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With the rapid development of wearable devices, rigid and structurally
inelastic conventional luminescent devices with heavy energy
supply systems can hardly meet the requirements for flexibility and
stretchability. Herein, we created a highly stretchable and flexible
mechanoluminescent fiber based on transition metal-doped zinc
particles and poly(dimethylsiloxane) by a feasible coating method.
The resulting composite fiber emitted an intensity-tunable soft
light upon stretching and releasing. Moreover, the structure and
optical performance were well retained even after 10 000 cycles of
stretching and releasing. Furthermore, the color of the composite
fiber could also be tuned as green, yellow or orange, and these
colors could even be combined in a single fiber. Finally, mechano-
luminescent fabrics with various displays were also fabricated by a
similar strategy.

In the past decade, the emergence of wearable devices has
promoted the development of a variety of fields such as displaying
technologies, sensing, electronics, and energy harvesting and
storage.'® Luminescent devices, as a representative display unit,
are urgently required to be flexible and wearable.”** However,
conventional luminescent devices typically based on planar and
bulky structures with heavy energy supply systems can hardly
meet the requirements of next-generation wearable devices due
to their poor breathability, flexibility and integrability."*""”
Fibers, as the basic unit of a fabric, can be feasibly incorporated
into breathable fabrics, and this may provide a promising strategy
for the fabrication of wearable devices.'®*2* However, reports on
fiber-shaped luminescent devices are scarce.>® Previously, we
developed some fiber-shaped polymeric light-emitting electro-
chemical cells.>>*® However, their complex multilayered struc-
tures required rigorous fabrication processes, which made it
difficult to realize various displays.>>*” Based on an inelastic
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metal substrate, their flexibility was poor and easily broke
during bending. Considering that stretchability is a basic and
crucial property to mimic the variety of irregular movements of
the human body, it is of great significance to find flexible as
well as stretchable one-dimensional luminescent devices.

On the other hand, almost all luminescent devices rely
heavily on an energy supply system which sacrifices the wearing
comfort and lightweight property. Therefore, luminescent
materials able to generate light under manual stimuli, such
as mechanical deformation, have attracted an increasing deal of
interest.”* 3! Mechanoluminescent devices, which emit reprodu-
cible light upon deformation such as stretching, can fully utilize
the kinetic energy generated during our movements, making
them particularly suitable for wearable devices. Furthermore,
mechanoluminescent devices with simple components and struc-
tures not only are easy to fabricate, but also exhibit a highly stable
mechanical and optical performance.*” Although some mechano-
luminescent ZnS:Mn particle-based fibers or fabric-like matrix
devices that could monitor in situ damage have been reported,**
these were unsuitable for flexible displays or wearable devices due
to their lack of flexibility and stretchability. Finally, to the best of
our knowledge, there are no reports on stretchable mechano-
luminescent fibers and fabrics for flexible displays.

In this Communication, a stretchable and flexible mechano-
luminescent fiber was created by simply depositing a mechano-
luminescent transition metal-doped zinc sulfide (ZnS)/
polydimethylsiloxane (PDMS)-based material onto an elastic
fiber. This mechanoluminescent fiber emitted a reproducible
and soft light upon stretch and release, and its mechanolumi-
nescence intensity and color could be tuned by controlling the
composition and structure of the composite fiber or by varying
the applied mechanical force. In addition, a single fiber can emit
multicolored light to satisfy the demands of a range of displays.
The mechanoluminescent fiber was stable in the mechanical
and optical performance after deformation activities such as
stretching, twisting and bending for over 10000 cycles. These
fibers were subsequently woven into fabrics for stretchable and
flexible displays and night illumination devices.
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The mechanoluminescent fiber was fabricated by sequen-
tially depositing ZnS:Cu/PDMS and PDMS layers onto a PDMS
fiber (Fig. 1a and ESI}). The ZnS:Cu particles had an average
diameter of 28 pm (Fig. S1, ESIt) and ZnS exhibited the zinc
blende crystal phase (Fig. S2, ESIt). After being coated, the PDMS
fiber was uniformly surrounded by the mechanoluminescent
ZnS:Cu/PDMS material (Fig. 1b), in which the ZnS:Cu particles
were well distributed within the PDMS matrix (Fig. 1c). The final
composite fiber showed a clear core-sheath structure composed
of an inner PDMS fiber, a mechanoluminescent ZnS:Cu/PDMS
interlayer with a thickness of approximately 200 um and an outer
PDMS sheath (Fig. 1d and e). The elemental mapping images in
Fig. 1f-h demonstrate that PDMS, containing silicon, held the
entire core-sheath structure together, while the ZnS:Cu particles
were uniformly embedded within it. The high content and full
connection of PDMS enabled the composite fiber to be flexible
and stable, and the structure was maintained well even after
10000 cycles of stretching and releasing (Fig. S3, ESIT).

The resulting composite fiber could emit green light upon stretch
and release (Fig. S4 and Video, ESIt). Generally, mechanolumines-
cence is conventionally produced by stress-induced luminescence
mechanism,*?° and a triboelectricity-induced luminescence
mechanism was also recently proposed,’”*® which is yet to be
validated. To investigate the mechanoluminescence in this
composite fiber, we designed a stretch-release system able to
provide a periodic stress for a systematic study (Fig. S5 and ESIf).

Firstly, the content of ZnS:Cu phosphor particles showed a
significant effect on the luminescence intensity. As shown in
Fig. 2a, the mechanoluminescence intensity of the ZnS:Cu/PDMS

ZnS:Cu particles + PDMS precursor + PDMS fiber
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fiber linearly increased from 0.89 to 9.04 cd m ™~ as the content
of ZnS:Cu particles increased from 20% to 70%. Although the
mechanoluminescence intensity increased by nearly tenfold,
the breaking strength showed a dramatic decrease from 6.26
to 1.88 MPa (Fig. S6, ESIT). Based on these results, a composite
fiber with a unique core-sheath structure was developed. The
inner PDMS fiber not only remarkably enhanced the breaking
strength to 4.61 MPa, even at a high ZnS:Cu content of 70% in
the active layer (Fig. S7, ESIT), but also increased the breaking
elongation from 116.9% to 175.4%. In addition, the mechano-
luminescence intensity of the composite fiber also depended
on the thickness of the mechanoluminescent ZnS:Cu/PDMS
interlayer. Thus, the mechanoluminescence intensity linearly
increased from 1.66 to 15.14 cd m~> as the thickness of the
interlayer increased from 140 to 680 pum (Fig. 2b).

In addition to the thickness of the mechanoluminescent
interlayer, the applied mechanical force including strain and
frequency also affected the intensity. As the strain increased
from 45% to 70%, initially, the mechanoluminescence intensity
of the composite fiber rapidly rose from 3.41 to 7.51 cd m ™2,
and then slowly increased to 8.55 cd m™? at a higher strain of
120% (Fig. 2¢). This was consistent with the stress-strain curve
of the mechanoluminescent fiber (Fig. S7, ESIT). At a low strain
below 70%, it was easier for the mechanoluminescent fiber
to undergo a large deformation upon a small stress increase,
indicating that a larger relative movement between the ZnS
particles and the PDMS matrix occurred easily. This suggested
that the mechanism for mechanoluminescence in the compo-
site fiber is more likely to be triboelectricity-induced, rather

Fig. 1 Structural characterization of the mechanoluminescent fiber. (a) Schematic illustration for the preparation of the mechanoluminescent
composite fiber; (b) and (c) side view of the mechanoluminescent fiber without the outer PDMS layer at low and high magnifications, respectively;
(d) and (e) cross-sectional view of the mechanoluminescent fiber at low and high magnifications, respectively; (f—h) energy dispersive spectroscopy

mapping images of (e) for silicon, zinc and sulfur, respectively.
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than stress-induced. Therefore, at a higher strain (70% to 120%),
the mechanoluminescence intensity increased slowly because
the fiber became stiff and there was not sufficient soft friction
between the ZnS particles and the PDMS matrix. The mechano-
luminescence intensity generated by the composite fiber
at increasing stretch frequencies from 2 to 8 Hz is shown
in Fig. 2d. The mechanoluminescence intensity increased
according to a linear relationship from 3.60 to 10.35 cd m 2,
as more lights could be detected with a spectroradiometer in
the same measurement time.>>

The mechanoluminescent fiber showed a highly reversible
light-emitting property. As shown in Fig. 2e, the mechano-
luminescence intensity of the composite fiber dramatically decreased
in the first 1000 cycles (3 min) from 10.75 to 5.32 cd m™~2, which was
nearly ~50% of the initial intensity. Thereafter, the mechano-
luminescence intensity stabilized and was retained by 81.2%
(4.32 cd m™?) after further 9000 cycles (30 min) of stretch
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and release. The degradation of the mechanoluminescence
intensity in the composite fiber was caused either by decay of
the ZnS:Cu phosphor or fatigue of the PDMS matrix.

To determine the factors that led to degradation of the
mechanoluminescence intensity, we firstly compared the non-
stretched region (both ends of the fiber) with the stretched
region (middle part of the fiber) of the same composite fiber in
the corresponding photoluminescent image (inset of Fig. 2e).
No obvious luminescence difference was observed between
the two regions, suggesting that the properties of the ZnS:Cu
phosphor were largely retained. Then, the properties of the
PDMS matrix were investigated by measuring its tensile stress
during deformation tests. During the stretch and release
process at a constant strain, the stress of the mechanolumi-
nescent composite fiber remarkably decreased within the first
3 minutes from 5.07 to 4.51 MPa, and subsequently remained
at about 4.35 MPa. The variation trend in tensile stress was
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Fig. 2 Mechanoluminescence measurements. Dependence of the mechanoluminescence intensity of the composite fiber on phosphor content (a),
thickness of the mechanoluminescent layer (b), strain (c) and frequency (d); (e) evolution of the mechanoluminescence intensity (red) and mechanical
strength (blue) of the composite fiber during stretch and release cycles (inset, photograph of the composite fiber under UV irradiation after 10 000 cycles

of stretch and release).
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consistent with that of the mechanoluminescence intensity,
indicating that the degradation of mechanoluminescence
intensity may result from the creep and relaxation behavior
of PDMS. Thus, a mechanoluminescent composite fiber with
higher performance can be obtained by incorporating other
elastic materials with better mechanical properties.
Traditional fabrics show a variety of colors based on diverse
pigments. To further expand the applications of the mechano-
luminescent fiber, mechanoluminescent fibers with different
colors were also developed by mixing two ZnS phosphors with
different colors. In addition to the ZnS:Cu phosphor, which
emits green light, the ZnS:Mn phosphor, which displays an
orange color during the deformation process, was also used.
Mechanoluminescent composite fibers with several colors were
realized by adjusting the weight ratio of the two phosphors.
As shown in Fig. 3a, the light color generated from the composite
fiber changed from green to yellow, and then to orange as the
proportion of ZnS:Mn particles increased. To visualize the mixed
color, the corresponding CIE (Commission Internationale de
L’Eclairage) coordinates were determined for each composite
fiber. In Fig. 3b, it can be seen that the color changed linearly
from green (0.22, 0.56) to yellow (0.41, 0.51) and to orange (0.53,
0.44) as the weight ratio of ZnS:Mn particles increased.
Although every individual fiber showed a uniform color to the
naked eye, the color was in fact a secondary color. In the spectra
shown in Fig. 3¢, two obvious bands at 476.5 and 593.2 nm were
observed, ascribed to the green-colored ZnS:Cu phosphor and
to the orange-colored ZnS:Mn phosphor, respectively, which
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explains the color changes from green to orange. Therefore, the
secondary color actually resulted from a mixture of two lights.
The color regulation was a result of different numbers of green
and orange emission spots, each of which corresponded to a
single ZnS particle in the mechanoluminescent layer (Fig. 3d-f
and Fig. S8, ESIt).

Besides the monochromatic mechanoluminescent compo-
site fiber, a single composite fiber with several colors was also
fabricated by simultaneously depositing various mechanolumi-
nescent materials with different colors along the axial direction
of the fiber. Fig. 3g and Fig. S9a (ESIt) show a bicolored fiber
with green and orange colors arranged in an alternate fashion
by mechanoluminescent and photoluminescent mechanism,
respectively. Herein the CIE coordinates obtained from photo-
luminescence were different from those obtained from the
mechanoluminescence due to different intensities and mechan-
isms, as shown in Fig. S10 (ESIt). Tricolored composite fibers were
also fabricated by the same strategy (Fig. 3h and Fig. S9b, ESIt), in
which the yellow mechanoluminescent material was composed of
a mixture of green and orange phosphors. The multicolored fibers
with distinct colors were a result of clear interfaces between two
mechanoluminescent materials (Fig. 3i, j and Fig. S11, ESI¥).

Generally, the mechanoluminescent fibers with unique
one-dimensional structures showed stable mechanical and
luminescent performances, which enabled us to directly weave
them into fabrics (Fig. 4a). In addition, we also developed two
other mechanoluminescent fabrics based on mechanolumines-
cent ribbons and dots deposited on the fabric substrates.
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Fig. 3 Optical characteristics of the mechanoluminescent fibers. (a) Photographs of the mechanoluminescent fibers containing green and orange ZnS
particles at weight ratios (green: orange) of 10:0,7:3,5:5,3:7,1:9 and 0:10; (b) and (c) CIE coordinates and luminescence spectra, respectively, of the
mechanoluminescent fibers shown in (a); (d—f) optical microscope images of the mechanoluminescent fibers containing green and orange ZnS particles
at weight ratios (green: orange) of 10:0, 5:5 and 0: 10, respectively; (g) and (h) photographs of bicolored and tricolored mechanoluminescent fibers,
respectively, during stretching; (i) and (j) optical microscope images of the interface between the orange and yellow lights, and the yellow and blue lights,

respectively, in the composite fibers shown in (h).
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Fig. 4 Mechanoluminescent fabrics. Schematic illustrations with the structure of the mechanoluminescent fabrics based on mechanoluminescent
fibers (a), ribbons (b) and dots (c); (d-f) photographs of the mechanoluminescent fabrics based on mechanoluminescent fibers (d), ribbons (e) and dots (f);
(g—i) photographs of the mechanoluminescent fabrics shown in (d—f) during the stretch and release process.

The first strategy, which is the most accessible, consisted in
directly depositing the mechanoluminescent materials onto
the common elastic PDMS-coated fabric substrate to form a
mechanoluminescent ribbon. As shown in Fig. 4b, the mechano-
luminescent active materials with different colors were deposited
successively onto a polyurethane cloth using a ZnS patterned
mask. The structure and morphology of the fabrics during the
preparation process are shown in Fig. S12 (ESIT). Alternatively, we
could also design colorful patterns by selectively depositing a
series of mechanoluminescent dots onto the intersections of an
elastic fabric (Fig. 4c). These luminescent dots are just like pixels
and therefore, more complex patterns with higher resolution can
be designed by controlling the fabric network of coated sites.
Although these strategies led to different designs, both fabrics
presented a multi-layered structure similar to the mechano-
luminescent fiber comprised of an inner substrate, a mechano-
luminescent interlayer and an outer PDMS coating layer (Fig. S13,
ESIt). The fabricated mechanoluminescent fabrics (Fig. 4d-f)
could also emit colored light upon deformation such as stretch-
ing (Fig. 4g-i). Thus, these mechanoluminescent fabrics
have potential applications in smart displays and fashionable
ornaments, particularly for night illumination.

In summary, a novel mechanoluminescent fiber with a core-
sheath structure able to emit a soft and tunable light was
fabricated. The color of the mechanoluminescent fibers could
be easily adjusted to display various monochromes, e.g., green,
orange or yellow. In addition, multicolored fibers, including
bicolored and tricolored, were also realized in a single fiber.

This journal is © The Royal Society of Chemistry 2017

The mechanoluminescence intensity was well retained even after
10000 cycles of stretch and release. Furthermore, mechano-
luminescent fabrics were fabricated by weaving the composite
fibers into a fabric or by directly depositing the mechanolumines-
cent active materials onto fabric substrates. The resulting mechano-
luminescent fabrics exhibited promising characteristics and
could find applications as flexible displays for fashionable
ornaments and night illumination.
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