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ABSTRACT: The emergence of “green” electronics is a response to the
pressing global situation where conventional electronics contribute to resource
depletion and a global build-up of waste. For wearable applications, green
electronic textile (e-textile) materials present an opportunity to unobtrusively
incorporate sensing, energy harvesting, and other functionality into the clothes
we wear. Here, we demonstrate electrically conducting wood-based yarns
produced by a roll-to-roll coating process with an ink based on the
b i o compa t i b l e po l yme r : po l y e l e c t r o l y t e comp l e x po l y (3 , 4 -
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS). The devel-
oped e-textile yarns display a, for cellulose yarns, record-high bulk conductivity
of 36 Scm−1, which could be further increased to 181 Scm−1 by adding silver
nanowires. The PEDOT:PSS-coated yarn could be machine washed at least five times without loss in conductivity. We demonstrate
the electrochemical functionality of the yarn through incorporation into organic electrochemical transistors (OECTs). Moreover, by
using a household sewing machine, we have manufactured an out-of-plane thermoelectric textile device, which can produce 0.2 μW
at a temperature gradient of 37 K.

KEYWORDS: e-textile, conducting cellulose yarn, PEDOT:PSS, organic electrochemical transistor (OECT), organic thermoelectrics

■ INTRODUCTION

Miniaturized electronic devices are increasingly present in our
everyday lives. They are used in a wide range of applications
including smart homes, active packaging, mini displays, and
wearable or even implantable health monitoring, which typically
rely on battery-powered miniature sensors connected to a
wireless communication network. The expected lifetime of
electronic devices can be very short, down to a few months,
resulting in a massive and global buildup of electronic waste.1 In
addition, traditional electronics rely on scarce and, in some
cases, toxic materials such as gallium arsenide, lead, cadmium,
and indium.2,3 Both, the exploitation of our natural resources
and the management of waste need to be addressed to ensure a
sustainable future for generations to come. This is a strong
motivation for the development of “green” electronics, relying
instead on nontoxic, renewable, and biodegradable organic
precursors.4 A variety of electronic devices on biobased
substrates have been reported such as silk,5 cellulose,6 gelatin,7

potato starch,8 or DNA.9 Furthermore, the conducting and
semiconducting components can be realized with π-conjugated
molecules commonly used as dyestuffs, e.g., indigo,10 or with
conjugated polymers including polyaniline, polypyrrole (PPy),
and polythiophenes.4

Organic materials are inherently light-weight and flexible, and
in combination with the fact that they are, in many cases,
biocompatible (and even edible),11 this makes them particularly

attractive for applications where electronics are worn close to or
directly on the body. The limited mechanical integrity of
conjugated molecules can be overcome by blending them with
an insulating material, resulting in conducting bulk materials,
which can be molded into various shapes. For example,
composites of cellulose with conjugated polymers and/or
carbon nanoparticles can function as an active component in
supercapacitors, batteries, light emitting diodes, solar cells, strain
sensors, electrochemical transistors, and thermoelectric devi-
ces.12−18 Further, cellulose, which stands out as it is the most
abundant polymer in nature, can be used as a substrate material.
Cellulose in the form of paper is widely explored as a substrate
for flexible electronics, and several reviews on paper- and
cellulose-based electronics are available.6,15,19,20

For wearable electronics, electronic textiles (e-textiles), with
functionality fully integrated in the textile and its fibers, present
an interesting opportunity to realize truly unobtrusive devices.
There exist three basic routes to prepare e-textile fibers as
follows:21 (1) fiber spinning with conducting blends or
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composites, (2) coating of cellulose yarns/fibers with
conducting materials, and (3) polymerization of conducting
polymers onto cellulose yarns/fibers. However, none of these
routes have resulted in cellulose yarns with a high electrical
conductivity and a high degree of wash and wear resistance. For
example, route 1 has resulted in yarns with an electrical
conductivity of up to 31 Scm−1 (Table 1 and Table S1), where
Rahatekar et al. used dry-jet wet spinning to make cellulose
composite fibers with an incorporation of 10 wt % multiwalled
carbon nanotubes (MWNT).22 The health risks related to
carbon nanoparticles have been under investigation for some
time, and carbon nanotubes were recently added to the SIN
(Substitute It Now) list developed byChemSec.23,24With this in
mind, we opted to use the polymer:polyelectrolyte complex
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS), which is known to be biocompatible,4 as our
conducting component. A previous report from our group shows
that cotton yarn can be dipcoated, i.e., route 2, with
PEDOT:PSS to achieve a bulk conductivity of 15 Scm−1.25

Bashir et al. followed route 3 by depositing PEDOT on viscose
fibers through oxidative chemical vapor deposition (oCVD) and
obtained a conductivity of 14 Scm−1.26 For cellulose yarns to be
an attractive and competitive e-textile component, their
electrical conductivity needs to be increased further.
Cellulose-based textiles can be prepared from naturally

occurring fibers, e.g., cotton and flax, or from regenerated
cellulose using a variety of sources (wood, bamboo, hemp, and
more). Cotton has long been a base fiber for apparel, as its fibers
are both soft and hydrophilic ensuring comfort for the wearer. In
addition, many textile-industry processes (yarn spinning,
weaving, knitting, and dyeing) are developed and optimized
for cotton fibers. However, cotton cultivation commonly results
in the extensive use of pesticides, fertilizer, fresh water, and
arable land.36 Therefore, much effort is made to replace cotton
with fibers made from regenerated cellulose whose raw material
is wood. In fact, the development of innovative renewable forest
products is identified by the United Nations as one of the key
principles toward a sustainable development.37 Regenerated
cellulose fibers are still mainly produced via the viscose process.
This process involves carbon disulfide, for cellulose derivatiza-
tion, which is prone to form various toxic side products in the

spinning plant. The only commercially relevant alternative is the
Lyocell process using N-methylmorpholine N-oxide as a direct
cellulose solvent.38 This spinning technology requires high
processing temperatures and stabilizers to avoid thermal
runaway reactions.39 An alternative method, aiming to be
more cost-effective andmore versatile in terms of feedstock, uses
ionic liquids to dissolve the ligno-cellulosic material.40,41

Regenerated cellulose yarns spun from ionic liquids have not
yet been studied for use as e-textile materials.
Here, we present an electrically conducting yarn based on

regenerated cellulose spun from an ionic liquid and coated with
PEDOT:PSS, which is applied by a continuous roll-to-roll
method. The coating process is based on our previously
developed roll-to-roll method.35 The resulting electrical
conductivity of the yarn is 36 Scm−1, which was further
enhanced to 181 Scm−1 upon the addition of Ag nanowires. Our
conducting yarn is resilient to repeated deformation and can be
washed at least five times in a household washing machine
without the loss of conductivity. Its mechanical stability in
combination with the readily scalable coating process allowed us
to use the yarn in a sewing machine to fabricate an energy
harvesting thermoelectric textile.

■ EXPERIMENTAL SECTION
Materials. Regenerated cellulose yarns were spun according to the

Ioncell process described elsewhere.42 Enocell birch prehydrolysis kraft
pulp (Stora Enso, Finland) was dissolved in 1,5-diazabicyclo[4.3.0]-
non-5-enium acetate (13 wt % polymer concentration) and spun at 75
°C. A 400 hole spinneret (capillary diameter 100 μm; capillary length
20 μm) was used to yield a multifilament yarn. After washing and
drying, each individual filament had a diameter of 11.7 ± 0.3 μm.
PH1000 PEDOT:PSS aqueous dispersion (a 1.1−1.3 wt % solid
content) was purchased from Heraeus. Ethylene glycol (EG) (Fisher
Scientific) and dimethyl sulfoxide (DMSO) (VWR international) were
used as received.

Ink Preparation and Coating. An amount of 5 vol % EG was
added to the as-received PEDOT:PSS aqueous dispersion, followed by
the removal of some water by heating at 50 °C for 47 h. This procedure
has previously been found to increase the viscosity of the solution by 2
to 3 orders of magnitude, which in turn increases the ink take-up rate
and final conductivity of the yarn.35 Using a custom designed roll-to-roll
setup, we continuously passed the yarn through a vessel containing the
ink, at a speed of 0.23 m min−1. Next, the yarn was dried with a heating

Table 1. Overview of the Electrical Conductivity (σ) of Previously Reported Cellulose Fibers and Representative Examples of
Non-Cellulose Materials

material conducting component method of manufacture σ (Scm−1) ref.

cellulose PEDOT:PSS dip-coating, cotton yarn 15 25
rGOa dip-coating, cotton yarn 1 27
MWNT/PPy dip-coating/interfacial polymerization, cotton yarn 10 28
PEDOT oCVDb, viscose fiber 14 26
carbon black (50 wt %) wet spinning, regenerated cellulose matrix 0.6 29
MWNT (10 wt %) wet spinning, regenerated cellulose matrix 0.002 30
MWNT (10 wt %) dry-jet wet spinning, regenerated cellulose matrix 31 22
MWNT (3 wt %) wet spinning, regenerated cellulose matrix 0.09 31
MWNT (8 wt %) wet spinning, regenerated cellulose matrix 1 31
MWNT (5 wt %) dry-jet wet spinning, regenerated cellulose matrix 0.0009 32
MWNT (4 wt %) dry-jet wet spinning, regenerated cellulose matrix 0.008 33
PEDOT:PSS dip-coating, regenerated cellulose yarn 36 this work
PEDOT:PSS/Ag NWc dip-coating, regenerated cellulose yarn 181 this work

non-cellulose PEDOT:PSS dip-coating, Spandex fabric 2 34
PEDOT:PSS dip-coating, silk threads 14 25
PEDOT:PSS R2R dip-coating, silk threads 70 35

arGO = reduced graphene oxide boCVD = oxidative chemical vapor deposition cAg NW = silver nanowires
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gun at about ∼100 °C and collected onto a take-up roller. For post-
treatment, the roll with the coated yarn was placed in a DMSO bath for
80 min and then dried again with a heat gun at ∼100 °C.
The PEDOT:PSS+Ag nanowire-coated cellulose yarns were

produced by a batch process, where pieces of the cellulose yarn were
dip-coated in an Ag nanowire solution (5 g L−1 in isopropyl alcohol,
Sigma-Aldrich) according to the procedure reported by Hwang et al.43

The average diameter and length of the Ag nanowires were 40 ± 5 nm
and 35 ± 5 μm. The coated yarn was dried on a heating plate at 80−90
°C for a few seconds. The coating and drying process was repeated;
however, the second drying was at 180 °C for 5 min. Finally, the Ag
nanowire-coated yarn was twice dip-coated in a dispersion of
PEDOT:PSS + 5 vol % EG and dried with a heating gun at ∼100 °C.
Mechanical Characterization. Tensile testing was performed on

multifilament yarn samples using a Tinius Olsen H10KT dual-column
testing machine equipped with fiber grips. A preload of 0.5 N was
applied during the test, the gauge length was 40mm, and the sample was
drawn at 10 mmmin−1 until break. The cross-sectional area of the yarns
was estimated by comparing the linear density of neat and coated yarns,
determined by measuring the weight of known lengths of yarn, and
assuming a density of 1.5 g cm−3 for regenerated cellulose and 1 g cm−3

for PEDOT:PSS.
Electrical Characterization. The electrical resistivity of a spin-

coated film of PEDOT:PSS (5% EG) was measured with a four-point
probe setup from Jandel Engineering (cylindrical probe head,
RM3000). To characterize the electrical resistance of coated yarns,
samples were placed on a glass slide and colloidal silver paint (Agar
Scientific) was applied to form contact points on the surface of
PEDOT:PSS-coated yarns. In case of yarns with a composite coating of
Ag nanowires and PEDOT:PSS, no silver paint was applied. The
electrical resistance was measured in 2-point configuration, using a
Keithley 2400 sourcemeter. To determine the contact resistance
inherent to our 2-point measurements, we compared the resistance of
segments with different lengths (Figure S1). Bending tests were
performed using a custom-built Lego device in which the yarn was
placed on a plastic film substrate (attached only at each end) and
repeatedly bent to a radius of 4.3 mm. The yarn ends were coated with
silver paint, and the electrical resistance of the yarn was measured after
every 100 cycles, for a total of 1000 bending cycles. Fatigue testing was
done in a dynamic mechanical tester DMA Q800 (TA Instruments)
where a strain of 3% was applied for 6 s then released for 30 s. This was
repeated for 101 cycles, and the electrical resistance was recorded in situ
using a Keysight U1253B multimeter, which was connected to the yarn
by crocodile clips attached to the silver paint-coated yarn ends. The
Seebeck coefficient was measured using a SB1000 instrument together
with a K2000 temperature controller (MMR Technologies). The
experiment was carried out at 300 K with a thermal load of ∼2 K. The
yarn sample, length ∼5 mm, was mounted onto a sample holder with
silver paint, and a thin constantan wire was used as reference.
Optical Microscopy. A Carl Zeiss A1 optical microscope was used

in bright field transmission mode to measure the diameter of the yarn.
Scanning Electron Microscopy (SEM). SEM images were

obtained using a Leo Ultra 55 SEM with a secondary electron detector,

at an acceleration voltage of 3 kV. The yarn samples were placed in
liquid nitrogen and then immediately cut with a razor blade. The
pristine sample was sputtered with palladium prior to microscopy
analysis.

Laundering. Each specimen of the coated yarn was sewn onto a
piece of multifiber adjacent test fabric (Testfabrics, Inc.) and washed up
to 10 times in a domestic laundry machine (Bosch VarioPerfect, Serie
6) with 20 mL of a commercial detergent (Neutral) using wool wash
program (30 °C, spin at 800 rpm). After washing, each multifiber test
fabric (with segments of triacetate, cotton, polyamide, polyester,
polyacrylic and viscose) was visually inspected for signs of release of the
PEDOT:PSS coating, the coated yarn was visually inspected for a loss of
coating, and the electrical resistance was characterized.

Organic Electrochemical Transistors. Yarn-based organic
electrochemical transistor (OECT) devices were fabricated by
attaching yarns to a plastic slide with tape. The PEDOT:PSS-coated
yarn was used as the source-drain electrode, and a silver coated
polyethylene terephthalate (PET) yarn (dtex 125/36/2 from Swicofil)
was used as gate electrode. A single PEDOT:PSS-coated cellulose yarn
was used for the source-drain electrode. The electrodes were positioned
in parallel with a 2.5 mm separation. Nail varnish (Mavala International
SA) was applied to act as fluidic barriers, preventing the electrolyte from
wicking along the yarn to the electrical connections, leaving a 5 mm
source-drain channel in contact with the electrolyte. Further, silver
paste (Sigma Aldrich) was patterned onto the ends of the PEDOT:PSS-
coated yarns to improve the connection to the clamp. An amount of 40
μL of phosphate-buffered saline (PBS, Sigma Aldrich) was added to
bridge the source-drain and gate electrodes. I−V characteristics,
transfer characteristics, and ON/OFF switching were recorded for five
individual devices using a Keithley 4200A parameter analyzer
(Tektronix Inc., UK). For the I−V characteristics, the source-drain
potential (Vsd) was swept from 0 to −0.5 V while increasing the gate
potential (Vg) from 0 to 0.7 V in steps of 0.1 V with a hold time of 30 s
between each sweep, and the source-drain current (Isd) response was
recorded. The transfer characteristics were recorded by sweeping Vg
between 0 and 0.8 V while recording Isd at a fixed Vsd of −0.5 V, with a
hold time of 15 s before each sweep. Lastly, the ON/OFF switching was
recorded bymeasuring Isd at a fixedVsd of−0.5 Vwhile holding theVg at
0 and 0.8 V respectively, one complete cycle being 40 s.

Thermoelectric DeviceManufacture. A Janome Easy Jeans 1800
sewing machine was used to sew a textile out-of-plane thermoelectric
device, with a felted wool fabric (Wadmal, ∼1 mm thick, 3.2 g dm−2

from Harry Hedgren AB) as the insulating substrate. The conducting
components were our coated cellulose yarn and a commercial silver-
plated polyamide embroidery thread (HC12 from Madeira Garnfab-
rik). The conducting threads were transferred to the appropriate
bobbins, and prior to sewing, the thread tension was adjusted to ensure
that the conducting thread would completely penetrate the fabric so
that it could be electrically connected on both sides of the fabric. A
stretchable silver paste for conducting textile coatings (PE874,
DuPont) was applied to offer electrical connections between the
thermocouples of the textile device and was cured at 100 °C for 10 min.

Figure 1. (a) Chemical structures of PEDOT:PSS, EG, andDMSO. (b) Schematic of the yarn-dyeing process: the pristine yarn travels through the dye
bath and is then dried by a heating gun and collected. Afterward, the coated yarn is post-treated with DMSO.
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Thermoelectric Device Characterization. The thermoelectric
textile was placed on a variable temperature hot plate (HP60, Torrey
Pines Scientific Inc). Surface-mounted K-type thermocouples (Omega
Engineering) were placed on the top and bottom of the textile, to
monitor the surface temperatures via a National Instruments cDAQ
9174 with an internal temperature reference. A cooling plate (Staychill)
was placed on top of the thermoelectric textile, and thin sheets of
Kapton (50 μm thickness) were placed on the top and bottom of the
textile to prevent electrical short circuits. The generated voltage was
recorded by a Keithley 2400 SMU, which also acted as a variable load by
drawing current from the textile device.

■ RESULTS AND DISCUSSION
To manufacture our green electronic textiles, we aimed to use
materials and processing methods that in addition to being eco-
friendly are scalable and affordable, to ensure a potentially broad
use for our developed materials.44 The electrically conducting
polymer:polyelectrolyte complex PEDOT:PSS (Figure 1a) is
commercially available in the form of aqueous dispersions. As
substrates, we selected regenerated cellulose fibers, dry-jet wet
spun from an ionic liquid solution into an aqueous coagulation
bath as previously reported,40 and coated them, using a lab-scale
continuous coating device, with an ink based on PEDOT:PSS
(Figure 1b). The electrical conductivity of PEDOT:PSS
materials is well studied, especially in the form of thin films,
and it is known that the final conductivity can be improved by
several orders of magnitude by post-treatments with polar
solvents.45 We chose a protocol that we had previously
developed for silk yarns and dyed cellulose yarns with a
thickened PEDOT:PSS ink to which we added 5 vol % ethylene
glycol (EG), followed by a post treatment with dimethyl
sulfoxide (DMSO).35 We coated ∼70 m of cellulose filament
yarns with a continuous process (Figure 2a).

We also used a batch process to produce yarns coated with
two layers of Ag nanowires before coating with PEDOT:PSS.
The combination of Ag nanowires with PEDOT:PSS results in a
washable conducting coating where the electric current is mainly
carried by the silver, as was recently reported by our group.43

This option offers a simple method for the manufacture of e-
textiles that require highly conducting materials, which are
suitable for the realization of electrical connectors or Joule
heating elements. Instead, yarns produced without Ag nano-
wires can be used to construct electrochemical or thermoelectric
devices.
It is common in e-textile literature to report the surface

resistance and report this value in terms of Ω/□ or in Scm−1

based on an estimated thickness of the conducting layer (cf.
Table S1). We argue that, for a fair comparison between fibers
and yarns, it is relevant to instead characterize the “bulk” volume
conductivity (σb), i.e., we calculate the cross-section area A of
the conductor using the average thread diameter as observed by
optical microscopy. In this approach, a large portion of the
characterized volume is constituted of insulating cellulose and
voids between filaments, and σb will be relatively low compared
to the conductivity of the conducting component. The bulk
conductivity σb is given by

σ =
× −

l
A R R( )c

b
(1)

where l is the sample section length, A is the cross-sectional area
of the thread (diameter of 0.17−0.25 mm, determined with an
optical microscope), R is the measured total resistance, and Rc is
the contact resistance inherent to our 2-point measurement
(Figure S1). Yarns coated with two layers of PEDOT:PSS
displayed a bulk electrical conductivity of 36 Scm−1, while yarns
with a composite coating of Ag nanowires and PEDOT:PSS
displayed a value of 181 Scm−1 (Table 2). Neat yarns had a linear
density of 12.0 Tex (g per 1000 m), while yarns coated with two
layers of PEDOT:PSS had 14.2 Tex, meaning that 16% of the
weight of the coated yarn consisted of PEDOT:PSS.
Comparison with the diameter obtained from optical micros-
copy indicates that the coating layer has a conductivity of about
514 S cm−1. A spin-coated film of PEDOT:PSS (5% EG) had a
similar conductivity of 840 S cm−1. For the yarn with a
composite coating of Ag nanowires and PEDOT:PSS, we
instead obtain 29.1 Tex, indicating that the conducting coating
constitutes 59% of the total weight.
To study the microstructure of coated yarns, we performed

scanning electron microscopy (SEM) of cross-sections (Figure
2b−d and Figures S2 and S3). From the micrographs, we find
that the coating has formed a submicrometer-thin continuous
layer around the perimeter of the multifilament (Figure 2d).
SEM imaging of a sample without a sputtered conducting layer
indicates that the initially circular and smooth filaments (Figure
S4) now have a thin coating layer, which is evidently electrically
conducting, resulting in a lack of charging artefacts close to the

Figure 2. (a) Photograph of a roll of ∼70 m of conducting cellulose
yarn. SEM-images of (b) the cross-section of the coated yarn, (c) close-
up of the cross-section, and (d) the coating layer covering the yarn
perimeter with the thickness shown. No sputtering was done before
imaging.

Table 2. Processing Parameters, Bulk Conductivity (σb) as Measured on n Samples, Young’s Modulus (E), and Strain at Break
(εbreak) as Measured on m Samplesa

coating no. of coating layers post processing treatment σb (Scm
−1) n E (GPa) εbreak (%) m

PEDOT:PSS + EG 1 DMSO 24 ± 5 12 3.5 ± 0.1 13 ± 9 3
PEDOT:PSS + EG 2 DMSO 36 ± 10 18 3.6 ± 0.1 8 ± 2 3
Ag nanowires, then PEDOT:PSS + EG 2* 181 ± 71 4 n.m. n.m. n.m.

an.m. = not measured. *Twice dip-coated with Ag nanowires and then twice with PEDOT:PSS + EG, batch processing.
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filament surface (Figure 2c). The makeup of the coating layer
was confirmed by energy-dispersive X-ray spectroscopy (EDX)
to consist of PEDOT:PSS, as indicated by the presence of sulfur
(Figure S5). Additional information regarding the PEDOT:PSS
coating layer is shown in Figures S6 and S7.
We proceeded to evaluate the electromechanical stability of

our conducting yarns. First, tensile tests were performed on
yarns coated with one and two layers of PEDOT:PSS. The strain
at break εbreak was 15% for the yarns with one layer of coating,
whereas there is a decrease to εbreak ≈ 8% after coating with two
layers (Figure 3a and Table 2).

To further evaluate the mechanical resilience, we subjected
the yarns to repeated bending by mounting it in a custom-built

Lego device that repeatedly introduced a curvature with a 4.3
mm radius. We measured the electrical resistance of the yarn
after every 100th bend cycle, and in total, the yarns were bent
1000 times. After evaluating yarns with either one or two coating
layers in this setup, we found only a slight increase in R/R0 (R0 =
the measured resistance prior to bending) for the once-coated
yarn and no increase for the twice coated yarn (Figure 3b). We
proceeded to subject the twice-coated yarn to cyclic tensile
strain: the yarn was stretched to 3% at a draw rate of 0.019 μm
s−1 and then released for 30 s. This was repeated 101 times, and
the electrical resistance was recorded in situ. The results show no
significant change in resistance during the 101 cycles (Figure
3c). We conclude that our conducting yarns are sufficiently
resilient for common textile processing, e.g., knitting, weaving,
and sewing. We further studied the long-term stability of our
yarns by repeating the measurements of electrical resistance on
individual samples, after storage under ambient conditions. The
electrical resistance increases slowly, and after 460 days storage,
we measure a resistance R = 1.5 × R0 for the yarn coated once
(Figure 4a). The hygroscopic nature of PSS results in absorption
of water, which has been argued to cause a gradual decrease in
the electrical conductivity of PEDOT:PSS films.46−49 Kim et al.
proposed that the stability at ambient conditions could be
improved by removing PSS through solvent post-treatment of
PEDOT:PSS films.46

For everyday use, e-textiles will need to sustain household
laundering. This poses a challenge with PEDOT:PSS systems
since the polyelectrolyte PSS is water-soluble. Interestingly, the
addition of EG to PEDOT:PSS has been found to not only
enhance the electrical properties but also to render the solidified
blend hydrophobic.50 We demonstrate this by a simple
experiment where a yarn, which was dip-coated with unmodified
PEDOT:PSS aqueous dispersion, and then stored for one year,
lost its coating in a matter of minutes when submerged into
water (Figure 4b, left), whereas a yarn coated with the
PEDOT:PSS + EG ink is completely stable in water (Figure
4b, right). To put the yarns to the harsher test of domestic
laundry, we stitched them onto standardizedmultifiber wash test
swatches (Figures S8 and S9) andwashed them up to 10 times in
a household machine using a common detergent and the wool
program (30 °C, spin at 800 rpm). Visual inspection did not
reveal any staining on the multifiber swatches. We could
however identify some losses of coating from the yarns after 10
washing cycles (Figures S8 and S9). For the twice-coated yarn,

Figure 3. (a) Tensile test of conducting yarns with one (blue line) or
two (red line) coating layers. (b) The ratio of measured electrical
resistance (R) and initial electrical resistance (R0) after up to 1000
cycles of bending with a bending radius of 4.3 mm for yarns coated with
either one (blue open triangle) or two (red open circle) coating layers.
(c) R/R0 for the twice coated yarn (red open circles) measured in situ
during 101 stretching cycles (strain rate 0.5 s−1, grey lines) to 3% strain.

Figure 4. (a) Ratio of electrical resistance (R) measured after up to 46 days of storage under ambient conditions, divided by the initial electrical
resistance (R0) of conducting cellulose yarns coated with one (blue open triangle) or two (red open circle) coating layers. (b) Photograph of pieces of
cellulose yarn coated with PEDOT:PSS and PEDOT:PSS+EG, respectively, submerged in water for several minutes. (c) R/R0 of cellulose yarns with
one (blue open triangle) or two (red open circle) coating layers after up to 10 machine wash cycles. The outlier datapoints with a value of 107

correspond to segments whose resistance was too high to be measured.
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the resistance did not markedly change during the first five
washing cycles, while the once coated yarn was able to withstand
only three washing cycles (Figure 4c). More extensive washing
resulted in some yarn sections that displayed a considerably
higher resistance, which we explain with the partial removal of
the coating.
To investigate the electrochemical functionality of our

conducting cellulose yarns, we prepared and characterized e-
textile OECT devices. The conducting cellulose yarn with one
coating layer of PEDOT:PSS was used as a source-drain
electrode, and the gate was constituted by a commercial silver-
coated polyester yarn (Figure 5a,b). To study the output
characteristics of our textile OECT, a gate voltage (Vg) of 0−0.7
V was applied, while a source-drain voltage (Vsd) sweep of 0 to
−0.5 V was applied, and the corresponding source-drain current
(Isd) was recorded (Figure 5c). The I−V characteristics
demonstrate that the channel conductivity decreases with
increasing Vg, as indicated by the decrease in source-drain
current (Figure 5d), i.e., the conducting coating is de-doped by
the applied gate voltage enabling us to electrochemically switch
off the OECT. For cyclic measurements, Vg was varied
repeatedly between 0 and 0.8 V with a constant Vsd = −0.5 V
(Figure 5e). The PEDOT:PSS yarn-based device could be
switched for several cycles with an ON/OFF ratio of 103, which
is higher than ON/OFF ratios reported for other OECTs
constructed with PEDOT-based conducting fibers51,52 and
comparable to values reported for 3D-printed devices.53 The
switching speed of the here presented devices is on the order of
10 s, which could be improved by reducing the thickness of the
yarn coating. These results prove two important facts as follows:
(1) that the unique electrochemical properties of PEDOT are
retained in the coated cellulose yarns, and (2) that the majority
of the surface of the PEDOT in the yarn can be spontaneously
wetted to allow liquid contact and enable electrochemistry on
the entire surface of the yarn. The possibility to use these yarns
in OECTs opens up the possibility to integrate more advanced
wearable electronics and sensors in textiles.

A promising application for e-textiles is wearable energy
scavenging, enabling conversion of biomechanical move-
ments,54 friction,55 or body heat to electrical energy.25,56

PEDOT:PSS-based textiles have been reported to function as
thermoelectric generators where, owing to the Seebeck effect, a
material subjected to a temperature gradient ΔT develops an
electrical potential difference ΔV according to: ΔV = ΔT × α,
where α is the material’s Seebeck coefficient. For conductors
with p-type (hole) majority charge carriers, the Seebeck
coefficient is positive, and for conductors with n-type (electron)
majority charge carriers, the Seebeck coefficient is negative. A
thermoelectric generator consists of a number (Nelement) of
thermocouples, each having two “legs”made from (ideally) a p-
type and an n-typematerial, respectively. The thermocouples are
connected electrically in series and thermally in parallel to form a
thermopile, and its open-circuit thermovoltageVwill be given by

α α= − ΔV N T( )p nelement (2)

The thermopile’s maximum generated power Pmax is obtained
at impedance matching conditions, i.e., when the internal
resistance Rint is equal to the load resistance Rload, and can be
predicted by eq 3

=P
V
R4max

2

int (3)

PEDOT:PSS typically displays a αp ≈ 10−20 μVK−1,57−60

and for our two-layer-coated yarns, we measure αp = 14.6
μVK−1. At present, air-stable polymer n-type materials are not
available, so we opted to use a commercially available silver-
plated embroidery yarn, with α = 0.3 μVK−1 and σb = (1250 ±
70) Scm−1. Textile thermoelectric devices have previously been
constructed (Table S3) by hand-embroidery,25 stencil/transfer
printing,61 and by vapor printing.55 As the voltage generated by a
thermopile is directly proportional to the included number of
thermocouples, a textile manufacturing method suitable to
produce a textile thermopile with a large number of legs,
requiring a minimum of manual work, should be selected.
Encouraged by the electromechanical stability of our yarns, we

Figure 5. (a) Photograph of a yarn-based OECT illustrating the source (S), drain (D), and gate (G). The OECT was placed on a plastic slide, and nail
varnish (white) was applied as a fluid barrier to control the channel length (lc = 5 mm) prior to the application of phosphate-buffered saline. (b)
Schematic of the OECT. (c) Output characteristics of a representative OECT showing the source-drain current (Isd) with the corresponding source-
drain voltage (Vsd) as the gate voltage (Vg) is increased from 0 to 0.7 V (hold time of 30 s between each sweep). (d) Transfer characteristics showing Isd,
while Vg was swept between 0 and 0.8 V (Vsd was fixed at−0.5 V). (e) Isd during repeated switching of Vg between 0 and 0.8 V with a fixed Vsd =−0.5 V
and one complete cycle being 40 s.
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transferred them onto a bobbin for machine sewing (Figure
6a,b) and produced a textile thermoelectric generator with the

aid of a household sewing machine. The two different
conducting yarns were separately stitched through three layers
of felted wool fabric to form 40 out-of-plane thermocouples
(Figure 6c,d). To minimize the Rint, we applied a commercially
available textile coating containing silver particles to connect the
legs in series (Figure S10) and were thus able to fabricate an
energy harvesting textile using procedures common in the textile
industry.
To simulate an environment that the thermoelectric textile

could be utilized in, such as a cold day in the Nordic countries,
we applied a temperature difference of up to ΔT = 43 °C and
recorded the produced open-circuit voltage (Figure 7a). By
drawing a varying current from the device, we could also
measure the generated power P as a function of current I, at ΔT
= 37 °C. No thermal paste or similar was applied. Notably,

during practical use, there will be thermal contact resistances
(c.f. Figure 7b,c) present in the system, which limit the
temperature gradient effectively driving the thermopile (ΔTtp)
as described by

Δ = Δ ×
+ +

T T
K

K K Ktp
tp

c tp h (4)

where Ktp is the thermal resistance of the thermopile, Kc is the
contact resistance between the textile and cold reservoir, and Kh
is the contact resistance between the textile and hot reservoir.
Because Vtp/V = ΔTtp/ΔT, then

= ×
+ +

V V
K

K K Ktp
tp

c tp h (5)

The ideal open circuit voltage V was calculated (c.f. eq 2) to
21 mV (with Nelement = 40, αp‑leg = 14.6 μVK−1 and αn‑leg = 0.3
μVK−1) atΔT = 37 °C, and wemeasured aVtp of 8.45 mV. From
this, we could estimate the ratio of thermal contact resistance to
the total thermal resistance of our thermopile Ktp/Ktot≈ 0.4, i.e.,
the ΔTtp was reduced to less than half of the supplied
temperature gradient ΔT. By considering Ktp/Ktot, a Vtp = 0.4
× V could be estimated, which was comparable to the
experimental data (Figure 7a). Using this information, we
could predict the maximum power output Pmax to be 210 nW,
which closely matches our experimental value of 202 nW. The
performance of our textile generator favorably compares to
other textile thermoelectric devices that also utilize organic
materials, e.g., Elmoughni et al. reported a 32 thermocouple
device, which produced Pmax = 5 nW atΔT = 3 K, and Ryan et al.
prepared a 26 thermocouple device with Pmax = 12 nW at ΔT ≈
66 °C.25,61 We anticipate that thermal contact resistances will
always be present in wearable systems, and that care must be
taken to minimize their influence by device design optimization,
e.g., by using textiles with a low thermal conductivity, and by
simply making the devices thicker. Unfortunately, our house-
hold sewing machine was limited to substrate thicknesses of
∼3.5 mm.
The here-presented thermoelectric textile was prepared with a

stitch density of 5 passes (of thread through the fabric) per 10
mm2, whereas an industrial embroidery machine can readily

Figure 6. (a) Conducting cellulose yarn wound onto a sewing machine
bobbin. (b) Machine sewing of an e-textile using the twice coated
conducting cellulose yarn and a commercially available silver-plated
embroidery yarn. (c) Schematic of the machine sewn stiches. The
conducting yarns (blue and grey lines) were wound onto bobbins, and
the sewing machine settings were adjusted to ensure that the bobbin
yarn was visible on both sides of the fabric after sewing so that it
penetrates the full thickness of the multilayered fabric. (d) A machine
stitched all-textile thermoelectric generator with 40 out-of-plane
thermocouples.

Figure 7. (a) Open-circuit voltage (Vtp) recorded at different temperature gradientsΔT (red squares), predicted Vtp = 0.4× V (grey dashed line), and
generated power P (blue filled circles+line) as a function of load current (I), for the all-textile thermoelectric generator. (b) Schematic illustration of
two thermocouples of height x, the blue leg represents the conducting cellulose yarn and the grey leg is the commercially available silver-plated
embroidery yarn, connected electrically in series and thermally in parallel. The light blue and light red volumes represent the thermal contact
resistances on the hot and cold sides. (c) Thermal circuit representing the thermopile: the thermal resistance of the thermopile (Ktp) is connected in
series to the thermal contact resistances between the textile surfaces and heat source (Kh) and the cold reservoir (Kc), respectively. The thermal contact
resistances result in non-negligible thermal gradients (Th and Tc) at the thermopile interfaces.
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prepare textiles with a stitch density of 30 passes per 10 mm2.
Such an increase in stitch density would reduce the
thermocouple resistance by 6 times. Moreover, an industrial
machine can stitch through padded fabrics of up to 10 mm
thickness, which would significantly increase the thermal
resistance of the thermoelectric textile and enhance the Vtp.
Recently, our group presented an in-depth study of the
relationship between the geometry and electrical characteristics
of a hand-embroidered thermoelectric textile and found that an
increase in the leg length (i.e., device thickness) from 3 to 10mm
would result in a 2-fold increase in Vtp.

62 Consequently, by
producing our device using an industrial-scale embroidery
machine, we would achieve a 24 times higher output power, i.e.,
4.8 μW for a device with 40 thermocouples at 37 °C.
Considering the ease of scalability of our processing techniques,
we expect that fabrication of a textile that produces electrical
energy in the several microwatts range is feasible.

■ CONCLUSIONS
E-textiles maximize the utility of textile materials by adding
electronic functionality to an already ubiquitous material, ideally
without compromising the attractive properties of textiles such
as softness, comfort, and resilience to wash-and-wear. We have
presented scalablemethods to coat regenerated cellulose threads
and yarns, spun from an ionic liquid, with an electrically
conducting ink based on PEDOT:PSS, and achieved threads
with conductivities up to 36 Scm−1. We further enhanced the
washability of conducting yarns by adding ethylene glycol to the
ink and showed that these yarns could withstand machine
washing. Our cellulose yarns enable e-textile electrochemical
transistors, showing potential toward woven logic circuits.
Finally, we demonstrated that the mechanical durability of the
threads allowedmanufacturing of a 40-thermocouple fully textile
thermoelectric generator by the use of a conventional sewing
machine to obtain a Pmax of 0.2 μW. With design optimization,
we anticipate that a textile producing electrical energy in the
microwatt range is attainable using PEDOT:PSS-coated
cellulose yarns.
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Ingrid Öberg Månsson − Department of Fibre and Polymer
Technology, KTH Royal Institute of Technology, 11428
Stockholm, Sweden

Haike Hilke − Faculty of Textiles, Engineering and Business,
University of Borås, 501 90 Borås, Sweden

Byungil Hwang− School of Integrative Engineering, Chung-Ang
University, 06974 Seoul, Republic of Korea; orcid.org/
0000-0001-9270-9014

Mikael Skrifvars − Faculty of Textiles, Engineering and
Business, University of Borås, 501 90 Borås, Sweden;
orcid.org/0000-0002-6596-8069

Mahiar M. Hamedi − Department of Fibre and Polymer
Technology andWallenberg Wood Science Center, KTH Royal
Institute of Technology, 11428 Stockholm, Sweden;
orcid.org/0000-0001-9088-1064

Herbert Sixta − Department of Bioproducts and Biosystems,
Aalto University, 02150 Espoo, Finland; orcid.org/0000-
0002-9884-6885

Anja Lund − Department of Chemistry and Chemical
Engineering, Chalmers University of Technology, 41296
Göteborg, Sweden

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.0c15399

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We gratefully acknowledge financial support from the
Wallenberg Wood Science Center (WWSC), the Knut and
Alice Wallenberg Foundation through a Wallenberg Academy
Fellowship, and the European Research Council (ERC) under
grant agreements no. 637624 and 715268. This project was in
part performed at the Chalmers Materials Analysis Laboratory
(CMAL). We thank Anders Mar̊tensson for his assistance with
the SEM measurements.

■ REFERENCES
(1) Zoeteman, B. C. J.; Krikke, H. R.; Venselaar, J. Handling WEEE
Waste Flows: On the Effectiveness of Producer Responsibility in a
Globalizing World. Int. J. Adv. Manuf. Technol. 2010, 47, 415−436.
(2) Irimia-Vladu, M. ″Green″ Electronics: Biodegradable and
Biocompatible Materials and Devices for Sustainable Future. Chem.
Soc. Rev. 2014, 43, 588−610.
(3) Tan, M. J.; Owh, C.; Chee, P. L.; Kyaw, A. K. K.; Kai, D.; Loh, X. J.
Biodegradable Electronics: Cornerstone for Sustainable Electronics
and Transient Applications. J. Mater. Chem. C 2016, 4, 5531−5558.
(4) Irimia-Vladu,M.; Głowacki, E. D.; Voss, G.; Bauer, S.; Sariciftci, N.
S. Green and Biodegradable Electronics.Mater. Today 2012, 15, 340−
346.
(5) Wang, C.; Xia, K.; Zhang, Y.; Kaplan, D. L. Silk-Based Advanced
Materials for Soft Electronics. Acc. Chem. Res. 2019, 52, 2916−2927.
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