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CONSPECTUS: Body-mountable electronics and electronically active garments are the future of portable,
interactive devices. However, wearable devices and electronic garments are demanding technology platforms
because of the large, varied mechanical stresses to which they are routinely subjected, which can easily abrade
or damage microelectronic components and electronic interconnects. Furthermore, aesthetics and tactile
perception (or feel) can make or break a nascent wearable technology, irrespective of device metrics. The
breathability and comfort of commercial fabrics is unmatched. There is strong motivation to use something
that is already familiar, such as cotton/silk thread, fabrics, and clothes, and imperceptibly adapt it to a new
technological application.”* Especially for smart garments, the intrinsic breathability, comfort, and feel of | yam
familiar fabrics cannot be replicated by devices built on metalized synthetic fabrics or cladded, often-heavy
designer fibers. We propose that the strongest strategy to create long-lasting and impactful electronic garments -
is to start with a mass-produced article of clothing, fabric, or thread/yarn and coat it with conjugated polymers 4

to yield various textile circuit components. Commonly available, mass-produced fabrics, yarns/threads, and

premade garments can in theory be transformed into a plethora of comfortably wearable electronic devices

upon being coated with films of electronically active conjugated polymers. The definitive hurdle is that premade garments,
threads, and fabrics have densely textured, three-dimensional surfaces that display roughness over a large range of length scales,
from microns to millimeters. Tremendous variation in the surface morphology of conjugated-polymer-coated fibers and fabrics
can be observed with different coating or processing conditions. In turn, the morphology of the conjugated polymer active layer
determines the electrical performance and, most importantly, the device ruggedness and lifetime. Reactive vapor coating methods
allow a conjugated polymer film to be directly formed on the surface of any premade garment, prewoven fabric, or fiber/yarn
substrate without the need for specialized processing conditions, surface pretreatments, detergents, or fixing agents. This feature
allows electronic coatings to be applied at the end of existing, high-throughput textile and garment manufacturing routines,
irrespective of dye content or surface finish of the final textile. Furthermore, reactive vapor coating produces conductive materials
without any insulating moieties and yields uniform and conformal films on fiber/fabric surfaces that are notably wash- and wear-
stable and can withstand mechanically demanding textile manufacturing routines. These unique features mean that rugged and
practical textile electronic devices can be created using sewing, weaving, or knitting procedures without compromising or
otherwise affecting the surface electronic coating. In this Account, we highlight selected electronic fabrics and garments created
by melding reactive vapor deposition with traditional textile manipulation processes, including electrically heated gloves that are
lightweight, breathable, and sweat-resistant; surface-coated cotton, silk, and bast fiber threads capable of carrying large current
densities and acting as sewable circuit interconnects; and surface-coated nylon threads woven together to form triboelectric
textiles that can convert surface charge created during small body movements into usable and storable power.

B INTRODUCTION

demanding technology platforms. Wearable devices are subject

Body-mountable electronics and electronically active garments
are the future of portable, interactive devices." Recent reports of
wearable devices and garments that allow advanced physiological
Lo 2§ ; 6-8
and performance monitoring,” ~ new touch/user interfaces,
portable power generation,” and energy storage'’ represent a few
of the sophistications promised by these nascent technologies.
However, wearable devices and electronic garments are
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to large, varied mechanical stresses that can easily abrade or
damage microelectronic components, particularly electronic
interconnects.'’ Consequently, soft electronic materials, partic-
ularly conjugated organic polymers, are enabling electronic

Received: December 1, 2017
Published: March 9, 2018

DOI: 10.1021/acs.accounts.7b00604
Acc. Chem. Res. 2018, 51, 850—859


https://pubs.acs.org/page/achre4/wearable-bioelectronics.html
https://pubs.acs.org/page/achre4/wearable-bioelectronics.html
pubs.acs.org/accounts
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.accounts.7b00604
http://dx.doi.org/10.1021/acs.accounts.7b00604

Accounts of Chemical Research

(a) In Sit Sol tion P lymerlzatlon Spin Coating

— (e)

Reactive Vapor Dep

* "Rubbed
500x

Folded/
Creased

Bent
500x

Figure 1. (a—e) Survey of conjugated-polymer-coated prewoven fabrics created using various deposition methods, including (a) in situ solution
polymerization, (b) spin coating (adapted with permission from ref 26; copyright 2017 Royal Society of Chemistry), (c) electrochemical deposition
(adapted with permission from ref 25; copyright 2017 Royal Society of Chemistry), (d) dyeing (adapted with permission from ref 25; copyright 2017
Royal Society of Chemistry), and (e) reactive vapor deposition (adapted with permission from ref 26; copyright 2017 Royal Society of Chemistry). (f)
Scanning electron micrograph of the polymer-coated fabric swatch in (e). Adapted with permission from ref 26. Copyright 2017 Royal Society of
Chemistry. (g) Change in sheet resistance of the polymer-coated fabric swatch from part (e) after exposure to mechanical stresses. Adapted with

permission from ref 26. Copyright 2017 Royal Society of Chemistry.
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Figure 2. Two different reaction chambers used to vapor-coat mass-produced prewoven fabrics and threads/yarns with soft electronic materials.

components in many body-mounted and garment-based devices
because their flexibility, stretchability, low density, and
undemanding processing requirements allow them to be
practically integrated into nontraditional device platforms.'”
Wearable devices composed of soft electronic materials are
typically created on strips of thin or ultrathin plastic substrates."’
Electronic “textiles” are often made using either metalized
synthetic fabrics'“"> (e.g, silver- or copper-coated polyesters) or
specialty low-throughput-manufactured fibers'® with artificially
smoothed surfaces, such as diamond-tip-extruded stainless steel
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thread'” or extruded/electrospun conductive composite fibers
composed of graphene, carbon nanotubes, or metal nano-
wires.'*~*' These designer substrates are coated first with active-
layer materials and second with a thin protective polymer layer
(cladding), and then these cladded fibers are yarned together to
approximate the threads and yarns found in clothing.”' =
Notably, aesthetics and tactile perception (or feel) can make or
break a nascent wearable technology, irrespective of device
metrics. The breathability, comfort, and feel of commercial
fabrics is unmatched. There is strong motivation to use
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Figure 3. Vapor-phase reaction trajectories for two different monomers. (a) Electron-rich monomers, such as 3,4-ethylenedioxythiophene, lead to
persistently p-doped conducting polymer films. The counterion for the p-doped polymer arises from the oxidant used during deposition; a chloride
counterion is present when iron(III) chloride is used as the oxidant. (b) Most heterocyclic monomers, such as various alkyl-substituted thiophenes, lead
to highly colored, semiconducting polymer films after a postdeposition solvent rinse. (c) X-ray photoelectron spectra of pristine linen and PEDOT-
coated linen after various postdeposition rinses. Adapted with permission from ref 27. Copyright 2017 Wiley. (d) Differential absorption spectra of
pristine linen and PEDOT-coated linen after various postdeposition rinses. The inset shows optical micrographs of the relevant samples. Adapted with
permission from ref 27. Copyright 2017 Wiley. (e) Absorption spectra of PTT films deposited on quartz after various postdeposition rinsing times.
Adapted with permission from ref 26. Copyright 2017 Royal Society of Chemistry.

something that is already familiar, such as cotton/silk thread,
fabrics, and clothes, and imperceptibly adapt it to a new
technological application.”* Especially for smart garments, the
intrinsic breathability, comfort, and feel of familiar fabrics cannot
be replicated by devices built on metalized synthetic fabrics or
cladded, often-heavy designer fibers, no matter how thin or
flexible those specialized textiles are.

We propose that the strongest strategy to create long-lasting
and impactful electronic garments is to start with a mass-
produced garment, fabric, or thread/yarn and coat it with
conjugated polymers to yield various textile circuit components.
The definitive hurdle is that premade garments, threads, and
fabrics have densely textured, three-dimensional surfaces that
display roughness over a large range of length scales (microns to
millimeters). Therefore, the coating method chosen to create the
electronic polymer coating will be uncommonly influential over
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the device feasibility and performance.” To date, dip-coating
(ie., dyeing), in situ solution polymerization, solution-phase
surface grafting, and electropolymerization are primarily used to
coat familiar textiles and threads/yarns with conjugated polymer
films (Figure 1).° Although these methods afford suitable
samples for academic research, the coatings thus obtained are
batch-dependent, nonuniform, and susceptible to mechanically
induced degradation and abrasion. Moreover, solution-processed
coatings often obfuscate the intrinsic flexibility, breathability, and
tactile perception of fabrics.

In this Account, we summarize recent efforts to use vapor-
phase chemistry to transform off-the-shelf fabrics and threads
into electronic circuit components. Reactive vapor coating
methods allow a uniform conjugated polymer film to be directly
formed over large areas on the surface of any premade garment,
prewoven fabric, or fiber/yarn substrate without the need for
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Figure 4. Selection of prewoven fabrics and premade garments vapor-coated with the persistently p-doped conducting polymer poly(3,4-
ethylenedioxythiophene) (PEDOT) using chamber 1. (a) Chemical composition of the vapor-deposited polymer coating. (b) Optical micrograph and
SEM image of PEDOT-coated banana fiber fabric. (c) SEM images of a pristine and PEDOT-coated cotton T-shirt. Adapted with permission from ref
26. Copyright 2017 Royal Society of Chemistry. (d) SEM images of a pristine and PEDOT-coated silk fabric. Adapted with permission from ref 27.
Copyright 2017 Wiley. (e) Optical micrographs of a pristine and PEDOT-coated commercially available rain jacket. (f) Optical micrographs of a
commercial sports bra containing a patterned PEDOT design on the inside surface.

specialized processing conditions, surface pretreatments, deter-
gents, or fixing agents. This feature means that electronic
coatings can be nondisruptively applied at the end of existing
high-throughput textile and garment manufacturing routines.
Vapor-deposited coatings are conformal and are often thin
enough that the original mechanical properties of the substrate
(and not those of the coating) are the dominant observables.
Furthermore, reactive vapor deposition produces conductive
coatings that are notably wash- and wear-stable and can
withstand mechanically demanding textile manufacturing
routines. Selected textile electronic devices created by melding
vapor coating and sewing, weaving, or knitting routines are

described.

B DISCUSSION

1. Apparatus for Vapor Coating of Fabrics and
Threads/Yarns

Reactive vapor growth of conjugated polymer films is achieved by
translating well-known solution-phase organic chemistry into the
vapor phase. For manageable reactor design and systematic mass
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transport optimization, candidate reactions ideally should
involve less than three reactants that are not susceptible to
thermal degradation and display minimal side reactions between
reactants. Oxidative polymerization, wherein an electron-rich
heterocyclic monomer is mixed with a superstoichiometric
amount of an oxidant, such as iron(Ill) chloride or molecular
bromine, to produce a conjugated polymer via step-growth
mechanism, is the underlying chemical reaction used to create
the conducting and semiconducting polymer coatings described
herein. This bicomponent reaction is ideal for translation to the
vapor phase because the monomers and oxidants are evaporable
or sublimable and the operative redox reaction that results in
polymer formation is diffusion-limited, meaning that electron
transfer between the monomer and oxidant occurs sponta-
neously when the two reactants are within van der Waals contact.

Two different reaction chambers, denoted as chambers 1 and
2, are used to vapor-coat mass-produced fabrics and threads with
conducting or semiconducting conjugated polymer layers
(Figure 2).°**” To effect vapor coating, the monomer and
oxidant are independently heated and introduced as vapors into
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Figure 5. (a—d) Selection of prewoven fabrics vapor-coated with the
semiconducting polymer poly(thienothiophene) (PTT) using chamber
2. (e) Abrasion resistance of the PTT-coated cotton towel shown in (c)
and (d). (f) Optical micrograph and (g) SEM image of a cotton towel
dip-coated in a chloroform solution (10 mg/mL) of the commercially
available polymer poly(3-hexylthiophene). Adapted with permission
from ref 26. Copyright 2017 Royal Society of Chemistry.

the reaction chamber, which is held at reduced pressure.
Additional inert gases can also be introduced into the chamber
from a separate gas inlet to control the process pressure and/or
facilitate transport of oxidant vapors to a desired location within
the chamber. Vapor-phase oligomerization of the monomer is
expected to occur in the regions where the monomer vapor flux
intersects the oxidant vapor plume, and the resulting reactive
oligomers, which should possess comparatively low kinetic
energy, are expected to coat any surface placed within these
intersectional regions. A heated substrate stage that holds the
target fabric or thread/yarn is placed in this intersectional region
to effect vapor coating. Heating the sample stage during
deposition should impart lateral mobility along the fabric surface
to adsorbed oligomers and thus lead to better surface
conformality. Stage heating also encourages oligomer—oligomer
coupling to form higher-molecular-weight polymers.**
Chamber 1 is cube-shaped and has fixed lengths for the
monomer inlet, whereas chamber 2 is tubular, has tunable path
lengths, and can accommodate multiple monomer and/or
oxidant sources. Only volatile (hi%h vapor pressure) liquid
monomers can be used in chamber 1.”” In the case of nonvolatile
and/or solid monomers, the monomer vapor plume rapidly loses
kinetic energy once it is introduced into the chamber. Most of the
monomer vapor condenses before it intersects with the oxidant
plume, and therefore, no polymer is observed on the substrate
stage when solid or nonvolatile monomers are used in chamber 1.
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Chamber 2 is specifically designed with globally smaller path
lengths to encourage mixing of monomer and oxidant vapor
plumes and allow vapor-phase oxidative polymerization of solid,
low-volatility monomers. Because of this feature, chamber 2
allows a large range of known solution-phase bicomponent
chemical reactions to be translated into the vapor phase.*®

Typical polymer growth rates in both chambers 1 and 2 are
10—15 nm/min at a substrate stage temperature of 80 °C. Higher
substrate stage temperatures lead to comparatively retarded
growth rates due to an increased frequency of monomer
desorption from the substrate stage and subsequent transport
away from the reaction zone. For example, polymer films grow at
arate of 8—10 nm/min at a stage temperature of 150 °C. Higher-
molecular-weight polymer films are obtained when the
evaporation rate of the oxidant is higher than the monomer
flow rate.”*™** During a typical deposition, the monomer flow
rate is maintained at 1 A/s while that of the oxidant is maintained
at 2 A/s. As a result of the presence of excess oxidant during
deposition, the polymer coatings obtained using either chamber
1 or 2 are p-doped, irrespective of monomer identity (Figure 3).
A postdeposition rinse (5—60 min) with methanol and/or dilute
aqueous sulfuric acid completely removes residual oxidant
trapped in the vapor-deposited coatings and yields metal-free
conjugated-polymer-coated fabrics (Figure 3c,d). Selected
electron-rich monomers, such as 3,4-dialkoxythiophenes, ani-
lines, and pyrroles, remain p-doped even after the postdeposition
rinsing step and are optically observed to retain their polaron/
bipolaron absorption features in the visible—near-infrared region
even after indefinite exposure to ambient conditions. The
coatings thus produced are significantly conductive, displaying
conductivities higher than 300 S/ em.”**7?%3% Other monomers,
such as alkyl-substituted thiophenes and oligothiophenes, are
rapidly dedoped during the postdeposition rinsing step and yield
colorful, semiconducting coatings (Figure 3b,d). For example, a
polaron absorption band between 600 and 900 nm is observed in
films of poly(thienothiophene) (PTT) immediately after
deposition (Figure 3e), which arises because of the presence of
p-doped (polaronic) species. This absorption feature quickly
disappears after rinsing with methanol, indicating dedoping.*®

A thoroughly characterized and comparatively mature process
termed initiated chemical vapor deposition (iCVD),”" which
controllably creates various insulating polymer films (e.g,
poly(acrylate)s, among others) via a radical-initiated chain
growth polymerization reaction, can be used to vapor-deposit
protective insulating coatings on readily available fabrics and
fibers. Depending on the choice of monomer, the hydrophobicity
of the starting fabric/fiber can be significantly altered.’
Importantly, fibers and fabrics coated with a conducting or
semiconducting polymer layer using chamber 1 or 2 can
subsequently be subjected to vapor coating in chamber 3 to
create a protective insulating layer (cladding) without deteriorat-
ing th}e electrical properties of the underlying electronic polymer
layer.

2. Coating Prewoven or Knit Fabrics

A varied selection of readily available, mass-produced, prewoven
or knit fabrics comprising either synthetic or natural threads have
been vapor-coated with conjugated polymer films using either
chamber 1 or 2 (Figures 4 and 5).2*” No differences in film
morphology, conformality, or uniformity can be observed in
polymer coatings created using either chamber 1 or 2. Polymer
coatings with thicknesses between 100 nm and 1 ym can be
controllably created in either chamber (even on rough fabric
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Figure 6. Influence of process pressure on surface coverage of prewoven fabrics. (a) SEM image and (b) descriptive image of a weave intersection of a
prewoven silk fabric coated with PEDOT at 100 mTorr in chamber 1. Adapted with permission from ref 27. Copyright 2017 Wiley. (c, d) Optical
micrographs of (c) a prewoven silk swatch coated with PEDOT at 100 mTorr in chamber 1 and (d) a warp and weft thread pulled out of this fabric
swatch after coating. Adapted with permission from ref 27. Copyright 2017 Wiley. (f, g) SEM images of (f) a pineapple fiber and (g) a cotton textile
vapor-coated with a 1.5 gm-thick film of PEDOT at 500 mTorr. Adapted from ref 33. Copyright 2017 American Chemical Society.

surfaces) by varying the deposition time. To quantify the
thickness of the polymer coating on fabric substrates, a silicon
“test coupon” is typically coated alongside the target fabric, and
the thickness of the polymer coating on this test coupon
measured using a profilometer after rinsing; the measured
coating thickness on this test coupon is assumed to match the
thickness of the conformal polymer coating on the fabrics. Vapor
coating (up to 1 um thick) does not change the feel of any of the
fabrics, as determined by touching the fabrics with bare hands
before and after coating. The porosity of the fabrics, as
determined by measuring air flow through a single 4 in.> swatch
of a sample before and after coating, remains unchanged,
indicating that the fabrics retain their breathability after vapor
coating. Further, the coating does not increase the weight of the
fabrics by more than 29%.

Large-area scanning electron microscopy (SEM) images of
selected pristine fabrics reveal the interwoven structure of several
threads, each of which is composed of fibril bundles as shown in
small-area images. Highly uniform and conformal coatings are
formed on all of the fabrics investigated to date, irrespective of
porosity, knit/weave pattern, and thread composition, without
the need for specialized algorithms during deposition.
Furthermore, conjugated polymer films are uniformly deposited
over the entire surface of the fabric while also conformally
wrapping the curved surface of each exposed fibril of the threads
constituting the fabric.”**” The high conformality of the surface
coating is particularly apparent in the SEM images of fuzzy
corduroy fabric coated with the semiconducting polymer PTT
using chamber 2 (Figure Sc,d). Here the polymer film conforms
to all of the exposed surface features of the fabric with high
fidelity over multiple length scales and varied surface features.
Cross-sectional SEM images confirm that the vapor-deposited
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polymer film is purely a surface coating and that the bulk of
fibrils/threads is not swelled or impregnated with polymer/
oligomers (Figure 4b).

The large-area electrical properties of the conjugated polymer
coating are influenced by the constituent threads/fibers (linen vs
silk vs wool, etc.) of the underlying textile or garment substrate.””
Ordered and/or single-ply constituent threads, such nylon, fine
silk, and banana or pineapple fiber, lead to fabric electrodes with
high large-area surface conductivities (as low as 44 Q/[]) when
coated with a 1 m-thick film of the p-doped conducting polymer
poly(3,4-ethylenedioxythiophene) (PEDOT).*”” In contrast,
disordered fibers and thick, multi-ply yarns, such as those
found in wool and cotton twill, lead to comparatively higher
surface resistances.

Any fabric or garment, irrespective of surface chemistry,
thread/yarn composition, and weave density, can be vapor-
coated without the need for pretreatment steps. To wit, a
commercial rain jacket composed of an uncharacterized,
proprietary hydrophobic fabric was successfully coated with a
500 nm-thick film of p-doped PEDOT without any extra
preparatory steps (Figure 4e). Patterned electronically active
polymer coatings can also be created on arbitrary fabrics or
premade garment surfaces using straightforward shadow
masking. The observed lower limit of patternable features on a
premade garment is 1 mm in chamber 2 and 0.1 mm in chamber
1. An untreated, commercial white sports bra vapor-coated with
p-doped PEDOT through a plastic shadow mask is shown in
Figure 4f.

Process pressures between 100 and 500 mTorr during
deposition (in either chamber 1 or 2) translate into mean free
paths on the order of millimeters for the reactive oligomers. Since
these mean free paths are commensurate with the surface
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Figure 7. (a) Substrate stage designed to vapor-coat threads/yarns using
either chamber 1 or 2. Adapted from ref 33. Copyright 2017 American
Chemical Society. (b) Optical micrograph of a spool of nylon fiber
coated with a conducting polymer, PEDOT. (c, d) Optical micrographs
of (c) pristine and PEDOT-coated cotton yarn and (d) a fabric woven
out of the PEDOT-coated yarn. Adapted from ref 33. Copyright 2017
American Chemical Society. (e) SEM images of pristine and PEDOT-
coated wool yarn. Adapted with permission from ref 27. Copyright 2017
Wiley.

roughness of woven fabrics, the oligomers should be able to
sample multiple sites before finally adhering to a particular
surface, yielding conformal coatings. In the case of prewoven
fabrics, tuning the chamber pressure between 100 and 500
mTorr during vapor coating allows control over the percent of
the total surface area that is polymer-coated (Figure 6). At 100
mTorr, one face of a prewoven fabric swatch can be selectively
coated while the other side remains uncoated (effectively, 50% of
the exposed surface is coated). Under these conditions, the
weave density of the prewoven fabric attenuates the observed
surface conductivity of the coated textile, with highly porous, airy
fabrics (e.g, linen gauze and pressed silk) yielding the lowest
surface resistances and tightly woven fabrics (e.g., twill or cotton)
yielding the highest surface resistance values.”” Increasing the
chamber pressure to 500 mTorr lowers the average mean free
path of reactive oligomers in the vapor phase and encourages
coupling of oligomers that are already adhered to a substrate
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Figure 8. (a) Yarns coated with a 1 ym-thick film of p-doped PEDOT
sustain enough current density to power an inefficient incandescent light
bulb. (b) A 4 in. swatch of silk coated with a 300 nm-thick film of p-
doped PEDOT displays large-area resistance values that are insensitive
to bending and creasing. Adapted with permission from ref 27.
Copyright 2017 Wiley. (c) Changes in large-area conductivity of a naked
(uncladded) 4 in.? swatch of silk coated with a 300 nm-thick film of p-
doped PEDOT after various applied stresses. Adapted with permission
from ref 27. Copyright 2017 Wiley.

surface, which effects greater surface coverage of both fabric faces
(>90% of the exposed surface is coated).” Such selective control
over the coating area cannot be matched by solution-based
approaches such as dyeing and electropolymerization.*

3. Threads and Yarns

Threads and yarns can also be vapor-coated with conjugated
polymers in either chamber 1 or 2.** A specially designed
substrate stage is used to introduce threads/yarns into the
reaction chamber of choice and to afford 360° coating of the
surface in one deposition. A cartoon of the stage design for
threads/yarns is shown in Figure 7. This design was meant to
mimic an array of thread spools and can accommodate, on
average, 30 ft lengths of thread when carefully wound in vertical
layers. Complete circumferential surface coverage is observed for
both ordered, single-ply fibers, such as extruded nylon, and
disordered, fuzzy, multi-ply yarns, such as a thick cotton yarn
typically used to knit winter garments. Figure 7 shows optical
micrographs of one such cotton yarn before and after vapor
coating.

Interestingly, coated wool yarns retain their characteristic
terraced surface features even after conjugated polymer coating
(Figure 7e). Wool fibers swell when exposed to body heat and
perspiration as a result of water penetration into the fibers
through these surface terraces. The water-swelled fibers display
greater heat retention near the body surface, and thus, wool-
based fabrics and garments are optimal for thermal insulation in
cold climates. Therefore, the observation that vapor-coated wool
yarns retain their scaly surface features indicates that these
electronically active wool yarns will likely display the same
thermal insulation properties as familiar uncoated wool.

4. Textile Devices

Chambers 1 and 2 are used to coat off-the-shelf plain-woven
fabrics, such as linen, silk, and bast fiber fabrics, with conducting
polymer films (e.g, persistently p-doped PEDOT), thus
transforming these mass-produced textiles into metal-free
conducting electrodes.”” The vapor-deposited polymer coatings
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Figure 9. Vapor-coated textiles as Joule heating elements. (a) SEM images of a cotton textile before and after continuous electrothermal heating for 1 h.
(b) Thermal camera images of Joule heating in a fluoroalkylsiloxane-packaged PEDOT-coated cotton textile before and after exposure to heat and
moisture. (c) Optical (top) and thermal camera (bottom) images of a naked PEDOT-coated textile before and after being cut and resewn back together
with cotton thread. (d) Optical images of the three layers of a prototype lightweight thermal glove containing PEDOT-coated cotton as Joule heating
elements and thermal camera images of the finished glove worn on a human hand before and after voltage is applied (e) Thermal camera images of a
plain-woven textile made using the PEDOT-coated cotton yarn under different applied voltages. Adapted from ref 33. Copyright 2017 American

Chemical Society.

are insensitive to light bending and creasing and remarkably
resistant to harsh mechanical abrasion (Figure 8). The
conductivities of the PEDOT-coated fabrics are attenuated by
less than 10% after laundering with household laundry detergent
(up to eight “normal wash” cycles), dry ironing, and continuous
body mounting for 24 h.*” Notably, such wash stability is not
matched by commercial metal-coated fabrics and threads and is a
major, explicitly defined requirement to progress commercializa-
tion and adoption of electronic textiles and garments.

The large-area resistivities of the textile electrodes are linearly,
not exponentially, dependent on length, meaning that they can
be feasibly incorporated into garments and other large-area body-
mounted devices.”” Moreover, these fabric electrodes possess the
feel, weight, breathability, and pliability of standard fabrics, which
is important to enable adoption of wearable devices.

The vapor-deposited conjugated polymer coatings are,
furthermore, robust enough to endure conventional textile
manufacturing routines, such as cutting, sewing, weaving, and
knitting, while maintaining their original optical and electronic
properties. For example, vapor-coated cotton yarns can be plain-
woven using a table-top loom into a monolithic textile without
abrading or deteriorating the polymer layer during the weaving
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process (Figures 7 and 9).>> Vapor-coated yarns can also be
knitted, complex-woven, or embroidered into different structures
and shapes, just like regular yarns, meaning that electronic
devices can be created using traditional textile manufacturing
routines.

Chamber 1 is used to transform commercial textiles and
threads into electric heaters that can be cut/sewn or woven to
fashion lightweight fabric heaters for local climate control and
personal thermal management (Figure 9).>* Prewoven fabrics
coated with a 1.5 ym-thick film of persistently p-doped PEDOT
possess competitively low sheet resistances—44 £2/[] measured
for coated bast fiber textiles and 61 Q/[] measured for coated
cotton textiles (Figure 6)—and act as low-power-consuming
Joule heating elements. The electrothermal response of the
textile electrodes remains unaffected after cutting and sewing
because of the robustness of the vapor-deposited conductive
coating. This feature was used to create a lightweight, breathable,
electrically heated glove. Coated, conductive cotton yarns can
also be plain-woven into a monolithic fabric heater (Figure 9).

Conductive yarns coated with a fluorinated insulating polymer
overlayer can also be knitted or woven together with nylon
threads to create triboelectric textiles that convert surface charge
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resulting from contact electrification during fabric movement
into usable and storable power (approximately 13 yW).>*

Bl CONCLUSIONS AND OUTLOOK

Having varied approaches for making wearable devices is integral
to grow this nascent technology to maturity. We propose that the
strongest strategy to create long-lasting and impactful electronic
garments is to start with a mass-produced garment, fabric, or
thread/yarn and coat it with conjugated polymers to yield various
textile circuit components. The definitive hurdle is that premade
garments, threads, and fabrics have densely textured, three-
dimensional surfaces that display roughness over a large range of
length scales (microns to millimeters), which render conven-
tional solution-based printing methods useless for creating
reliably uniform, electronically active coatin§s on these surfaces.

Reactive vapor coating methods****>* allow a uniform
conjugated polymer film to be directly formed over large areas on
the surface of any premade garment, prewoven fabric, or fiber/
yarn substrate without the need for specialized processing
conditions, surface pretreatments, detergents, or fixing agents.
This feature means that electronic coatings can be non-
disruptively applied at the end of existing high-throughput
textile and garment manufacturing routines. At present, highly
conductive prewoven bast fiber fabrics with sheet resistances of
44 Q/[] can be reliably created using reactive vapor coating.””
Vapor-deposited coatings are conformal and are often thin
enough that the original mechanical properties of the substrate
(and not those of the coating) are the dominant observables.
Furthermore, reactive vapor coating produces conductive
coatings that are notably wash- and wear-stable and can
withstand mechanically demanding textile manufacturing
routines. In summary, reactive vapor coating can transform
commonly available, mass-produced fabrics, yarns/threads, and
premade garments into a plethora of comfortably wearable
electronic devices.

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 techniques to satisfy the high-volume
demand of the textile industry. However, 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, demonstrat-
ing that vapor coating methods are indeed conducive to large-
scale manufacturability.37 At present, the lab-scale reactors
depicted in Figure 2 need to be scaled up to demonstrate
commodity-scale manufacturability. Most importantly, substrate
stages that can produce multiple kilometers of coated threads or
yarns or multiple bolts of coated fabrics per day will be needed
before vapor coating can be practically added to existing textile
manufacturing routines.

B AUTHOR INFORMATION
Corresponding Author

*E-mail: tandrew@umass.edu.

ORCID

Trisha L. Andrew: 0000-0002-8193-2912
Funding

The authors gratefully acknowledge financial support from the
U.S. Air Force Office of Scientific Research under Agreement
FA9550-14-1-0128 and the David and Lucille Packard

Foundation for graciously enabling the exploratory research
highlighted herein.

Notes

The authors declare no competing financial interest.
Biographies

Trisha L. Andrew is an Assistant Professor of Chemistry and Chemical
Engineering and Director of the Wearable Electronics Lab (WELab) at
the University of Massachusetts Amherst. She started her independent
career at the University of Wisconsin-Madison in 2012. She is a David
and Lucille Packard Foundation Fellow, an Air Force Office of Scientific
Research Young Investigator, a L’Oréal USAfor Women in Science
Fellow and a 3M Nontenured Faculty Award winner and was named as
one of Forbes magazine’s “30 under 30” Innovators in Energy. She and
her team produce textile-based electronic devices that retain the
comfort, breathability, and feel of everyday fabrics and garments.

Lushuai Zhang graduated with a B.Eng. in Polymer Science and
Engineering from Zhejiang University. She obtained her Ph.D. in
Materials Science and Engineering from the University of Wisconsin-
Madison under the supervision of Professor Andrew.

Nongyi Cheng is a Ph.D. candidate in the Department of Chemistry at
the University of Wisconsin-Madison. She is currently working at the
University of Massachusetts Amherst under the direction of Professor
Andrew. She received her B.S. in Chemistry from Peking University in
2013. Her research interests include vapor-deposited polymers and their
applications in energy storage and surface modification.

Morgan Baima received a B.S. in Chemistry from St. Edward’s
University in 2010 and a M.S. in Materials Science and Engineering from
the University of Wisconsin-Madison in 2013. She is currently working
toward a Ph.D. in Chemistry under the supervision of Professor Andrew.

Jae Joon Kim is a postdoctoral researcher at the University of
Massachusetts Amherst, working with Professor Andrew. He received
his Ph.D. from Korea Advanced Institute of Science and Technology
(KAIST) in South Korea. His research interests are centered around
strategies for engineering molecular interactions at biological interfaces
during physical vapor deposition and vapor polymerization.

Linden Allison is currently pursuing her Ph.D. at the University of
Massachusetts Amherst in the Andrew Group. She graduated from
Juniata College in 2016 with a B.S. in Chemistry. Her research
concentrates on probing ion and thermal transport in vapor-deposited

films.

Steven Hoxie received his B.S in Chemistry and Math from Texas Tech
University in 2016. He is currently pursuing his Ph.D. at the University
of Massachusetts Amherst under the supervision of Professor Andrew.
He is interested in textile energy storage and solar energy.

B REFERENCES

(1) Stoppa, M.; Chiolerio, A. Wearable Electronics and Smart Textiles:
A Critical Review. Sensors 2014, 14, 11957—11992.

(2) Wang, X;; Gu, Y.; Xiong, Z,; Cui, Z; Zhang, T. Silk-Molded
Flexible, Ultrasensitive, and Highly Stable Electronic Skin for
Monitoring Human Physiological Signals. Adv. Mater. 2014, 26,
1336—1342.

(3) Li, Q; Zhang, L.-N,; Tao, X.-M.; Ding, X. Review of Flexible
Temperature Sensing Networks for Wearable Physiological Monitoring.
Adv. Healthcare Mater. 2017, 6, 1601371.

(4) Han, X; Chen, X,; Tang, X;; Chen, Y.-L; Liu, J.-H.; Shen, Q.-D.
Flexible Polymer Transducers for Dynamic Recognizing Physiological
Signals. Adv. Funct. Mater. 2016, 26, 3640—3648.

(5) Kim, D.-H.; Lu, N.; Ma, R.; Kim, Y.-S.; Kim, R.-H,; Wang, S.; W,
J; Won, S. M; Tao, H,; Islam, A; Yu, K. J.; Kim, T.-i,; Chowdhury, R;

DOI: 10.1021/acs.accounts.7b00604
Acc. Chem. Res. 2018, 51, 850—859


mailto:tandrew@umass.edu
http://orcid.org/0000-0002-8193-2912
http://dx.doi.org/10.1021/acs.accounts.7b00604

Accounts of Chemical Research

Ying, M,; Xu, L,; Li, M,; Chung, H.-J.; Keum, H.; McCormick, M.; Liu,
P.; Zhang, Y.-W.; Omenetto, F. G.; Huang, Y.; Coleman, T.; Rogers, J. A.
Epidermal Electronics. Science 2011, 333, 838—843.

(6) Lipomi, D. J.; Vosgueritchian, M.; Tee, B. C. K; Hellstrom, S. L.;
Lee, J. A;; Fox, C. H; Bao, Z. Skin-like Pressure and Strain Sensors Based
on Transparent Elastic Films of Carbon Nanotubes. Nat. Nanotechnol.
2011, 6, 788—792.

(7) Bauer, S. Flexible Electronics: Sophisticated Skin. Nat. Mater. 2013,
12, 871—-872.

(8) Hammock, M. L.; Chortos, A.; Tee, B. C. K.; Tok, J. B. H.; Bao, Z.
25th Anniversary Article: The Evolution of Electronic Skin (E-Skin): A
Brief History, Design Considerations, and Recent Progress. Adv. Mater.
2013, 25, 5997—6038.

(9) O’Connor, T. F.; Zaretski, A. V.; Savagatrup, S.; Printz, A. D.;
Wilkes, C. D.; Diaz, M. L; Sawyer, E. J.; Lipomi, D. J. Wearable Organic
Solar Cells with High Cyclic Bending Stability: Materials Selection
Criteria. Sol. Energy Mater. Sol. Cells 2016, 144, 438—444.

(10) Jost, K; Dion, G. Gogotsi, Y. Textile Energy Storage in
Perspective. J. Mater. Chem. A 2014, 2, 10776—10787.

(11) Leber, D. E; Meek, B. N.; Leija, S. D.; Wilson, D. G.; Chaney, R.
L.; Hackler, D. R. Electromechanical Reliability Testing of Flexible
Hybrid Electronics Incorporating FleX Silicon-on-Polymer ICs.
Presented at the IEEE Workshop on Microelectronics and Electron
Devices (WMED), Boise, ID, April 15, 2016.

(12) Savagatrup, S.; Printz, A. D.; O’Connor, T. F.; Zaretski, A. V.;
Lipomi, D. J. Molecularly Stretchable Electronics. Chem. Mater. 2014,
26, 3028—3041.

(13) Kaltenbrunner, M.; Sekitani, T.; Reeder, J.; Yokota, T.; Kuribara,
K,; Tokuhara, T.; Drack, M.; Schwiodiauer, R.; Graz, I; Bauer-Gogonea,
S.; Bauer, S.; Someya, T. An Ultra-Lightweight Design for Imperceptible
Plastic Electronics. Nature 2013, 499, 458—463.

(14) Doganay, D.; Coskun, S;; Genlik, S. P.; Unalan, H. E. Silver
Nanowire Decorated Heatable Textiles. Nanotechnology 2016, 27,
435201.

(15) Hsu, P.-C.; Liu, X; Liu, C.; Xie, X.; Lee, H. R.;; Welch, A. J.; Zhao,
T.; Cui, Y. Personal Thermal Management by Metallic Nanowire-
Coated Textile. Nano Lett. 2015, 15, 365—371.

(16) Daubert, J. S.; Mundy, J. Z.; Parsons, G. N. Kevlar-Based
Supercapacitor Fibers with Conformal Pseudocapacitive Metal Oxide
and Metal Formed by ALD. Adv. Mater. Interfaces 2016, 3, 1600355.

(17) Lee, M. R;; Eckert, R. D.; Forberich, K.; Dennler, G.; Brabec, C.]J.;
Gaudiana, R. A. Solar Power Wires Based on Organic Photovoltaic
Materials. Science 2009, 324, 232—235.

(18) Jinno, H.; Fukuda, K; Xu, X.; Park, S.; Suzuki, Y.; Koizumi, M.;
Yokota, T.; Osaka, I; Takimiya, K; Someya, T. Stretchable and
waterproof elastomer-coated organic photovoltaics for washable
electronic textile applications. Nat. Energy 2017, 2, 780—78S.

(19) Wu, C,; Kim, T.; Guo, T.; Li, F. Wearable Ultra-Lightweight Solar
Textiles Based on Transparent Electronic Fabrics. Nano Energy 2017,
32, 367—-373.

(20) Chen, H.-T,; Lin, H.-L.; Chen, L-G.; Kuo, C. Conducting Silver
Networks Based on Electrospun Poly(methyl methacrylate) and Silver
Trifluoroacetate. ACS Appl. Mater. Interfaces 20185, 7, 9479—9485.

(21) Seyedin, S.; Razal, J. M.; Innis, P. C.; Jeiranikhameneh, A.; Beirne,
S.; Wallace, G. G. Knitted Strain Sensor Textiles of Highly Conductive
All-Polymeric Fibers. ACS Appl. Mater. Interfaces 2015, 7, 21150—
21158.

(22) Yang, Z. B.; Deng, J.; Chen, X. L,; Ren, J.; Peng, H. S. A Highly
Stretchable Fiber-Shaped Supercapacitor. Angew. Chem., Int. Ed. 2013,
52, 13453—13457.

(23) Lee, J. A;; Shin, M. K;; Kim, S. H.; Cho, H. U,; Spinks, G. M.;
Wallace, G. G.; Lima, M. D.; Lepro, X.; Kozlov, M. E.; Baughman, R. H.;
Kim, S. J. Ultrafast Charge and Discharge Biscrolled Yarn Super-
capacitors for Textiles and Microdevices. Nat. Commun. 2013, 4, 1970.

(24) Brozena, A. H; Oldham, C. J,; Parsons, G. N. Atomic Layer
Deposition on Polymer Fibers and Fabrics for Multifunctional and
Electronic Textiles. J. Vac. Sci. Technol,, A 2016, 34, 010801.

(25) Allison, L.; Hoxie, S.; Andrew, T. L. Towards Seamlessly-
Integrated Textile Electronics: Methods to Coat Fabrics and Fibers with

859

Conducting Polymers for Electronic Applications. Chem. Commun.
2017, 53, 7182—7193.

(26) Cheng, N.; Zhang, L.; Kim, J. J.; Andrew, T. L. Vapor Phase
Organic Chemistry To Deposit Conjugated Polymer Films on Arbitrary
Substrates. J. Mater. Chem. C 2017, 5, 5787—5796.

(27) Zhang, L.; Fairbanks, M.; Andrew, T. L. Rugged Textile
Electrodes for Wearable Devices Obtained by Vapor Coating Off-the-
Shelf, Plain-Woven Fabrics. Adv. Funct. Mater. 2017, 27, 17004185.

(28) Im, S. G.; Gleason, K. K. Systematic Control of the Electrical
Conductivity of Poly(3,4-ethylenedioxythiophene) via Oxidative
Chemical Vapor Deposition. Macromolecules 2007, 40, 6552—6556.

(29) Bhattacharyya, D.; Howden, R. M.; Borrelli, D. C.; Gleason, K. K.
Vapor Phase Oxidative Synthesis of Conjugated Polymers and
Applications. J. Polym. Sci,, Part B: Polym. Phys. 2012, 50, 1329—1351.

(30) Zhang, L.; Andrew, T. L. Deposition Dependent Ion Transport in
Doped Conjugated Polymer Films: Insights for Creating High-
Performance Electrochemical Devices. Adv. Mater. Interfaces 2017, 4,
1700873.

(31) Tenhaeff, W. E.; Gleason, K. K. Initiated and Oxidative Chemical
Vapor Deposition of Polymeric Thin Films: iCVD and oCVD. Adv.
Funct. Mater. 2008, 18, 979—992.

(32) Andou, Y; Jeong, J.-M.; Kaneko, M.; Nishida, H.; Endo, T.
Hydrophobic Cellulose Fiber Surfaces Modified with 2,2,3,3,3-
Pentafluoropropylmethacrylate (FMA) by Vapor-Phase-Assisted Pho-
topolymerization. Polym. J. 2010, 42, 519—524.

(33) Zhang, L.; Baima, M.; Andrew, T. L. Transforming Commercial
Textiles and Threads into Sewable and Weavable Electric Heaters. ACS
Appl. Mater. Interfaces 2017, 9, 32299—32307.

(34) Zhang, L.; Yu, Y.; Eyer, G. P; Suo, G; Kozik, L. A.; Fairbanks, M.;
Wang, X.; Andrew, T. L. All-Textile Triboelectric Generator Compatible
with Traditional Textile Process. Adv. Mater. Technol. 2016, 1, 1600147.

(35) Bashir, T.; Skrifvars, M.; Persson, N. K. Production of Highly
Conductive Textile Viscose Yarns by Chemical Vapor Deposition
Technique: A Route to Continuous Process. Polym. Adv. Technol. 2011,
22,2214-2221.

(36) Atanasov, S. E,; Losego, M. D.; Gong, B.; Sachet, E.; Maria, J.-P.;
Williams, P. S.; Parsons, G. N. Highly Conductive and Conformal
Poly(3,4-ethylenedioxythiophene) (PEDOT) Thin Films via Oxidative
Molecular Layer Deposition. Chem. Mater. 2014, 26, 3471—3478.

(37) Kovacik, P.; del Hierro, G.; Livernois, W.; Gleason, K. K. Scale-Up
of oCVD: Large-Area Conductive Polymer Thin Films for Next-
Generation Electronics. Mater. Horiz. 2018, 2, 221-227.

DOI: 10.1021/acs.accounts.7b00604
Acc. Chem. Res. 2018, 51, 850—859


http://dx.doi.org/10.1021/acs.accounts.7b00604

