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Abstract Flexible, breathable and lightweight electronic textiles hold great promise to change the ways we intact with electronics. Electrical
connections among functional components are indispensable for system integrations of electronic textiles. However, it remains challenging to
achieve mechanically and electrically robust connections to fully integrate with interwoven architecture and weaving process of textiles. Here, we
reported a seamlessly-integrated textile electric circuit by weaving conductive fibers with self-connecting capacity at the interwoven points. Self-
connecting conductive fibers (SCFs) were prepared by coating modified polyurethane conductive composites onto nylon fibers. Electrical
connections were achieved at interwoven points in less than 5 s once the weft and warp SCFs were woven together, due to the designed dynamic
bonds of aromatic disulfide metathesis and hydrogen bonds in the modified polyurethane (MPU). The self-connecting point was electrically
stable (varied by less than 6.7% in electrical resistance) to withstand repeated deformations of bending, pressing and even folding. Such a self-
connecting strategy could be generalized to weave full-textile electronics capable of receiving signals and displaying with enhanced interfacial
stability, offering a new way to unify fabrication of electronics and weaving of textiles.
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architecture and weaving process of textiles."®'8! It is crucial

while remains far less developed to achieve electric circuits that
can seamlessly and stably integrate with textiles for wearable
uses.

Weaving conductive fibers into textile is promising to rea-
lize electric circuits to well unify with textile architecture and
manufacturing, in which conductive paths with designable
patterns could be built in warp and weft directions.['d! Be-
sides conductive paths, stable electrical connections among
conductive fibers and/or electronic components are indis-
pensable for complete electric circuits. Soldering is currently
an optimal option to make connections for conventional in-
tegrated circuits, but its intrinsic rigidness and brittleness
generally make the resultant electronic textiles functionally
degrade or even fail under complex deformations. The high-
temperature soldering process is also incompatible with the
textile made of polymer fibers.['8201 While conductive adhes-
ives composed of metal particles and polymer resin matrix
displayed superior flexibility to soldering materials, their
weakness in interfacial strength with conductive fibers al-

INTRODUCTION

The emergence of Internet of Things and 5G in the past decade
have boosted rapid development of electronic textiles that are
intrinsically flexible, breathable and lightweight to seamlessly fit
irregular and soft human bodies, which are regarded as next-
generation wearable electronics.!'™ Electronic textiles with
functionalities like displaying,®® energy supplying,’?
sensing,'>'? and computing!*"*! have been realized to offer
promising opportunities to revolutionize the ways we interact
with electronics. For practical applications, electric circuits are
the indispensable building blocks to connect functional
electronic textiles together to form a close-loop integration
system. However, conventional electric circuits are generally
made by directly patterning thin-film conductive paths on
planar substrates through deposition or etching, which are
intrinsically inapplicable to the weft-warp interwoven
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ways leads to peeling off during repeated deformations.
Moreover, the use of solvent-containing conductive adhe-
sives generally causes low processing accuracy of electric cir-
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cuits due to their permeation in the textile.['821.22] |t is still an
unmet need for electronic textiles to realize mechanically and
electrically reliable connections that fully integrate with inter-
woven architecture and weaving process.

Herein, we reported a seamlessly-integrated textile electric
circuit by weaving conductive fibers with electrically self-con-
necting capacity at the interwoven points (Fig. 1a). Such con-
ductive fibers, namely self-connecting fibers (SCFs), were pre-
pared by coating modified polyurethane (MPU) composited
with conductive components on nylon fibers. Upon weaving
together warp and weft SCFs, stable electrical connection was
automatically achieved at the interwoven points between
SCFs in 5 s due to dynamic bonds of aromatic disulfide meta-
thesis and hydrogen bonds in the MPU (Fig. 1b). Owing to the
flexibility of composite MPU, the connecting points were
stable and durable to withstand folding and 1000 times of
bending and pressing. Using such self-connecting strategy,
fully-integrated textile electric circuits were realized facilely

without any traditional soldering operations. The MPU could
also be used to fabricate stable full-textile electronics like tex-
tile displays.

EXPERIMENTAL

Materials

2,2-Bis(hydroxymethyl)propionic acid (DMPA, 98%) was ordered
from Macklin. Poly(ethylene adipate) (PEA, with a molecular
weight of 2000) was acquired from Aoke New Material
Technology Co., Ltd. Isophorone diisocyanate (IPDI, 99%) and 4-
aminophenyl disulfide (APDS, 98%) were purchased from
Aladdin. 2-Hydroxyethyl disulfide (HEDS, technical grade) was
purchased from Aldrich. Dibutyltin dilaurate (>95.0%) was
purchased from Tokyo Chemical Industry (TCl, Japan).
Triethylamine (TEA, 299%), ethylenediamine (EDA, analytical
grade), dried  N,N-dimethylformamide  (DMF),  dried
tetrahydrofuran, and acetone were purchased from Sinopharm
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Fig. 1 Schematic and characteristics of textile electric circuits. (a) Schematic illustrating the fabrication of an SCF by coating MPU
composite and a textile circuit by weaving SCFs. (b) The self-connecting process at the warp-weft interwoven point enabled by aromatic
disulfide bonds and hydrogen bonds (urethane-urethane, urethane-urea, urea-urea) in the MPU. (c) Cross-sectional SEM images of an
SCF. (d) Cross-sectional SEM images of the interface at the interwoven point between two SCFs before (left) and after (right) self-
connecting. Scale bars in the (c) and (d): 30 ym. The self-connecting layer made of MPU/MWCNTs composite was marked with blue in the

(c) and (d) to better identify.
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Chemical Reagent Co., Ltd. The MWCNT waterborne dispersion
(13.8 wt%) was purchased from Chengdu Organic Chemicals
Co., Ltd., Chinese Academy of Sciences.

Synthesis of MPU and HMPU Emulsions

For the synthesis of MPU emulsion, DMPA was dehydrated in an
oven at 110 °C for 5 h. PEA (7.5 g) in a three-neck vessel was
dried under vacuum at 120 °C for 4 h before cooling to 85 °C.
DMPA (0.141 g) dissolved in 2 mL of dried DMF, IPDI (1.695 g)
and dibutyltin dilaurate (0.138 g) were sequentially added and
stimed for 6 h in an argon atmosphere under reflux
condensation to be pre-polymerized. After cooling to 60 °C,
0.467 g of APDS dissolved in 2 mL of dried tetrahydrofuran was
added to the above reaction system and stirred for additional 3
h for chain extension. Acetone (10 g) was then added to
regulate the viscosity of the mixture during the reaction.
Neutralization using TEA (0.111 g) was performed for 20 min
below 40 °C. Finally, the mixture was emulsified by 10 mL of
deionized water and 0.047 g of EDA at 1500 r/min for 30 min to
obtain a homogenous MPU emulsion. To synthesize HMPU
emulsion, APDS was replaced by HEDS, the amount of DMPA,
PEA, IPDI, dibutyltin dilaurate, HEDS, TEA, deionized water and
EDA was changed to 0.376 g, 7.5 g, 2.666 g, 0.138 g, 0.386 g,
0.284 g, 20 mL and 0.125 g, respectively. The processes of
prepolymerization, chain extension, neutralization and
emulsification were performed for 3 h, 3.5 h, 30 min and 30 min,
respectively.

Preparation of the PU Films

The obtained emulsion was poured into Teflon molds and PU
films were acquired by evaporating the solvent at 45 °C for 8 h,
60 °C for 3 h, and 70 °C in a vacuum oven for 2 h in turn.

Fabrication of Textile Circuits

The MWCNT waterborne dispersion was mixed with the PU
emulsion with a weight ratio of 30%. After degassing in a
vacuum oven, the liquid mixture was poured into rubber
grooves with slits on the side. We designed sizes and
arrangement of rubber grooves to pattern the MPU layer on
fiber substrate. The nylon fibers were horizontally embedded
into the slits to fully dip in the liquid mixture for 3 min, and then
they were horizontally pulled out from the emulsion at a speed
of ~5 mm/min, followed by drying in an air oven at 70 °C for 30
min to form SCFs. The SCFs with intermittent coating of MPU
were cut into pre-designed segments (Fig. S5 in the electronic
supplementary information, ESI), and then woven into textile
and adjusted manually to ensure self-connected points formed
at the pre-designed place.

Fabrication of Electroluminescent (EL) Textile

The fabrication method of the transparent conductive wefts and
luminescent warps referred to the previous work.®! MPU was
dip-coated on conductive wefts and luminescent warps,
followed by drying at 70 °C for 1 h. The individual EL unit was
fabricated by interlacing luminescent warp fibers with
conductive weft fibers. The EL textile array containing 64 EL
units was fabricated by weaving transparent conductive wefts
and luminescent warps with cotton yarns as well as other fiber
materials like polyester and flax fibers. The density of
transparent conductive wefts and the luminescent warps was
0.5 pick/cm and 1 end/cm, respectively.

Characterization

Morphology was obtained by scanning electron microscopy
(SEM, Zeiss Gemini SEM500 FESEM operated at 2 kV). Fourier
transform infrared (FTIR) spectrum was obtained from Fourier
transform infrared spectrometer (Thermofisher, Nicolet 6700)
and 'H nuclear magnetic resonance (NMR) spectrum was
obtained from a Bruker Advance 400 MHz spectrometer at room
temperature. Mechanical properties were obtained from a
universal testing instrument (HY-0580, Shanghai Hengyi Testing
Instruments Co., Ltd.). Electrical performances were recorded by
a CHI660E electrochemical station and a digital multimeter
(VICTOR VC9807A+). The EL unit was driven by a function
waveform generator (Keysight 33500B Series) and a high-
voltage power amplifier (610E, TREK). The electromagnetic
signal was generated by a function waveform generator
(Keysight 33500B Series) and detected by an oscilloscope
(Tektronix TDS 2012C). Photographs were obtained by a digital
camera (D3400, Nikon). The pressing stability of textile circuit
was tested by putting a 50 g object on the sample, and each
press lasted for 2 s.

RESULTS AND DISCUSSION

As the building block for SCFs, MPU was synthesized using
polyethyl dialcohol adipate as soft segment, 2,2-
bis(hydroxymethyl)propionic acid as hydrophilic component,
isophorone diisocyanate as hard segment, ethylenediamine as
chain extender, and 4-aminophenyl disulfide (APDS) as bonding
component.Z2 The successful synthesis of MPU was verified
by the characteristic bands at 3372 cm™ (v(_yy—), 1727 cm™
(Vic=oy)» and 1133 cm™ (vc—o—¢) in the FTIR spectrum (Fig. S1
in ESI). The peaks at 6.50 and 7.06 ppm in the 'H-NMR spectrum
were assigned to aromatic ring protons in APDS that enabled
metathesis of aromatic disulfides (Fig. S2 in ESI).2-28 Especially,
the functional groups of —NH—(C=0)—NH— and —O—
(C—0O)—NH— at 7.39 and 7.31 ppm rendered the hydrogen
and oxygen for hydrogen bonds.?* Metathesis of aromatic
disulfides was essential for the self-connecting at room
temperature, with the aid of dynamic interactions of hydrogen
bonds among urethane-urethane, urethane-urea and urea-
urea.

Once two MPU films contacted with each other at room
temperature, they were bound together in a few seconds due
to the reversible reaction occurred at the interface. The resul-
tant MPU film showed similar tensile stress (288 kPa) and
breaking strain (1159%) to the original one (Fig. S3 in ESI).
Such MPU was further endowed with electrical conductivity
by compositing with conductive additives like multiwalled
carbon nanotubes (MWCNTs) with a content of 30 wt%.
MWCNTs were homogeneously dispersed in the MPU to form
a continuous conductive network (Fig. S4 in ESI). The
MPU/MWCNT composite was then dip-coated on the selec-
ted areas of nylon fibers to prepare SCFs (Fig. S5 in ESI). The
resistances of an SCF (with length of 2 cm) were varied by less
than 3% when it was bent with bending radii from 10 mm to
1 mm (Fig. S6a in ESI), and they also remained stable under
repeated pressing tests (Fig. S6b in ESI). Typically, an SCF
possessing a 30-um-thick MPU/MWCNT composite layer was
used unless specified in this study (Fig. 1c).

The electrical connecting occurred at the warp-weft inter-
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woven points as the SCFs were woven into a textile accord-
ing to a pre-designed pattern and interlaced with each other
(Fig. S5b in ESI). An individual connecting point between two
interlaced SCFs was carefully investigated to evaluate the
electrical and mechanical performances. The MPU/MWCNT
composite layers on the interlaced SCFs were fused together
without any obvious gap (Fig. 1d and Fig. S7 in ESI). The con-
ductivity and mechanical strength of the self-connecting
point are two important parameters for efficient electrical
connecting. Due to the swift bonding formation at room tem-
perature, once the SCFs contacted with each other, the resis-
tance between SCFs sharply dropped from open circuit state

to 2.2 kQ in a short time of 0.2 s and then stably maintained
(Fig. 2a). Such electrical connecting was mechanically robust
even when the interwoven point (ie., fused MPU/MWCNT
composite layer) was stretched in the opposite directions
with a large strain of over 550% (Fig. 2b). The resistance of the
self-connecting point varied by less than 4% when the inter-
laced fiber was sharply bent with a bending radius of 1T mm
(Fig. 2¢). Due to the flexibility and elasticity of the composite
MPU, the electrical connecting state of the interwoven point
was also well maintained after 1000 cycles of pressing (Fig.
2d). Moreover, because the MPU layer was chemically stable,
the electrical connection could be achieved even after the
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Fig.2 Stable electrical connection at the interwoven point between two conductive fibers coated with MPU/MWCNT layer. (a) Electrical
resistance variation when the interwoven SCFs contacted with each other. (b) Force-strain curve of the self-connecting point when SCFs
were stretched in the opposite directions. Strain = D/D,, D represents the distance between SCFs, and D, equals the thickness of the
MPU/MWCNT layer. (c, d) Dependence of electrical resistance on bending radius of SCFs (c) and pressing cycle number (d). Ry and R
correspond to the electrical resistances before and after bending or pressing, respectively. (€) Photographs of a LED circuit in series with
interlaced SCFs that were lifted and stretched. Scale bars in (e): 2 mm.
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SCFs were stored in open air for 3 months (Fig. S8 in ESI). We
further tested the connecting stability in a circuit to light a
LED (Fig. 2e). The LED was turned on immediately when the
SCFs interlaced with each other, and the brightness of the
LED stayed stable when the SCFs were lifted and stretched.
Such electrical and mechanical robustness of the self-con-
necting point enabled by SCFs with MPU/MWCNT composite
layer is crucial for the stable connecting of textile electronic
circuits.

We further wove SCFs into cotton textile to obtain a textile
electric circuit, in which the SCFs were interlaced with each
other in weft and warp directions. The softness of the textile
electric circuit could be well maintained after weaving with
SCFs. The electrical connecting at the interwoven point
formed in 5 s and was mechanically robust under stretching
of textile (Fig. S9 in ESI). The connecting state was also main-
tained stably in the investigated 1000 cycles of bending (Fig.
3a). Moreover, the resistance of the textile circuit fluctuated

by less than 4% even when the textile was folded (bent with
180°) along the middle lines and diagonal lines (Fig. S10 in
ESI). As expected, when the woven SCFs in the textile circuit
were further connected with a LED-driven circuit, no bright-
ness variation was observed during the folding of textile (Fig.
S11 in ESI). In comparison, for the textile circuit woven with
conductive fibers based on conventional PU free of modified
groups, its resistance fluctuated severely due to the interfa-
cial instability at the interwoven point with poor contact
between conductive fibers (Fig. 3a).

The mechanical properties of the MPU could be readily
tuned to meet the demand for high tensile strength. For in-
stance, a high-strength MPU (HMPU) was synthesized by
increasing the ratio of hard segments and using 2-
hydroxyethyl disulfide instead of APDS, which was verified by
the FTIR spectrum (Fig. S12 in ESI).23] After a thermal treat-
ment at 70 °C for 2 h, the average strength of the HMPU was
enhanced to over 18 MPa with a small relative standard devi-
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ation of less than 5.3% (Fig. S13 in ESI). The longer time for
self-connecting was needed because the aliphatic disulfide in
the HMPU had a lower metathesis reactivity than the aroma-
tic disulfide in the MPU.[2329 Besides MWCNTs, other con-
ductive additives like nickel microparticles could also be in-
corporated in the HMPU to further enhance the conductivity.
For instance, using the composite HMPU with a nickel micro-
particle content of 160 wt%, the resistance of a textile circuit
with a self-connecting interwoven point was reduced to 10 Q
(Fig. S14 in ESI). Moreover, the strengths of the connecting
points based on HMPU were 8.8 and 7.0 times higher than
that based on MPU and conventional PU, respectively (Fig.
S15 in ESI). As a result, stable electrical conducting was well
maintained in the textile electric circuit under deformations
(Fig. S16 in ESI). In comparison, drastic fluctuations occurred
in the textile circuit without using SCFs.

For a typical electric circuit, conductive paths with multiple
turning points are generally required to connect a lot of in-
tegrated electronic components. We wove a textile electric
circuit having complex conductive paths with three turning
points (Fig. S5c in ESI), which was electrically stable (varied by
less than 6.7% in electrical resistance) during the folding and
repeated pressing (Figs. 3b and 3¢, and Fig. S17 in ESI). Fur-
thermore, the electrical connection could also be built
between adjacent stacked layers of textile electric circuits,
making it possible to realize three-dimensional electronic tex-
tiles. Specifically, by stacking textile circuits containing 9 (3x3
array) self-connecting points, a three-dimensional conduc-
tive network containing 27 self-connecting points was ob-
tained (Fig. 3d). The resistances of different conductive paths
from point “O” to point “A-F" (Figs. 3e and 3f) varied by less
than 5.3% during the bending test, indicating the robust elec-
trical connection between the interwoven points.

The self-connecting strategy allowed to design a function-
al textile electronic system that seamlessly integrates with the
textile interwoven architecture and weaving process. As a
proof of concept, a signal-receiving textile circuit was fabri-
cated by folding a four-layer textile in a zigzag arrangement
(Fig. 4a), in which the woven SCFs were connected end to end
to form spiral coils. The signal transmission was based on an
electromagnetic introduction effect. When an alternating
voltage was applied to a transmitter coil, the induced alter-
nating magnetic field passed through the textile circuit to
generate an alternating voltage output. Here we showed a
sinusoidal signal generated from the transmitter coil could be
completely received by this textile coil (Fig. 4b). The signal re-
ceived by the textile coil based on SCFs was 5 times stronger
than that by the counterpart without using SCFs (Fig. S18 in
ESI). Such coils used to transfer signals were preferentially in-
tegrated with textiles to construct wearable electronics for
healthcare.3931 Additionally, according to the applications,
the chirality of the coil could be readily transferred by chan-
ging the way of folding (Fig. S19 in ESI).

Our textile circuit woven with SCFs was also suitable to
seamlessly integrate with textile electronics to enable high in-
terfacial stability under complex deformations. For instance,
we built EL textile by weaving transparent conductive wefts
and luminescent warps (Fig. 4c), in which ZnS phosphor
served as the luminescent component.[®! When an alterna-

ting voltage was applied to the weft and warp fibers, in each
ZnS phosphor particle at the weft-warp contact area, the gen-
erated electric field induces tunneling of holes and electrons
from the conductive phase into ZnS lattice, and electrons and
holes recombined to emit light once the electric field re-
versed. Each weft-warp interwoven point worked as an indi-
vidual EL unit. The interfacial stability at the interwoven
points directly determined the performances of the EL unit
under deformations. By coating a layer of self-connecting
MPU on the fibers, the weft-warp interwoven point could be
effectively fixed by forming a stable contact interface, while
the flexibility and breathability of the textile were well main-
tained (Fig. 4d). The resultant EL unit could stably work under
various deformations such as stretching the conductive weft
in different directions (Fig. 4e and Fig. S20 in ESI). As expec-
ted, the resultant EL textile containing 64 EL units (weave
density of 2 ppi) showed uniform and stable brightness when
the textile was repeatedly bent and stretched (Figs. 4f—4i and
Fig. S21a in ESI). In contrast, a lot of EL units in textile based
on a conventional PU layer failed under the bending and
stretching deformations (Fig. S21b in ESI), due to the loose
contact between conductive wefts and luminescent warps
with a low weave density. The strategy based on self-connect-
ing SCFs may provide a new thought for fully-integrated tex-
tile electronics.

CONCLUSIONS

In conclusion, a self-connecting strategy for textile electronic
circuits is demonstrated by introducing dynamic bonds at the
warp-weft contact interface of interlaced SCFs. The interfacial
connections formed in 5 s at ambient conditions, which were
mechanically robust and electrically stable under various
complex deformations. By designing the weaving diagram of
SCFs, textile electric circuits could be woven in a single layer and
further assembled into a multi-layer architecture with high
designability. The as-built textile electric circuit maintained
stable electrical connections to withstand various deformations.
Our strategy could also enable enhanced interfacial stability for
textile electronics by modifying the fiber electrodes with self-
connecting coatings. The self-connecting strategy offers a new
way to develop fully-integrated textile electronics well
compatible with interwoven structure and weaving process of
textiles.
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