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Scalable and facile synthesis of stretchable
thermoelectric fabric for wearable self-powered
temperature sensorsT

PN

. £ . m
Minhyun Jung,? Sanghun Jeon (2 *@ and Jihyun Bae (2 *®

Wearable sensor systems with ultra-thinness, light weight, high flexibility, and stretchability that are
conformally in contact with the skin have advanced tremendously in many respects, but they still face
challenges in terms of scalability, processibility, and manufacturability. Here, we report a highly
stretchable and wearable textile-based self-powered temperature sensor fabricated using commercial
thermoelectric inks. Through various combinations of poly(3,4-ethylene dioxythiophene)-poly(styrene
sulfonate) (PEDOT:PSS), nanoparticles (AgNPs),
temperature-sensing capability. The optimized sensor generates a thermoelectric voltage output of
1.1 mV for a temperature difference of 100 K through a combination of PEDOT:PSS and AgNPs inks and
it shows high durability up to 800 cycles of 20% strain. In addition, the knitted textile substrate exhibits
temperature-sensing properties that are dependent upon the stretching directions. We believe that

silver and graphene inks, we obtained linear

stretchable thermoelectric fabric has broader potential for application in human—machine interfaces,

rsc.li/rsc-advances

Introduction

Stretchable electronics and sensors have been the focus of
tremendous interest due to their potential for use in a variety of
applications, such as direct human-machine interfaces, health-
monitoring devices, motion-tracking sensors, artificial elec-
tronic skin, and energy-related devices.'”® Energy harvesting
systems have emerged as attractive and potentially sustainable
power sources. They will also allow sensor systems to be inde-
pendently and sustainably self-powered using piezoelectric,
triboelectric, pyroelectric, and thermoelectric effects.”™*

In particular, wearable device systems have to fulfil several
requirements including those of sensitivity and accuracy, soft-
ness, biocompatibility, high cycle life, light weight, multipoint
sensor arrays or networks, and being conformal to the surface of
skin. Recently, there has been much progress in flexible and
stretchable electronic devices using organic semiconductors,
ultra-thin silicon membranes, metal-based films, serpentine
lines or liquid metals, carbon nanotubes, silver nanowires, and
intrinsically conductive polymers."”*® While these materials
and structures provide excellent stretchability, devices
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health-monitoring technologies, and humanoid robotics.

fabricated from these materials are typically realized by litho-
graphic or spin or spray coating techniques; the structure-
fabrication processes are complex and either expensive or
incompatible with large-scale fabrication."”**

On the other hand, as the ultimate wearable platform,
textile-based electronics have the proven advantages of their
intrinsic properties, such as light weight, accessibility, comfort,
breathability, and stretchability.>**** To date, various wearable
strain- and pressure-sensing devices have been demonstrated
on textile platforms. These devices have been demonstrated to
achieve highly sensitive strain/touch/pressure sensors perfor-
mance, and wireless user interfaces have been realized using
entirely polymeric conducting fibers.***** Recently, based on
highly stretchable fiber-based electronic textiles, a strain/
pressure sensor was reported for full-range human motion
detection, health monitoring, and 2D force mapping by Chen
et al? Advanced textile-manufacturing technologies can
provide a variety of fabrication methods to produce sensory
systems that are low-cost, mechanically reliable, flexible, and
suitable for industrial mass production. Nevertheless, due to
their fabric construction technology, woven fabrics composed
of horizontally and vertically interlacing threads, show limited
stretchability. On the contrary, knitted fabrics are composed of
consecutive rows of interconnected loops that provide the
potential to be easily deformed. Further, the space existing in
each loop enables the knitted fabric to be stretched in all
directions.?”*®

Previously, electrical conductivity in textiles has been ach-
ieved through several methods, such as metallization,

This journal is © The Royal Society of Chemistry 2018
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electroless deposition, electrodeposition, and chemical coating,
depending on the desired level of conductivity and durability as
well as the process requirements.* In recent years, printing has
been widely explored in the textile and flexible electronics
industries because it offers a low-cost, simple process that is
suitable for large-scale production and can be conducted at low
temperatures.®*** In this regard, printed electronics on typical
substrates, such as papers or textiles, can be used in a variety of
industrial applications, including batteries, transistors,
displays, photovoltaics, and sensors.

In this study, we demonstrated a new concept of making
stretchable self-powered temperature sensor arrays by using
a well-established printing technique on knitted fabric with
commercialized thermoelectric materials. We employed the
thermoelectric effect that utilizes temperature gradients across
a printable material to drive the electric current, usually called
the Seebeck effect. It worked as a self-powered temperature
sensor that automatically detects the temperature difference
across the device without batteries or other power sources. To
obtain good temperature sensing performance over a wide
range, we prepared three combinations of commercial printable
inks of a conductive polymer PEDOT:PSS, silver nanoparticles
(AgNPs), and graphene and formed a closed-loop thermocouple
system composed of a printed pattern. By taking advantage of
the knitting technology, the self-powered temperature sensor
possesses high elasticity, flexibility, and stretchability in all
direction. In addition, in a cyclic test up to 20% strain, the
temperature sensor exhibited excellent durability with only
a 7% difference in voltage. Since the core materials used in this
study including a commercial knitted fabric and conductive
inks are inherently flexible, cost-effective, and suitable for large-
scale industrial manufacturing, our work can make a significant
contribution to the development of flexible and stretchable
sensor applications.

Experimental section
Materials

A commercially available knitted textile with a jersey structure
composed of 80% 150-denier polyester and 70-denier cotton
was prepared as the stretchable substrate (Fig. 1b). We used
various conducting inks composed of PEDOT:PSS, AgNPs and
graphene (Sigma-Aldrich) as the core thermoelectric materials
in the temperature sensor. To enhance the conductivity, the
PEDOT:PSS solution was mixed with dimethyl sulfoxide
(DMSO) and FC-5120 (3M fluorosurfactant) (94 : 5 : 1 (w/w/w)).
DMSO and fluorosurfactant have been reported to enhance the
conductivity of PEDOT:PSS. Also, the use of a fluorosurfactant
reportedly improves the wetting properties of PEDOT:PSS
solution, which enables the facile deposition of a highly
conductive PEDOT:PSS layer on a variety of stretchable
substrates.?>** The PEDOT:PSS was stirred at high speed (>500
rpm) while various amounts of DMSO were added and blended
with the FC-5120. All of the polymer mixtures were filtered
through a syringe filter (0.5 um pore size) after mixing. Three
combinations of prepared inks, namely, PEDOT:PSS and
AgNPs, PEDOT:PSS and graphene, and AgNPs and graphene,
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were placed on simple patterned polyimide masks and were
spread across the openings by a squeegee, respectively. Finally,
the stencil was lifted off the substrate leaving the designed
pattern with overlapping areas of 4 mm?” deposited on the
substrate.” Once each ink had been printed on the substrate,
the samples were cured on a hot plate at 120 °C for 30 min. The
curing conditions were optimized as described by previous
researchers.’**"

Device characterization

The electrical characteristics of the thermoelectric sensor were
assessed using a universal measurement probe system (Tera
Leader UMP-1000, Korea). For two different temperature set-up
of the sensor, the junction area was placed on the hot-plate to
apply a range of the temperature and the thermocouple leg
parts were kept at room temperature. The temperature differ-
ence could be defined by measuring both the hot-plate and
room temperatures. To evaluate the device performance of the
thermoelectric sensor, a high-resolution digital multimeter
(Keysight 34401A) was employed to detect its output Seebeck
voltage. The real-time mapping data of the 5 by 5 sensor array
system with the unit area of 25 mm?® was characterized by using
a LabVIEW-based evaluation system (USB-6218).

Results and discussion

Fig. 1a shows a schematic illustration of the fabrication process
of the textile-based temperature sensor using stencil-printing
technology. The device pattern printed on the textile substrate
is composed of a junction area overlapped with p- and n-type
conductive inks and two legs that connected electrically to
determine the thermoelectric properties. The highly stretchable
feature of the knitted fabric in multiple directions, including
the vertical, horizontal, and diagonal directions, is shown in
Fig. 1b. As shown in Fig. 1c (left), a knitted fabric consists of
several consecutive rows of inter-looping a head and two legs.
The knitted loops were interconnected by suspension in the
horizontal (course) and vertical (wale) direction, known as the
weft knitting method. The consecutive rows of loops can be
reshaped by external or internal forces in any direction.*** The
Fig. 1c (right) shows enlarged images of the knitted surface
printed with conductive inks of PEDO:PSS (top) and AgNPs
(bottom). We observed that the ink is added from the surface of
the fabric and then absorbed from the inside of the fiber bundle
to the surface by a capillary phenomenon called “wicking”.
When conductive ink is printed on top of the fabric, the ink
penetrates into the individual fibers and is fixed in the interior
of the fiber bundles as the ink dries. Therefore, the small gaps
(<10 pm) between fibers were filled with the conductor inks, and
the conductive paths were formed among the fiber bundles.
While the gaps between individual fibers were filled with the
inks, the larger spaces between the bundles of fibers were not
filled with the ink because the fluid transported, penetrated,
and remained only in the fiber bundles.” Thus, the loop
structure of the knitted textile was not immobilized, and the
textile's softness and deformability were maintained. As shown
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Fig. 1 Schematic illustration of a stencil-printing method, structural characteristics of the stretchable substrate, and material analysis of ther-
moelectric inks. (a) Fabrication process of the sensor with stencil-printing technique. First, the N-leg (n-type thermoelectric material) was printed
onto the textile substrate, and then the P-leg (p-type thermoelectric material) was printed with an overlapped area of 4 mm?, using polyimide
patterned masks for both the N-and P-legs. (b) Images of the multi-axis stretchable knitted fabric. (c) SEM images of a pristine knitted fabric
illustrated with the knit structure configuration of a loop head and two loop legs (left). Additional SEM images show an enlarged surface with the
composite of PEDOT:PSS doped with DMSO (top right) and silver nanoparticles (AgNPs) (bottom right) on knitted fabric. Scale bars are 200 um.
Raman spectra of AgNPs (d), graphene (e), and PEDOT:PSS doped with DMSO (f).

(a)

—~
=
<
—~
(g}
-

-
o
N
o

=

Heat [~ PEDOT:PSS/AgNPs

Vo ol ol ol | = PEDOT:PSS/graphene
P-type leg N-type leg « AgNPsigraphene

| & |

- ]
I

20 40 60 80 100 20 40 60 80 100
Temperature [C] Temperature [TC]

= PEDOT:PSS/AgNPs
= PEDOT:PSS/graphene
= AgNPs/graphene

-
N

15p

2
©
T

10p + . -

©,
5 0. ©
L=
o
T
"'m
.
w

o
=
T
=
[}

Seebeck voltage [mV]
e
w
Seebeck coefficient [V/K]

asm

o
T
O

F6 substrate

o

=]
T
)

Fig.2 Thermoelectric properties and output characteristics of the temperature sensor. (a) Principle of the thermoelectric temperature sensor.
(b) Output Seebeck voltage and (c) Seebeck coefficient of various thermocouples on the knitted fabric.
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Fig. 3 Schematic diagram of the corresponding deformations of knitted loops and thermoelectric performance of the temperature sensor in
relation to stretching deformation. (a) Knitted loops allow elongated, widened, and distorted geometry. Output Seebeck voltage of thermo-
couple (fabricated with AgNPs and PEDOT:PSS) when (b) elongated, (c) widened, and (d) distorted. Seebeck coefficient of thermocouple
(fabricated with AgNPs and PEDOT:PSS) when (e) elongated, (f) widened, and (g) distorted.

in Fig. 1d-f, we measured the Raman spectra of the printed
thermoelectric materials using a laser with a wavelength of
532 nm. The Raman spectra of AgNPs with the G and D bands
are shown in Fig. 1d. In all the Raman spectra, similarly, two
dominant peaks for the G and D bands can be observed for
graphene ink (Fig. 1e). The D band is due to the breathing mode
of the k-point phonons of A; symmetry, and the G band corre-
sponds to the first-order scattering of Eg phonons.”® Fig. 1f
shows the Raman spectra of conductive polymer PEDOT:PSS,
which were reported in a previous article.’” The peaks of PEDOT
are observed at 1259 cm ™" with the inter-ring stretching vibra-
tional mode, at 1369 c¢cm™' in stretching mode, and at
1511 cm™ ' in asymmetrical mode.?**

Fig. 2a illustrates the principle of thermoelectricity used in
the temperature sensor. According to the Seebeck effect, the
characteristic of thermoelectric materials is represented by the
ratio of the generated thermoelectric voltage, AV, to the
temperature gradient, AT as AV = AST. Note that S is the See-
beck coefficient, which represents the thermoelectricity of
a specific material. Since the sensitivity of the temperature
sensor is determined by the thermoelectric conversion

This journal is © The Royal Society of Chemistry 2018

efficiency of the materials, a high Seebeck coefficient is neces-
sary for a high-performance temperature sensor. The thermo-
electric temperature sensor utilized the thermoelectric voltage
generated by the charge exchange from the relative temperature
difference at the junction of the semiconductor and/or the
metal, which have different electrical characteristics. Therefore,
in the fiber-based temperature sensor presented in this study,
the junction is the sensing part, which is in contact with the
heat source to be measured and with the area where the ther-
moelectric voltage is generated. As well, we used stencil printing
methods that enable large-area, simple, and low-cost processes
with solution-based inks of AgNPs, graphene, and PEDOT:PSS.
Previous works reported that the work-function values of
conductive inks of AgNPs, graphene, and PEDOT:PSS are 4.3,
4.5 and 5 eV, respectively.’**" To evaluate the device perfor-
mance of our thermoelectric materials, heat from two sources,
one at room temperature and the other at a higher temperature,
was applied to two electrodes to provide a temperature gradient.
A plate heat source was used to supply the thermal stimulus,
and the generated voltage was read by a high-resolution digital
multimeter. We characterized the sensing property of sample

RSC Adv., 2018, 8, 39992-39999 | 39995
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thermoelectric temperature sensors fabricated with three
different combinations of patterned thermoelectric materials.
For the first and second combinations, the PEDOT:PSS works as
the p-type thermoelectric material, and the AgNPs and gra-
phene as n-type thermoelectric materials. The last device is
composed of AgNPs and graphene as the p- and n-type ther-
moelectric materials, respectively. The measured output voltage
and the Seebeck coefficient are shown in Fig. 2b and c,
respectively. The thermocouples of PEDOT:PSS and AgNPs,
PEDOT:PSS and graphene, and AgNPs and graphene can each
achieve output voltage of 1.1 mV, 0.8 mV, and 0.53 mV at
temperature differences of 100 K. Among these devices, the
PEDOT:PSS and AgNPs thermocouple temperature sensor
showed the best performance. We also verified that the printed
thermoelectric temperature sensors exhibit linear temperature
dependence in a high-temperature range (~100 °C) as well as at
low temperatures (30-60 °C) (as shown in the inset).

The stretchability of the devices is an important aspect to
consider when designing wearable sensor applications. Knitted
structures show excellent elasticity in comparison to other types
of textiles due to the number of interdependent loops; the space
in each loop allows such fabrics to be elongated, widened, or
distorted by external or internal forces, as shown Fig. 3a.>* We
define the stretching behaviour of the knitted substrate as
having 4, B, and C directions. The A-direction is parallel with
fiber bundles, the B-direction is perpendicular to fiber bundles,
and C-direction is a diagonal of the fiber bundles. To investigate
the thermoelectric-strain-sensing properties, the output voltage
and Seebeck coefficient were traced under various strain
condition. Fig. 3b-g shows the Seebeck voltage and coefficients
of the stretchable temperature sensor measured under a range
of stretching from 10% to 100% in these three directions. Under
conditions of low stretching (10-20%), the output voltage
decreases from 1.03 mV to 1.03 mV, 0.97 mV, and 0.94 mV in the
A, B and C directions, respectively. However, under conditions
of 100% stretching and high temperature (~100 °C), the output
voltage decreases from 1.03 mV to 0.475 mV, 0.425 mV, and
0.39 mV in the A, B and C directions, respectively. That is, the
output voltage of the thermoelectric sensor pattern decreased
1% and 5% across the overall temperature range under A-
direction strains of 10% and 20%, respectively. With increased
stretching, the voltage decreased linearly, and with 100%
stretching, it dropped to 50% of the initial voltage [Fig. S1,
ESIT]. This can be explained by the structural deformation
development of the knit loop structure with fiber bundles
printed with conductive inks when stress was applied. Initially,
the conductive ink on the textile substrate was well integrated
with the fibers and stress was relieved by deformation of the
textile structure. The deformations continuously undergo slip-
page between the arc segments and legs of loops. Then, the fiber
bundles of the textile have a curved shape that is straightened
when the strain is increased. This occurs because the ink
selectively fills the small gaps within each fiber bundle and fails
to fill the larger gaps between fiber bundles. Eventually, the
fiber bundles are stretched resulting in damage to the
conductive paths of the printed materials on the fibers due to
cracking. Microscopic images of the fabric in its initial state and

39996 | RSC Adv., 2018, 8, 39992-39999
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under 100% stretching are shown in Fig. S2.7 Under B-and C-
direction strain, the output voltage showed 5-fold and 10-fold
decreases in comparison with the A-direction strain after 10%
stretching. This can be explained by the fact that force applied
in the B and C directions is directly delivered to the fiber
bundles by straightening and stretching, and it easily breaks the
conductive paths among the fiber bundles. These results
suggest that there is a limit to the inherent stretchability of
conductive inks as thermoelectric materials. Therefore, for
further improvement of the stability of the Seebeck effect of
such materials under stretching, the adoption of various
stretchable conductive composite inks could be considered.®
This would allow that the combination of fibers and printed
inks to easily accommodate deforming movements, such as
bending, straightening, and stretching.

In addition, stability and durability are crucial for practical
wearable device applications. We conducted a range of cyclic
tests to assess the durability of the thermoelectric temperature
sensors, and the results demonstrate their excellent stability. As
shown in Fig. 4, the Seebeck voltage and coefficient of the
thermoelectric temperature sensor was measured as a function
of a range of repeated cycles of 20% strain. We found that the
output Seebeck voltage was stable up to 800 cycles, only
decreasing 7% from the initial output voltage. These results
demonstrate that the thermoelectric temperature sensor prin-
ted on knitted fabric showed good stretchability and linearity as
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Fig. 4 Temperature sensor characteristics as a function of stretching
cycles at 20%. (a) Output Seebeck voltage (b) Seebeck coefficient.
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(a) Schematic layout and (b and d) optic images of the wearable 5 x 5 temperature sensor array, showing that the surface of the array is

locally touched by fingers on the specific areas. (c and e) Output Seebeck voltage mapping and corresponding temperature distribution.

well as thermoelectric stability and durability, indicating its
advantages for wearable applications. The thermoelectric
properties of our temperature sensor do not show remarkable
performance in comparison to those using previously reported
inorganic materials, such as Bi, Te, or Sb.**** However, in the
cyclic test, we successfully demonstrated that the stretchable
thermoelectric temperature sensor system achieves excellent
durability. Moreover, it does not require a high-temperature
annealing process to activate the materials, and only requires
a low-temperature process (~120 °C) to evaporate the solvent
material after printing.

Detecting the position of heat stimuli, which requires
a matrix of a temperature sensor, is an important function of
wearable devices. To demonstrate a potential application of the
stretchable printed temperature sensor, we tested the real-time
response of the temperature sensor with 25 sensor arrays.
Fig. 5a shows the schematic of the 5 by 5 sensor arrays with the
unit areas of 25 mm?, including thermoelectric junctions and
transmission lines printed on the stretchable knitted fabric.
The sensory system was connected to a LabVIEW-based

This journal is © The Royal Society of Chemistry 2018

evaluation system for the spatial imaging profile. When the
sensor array was exposed to a gentle finger touch to introduce
a local stimulus, it responded to the temperature changes of the
single pixel with the real-time mapping arrays, as shown in
Fig. 5c and e. The noise level on the Seebeck voltage was rela-
tively low compared with the local stimulus from the finger due
to the sufficient distance between unit cells. For wearable
sensors and devices, the low power-driven sensor devices need
to be driven by a limited-capacity battery or an energy-
harvesting device, and these sensors and portable electronic
devices must be installed regardless of time and space or
attached to the user's body. In addition, the thermoelectric
temperature sensor measures the temperature difference with
self-generated voltage, so no additional power source is
required. Our devices, fabricated on flexible, conformable, and
breathable textile substrates by solution-based processes have
been demonstrated to have excellent detection capabilities and
great potential for application in wearable electronics. In future
studies, several strategies for improving the performance will be
investigated such as optimizing the doping level of PEDOT:PSS,

RSC Adv., 2018, 8, 39992-39999 | 39997
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increasing the number of coating processes for the p-type and n-
type thermoelectric materials, and optimizing device structure.

Conclusions

In summary, we reported that a knitted textile-based stretchable
self-powered temperature sensor was developed that uses the
thermoelectric effect. An intrinsically stretchable knitted fabric
was employed for a low-cost and mass-production process, and
stencil printing was employed with various conductive inks for
simple fabrication. The thermoelectric sensor system is
composed of printable conductive inks, such as AgNPs, gra-
phene, and PEDOT:PSS, on the knitted fabric. The
thermoelectric-based temperature sensor generated an output
thermoelectric voltage of 1.0 mV for a temperature difference of
100 K. It exhibited excellent durability in 800 cyclic tests with
only a decrease of 7% of the initial voltage at 20% strain.
Moreover, it showed a linear relationship between the output
voltage and the temperature difference across a wide strain
range. Considering the simplicity and low-cost of the process,
its suitability for large-scale mass production, and the high
stability and durability of the produced sensors, we believe this
approach will contribute to realizing the industrial production
of conformal wearable electronics.
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