 K. The ouputs of the
cotton and the tobacco cotton devices were close in value and showed good repeatability
with for both. Ultimately cotton was used predominantly moving forward to the first-
generation devices due to the fact that it is a more robust fabric than the tobacco cotton.
Furthermore, these results show that efficient devices can be produced on textiles with a
variety of porosities using the RVD technique.

The tobacco cotton device demonstrates lower electrical resistances for the
PEDOT-CI leg, when measured end to end (20 k€), in comparison to the standard cotton
(150 kQ), allowing for the output currents to be measured for the tobacco cotton device.
The comparison of the power and voltage outputs for the tobacco cotton device are shown
in Figure 5.4c and demonstrate that 4.5 nW of power are able to be generated at a
temperature difference of 30 K when measured with a multi-meter.

Additionally, during this experiment the resistivity of the PEDOT-CI legs were
monitored, in order to determine if the polymer was degrading under heat from the
measurements. The temperature range was chosen in order to simulate possible
temperature differences the average garment would be exposed to. The PEDOT-CI showed
no changes in resistance at the conclusion of all measurements, which suggests the polymer
is stable under normal wear conditions. The voltage outputs of the first-generation TEGs

were comparable to the silver paste.
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Figure 5.4 a) The thermoelectric measurement setup and architecture of cotton TEGs, b)
the voltage outputs for a TEG on standard cotton and tobacco cotton, and ¢) the power and
voltage outputs for a tobacco cotton TEG.

5.3.3 The Integration of First-Generation TEGs into a Wearable Garment

A wearable thermoelectric garment was designed such that a first-generation TEG
was mounted into a wearable band (Figure 5.5). The TEG was sewn into a thick knitted
band in such a way that one side was only exposed to ambient air, while the other side was

exposed to body heat and warm still air trapped between the body and the garment. We
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chose a lateral device design, so the device must be sewed in such a way that the device
passed through the knitted band. This wearable device was designed to exploit body heat
lost on either the inside of the wrist or the upper arm as a heat source, areas chosen based
on temperatures observed with thermal imaging. However, during data collection these
areas resulted in poor thermal contact between the heat source and the device.
Alternatively, when used on the palm of the hand, which has a notably lower temperature,
the contact between the heat source and the TEG was able to be optimized and higher
output voltages were observed. This finding emphasizes the need for a thermoelectric
device to be in direct contact with the heat source in order to obtain the highest possible
outputs.

The voltage outputs of this TEG armband were obtained using multiple human
subjects, both indoors (7c = 25 °C) and outdoors on a cold day (7c = 2 °C), where AT is
the difference between the subject’s palm and the ambient air (Figure 5.5b). These results
demonstrate that substantially higher output voltages can be obtained from the same device
when the body was used as a heat source compared to the use of temperature-controlled
copper blocks. Additionally, the outputs measured with a larger temperature difference,
outdoors, were generally higher than those recorded inside. This is to be expected as higher
temperature differences resulted in higher output values when the devices were tested on
the copper blocks. However, the temperature difference does not seem to be the dominating

factor that determines voltage output of a body mounted device.
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Figure 5.5 a) The design for a body-mounted, all-fabric TEG knitted band, b) the voltage
outputs for a knitted band TEG using humans as heat sources, where AT is the difference
between the subject’s palm and the ambient air both indoors (Tc = 25 °C) and outdoors on
a cold day (Tc =2 °C)

The majority of data points in Figure 5.5b were measured on dry palms of
participants. However, one of the participants tested had perspiration on their palm during
the time the measurement was taken. The subject with perspiration on their palm was able
to produce up to 24 mV, while the next closest output was 10 mV. This increase in
efficiency can partially be attributed to the increased thermal contact that the sweat
provided between the hand and the device. Although, the dominant reason for this increase
in efficiency with perspiration can be ascribed to ionic interactions between the skin and
the device. This is illustrated in Figure 5.6a where the thermoelectric output voltages were

measured on a participant’s bare skin. The measurement was taken on the same participant
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wearing a layer of plastic wrap between the skin and the device. This scenario allows for
thermal contact between the body but prevents the device from coming in contact with
moisture on the skin. And finally, the same participant wearing a neoprene glove between
the skin and the device, which prevents the device from being exposed to both thermal
contact and moisture from the skin. We saw that the outputs for the bare skin measured ~9
mV, but when the plastic wrap was introduced, this value dropped significantly to ~0.2
mV. When the neoprene glove was worn, the voltage dropped to 0, effectively turning off
the device. This confirms that the large increase in efficiencies is likely due to an interaction
occurring between moist skin and the PEDOT-CI in the device.

As discussed in Chapter 3, the PEDOT-CI is a mixed ionic-electronic polymer
conductor as it has a moisture dependent conductivity. When the polymer is exposed to
moisture, the ions within the film have a higher mobility and an ionic conductivity is
increased. We hypothesize that this large increase in thermoelectric efficiencies is likely
due to the Soret Effect. The Soret Effect works in the same way as the thermoelectric effect,
except that it is ions instead of charge carriers that are moving in the polymer material.

To further test this hypothesis, we tested the thermoelectric arm band on a
participant with several different moisture conditions. The first was by spraying the skin
with water, second was by spraying the skin with a solution of NaCl in water (0.1 M) to
simulate sweat, next was by applying a layer of lotion to the skin, and finally by applying
a layer of lotion to the skin and spraying the solution of NaCl on top. We found that water
did increase the output voltages confirming that the moisture was changing the

thermoelectric properties. Additionally, we found that the output voltages increased even
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further when lotion and salt water were introduced. Both of these scenarios introduce
moisture, but they also introduce additional ions onto the skin. Thus, supporting the theory

that the large increase in thermoelectric efficiencies is coming from the Soret effect.
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Figure 5.6 a) The voltage outputs of the TEG arm band of a participant’s bare skin, while
wearing plastic wrap between the skin and the device, and while wearing a neoprene glove
between the skin and the device, b) normalized voltage outputs of the TEG arm band under
varying moisture conditions.

5.4 Second-Generation of Thermoelectric Generator Devices

5.4.1 Second-Generation Thermoelectric Generator Device Design

While the voltage outputs of the first-generation TEG devices proved to be high,
the current in these devices were too low to be functional as a trickle charge generator.

Thus, we optimized the design to allow for higher current outputs and creating the second-
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generation of thermoelectric generator devices. The second-generation device architecture

is shown in Figure 5.7.

Figure 5.7 The device architecture of second-generation thermoelectric generator devices.

We chose to stick with the lateral architecture used in the first-generation devices,
as this type of device architecture has a lower likelihood of causing thermal equilibration
across each thermoelectric leg and because the dimensions and constituents of the
thermoelectric legs can be independently tuned without adding additional bulk to a
garment. Here, modifications were made to this previously reported TEG to increase the
power outputs. The carbon fibers previously used as the n-type thermoelectric material
were replaced with a more robust silver-plated nylon thread. The cotton substrate was
exchanged for a wool felt, which is a non-woven material with very low thermal transport.
The densely textured, microstructured surface of the wool felt increased the mass loading

of the deposited PEDOT-CI on the fabric surface, as compared to plain-woven cotton,
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leading to much higher surface conductivity values. The increased polymer loading on the
fabric surface and higher conductivity, coupled with the decreased thermal transport across
the wool felt substrate enabled the thermoelectric legs of the device to be shortened, thus
increasing the power outputs of an individual thermoelectric leg without sacrificing the
effective thermal gradient experienced by the thermopile.

The use of felt also allowed us to create free standing devices, as felt is a non-woven
and not susceptible to unravelling. This means we can deposit the PEDOT-CI on a large
surface area and cut the legs out individually as opposed to the previous method of masking
the cotton with Kapton Tape. By increasing the sample size, we can more efficiently make
larger numbers of devices. The sponge-like texture of the felt and the higher durability of
the silver thread allow for the threads to be wrapped tightly around each end of the
thermoelectric legs. This creates better electrical contact between the two materials. It also
allows for the legs to be connected without sewing, so there is no puncturing of the polymer
film needed.

One thermoelectric leg was comprised of a rectangle of PEDOT-CI coated wool
felt contacted to silver-plated nylon threads on either end and the assembly fixed onto a
thin backing support fabric using cotton threads. Two thermoelectric legs comprised one
TEG unit. Arrays of the two-leg TEGs could be easily created by simple patching the
backing fabric onto any desired textile or garment and connecting the TEGs with silver

thread embroidery.

110



5.4.2 Thermoelectric Efficiencies of Second-Generation TEG Devices
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Figure 5.8 a) Output voltages of several body-mounted two-leg TEGs. Each TEG was
tested on dry skin as well as skin that was wetted with water, a 1 mM solution of sodium
chloride, and commercially available lotion. b) Power outputs recorded from the TEGs at
fixed voltage values.

The second-generation TEG device was mounted in the knit arm band, discussed
in the first-generation of devices, and was able to reach output voltages as high as 130 mV
were recorded at a AT = 13 °C, particularly when the participant’s skin was wetted with
lotion and/or saline (Figure 5.8a). We reported a similar observation in our previous
work,!” where the apparent output voltages of all-fabric TEGs were up to an order of
magnitude higher on sweaty skin, as compared to a static, dry test station. It is important
to note that PEDOT-CI is a mixed ionic-electronic conductor, and it is known that the
increased output voltages are a reflection of the increasing ionic conductivity when the

polymer is exposed to moisture.! Figure 5.8b shows the device power outputs at fixed

voltage values. These voltage values represent the range of possible voltage outputs that
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can be produced by the TEGs upon being worn on the body. One TEG produced 3.5 uW

at 100 mV, which can be considered the average voltage output of one representative TEG.

5.4.3 The Design and Creation of TEG-Integrated Garments

(a) PEDOT-CI Wool Felt (b)

TEG

Heat Source

(Ty)

Ambient Air

(Te)

Figure 5.9 a) A diagram of our lateral TEG folded over a spacer fabric such that a thermal
gradient is imposed across the TEG, and b) Thermal camera image of a person.

Since our fabric-based TEGs had a lateral architecture, a thermal gradient could be
imposed across each thermoelectric leg by simply folding the pliable fabric TEG over a
spacer (Figure 5.9a). This meant that our TEGs could be readily integrated to familiar
garments at certain points, such as the cuff of a sleeve or the collar, where the TEG arrays
would be naturally folded over when the user wears the garment. Folding the TEG around
the fabric of the garment exposes the device to both the Tn, body heat, and Tc, ambient air
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without sacrificing the comfort or functionality of the garment. In conjunction with
optimizing the placement of the TEG on the garment, the placement of the device on the
body was also considered in order to maximize the amount of heat transferred from the
heat source (the body) to the TEGs. Areas closest to the body’s core, along the head, neck
and torso, have lower temperature variability than those on the body’s extremities, and thus
lead to more stable power outputs from the TEGs. Figure 5.9b shows a thermal image of a
person, the bright spots representing the hottest areas on the body.

Several proof-of-concept garments were designed where the TEG devices were
placed such that they could fold over the edge of the fabric of the garment (Figure 5.10).
First, a tee-shirt was created where the TEG devices were mounted along the front of the
neck. These devices can then draw heat from the chest, which will have higher temperatures
as it is the core of the body. Second, the TEG devices were mounted on a collared shirt.
These TEGs were located on the collar at the base of the neck and were designed to be in
contact with the upped back/lower neck of the wearer. Again, this will have higher
temperatures because it is located in the core of the body. Next, the TEGs were placed at
the end of a sleeve. These devices would be in contact with the skin on the wearer’s wrist,
which will have a lower temperature because they are located on the appendages of the
body. Finally, the TEGs were mounted on the top of a neck gaiter. These devices would be
in contact with either the skin on the face of the wearer (if the neck gaiter is pulled up) or
on the throat (if the neck gaiter is pulled down). The neck and the face should have a similar

temperature as the core of the body, and thus should be relatively high.
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Il

Figure 5.10 The design of a) a tee-shirt b) a collared shirt c) a sleeve, and d) a neck gaiter
with TEG devices integrated along the edges. The TEGs are represented by the blue shapes.

Ultimately, for this work, we chose to patch two separate TEG arrays onto the collar
of a fleece, three-quarter zip jacket, as depicted in Figure 5.11a. The placement on the

collar allows for the TEGs to be in thermal contact with the neck and chest area, which
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have low thermal variability. The top of the collar had an array consisting of six PEDOT-
ClI thermoelectric legs, while the base of the collar had an array of eight legs. Two separate
arrays allowed for thermoelectric body heat harvesting when the jacket was worn either
with the collar folded down, or with the collar folder up. The TEGs were connected in
series within the array, each array was designed to quick-connect (via snap buttons) to its
own modular charge storage device in the future. Silver-plated nylon threads were used to
electronically interface the components and therefore create a fabric circuit. Commercially
available snap buttons were used as electrical switches, allowing for a modular charge

storage device to be connected/disconnected from the TEGs on demand (Figure 5.11b).

(@) (b)

CollarUp Collar Down

Modular Charge
Storage

PEDOT-CI TEG
Arrays

Ag Threads

Figure 5.11 a) Design of a three-quarter zip jacket integrated with two separate TEF arrays
at the collar b) the mechanism of integrating snap buttons with silver nylon thread.
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Figure 5.12a shows the power outputs produced by the eight-leg TEG array at the
base of the collar of the fleece zip jacket at room temperature, at fixed voltage values,
obtained through chronoamperometry measurements. The data recorded from the six-leg
TEG array at the top of the collar is shown in Figure 5.12c-d. The power outputs were
recorded at fixed voltage values, where the applied voltage values covered the apparent
range of output voltages capable of being produced by our TEGs when worn on the body
(see Figure 5.8). Figure 5.12b shows the power outputs as the number of TEGs in the array
was increased. The power decreased as more legs were added, which is due to an increase
of the overall impedance of the completed circuit, likely due to contact resistance between
each of the PEDOT-CI legs and the silver nylon fabric/thread. It is important to note that
the number of TEGs in the array should not exceed the contact area between the jacket
with a wearer’s neck during regular wear, as this would result in poor thermal contact
between the heat source and some of the TEGs, and, therefore, a reduction in the overall
efficiency of power generation.

The power and voltage output produced at room temperature by the eight-leg TEG
array at the base of the jacket collar when the fleece zip jacket was worn loosely by healthy
participants (AT = 15 °C) was also recorded, shown in red in Figure 5.12. On-body
measurements were taken on lightly dampened skin to simulate perspiration. The output
voltage of the device array worn on the body was also independently confirmed using a
multimeter and measured to be 112 mV. When worn by a participant at room temperature,
a AT =15 °C, the TEG array generated 2 uW, which is currently the highest value reported

for a conjugated polymer-based TEG array. These voltage and power output values were
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not notably affected by the fit and looseness of the jacket on various participants and were
consistently achieved after each participant wore the jacket for at least 15 minutes (to
ensure sufficient heat transfer from the wearer’s body to the TEG array). Further, due to
the low thermal transport property of the wool felt substrate, which prevented complete
thermal equilibration across each thermoelectric leg, the TEG array at the base of the jacket

collar continuously output 112 mV.
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Figure 5.12 a) Power outputs from an eight-leg TEG array located at the base of the collar
of a three-quarter zip fleece jacket. Averaged data from three different arrays created on
separate garments are presented as black squares; error bars are colored blue. b) the power
outputs from the three-quarter zip jacket as more TEGs are added to the array at the base
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of the collar, ¢) The current and d) power outputs of the six-leg TEG array located at the
top of the collar of a fleece three-quarter zip jacket. The red data point represents the
measurement taken while the jacket was worn by the participant, with the collar folded up.

5.5 Summary

We utilized reactive vapor deposition to coat commercially available wool felt in
PEDOT-CI, which we used to construct an all-fabric thermoelectric generator. We
demonstrated that a 2-legged TEG device can generate an average of 3.5 uW at an
operating voltage of 100 mV. These TEGS were successfully integrated as arrays into the
collar of a three-quarter zip jacket. When worn by a participant the TEGs were able to
generate an unprecedented 2 uW of power at room temperatures. Our work reveals
pertinent design considerations when integrating thermoelectrics into a garment and also
indicates that practical power outputs can be extracted from body-worn polymer-based
thermoelectric devices at room temperature. Additionally, this work emphasizes the
importance of testing wearable thermoelectrics on a human body to accurately predict the

potential power produced by the garment.

5.6 Experimental

5.6.1 Thermoelectric characterization of materials
The conductivity was measured on a 4-probe system and calculated using the

formula, 0 = G (ﬁ), where G is the slope of the IV curve, / is the distance between the
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probes (1.1 cm), w is the width of the sample, and ¢ is the thickness of the film. Samples

were cut into 1.5 cm x 1.5 cm squares.

5.6.2 Device fabrication

For the first-generation devices, using a polyimide tape mask, PEDOT-CI was
deposited on textiles in two rectangles, 45 mm long and 5 mm wide, with a space of 5 mm
between them. Silver paste was applied to ends of each leg and dried in ambient conditions
for 48 hours, carbon fibers of ~45-50 mm in length were attached using silver paste and
dried in the same manner. For all-fabric devices, cotton thread was used to sew silver nylon
onto the ends of each leg and embroider on the carbon fibers. For the wearable devices, the
band was knit in-house using lion brand acrylic (100%) yarn and the devices were sewn on
using cotton thread. For the second-generation devices, the thermoelectric generators were
all assembled using commercially available wool felt as a substrate. Silver-plated (76%)
nylon (24%) fabrics and silver-plated nylon thread were both purchased from Less EMF

Inc.

5.6.3 Voltage Output Characterization of Devices

Thermoelectric properties of devices were characterized in a house-built setup,
using copper blocks (2 inch x 2 inch x 2 inch), one held at room temperature (25 °C) and
the other controllably heated by a Opti Mag-st heating plate. Blocks were positioned with
1 inch of space between them. All output measurements were taken by connecting the

probes of a FLUKE 27 II multimeter to the electrodes on the device. Body mounted device
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outputs were measured using alligator clips attached to the probes, taking care to prevent

the contact of the metal clip with the skin to avoid false readouts.

5.6.4 Electrical Power Output Characterization of Devices

The power outputs from the TEG array were measured using the
“Chronoamperometry” function on an Autolab Potentiostat. The current of the devices
were measured under fixed voltage values over a period of 5 minutes at each voltage. The
measurements were done both statically at room temperature and ambient humidity, as well
as on a participant with damp skin. Voltage outputs (Seebeck voltages) from body-worn

devices were measured using a Fluke multimeter.

5.6.5 Infrared (IR) Images

The IR images were taken using a FLIR camera.
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Chapter 6

FUTURE WORK

The work explored within this dissertation focused on utilizing the oxidative
chemical vapor  deposition (oCVD) technique to  produce  Poly(3,4-
ethylenedioxythiophene) (PEDOT-CI) coated textiles. Through this research we were able
to create a method of exploring the electronic and ionic properties of these textiles. The
work of designing wearables to optimize the performance of the electronics can act as a
foundation for other future projects.

With respect to the PEDOT-CI textiles described in Chapter 2, initiated chemical
vapor deposition (iICVD) could provide a method of encapsulating the coated textiles
without changing the look or feel of the textiles, and maintaining the electronic properties
of the PEDOT-CI. iCVD, which is a vapor coating technique similarly related to oCVD,
can be used to deposit a coating of protective acrylate-based polymers. These coating will
protect the PEDOT-CI from environmental conditions that could lead to degradation such
as extended washing, rubbing, and exposure to moisture. By optimizing a technique for
depositing acrylate-based polymers on textiles already coated with PEDOT-CI could lead
to taking the next step in commercializing these textiles for a variety of applications.

Concerning the humidity sensors described in Chapter 3, we were able to design a
mask that is able to monitor respiration based on the hygroresistive properties of the

PEDOT-CI. Currently this measurement setup requires the participant to be manually
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attached to the electrical board in order to monitor the user’s respiration. By incorporating
a Bluetooth-enabled circuit component, the user would no longer need to be attached to the
electrical board. Instead, the participants would be able to record respiration measurements
remotely.

With respect to Chapter 4, we explored the thermoresistive properties of various
textiles coated with PEDOT-CI. As is, these thermistors are not ideal for use in wearables
due to the fact that the hygroresistive and thermoresistive properties are strongly coupled.
This can be improved by utilizing iCVD to coat these samples with a hydrophobic coating.
This coating would need to be optimized to ensure that it is not too thermally insulating
and thus preventing the PEDOT-CI coating is able to accurately measure the temperature
of the heat source.

Finally, regarding the thermoelectric generators depicted in Chapter 5, we
described the process of creating thermoelectric generators (TEGs) using PEDOT-CI
coated fabrics and the design considerations when integrating these devices into a wearable
garment. These devices are designed to work in conjunction with a charge storage
mechanism, to create a self-charging system. In order to achieve this, a charge storage
mechanism, such as fabric super-capacitors, need to be introduced into this circuit. The
TEGs should be optimized to work with these specific charge storage devices so that the
TEG garments can trickle charge the supercapacitors. Therefore, more research could

certainly lead to improved versions of the devices reported in this dissertation.
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