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A novel type of lightweight and stretchable light-emitting fabric is
developed with the highest brightness that is above 70 cd m~2 The
brightness of the stretchable light-emitting fabric can be maintained
at 98.5% even after stretching for 100 cycles at a strain of 100% with
a stretching speed of 10% strain per s. This stretchable light-emitting
fabric is further integrated with different colors of light-emitting
modaules for display. It is also able to detect external stimuli such as
pressure, accompanying this detection with a visual feedback.

The advancement of stretchable, responsive and color-tunable
light-emitting fabrics that truly suit integration with a human’s
body and portable electronic devices have been attracting an
increasing amount of interest for decades, and intensive efforts
are being dedicated to realize them for wearable lighting,
displaying and visual sensing.'® However, nearly all of the
attempts towards the realization of this promising type of light-
emitting fabrics have been proved to be inaccessible, although
some light-emitting fabrics have been constructed on planar
substrates and then attached on to the fabric.””** This is mainly
because the fabrics themselves are not suitable for light-emitting
substrates due to their relatively rough surfaces.* A rough surface
makes it difficult to form effective light-emitting p—n junctions in
the current-driven light-emitting devices, such as organic/inorganic
light-emitting diodes and light-emitting electrochemical cells,
resulting in poor performance or even failure to work."*™®
ZnS-based light-emitting systems may provide an effective
route to solve the abovementioned challenge based on their
novel light-emitting mechanism under excitations in an alternating
current electric field.">>* Typically, the composite light-emitting
layer of doped ZnS phosphor and dielectric silicone elastomer
is sandwiched between two transparent electrodes.” The dielectric
silicone elastomer not only enables the entire device to accom-
modate rough electrode surfaces and complex deformations in
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Fig. 1 Schematic of fabrication process of the stretchable and sensitive
light-emitting fabric.
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a large strain, but also makes it sensitive to various external
stimuli such as pressure. Moreover, the colors of emitted light
can be easily adjusted by changing the dopants in the ZnS lattice
according to their different wavelength centers. For instance, green,
blue and yellow lights are obtained by doping Cu (~0.01 wt%), Cu
(~0.1 wt%) and Mn (~ 1 wt%), whereas white light can be achieved
from their composites.

In this communication, a novel type of lightweight and
stretchable light-emitting fabric is developed with the highest
brightness that is above 70 cd m 2. The brightness of the
stretchable light-emitting fabric can be maintained at 98.5% even
after stretching for 100 cycles at a strain of 100% with a stretching
speed of 10% strain per s. This stretchable light-emitting fabric is
further integrated with different colors of light-emitting modules for
display. It is also able to detect external stimuli such as pressure,
accompanying the detection with a visual feedback.

The fabrication of a typical lightweight and stretchable
light-emitting fabric is schematically demonstrated in Fig. 1.
The stretchable conducting fabric was first prepared by chemically
depositing polypyrrole (PPy) on the spandex fabric through oxidative
polymerization of pyrrole monomer.>*">* The light-emitting and
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hydrogel layers were then continuously attached to the pre-prepared
stretchable conducting fabric. Herein, the light-emitting layer
consisted of doped ZnS phosphor and silicone elastomer. The
introduced silicone elastomer not only served as the dielectric
buffer and elastic layers but also accommodated a rough fabric
substrate.

Fig. 2a-c show scanning electron microscopy (SEM) images
of the stretchable spandex fabric before and after depositing
PPy. PPy was uniformly deposited on individual fibers to enable
the entire fabric to be electrically conductive. Fig. 2d further
compares Raman spectra of pure PPy and the spandex fabric
before and after depositing PPy. For the pure spandex fabric,
the peak at 1176 cm™" was caused by C-H bending of the
urethane amide, and the peak at 1445 cm ™ corresponded to
the absorption of the isocyanate symmetric stretching.?®™°
After PPy deposition, the peak at 930 cm ™' was derived from
the symmetric stretching of the ClO, dopant. The peaks at
1000-1150 cm ™" and 1290-1440 cm ™" revealed the C-H in-plane
deformation and ring stretching, respectively. The sharp peak at
1580 cm™ ' was generated due to the backbone stretching mode
of C=C bonds, whose intensity had a positive effect on the
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Fig. 2 Structure and property of the stretchable light-emitting fabric. (a—c) SEM images of the spandex fabric before (a) and after (b and c¢) depositing
PPy. (d) Raman spectra of the pure PPy, and the spandex fabric before and after depositing PPy. (€) AFM image of the spandex fabric after depositing PPy.
(f) Dependence of electrical resistance (width of 6 mm and length of 15 mm) on strain under stretching and releasing. (g) Dependence of optical
transmittance on wavelength for a hydrogel film (thickness of 1 mm). (h) Alternating current impedance spectra of the hydrogel film with the decreasing
frequencies from 100 kHz to 0.01 Hz. (i) Dependence of resistance of the hydrogel film on strain. Ry and R correspond to the resistances before and after

stretching, respectively.
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conductivity of PPy. The surface smoothness of individual fibers
coated with PPy was characterized via atomic force microscopy
(AFM), and the roughness was varied below 8 nm (Fig. 2e). The
SEM image of the light-emitting layer with a smooth surface
(Fig. S1, ESIY) verified a uniform blend between doped ZnS
phosphor and silicone elastomer.

The two electrodes were first investigated. The spandex
fabric after depositing with PPy exhibited an average surface
resistance of nearly 804 Q O~ "'. It was stretchable (Fig. S2,
ESIY), and the electrical resistances decreased from 2.01 to 1.55
kQ when the strains were increased from 0 to 100% and then
increased to 1.94 kQ when the strain was decreased back to 0
(Fig. 2f and Fig. S3, ESIt). The lower resistance under stretching
was attributed to better contacts among neighboring yarns.

Hydrogel is generally transparent and stretchable.” As illustrated
in Fig. 2g, the transmittance of hydrogel approached 93% at the
wavelength range of 400-850 nm. This hydrogel film can be
stretched up to 400% (Fig. S4, ESIT). It demonstrated a high and
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stable ionic conductivity of about 3.2 S cm ™" even under stretching
(Fig. 2h and i and Fig. S5, ESIT). Herein, the ionic conductivity was
calculated using the equation ¢ = /(A x R), where ¢ is the ionic
conductivity, and R, A and [ are the resistance, the area and the
thickness of the hydrogel film sandwiched between two stainless
steel plates, respectively.’® The resistance was measured to be
5.77 Q from alternating current impedance spectra, and the area
and thickness were 1.2 cm and 0.66 cm?, respectively. Therefore,
the conductivity was calculated to be nearly 3.17 S em ™.

The working mechanism of this light-emitting textile is
described below.*® Under alternating electrical field, charge carriers
were accelerated to high energy, which then excited the luminescent
center to generate electron-hole pairs. Finally, electron-hole pairs
were recombined with each other to emit light. The stretchable
light-emitting fabric powered with a sinusoidal pulse function
demonstrated a high luminance of 70.7 cd m™ 2 Fig. 3a shows
the characterization curve of emission intensity against the applied
electrical field under different frequencies. The light-emitting fabric
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Fig. 3 Emission intensity of the stretchable light-emitting fabric. (a) Dependence of luminance on voltage with different frequencies. (b) Dependence of
luminance on frequency under an electrical field of 3.2 V um™. (c) Photographs of the stretchable light-emitting fabric being stretched to 20%, 40%, 60%,
80% and 100% under an electrical field of 3.2 V um 2. (d) Dependence of luminance on strain. (e) Dependence of luminance on stretching number. Lo and
L correspond to luminance intensities before and after stretching, respectively. (f) Dependence of relative capacitance on applied pressure (inset,

photograph of the light-emitting fabric under pressure).
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started to emit light at an electrical field of nearly 1.6 V um ™", after
which the emission intensity was rapidly increased because of the
enhanced ability of the electrons to excite the luminescent centers.
The relationship between the emission intensity and applied voltage
can be expressed using the equation L = Ly exp(—p/V*?), where L,
and f are constants, L is the luminance, and V is the applied
voltage.”" The fitting curve and the experimental data matched well
with each other. The luminance was also affected by the frequency
of the applied voltage with a maximum luminance of 28.5 cd m™> at
2500 Hz (Fig. 3b). The generated power was low at a low frequency;
electrons and holes in the light-emitting layer cannot respond with
each other at a high frequency.

This light-emitting fabric was also lightweight and could
stand on a flower (Fig. S6, ESIT). In addition, it was stretchable,
and effectively worked under stretching (Fig. 3c). The stretch-
ability was further investigated by comparing the ratio of emis-
sion density after and before stretching (Fig. 3d). The emission
intensity ratios increased from 1.19, 1.30, 1.49, and 1.71 to 1.72
with increasing strains from 20%, 40%, 60%, and 80% to 100%,
respectively. The increased emission intensity was mainly attrib-
uted to the following two factors: (1) a decrease in the emission
thickness generated a larger electrical field; (2) an increase in
the emission area resulted in a smaller density of the fabric
electrode and the ZnS phosphor powders. Herein, the increased
electrical field might dominate the emission intensity at a strain
below 100%. Moreover, the emission intensity was maintained
at 98.5% under repeated stretching and releasing for 100 cycles
at a strain of 100% (Fig. 3e). It was flexible with the emission
intensity and was maintained at 97% after bending at a radius
of curvature of 1 mm for 1000 cycles (Fig. S7, ESIt). The stability
and high performance might be attributed to the good mechanical
compliant property of the fabric, the unique emission mechanism
and the high electrical conductivities of electrodes. The stretch-
ability and cycling stability of this light-emitting fabric was further
compared with the previously reported light-emitting fabrics
(Fig. 4).°™"® The light-emitting fabric in this study indicated a
relatively higher emission intensity with the highest strain.

In addition to the light emission, it can be employed to detect
a variety of environmental stimuli such as pressure, which results
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Fig. 4 Comparison of the stretchable light-emitting fabric with previously
reported light-emitting fabrics for stretchability and stretching cycling
stability.
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in a capacitance response. For instance, the relative capacitances
were increased from 0, 3.2, 4.5, 5.5, and 6.1 to 6.7 pF with the
increasing pressures from 0, 5, 10, 15, and 20 to 25 kPa,
respectively (Fig. 3f). Note that the emission intensity could be
changed to provide visual feedback during pressing, which
indicated a promising prospect for developing smart sensors.

For practical applications, light-emitting fabrics are usually
required to simultaneously emit different colors. To this end,
we further assembled light-emitting modules with different
colors on the same fabric (Fig. 5a). As expected, each module
could be separately controlled to emit designed colors (Fig. 5b
and c). Moreover, the capacitance varied under finger pressure
(Fig. 5d). In addition, the heat flux generated by this light-
emitting fabric was traced during use on the human body for
the consideration of comfort and safety (Fig. 5e-g). The average
temperature of the light-emitting fabric remained almost
unchanged after lighting for 10 min.

To conclude, a stretchable and sensitive light-emitting fabric has
been created on a commercial spandex fabric, which demonstrates
a high and stable emission performance under stretching. The
highest brightness reaches 70 cd m™2, and it can be maintained at
98.5% after stretching for hundreds of cycles. Moreover, the colors
of the emission light can be selectively controlled to demonstrate
different patterns. In particular, this light-emitting fabric can also be
employed as a new type of wearable sensor to detect external stimuli
such as pressure with a visual feedback. This study may open up a
new direction in the development of multi-functional fabrics for
next-generation electronics.

Experimental
Fabrication of stretchable conducting fabrics

The spandex fabric was continuously washed with acetone,
sodium hydroxide, scouring agent and water prior to use. The
resulting spandex fabric (0.5 g) was then immersed in a mixed
aqueous solution of FeCl;-6H,0 and Na,NDS at a temperature
of 4 °C for 30 min, followed by adding pyrrole solution dropwise
to the stirred bath.?® The polymerization of pyrrole monomers
was carried out at ~4 °C for 2 h with the fabric/solution ratio of
1/200 (W/v, g mL’l). The concentrations of pyrrole, FeCl;-6H,0
and Na,NDS were 0.02 M, 0.044 M and 0.009 M, respectively.
The conducting fabric was finally washed with water and dried
at room temperature for 24 h.

Fabrication of stretchable and transparent polyacrylamide
hydrogel films

Acrylamide (14.0 wt%) and LiCl (8.0 mol L") were first added
to deionized water and then stirred at 60 °C for 1 h.> After
cooling to room temperature, thermoinitiator (ammonium
persulfate), crosslinking agent (N,N’-methylenebisacrylamide)
and accelerator (N,N,N’,N'-tetramethylethylenediamine) were
sequentially added to the mixture solution. The molar ratios
(relative to acrylamide) were 0.028%, 0.031% and 0.152%,
respectively. The resulting solution was further transferred to

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Light-emitting fabrics. (a) A light-emitting fabric worn on the human body. (b and c) Four light-emitting modules with different colors being
selectively lit up. (d) Different index finger pressures on different parts of the light-emitting fabric inducing the increase in capacitance. (e and f) Infrared

images of the light-emitting fabric before and under working at an electrical
the light-emitting fabric on time.

a1 mm 3D printed relief pattern, followed by curing at 40 °C for
2 h to synthesize the stretchable and transparent hydrogel film.

Construction of stretchable light-emitting fabrics

The light-emitting solution was prepared by mixing electro-
luminescent ZnS phosphor powder and silicone elastomer at a
weight ratio of 1/1 and then stirred at 500 rpm for 2 min. After
degassing, the mixed solution was transferred into a 500 pm 3D
printed relief pattern, followed by curing at 80 °C for 2 h. The
resulting stretchable light-emitting layer was attached to the

This journal is © The Royal Society of Chemistry 2017

field of 4 V um™?, respectively. (g) Dependence of average temperature of

pre-prepared conducting fabric, followed by covering with the
transparent hydrogel film. For the convenience of characterization,
the light-emitting fabric was sealed with an insulated silicone
elastomer layer.
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