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A monolithic integration of high-performance soft electronic modules into various fabric materials has
enabled a paradigm shift in wearable textile electronics. However, the current textile electronics have
struggled against fatigue under repetitive deformation due to the absence of materials and structural
design strategies for imparting electrical and mechanical robustness to individual fibers. Here, we report
a mechanically and electrically durable, stretchable electronic textile (MED-ET) enabled by a precisely
controlled diffusion of tough self-healing stretchable inks into fibers and an adoption of the kirigami-
inspired design. Remarkably, the conductive percolative pathways in the fabric of MED-ET even under
a harshly deformed environment were stably maintained due to an electrical recovery phenomenon
which originates from the spontaneous rearrangement of Ag flakes in the self-healing polymer matrix.
Specifically, such a unique property enabled damage-resistant performance when repetitive deformation

and scratch were applied. In addition, the kirigami-inspired design was capable of efficiently dissipating
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Accepted 16th June 2021 the accumulated stress in the conductive fabric during stretching, thereby providing high stretchability (a
tensile strain of 300%) without any mechanical fracture or electrical malfunction. Finally, we successfully

DOI: 10.1039/d1ra03392a demonstrate various electronic textile applications such as stretchable micro-light-emitting diodes
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1 Introduction

Textile electronics is an emerging field involving technology
that enables the incorporation of a variety of wearable appli-
cations, such as deformable sensor networks, displays,'
circuits,* and energy-harvesting devices, on clothing.>” For an
integrated system on clothing, a stretchable conductor is
essential for connecting the devices and ensuring high perfor-
mance. Recently, there has been some progress in textile elec-
tronics using weaving®*® and knitting'"*™** processes with
functional fibers that require additional techniques and
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(Micro-LED), electromyogram (EMG) monitoring and all-fabric thermoelectric devices (F-TEG).

equipment. Furthermore, electronic textiles can also be fabri-
cated via the coating of single-walled carbon nanotubes,'***
conductive polymers,'*™® silver nanowires,”*** and metal
plating.”* However, this approach suffers from limitations in
terms of mechanical durability owing to the weak interaction
between the nanomaterials and textiles. By contrast, composite
inks** are promising candidates for fabricating stretchable
textile electronics, as they require simple and low-cost
processes. Although the surfaces of textiles have complex
geometry, mechanical robustness can be realized via the pene-
tration of these composite inks into textiles. In addition, various
functions could be imparted on the fabric by changing the filler
materials. With these materials, many kinds of stretchable
textiles have been developed for demonstrating smart textile
electronics, but currently available stretchable textile materials
are still associated with certain challenges, such as the modulus
mismatch at the skin, and limited stretchability. To overcome
these issues, a kirigami-inspired pattern has been applied to
textiles. Kirigami, which refers to the cutting of materials into
certain patterns to achieve stress dissipation, has excellent
potential for realizing the desired stretchable electronic prop-
erties. In conventional kirigami-inspired electronics, cut
patterns were introduced into a sheet of paper or films to attain
a desirable topology on folding.**** Furthermore, this tech-
nique has been extended for engineering materials in a small
scale for imparting high stretchability to intrinsically rigid
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materials.**?® Recently, an unconventional strategy to create
robust, kirigami-inspired e-textiles with enhanced electrome-
chanical features was demonstrated.’” However, the durability
of electronic textiles under harshly damaged conditions have
not been reoported yet.

Herein, we report a kirigami-patterned stretchable electronic
textile showing electrical recoverability under harshly damaged
conditions and high stretchability with a minimal change in
resistance. The MED-ET was fabricated via a soaking process
(Fig. 1a) that enables highly conductive and stretchable wiring
on textiles in a simple and inexpensive manner. The tough self-
healing stretchable ink used consists of a dynamically cross-
linked self-healing polymer [poly(dimethylsiloxane), 4,4-meth-
ylenebis(phenyl urea), and isophorone bisurea (PDMS-MPUj, 4-
U, ¢)], Ag flakes and organic solvent.***® This tough self-healing
stretchable composite penetrated well into the polyurethane-
based fabric, providing mechanical robustness (Fig. 1b). A
cross-sectional scanning electron microscopy (SEM, JSM-7600F
Schottky field emission scanning electron microscope, JEOL
USA., Inc, Japan) image of the conductive fabric shows that the
conductive composite was well penetrated between the fiber
bundles as shown in Fig. 1c. We adopted the kirigami-inspired
pattern to impart the conventional stretchable polyurethane-
based fabric with a high stretchability of over 300%. In addi-
tion, it shows minor change in resistance (AR/R, ~0.35) at
a strain of 300%. To improve its mechanical and electrical
stability, we applied heat and pressure to the MED-ET.*’ Lastly,
we employed the MED-ET in various applications, including
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Fig. 1 Highly stretchable, MED-ET fabricated by soaking process of
tough self-healing stretchable Ag ink. (a) Schematic showing the highly
stretchable, MED-ET fabricated via a simple soaking process. The
conductive ink consists of a self-healing polymer, organic solvents
(MIBK), and Ag flakes. (b) Optical microscopy image of the fabric
before (top) and after (bottom) the soaking process. The scale bar is 50
pum (c) cross-sectional SEM image of the textile before and after the
soaking process; the scale bars are 50 pm.
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a stretchable micro-light-emitting diode (Micro-LED), an elec-
tromyogram (EMG) sensor, and a thermoelectric generator.

2 Experimental details
2.1 Fabrication process for the MED-ET

Prior to fabricating the MED-ET, we investigated the uniformity
in the areal electrical performance. This was measured by
testing nine regions (10 mm x 10 mm circles) over an area of 49
em® (7 em x 7 cm square) (Fig. 2a). The line resistance was
determined to be 1.8-3.2 Q. Hence, it was concluded that the
soaked fabric is uniformly conductive. The proposed MED-ET
was fabricated using a simple process (Fig. 2b and S1). First,
we prepared the tough self-healing stretchable ink, which was
used to impart conductivity to the fabric. For preparing tough
self-healing stretchable ink, we added 1 g of a self-healing
polymer (SHP, PDMS-4,4-methylenebis(phenyl urea) (MPU), 4-
isophorone bisurea units (IU)ys) in 8 mL of 4-methyl-2-
pentanone (MIBK, Sigma Aldrich 360511), and the mixture
was stirred for 1 h. After the SHP was completely dissolved, we
added 4 g of Ag flakes (Daejoo Electronics, DSF-500 MWZ-S) to
the SHP solution and stirred it for 1 h to ensure complete
dispersion. Next, we cut the polyurethane fabric into a rectan-
gular shape (4 cm x 2 cm) and soaked it in the prepared ink for
several seconds. Soaking the fabric into the tough self-healing
stretchable ink prepared in a glass dish allowed the ink to
permeate into the textile and become immobilized inside of the
fiber bundles as the ink dries. Consequently, the self-healing
stretchable conductor formed intrinsically stretchable conduc-
tive paths inside of the fiber bundles. Interestingly, after the
drying process, the Ag composite rich region was observed on
the surface of the conductive fabric. Before the solidification
process is completed, the soaked ink sank to the bottom by
gravity from the fabric. Actually, the Ag composite rich region of
conductive fabric showed lower resistance value than that of
opposite surface (Fig. S21). Thanks to this Ag composite rich
region on the surfaces, we have two advantages: (i) reducing
contact resistance between our conductive fabric and external
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Fig. 2 Fabrication process and strain—stress characterization of MED-
ET. (@) Cumulative probability indicating the uniformity in the electrical
performance of the rectangular conductive fabric. (b) Fabrication
process for MED-ET. (c) Sequential process of deformation: pristine,
stretching, and twisting (d) strain—stress curves of three fabrics:
polyurethane fabric (only fabric; black), conductive fabric without the
kirigami pattern (pristine; red), and kirigami conductive fabric (kirigami;
blue).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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modules and (ii) providing robust layer on the surface of fabric
for electrical and mechanical recoverability. After the conduc-
tive fabric was completely dried, we designed a conductive
fabric in kirigami shape that could be stretched in one direction
via uniaxial patterning. We employed a simple centered rect-
angular arrangement of cuts with dimensions set to the
following: length (L), width (W), horizontal cut-spacing (H.) = 1
mm; vertical cut-spacing (V.) = 15 mm; center cut length (L) =
5 mm and number of cuts (N) = 9 (Fig. S31). The kirigami shape
used can be stretched perpendicular to the cutting direction,
and when stretched, a diamond-line pattern with round corners
is formed (Fig. 2c). Owing to this design, the modulus of the
conductive fabric decreased, and the applied external stress was
effectively dissipated (Fig. 2d, S4).

2.2 Measurement setup for the characterization of the MED-
ET

To measure the mechanical and electrical characteristics of the
MED-ET, we used a digital multimeter (Keithley 2450 source
meter, Tektronics) and a motor-based one-axis stretcher (SMC-
100, Jaeil optical system) for the stretching and cyclic tests,
respectively. We prepared three samples: pristine conductive
fabric, MED-ET, and heat- and pressure-treated MED-ET.

To measure the stretchability of samples, we loaded the
sample on the stretcher using double-sided tape; the initial
length before stretching was set to 2.5 cm. Using this process,
we can prevent errors during the measurements, such as the
slipping of a loaded sample. Electrical wires were used to
connect the digital multimeter to samples. We stripped the end
of the sheath and fixed it with 3M tape. Subsequently, we con-
nected the electrical wires with the multimeter. To ensure
a stable electrical contact between the wire and the sample, we
added several drops of liquid metal (Alfa Aesar, 12478) to the
contact area. The stretching speed was 3 mm min~'. The
change in resistance with respect to the stretching time was
obtained using the software of the digital multimeter and
plotted. Also, during the measurement, the completely
stretched sample was observed for 1 h to elucidate the electrical
recovery related to the dynamic SHP matrix behaviors.*®

To measure sample durability, cyclic testing was performed.
We loaded the sample on the stretcher and contacted it with
a digital multimeter, similar to that in the stretching test. The
cyclic tests were performed at a strain of 25% over 100 cycles.
For the heat- and pressure-treated samples, 150 °C and 71.3 N
m 2, respectively, were applied for 30 min.

2.3 Fabrication of a micro-LED interconnected with the
MED-ET

We prepared a sample for light emission by connecting a micro-
LED between two MED-ET samples. To improve the connection
between the micro-LEDs and the kirigami-inspired conductive
fabric, we soldered both sides of the micro-LEDs and used
a silicon adhesive (Silpoxy, Smooth-on Inc.) for physical adhe-
sion and liquid metal for stable electrical contact.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.4 Measurement setup for real-time EMG monitoring

We used three MED-ET samples, three hook-type electrodes for
the connections, and data acquisition equipment (DAQ, Pow-
erLab 8/35) to monitor the electromyogram signals produced
during arm muscle movement.*®*° To ensure that the samples
were attached to the skin thoroughly, 3M Tegaderm films were
used.

2.5 Measurement setup for thermoelectric generator

The thermoelectric properties were determined using a home-
made stage consisting of two Peltier modules controlled using
a Keithley 2200 power supply and a Keithley 2601B source
meter. Two individual T-type thermocouples were used to detect
the temperatures of the hot and cold sides of the film. The
generated thermovoltage was measured using a Keithley 2182A
nanovoltmeter. The temperature gradient ranged from —5 to 5
K, and the mean temperature remained fixed at 300 K. The
Seebeck coefficients (S) were extracted via linear fitting of the
thermovoltage-temperature difference data points (S = AV/AT).

3 Result and discussion
3.1 Stretchability test of the conductive fabrics

To compare the stretchability of the MED-ET with that of the
pristine conductive fabric and heat- and pressure-treated MED-
ET, we performed a stretching test using an auto-stretcher. The
relative resistance changes (AR/R,) for the three conductive
fabrics subjected to stretching are shown in Fig. 3a. The pristine
polyurethane-based conductive fabric failed at a strain of 110%
and exhibited a 25-fold increase in resistance, relative to the
initial value. Thin, composite conductor film coated on a three-
dimensional surface are strongly affected by the deformation of
a fabric with a relatively large modulus (Fig. S11). Hence, an
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Fig. 3 Mechanical and electrical characterizations of conductive
fabrics. (a) Relative change in resistance of the pristine conductive
fabric (pristine; black), MED-ET (kirigami; green), and heat- and pres-
sure-treated MED-ET (kirigami-H&P; red) under stretching. (b)
Magnified graph of (a) showing the electrical recovery of MED-ET
(green) and the heat- and pressure-treated MED-ET (red) at a strain of
330% after 30 min and 1 h, respectively. (c) A schematic illustration
showing dynamic behaviors of Ag flakes which make conductive
pathways in the SHP matrix when stretched and electrical recovered.
(d), (e) Relative changes in the resistance of the three conductive
fabrics under a cyclic strain of 25%.
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abrupt change in resistance was observed for the pristine
conductive fabric. By contrast, the MED-ET exhibited only a 1.5-
fold increase in resistance, because the geometry of the kirigami
pattern provides high degree of deformability to conductive
fabric. Furthermore, heat and pressure were applied to the
MED-ET to enhance the mechanical stability between the
conductive composite and the polyurethane-based fabric and to
decrease the change in the resistance of the conductive fabric
when the MED-ET is subjected to strain.*

3.2 Electrical recovery of the MED-ET

In many wearable applications, an instantaneous degradation
of the device performance could occur, resulting in permanent
failure to devices. In terms of long-term usability, mechanical
durability is very important. Interestingly, in our MED-ET,
electrical recovery through the rearrangement of Ag flakes in
the SHP matrix was observed under tensile strain.*®**' We
investigated the change in the resistance of the conductive
fabric in real time as the sample was stretched under a strain of
330% (Fig. 3b). We observed that the resistance decreased with
time and that the final relative change in resistance was ~0.15,
which is half of its maximum value. Fundamentally, we
hypothesized that this phenomenon is probably related to the
dynamic behavior of the SHP matrix. Specifically, Ag flakes can
be reconnected in the free volume of the relaxed polymer matrix
owing to favorable Ag flake-Ag flake interactions (Fig. 3c).*® The
results showed that the rearrangement of the Ag flakes occurred
even in the conductive composite thin film soaked between
fiber bundles. A similar trend was observed in the sample
subjected to the heat and pressure treatments.

3.3 Cyclic endurance of the conductive fabrics

To characterize the endurance of the developed conductive
fabric, we performed a cyclic test at a strain of 25% (Fig. 3d). The
relative change in resistance for the pristine conductive fabric
after 1000 cycles at a strain of 25% shows drastic or unstable
resistance change during the cyclic stretching (AR/R, ~70). The
modulus mismatch between the conductive composite and the
fabric induces the stress to the soaked composite film, resulting
in an abrupt change in resistance. By contrast, the resistance of
the MED-ET increased by less than a factor of 0.25 by effective
stress relaxation of the kirigami pattern. Furthermore, the
sample subjected to heat and pressure treatments exhibited
a slight improvement in the resistance change during the cyclic
test (Fig. 3e). Also, the sample showed a stable electrical
performance (AR/R, ~0.8) under the cyclic test at 50% strain
(Fig. S51). This result could be explained by the amount of ink
delivered to the textile when heat and pressure were applied.*’

3.4 Demonstration of stretchable LED interconnected with
the MED-ET

As a proof-of-concept example of the electrical recovery in the
developed conductive fabric, we prepared a micro-LED inter-
connected with the MED-ET, as shown in Fig. 4a. After turning
the LED on by applying a voltage, we scratched the conductive
fabric using a blade four times in the same region, and the
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Fig. 4 Electrical recoverability of MED-ET for robust micro-LED
interconnections. (a) Photograph of a micro-LED interconnected with
MED-ET. (b) Relative changes in the resistance of the interconnections
during the fourth scratching process. The electrical performance of
the interconnection was well recovered after scratching. The inset
shows a photograph of the scratching process. (c) Restored brightness
of the micro-LED over time after the fourth scratching process. (d)
Photograph of the sequential process for pristine, scratching, and
stretching.

applied force was increased each time (Fig. 4b). During the
fourth scratching process, an abrupt change in resistance
occurred, followed by the recovery of resistance to the initial
value. As expected, the rearrangement of Ag flakes in the
damaged area occurred even at the ~20 um scale of the
composite film soaked between fiber bundles during the test
involving four scratches.***>* This electrical recovery was
clearly indicated by the change and the maintenance in the
brightness of the micro-LED. The micro-LED turned off
instantaneously after the fourth cut, but the brightness of the
micro-LED was restored within 3 s (Fig. 4c and Video S17). As an
extreme case, we observed the successful operation of the
micro-LED after a sequential process involving repetitive
scratching and stretching (Fig. 4d).

3.5 Demonstration of EMG measurements

To demonstrate the ability of the developed conductive fabric to
detect physiological signals, we applied the MED-ET to an EMG
monitoring system (Fig. S6t). We prepared three MED-ET
interconnections, which were assigned as the reference, active
(+), and ground (—), as shown in Fig. 5a. This system was con-
formally attached to the skin by covering it with a transparent

3
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Dmesset

20
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Fig. 5 Real-time electromyogram (EMG) monitoring using the
developed MED-ET. (a) Photo image of measurement set up of EMG
monitoring. (b) Detection of EMG signal from our MED-ETs in real-
time.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 All-fabric thermoelectric generator (F-TEG) interconnected
with-ET. (a) First, kirigami-patterned fabric with island segments was
prepared. (b), (c) Subsequently, the fabric with island segments was
soaked in PEDOT:PSS solution via the screen-printing method. In the
same manner, (d), (e) the kirigami-patterned fabric was soaked in Ag
ink for fabricating interconnections (f) photograph of the F-TEG
comprising the PEDOT:PSS island and interconnections of MED-ET. (g)
Cross-sectional SEM image of the textile soaked in PEDOT:PSS solu-
tion. (h) Relationship between voltage generation in the F-TEG
(Vinerma) @nd temperature differences (AT). (i) Voltage generation in the
F-TEG placed on a hot object.

skin patch (3M Tegaderm, USA). The interconnects formed
using the MED-ET enabled real-time EMG monitoring for
muscle contractions of the forearm flexor, without requiring the
conventional conductive wet gels (Fig. 5b).** For a long-term
reliable EMG monitoring system, the Ag flakes can be coated
by biocompatible inert metal to minimize the effects of bio-
fluidic environment.*>*®

3.6 Demonstration of stretchable thermoelectric generator

We fabricated an all-fabric thermal electric generator (F-TEG)
consisting of poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) and a MED-ET interconnection. To
fabricate this device (Fig. 6a-e), we first soaked the island
segment of the fabric in the PEDOT:PSS solution; this was fol-
lowed by annealing at 100 °C in an oven.””*® Fig. 6f shows
a photograph of the overall device structure. A scanning elec-
tron microscopy (SEM) image of the fabric soaked in
PEDOT:PSS is shown in Fig. 6g. The water-based PEDOT:PSS
solution penetrated well into the fabric owing to the hydrophilic
surface of the polyurethane-based fabric. After forming the
PEDOT layer, tough self-healing stretchable ink penetrated the
kirigami-shaped segments of fabric on both sides of the island.
To characterize the as-fabricated F-TEG, we induced a temper-
ature difference to observe the generated voltage. Fig. 6h, the
relationship between the voltage generation in the F-TEG and
the temperature differences. Based on the graph, the Seebeck
coefficient was calculated to be 15.8 pv K. To evaluate the
effects of stretching on the thermoelectric performance, we
measured the thermovoltage of the F-TEG films under the 100%
stretching condition (14.5 uV K~ ' at a strain of 100% for the
kirigami-shaped interconnection), as shown in Fig. 6h. Owing
to these kirigami interconnections, the F-TEG thermovoltage
was well-preserved at a strain of 100%. Lastly, we evaluated the
reliability of the F-TEG at different temperatures over time, as
shown in Fig. 6i.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

In this study, we designed a MED-ET to realize high stretch-
ability and a low modulus; these properties were achieved using
kirigami patterns, which afforded strain relaxation. Further-
more, we observed that electrical recovery occurred in the tough
self-healing stretchable inks coated uniformly on the three-
dimensional surface of the fabric. The results show that the
Ag flakes in the polymer are rearranged even in thin films
coated over various surfaces. To improve mechanical and elec-
trical stability, we applied heat and pressure to the MED-ET.
Furthermore, through the demonstration of a micro-LED, we
highlighted the electrical recovery of the developed MED-ET. To
determine the feasibility of applying this conductive fabric in
wearable electronics, real-time EMG monitoring was per-
formed; physiological signals were successfully detected using
the conductive fabrics. Finally, an F-TEG was demonstrated to
suggest potential textile-based, energy-harvesting devices.
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