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Stretchable electronics, as a promising research frontier, has achieved progress in a variety of sophisticated applications. The realization of stretchable
electronics frequently involves the demand for a stretchable conductor as an electrical circuit. However, it still remains a challenge to fabricate high-
performance (working strain exceeding 200%) stretchable conductors. Here, we present for the first time a facile, cost-effective, and scalable method for
manufacturing ultrastretchable composite fibers with a “twining spring” configuration: cotton fibers twining spirally around a polyurethane fiber. The
composite fiber possesses a high conductivity up to 4018 S/cm, which remains as high as 688 S/cm at 500% tensile strain. In addition, the conductivity of
the composite fiber (initial conductivity of 4018 S/cm) remains perfectly stable after 1000 bending events and levels off at 183 S/cm after 1000 cydlic
stretching events of 200% strain. Stretchable LED arrays are integrated efficiently utilizing the composite fibers as a stretchable electric wiring system,
demonstrating the potential applications in large-area stretchable electronics. The biocompatibility of the composite fiber is verified, opening up its
prospects in the field of implantable devices. Our fabrication strategy is also versatile for the preparation of other specially functionalized composite fibers

with superb stretchability.
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tretchable electronics, as an emerging

and fascinating research scope in the

last ~15 years, has motivated inten-
sive efforts from materials scientists and
engineers."? This new class of electronics
has gained achievements and opened up a
wide variety of sophisticated application
fields, including stretchable displays,®*
skin-like sensors,>® strain/pressure sensors
for human-motion detection,” electronic
eye cameras,'® stretchable energy-related
devices,'"'? and implantable devices for
human health monitoring."”®> One of the
most formidable challenges involved
to realize these devices, however, is the
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development of stretchable conductors
that are capable of retaining high conduc-
tivity even under severe deformation, such
as bending and high-strain (>50%) stretch-
ing. To overcome this hurdle, researchers
have come up with various strategies.
One approach exploits the incorporation
of conductive filler materials, such as metal
nanoparticles,' graphite,"® carbon nano-
tubes (CNTs),'®"” and conducting poly-
mers,'® into a rubbery polymer matrix
through blending. Takao Someya dispersed
single-walled carbon nanotubes (SWCNTSs)
uniformly into a vinylidene fluoride—
hexafluoropropylene copolymer matrix to
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form a composite film as a stretchable conductor.'®

This elastic conductor exhibited an initial conductivity
of 57 S/cm and could be uniaxially stretched up to
134% with a final conductivity of 6 S/cm. Seunghyun
Baik reported conductive and stretchable hybrid com-
posites composed of micrometer-sized silver flakes
and multiwalled carbon nanotubes (MWCNTSs) deco-
rated with self-assembled silver nanoparticles.'”” The
maximum conductivity of the silver-CNT stretchable
conductor was as high as 5710 S/cm at 0% strain.
However, the conductivity unfavorably decreased dra-
matically to 20 S/cm at 140% strain, at which point the
film ruptured. There existed a limit to this strategy,
where incorporation of high concentrations of con-
ductive fillers such as CNTs into the polymer matrix
increases the stiffness and decreases the stretchability
of the resultant composite. Another route takes ad-
vantage of already existing three-dimensional porous
and conducting networks through infiltrating a liquid
polymer into the network, including CNT forest-based
elastomeric conductive composites,'® SWCNT aerogel-
based elastic conductors,®® and three-dimensional
graphene network (grown by chemical vapor deposi-
tion) based composite conductors.?’ The high perfor-
mance of this sort of stretchable conductors is usually
confined within a moderate strain (<100%) to maintain
the integrity of the conducting networks. Besides the
above two categories, the most frequently used strat-
egy is to construct special structural configurations
capable of restoring prestrain, such as net-shaped
films, in-plane wavy structures, and out-of-plane
buckled structures.''3?273% Thijs strategy enables
relatively stable electrical performance within the pre-
strain range when subjected to deformation, although
the construction of such configurations is usually time-
consuming and also hard to scale up.

Until now, it still remains a challenging task to
develop a facile, cost-effective, and scalable way to
fabricate a high-strain elastic conductor with stable
high conductivity. Herein, we developed for the first
time a manufacturing approach for a highly conduc-
tive, flexible, and ultrastretchable composite fiber
based on an artfully designed “twining spring” archi-
tecture. The composite fiber comprises a selected
double-covered yarn (DCY), serving as an elastic scaf-
fold, silver nanowires (AgNWSs) as the conducting
component, and a poly(dimethylsiloxane) (PDMS) en-
capsulation as a strengthening and protective layer.
The conductivity of the conductive elastic fiber reaches
up to 4018 S/cm at 0% strain and remains as high as
688 S/cm at 500% strain, rendering our conducting
fiber highly competitive among the nanomaterial-
based stretchable conductors. The composite fiber also
possesses superb cyclic performance, with conductiv-
ity leveling off at 183 S/cm after 1000 stretching events
of 200% strain. Its potential application in large-
area stretchable electronics is demonstrated through
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Figure 1. Schematic illustration of the fabrication process of
the composite fiber. (a) Structural representation and SEM
image of the DCY. For simplicity and clarity, only one CY
was demonstrated in the structural drawing. (b) Structural
representation and SEM image of DCY-AgNW before H,
plasma treatment. (c) Structural representation and SEM
image of DCY-AgNW after H, plasma treatment. (d) Struc-
tural representation and SEM images of DCY-AgNW-PDMS.
The inset SEM image shows the cross-sectional structure.
The PDMS infiltrated the whole CY layer. Scale bar for all:
500 um. The DCY, DCY-AgNW, and DCY-AgNW-PDMS all
have diameters of ~650 um.

integrating LED arrays on a transparent, bendable, and
stretchable substrate with the composite fibers acting
as stretchable interconnects. At last, the biocompat-
ibility of the composite fiber is validated, thus opening
up its prospects in the field of implantable devices.

RESULTS AND DISCUSSION

Figure 1 presents a schematic illustration of the
preparation of the conductive and stretchable compos-
ite fiber (detailed procedures are described in the
Methods). The DCY, a kind of cotton/Spandex yarn, is
inexpensive and widely used in the textile industry.
Typically, the polyurethane (PU) monofilament served
as the core fiber and was tightly wrapped by two
cotton yarns (CYs) in opposite directions like com-
pressed springs (Figure 1a, Figure S1 in the Supporting
Information). Both CYs are composed of numerous
cotton fibers (CFs). This kind of DCY is carefully selected
for the reason that it combines perfectly the superb
elasticity provided by the PU fiber, increased specific
surface area, and hygroscopicity guaranteed by the
two CYs, which is key to the efficient “dyeing” of
AgNWs (Figure S2, Supporting Information). In addi-
tion, the unique spiral configuration of the CYs pre-
serves the extremely large prestrain (>500%), sug-
gesting that no actual elongation of the CYs takes
place when the DCY is stretched. A dip-coating method
was employed to intimately coat AgNWs onto the
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Figure 2. Mechanical properties of DCY/DCY-AgNW-PDMS and effects of dip-coating times and H, plasma treatment on the
electrical conductivity of DCY-AgNW. (a) A fabricated composite fiber of 4 cm was stretched to 17 cm by hand. Larger strain
could be obtained with the help of a universal testing machine. (b) The flexible composite fiber conformed well to a human
finger and wrist, demonstrating its possible utilization in wearable electronics. (c) Typical stress—strain curves of DCY, DCY-
AgNW, and DCY-AgNW-PDMS. (d) Variation of the mass fraction of AGQNW in DCY-AgNW and the conductivity of the DCY-
AgNW before and after H, plasma treatment along with dip-coating times of AQNWs. (e) SEM image of the AgNW networkon a
CF surface before H, plasma treatment. The inset is the magnified SEM image for a localized position. (f) SEM image of the
AgNW network on the CF surface after H, plasma treatment. The inset is the magnified SEM image for a localized position.
Scale bar of the main SEM images in (e) and (f) is 10 um. Scale bar of the inset images in (e) and (f) is 2 um.

surface of the CFs of the DCY (Figure 1b), resulting in a
DCY covered with AgQNWs (DCY-AgNW). The dip-coating
process is similar to the “dyeing” process in the
textile industry, which has been utilized for the fabrica-
tion of electronic textiles.'’*73° Subsequent to the
“dyeing” of AgNWs, for the sake of higher conductivity,
the DCY-AgNW was then treated with H, plasma to
remove the polyvinylpyrrolidone (PVP) accompanying
the AgNW as a dispersing agent in solution (Figure 1c,
discussed later). Finally, the DCY-AgNW was encapsu-
lated by a thin PDMS layer via dip-coating (Figure 1d).
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The PDMS played roles in strengthening the structure
mechanically and anchoring AgNWs onto the surface
of the CFs. No measurable damage of conductivity was
brought about by the coating of PDMS. The CFs
twining around the PU fiber, acting like a “twining
spring”, is key to the outstanding performance of the
composite fiber. The as-prepared composite fiber is
highly elastic (Figure 2a) and can conform well to
arbitrary curvilinear surfaces, including human body
parts, such as fingers and wrists (Figure 2b), suggesting
its possible application in wearable electronics. As a
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consequence of the chemical stability of its compo-
nents, the electrical performance of the composite
fiber showed no deterioration over a long span of
time, at least for 6 months (Figure S3, Supporting
Information). The mechanical properties were evalu-
ated using tensile stress versus strain measurements
(Figure 2c). The DCY, DCY-AgNW, and DCY-AgNW-
PDMS ruptured at a strain above 500% (510%, 530%,
and 560%, respectively). The calculated elastic moduli
for DCY, DCY-AgNW, and DCY-AgNW-PDMS were
12.06, 13.64,and 10.1 MPa, respectively. We speculated
that the coating of AgNW onto the surface of CFs
hardened the composite fiber surface, which increased
the elastic modulus. After PDMS coating, the curing
process (80 °C, 4 h) softened the PU fiber, thus decreas-
ing the elastic modulus. Note that the rupture strain
here referred to the failure strain of the PU fiber, as the
CYs could extend much longer.

The solution dip-coating method adopted here
gives us not only the advantage of mass manufacturing
but also the feasibility to tune the conductivity of the
composite fiber with ease by controlling the density of
AgNWs coated onto the CYs through varying the dip-
coating times of the AgNWs. Figure 2d illustrates the
dependence of the AQNW mass fraction in DCY-AgNWs
and the conductivity of the composite fiber on the
number of dip-coating times. As the dip-coating times
increase from 2 to 20, the mass fraction of AQNW in
DCY-AgNW increases almost linearly from 1.32% to
21.24% and the AgNW network on the surface of
the DCY becomes thicker (Figure S4, Supporting
Information). What is more, the gaps between the
adjacent CYs are bridged by a continuous AgNW net-
work especially when high concentrations of ANW are
used (Figure S4f, Supporting Information). The electri-
cal conductivity of DCY-AgNW is measured before and
after the H, plasma treatment. Within the initial 10 dip-
coating times, the conductivity of DCY-AgNW before
H, plasma treatment ascends slowly from 15 S/cm
(2 dip-coatings) to 376 S/cm (10 dip-coatings) and then
soars exponentially to 3013 S/cm at 20 dip-coating
events. After H, plasma treatment, clearly the conduc-
tivity is promoted to, correspondingly, 100 S/cm at
2 dip-coating events, 753 S/cm at 10 events, and
4018 S/cm at 20 events. The SEM images (Figure 2ef,
Figure S5) compare the AgNW networks on a single CF
before and after H, plasma treatment. Before the
treatment, the PVP aggregates at the junction posi-
tions of the AQNW network (Figure 2e). After treatment,
most of the residual PVP is effectively gotten rid of by
the reduction of H, plasma (although not completely;
FTIR results in Figure S59), resulting in a relatively clean
AgNW network compared with before (Figure 2f). Con-
ceivably, this contributes to far more intimate contact
at the junctions of AgNWSs, accounting for the remark-
able promotion of conductivity. The improvement of
electrical conductivity by virtue of H, plasma treatment
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demonstrates a novel and valid approach to promot-
ing the performance of devices based on metallic
nanowires involving undesired polymer residues.***'

The key to realizing stretchable electronics is the
simultaneous incorporation of excellent mechanical
robustness and relatively stable electronic perfor-
mance. The effect of imposed severe deformation,
such as stretching and bending, on the electrical
conductivity of DCY-AQNW-PDMS is systematically in-
vestigated here. Figure 3a records the conductivity of
DCY-AgNW-PDMS of different AQNW mass fractions
during their being stretched uniaxially up to a strain of
500%. The five samples with varying AgNW mass
fraction all went through a gradual decline of conduc-
tivity along with the strain up to 500%. For a sample
with 21.24 wt % AgNW, the conductivity varied from
4018 to 688 S/cm as the strain increased from 0%
to 500%, 603 to 120 S/cm for 8.01 wt %, and 100 to
40 S/cm for 1.32 wt %. The samples outperformed the
vast majority of nanomaterial-based stretchable con-
ductors to date. A nanocomposite fabricated from CNT
and silver flakes as a stretchable conductor showed a
conductivity degradation from 5710 S/cm to 20 S/cm
as the strain rose from 0% to 140% (rupture strain).'”
Another work reported a conductive composite mat
of silver nanoparticles and rubber fiber gained a high
conductivity of 5400 S/cm, and the conductivity drop-
ped to 610 S/cm at a strain of 140% (larger strain
caused irreversible damage to conductivity).** Yu et al.
fabricated a stretchable conductor (conductivity of up
to ca. 10.25 S/cm) based on a polyurethane sponge and
AgNW, which exhibited a resistance increase of 160%
at the final strain of 100%.** We here propose that the
capability of stretchable conductors to maintain the
conductivity after being stretched could be evaluated
by the figure of merit (—Ao/0,)/e, where g, is the initial
conductivity and Ao is the variation of conductivity
after being stretched to a strain of €. Clearly, the smaller
the figure of merit, the higher the capability for the
stretchable conductor to preserve its conductivity.
The figures of merit for the above-mentioned cases
are 0.712 at a strain of 140%'” and 0.634 at a strain of
140%,* respectively. In our work, the figures of merit
for the composite conducting fiber are 0.251, 0.199,
0.193, 0.2, and 0.166 at strains of 100%, 200%, 300%,
400%, and 500%, respectively, indicating the superior
stability of conductivity during the deformation.

To understand the conductivity degradation, we
traced the microstructure variation of DCY, DCY-AgNW,
and DCY-AgNW-PDMS during the stretching from
a strain of 0% to 400% and releasing back to 0%
(Figure 3b; Figures S6 and S7 in the Supporting
Information). Figure 3b demonstrates the typical mi-
crostructure morphology of a composite fiber at dif-
ferent stretching stages. The investigated composite
fiber here and in the later part all had a AQNW mass
fraction of 21.24 wt %, unless otherwise specified.
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Figure 3. Electrical properties of DCY-AGNW-PDMS under mechanical deformation (stretching/bending) and its application
in a LED circuit. (a) Variation of electrical conductivity of DCY-AQNW-PDMS with different AgNW mass fractions versus the
tensile strain up to 500%. (b) Optical microscopic images of typical microstructure morphology of DCY-AGNW-PDMS at
different stretching stages from strains of 0% to 400% and back to 0%. Scale bar (for all strain stages): 100 um. (c) Conductivity
of DCY-AgNW-PDMS (4018 S/cm originally) after increasing stretching times at strains of 50%, 100%, 200%, and 300%,
respectively. (d) SEM images of DCY-AgNW-PDMS after the cyclic stretching test at strains of 50%, 100%, 200%, and 300%,
respectively. The red arrows mark the PDMS gaps in between neighboring CFs caused by cyclic stretching. Scale bar: 500 um.
(e) Conductivity of DCY-AgNW-PDMS versus the bending degree from flat to 2 mm and back to flat. For convenience, the
distance between the two ends of the bent fiber was taken as the assessment of the degree of bending. The photographs are
the composite fiber bent at varying bending degree, from flat to 6 mm, to 4 mm, and back to flat. The inset is the cyclic
bending test of DCY-Ag-PDMS at a bending degree of 4 mm. (f) Photographs of an LED integrated by DCY-AQNW-PDMS at 4V,
from a strain of 0% (10 mm) to 500% (60 mm) and back to 0% (10 mm). Scale bar: 10 mm. To obtain a panoramic view, the
second photograph was taken from a farther distance than the first and third photographs. (g) Current—voltage
characteristics of an LED measured at different stretching stages from a strain of 0% to 500% and back to 0%.

As the composite fiber was stretched, the highly elastic
PU fiber elongated. At the same time, the spiral CYs
twining around the PU fiber axis went through two
changes: On one hand, the winding angle of the CYs
increased; on the other hand, gaps between CYs
emerged and broadened through the stretching
(as seen in Figures S6 and S7, Supporting Information).
Both the two changes allowed the DCY to experience
large strains without actually stretching the CFs.
Consequently the AgNW network confined on the
surface of the CFs went through little damage during
stretching, contributing to a stable conducting path
along the CFs. Inevitably, however, the elongation of
the composite fiber led to gaps in between the CYs

CHENG ET AL.

(Figures S6 and S7, Supporting Information), resulting
in detaching of the neighboring CFs at the gap position
(marked by red arrows in Figure 3b), which conse-
quently disrupted the connection bridged across
adjacent CFs by AgNWs (Figure S4f, Supporting
Information). The above analysis explains well the high
conductivity of the composite fiber and the moderate
degradation along with stretching. Also note that the
microstructure of DCY-AgQNW-PDMS almost reverted
to the initial state after being released to a strain of
0% again.

We further undertook a cyclic stretching test of the
conductive composite fiber so as to evaluate the
stability of the electrical property, which was a crucial
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factor from the viewpoint of practical applications.
Figure 3c illustrates the conductivity of DCY-AgNW-
PDMS (4018 S/cm originally) after cyclic stretching at
strains of 50%, 100%, 200%, and 300%, respectively.
From the results, for the testing of 50%, 100%, and
200%, the conductivity of DCY-AgNW-PDMS under-
went a decrease within the initial ~100 stretching
events and then leveled off at conductivities of 1913,
287, and 183 S/cm, correspondingly, even up to 1000
stretching events. For the testing of 300%, the con-
ductivity diminished as the cycling time increased and
fell to 1.6 S/cm after 400 times. In fact, the conductivity
of the composite fiber was still as high as 48 S/cm even
after 100 cyclic stretching events of 300% strain, which
was an extremely rigorous test. Also particularly worth
mentioning is that the maximal strain for the cyclic
stretching test in our study significantly exceeded
the standards for other nanomaterial-based stretch-
able conductors, such as a maximal testing strain
for cyclic stretching of 20—50%,'>7212427,304344
60—100%,'92%?°314% and 110—150%.'®***? This un-
doubtedly makes our composite fiber a superior
candidate for stretchable conductors, especially in
high-demand applications involving large (>150%)
strain deformation. In order to unravel the mechanism
underlying the outstanding performance under cyclic
stretching, the morphology of composite fibers after
the cyclic stretching test was characterized by SEM, as
shown in Figure 3d. The composite fiber was comple-
tely encapsulated within a PDMS layer (Figure 1d) after
the dip-coating and curing of PDMS. As the composite
fiber was stretched, the neighboring CFs detached
from each other (discussed above), resulting in cracks
in the PDMS in between neighboring CFs. The cracks
grew into gaps in the PDMS layer under cyclic stretch-
ing (marked by red arrows in Figure 3d). Nevertheless,
the PDMS around the surface of the CFs stayed intact
favorably during cyclic stretching at strains of 50%,
100%, and 200%. As a consequence, the conducting
path along the CF was protected, ensuring relatively
stable conductivity even under cyclic stretching up to
200% strain. However, as seen in Figure 3d, a large
number of stretching events at a strain of 300%
destroyed the structure of DCY-AgNW-PDMS. Peeling
off of the PDMS layer from the CF surface occurred after
multiple high-strain stretching events, thus disrupting
the AgQNW network protected under the polymer layer
initially, which accounted for the deterioration of
electrical conductivity of DCY-AgNW-PDMS under
cyclic stretching at a strain of 300%. As a comparison,
the cyclic stretching test was also carried out on
DCY-AgNW. However, obvious flaking off of AQNWs
took place when stretched to a strain above 100%
(Figure S7, Supporting Information), which undoubt-
edly rendered the DCY-AgNW more susceptible to
conductivity deterioration (Figure S8, Supporting
Information). The comparison results proved the
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effective and necessary protection supplied by
PDMS.

The effect of bending on the electrical conductivity
of the composite fiber was investigated. A 10 mm fiber
was bent from flat to a bending degree of 2 mm
gradually and then back to flat. Figure 3e clearly
indicates that the conductivity of the composite fiber
remained constant even when bent to a bending
degree of 2 mm and straightened to flat. Further cyclic
bending testing at a bending degree of 4 mm sug-
gested that the conductivity of the composite fiber
remained perfectly stable even after 1000 bending
events, without any sign of degradation (Figure 3e
inset).

The electrical performance of the composite fiber
was visually demonstrated via illuminating a light-
emitting diode (LED) as stretchable electric wiring.
The LED stayed operational at a voltage of 4 V when
stretched from a strain of 0% up to 500% and then back
to 0%. As seen in Figure 3f, no conspicuous degrada-
tion of brightness was noticed during the stretching
and releasing. The current—voltage response curve of
the LED was examined during the stretching up to a
strain of 500% and releasing back to 0% (Figure 3g).
The LED was turned on when the applied voltage was
greater than 2.8 V due to the energy band gap of the
LED. The current decreased as the electric circuit was
stretched to a larger strain, and the current—voltage
characteristics were partly recovered when the strain
was released. In addition, a cyclic stretching/releasing
test at strains of 50%, 100%, and 150% continuously
was implemented using the composite fiber as circuit
wiring for an LED (Supplementary Movie 1).

Large-area stretchable electronics is one of the most
cutting-edge and yet extremely challenging research
fields currently. Nevertheless only limited progress has
been made through exploiting the construction of
stretchable circuitry with a “spring within a spring”
configuration, which usually involved time-consuming,
costly, and complex technological processes such as
electron beam evaporation, electroplating, soldering,
photolithography, and chemical etching.'>'® Herein,
we demonstrated for the first time a fairly simple,
straightforward, yet highly efficient method for inte-
grating commercial electronic components onto a
transparent, bendable, and stretchable substrate, by
taking full advantage of our highly conductive and
stretchable composite fibers. Figure 4a shows the 4 x 3
LED arrays on a transparent and stretchable substrate.
The integration of the LED arrays onto the stretchable
substrate was quite simple and straightforward (details
in the Methods and Figure S9, Supporting Information).
The prepared LED array device exhibited high trans-
parency and was lit up at 3 V (Figure 4b from the front,
Figure 4c from the back). Figure 4d demonstrates the
LED arrays shining during the cyclic bending test
(Supplementary Movie 2). Figure 4e shows an image
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Figure 4. Transparent, bendable, and stretchable LED arrays using DCY-AgNW-PDMS in the electric circuitry. (a) Integrated
LED arrays on a transparent and stretchable substrate. (b) LED arrays lit up at 3 V, from the front. (c) LED arrays litup at3 V,
from the back. (d) LED arrays kept operational when bent; no obvious weakening of the light intensity was observed in the
cyclic bending test. (e) LED arrays stayed operational when stretched to a strain of 30%.

of the shining LED arrays at 0% strain (left) and
30% strain (right). The LEDs all stayed operational
(Supplementary Movie 3). These testing results suc-
cessfully proved the potential application prospects of
the composite fiber in large-area stretchable electro-
nics as a robust and stretchable electrical wiring
system.

Nowadays implantable devices frequently require
stretchable electrical interconnects, and a critical con-
sideration is the biocompatibility for long-term im-
plantation in the body. To test the biocompatibility of
the composite fiber, samples of DCY-AgNW-PDMS (cut
into 5 mm lengths) were implanted underneath the
dorsal epidermis of mice for 8 weeks. As indicated in
Figure S10 (Supporting Information), no obvious in-
flammation was observed even after 8 weeks, verifying
the biocompatibility of the composite fiber. This paves
the way for its potential applications in implantable
biomedical fields including human-motion detection,
prosthetics, and monitoring of biosignals.

Itis noteworthy that our fabrication strategy is highly
versatile. For example, we can employ other nano-
materials, such as CNT and graphene, as the conducting

METHODS

Fabrication of DCY-AgNW-PDMS. The double-covered yarn is
widely and easily accessible in the textile market. First the
DCY was cleaned in ethanol with ultrasonic treatment for about
10 min and dried in air. The DCY was then dipped into a
condensed AgNW dispersion in ethanol (average length of
20 um, average diameter of 120 nm, 20 mg/mL, from XFNANO
Corporation, trace amounts of PVP in the AgNW dispersion to
promote dispersibility) for 5 s and immediately dried using a
blow dryer. This dip-coating process was repeated as needed to
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components to obtain stretchable and conductive
composite fibers with tunable performance. Further-
more, this unique “twining spring” architecture can be
extended to diverse materials for the preparation of
specially functionalized composite fibers with superb
stretchability.

CONCLUSIONS

In summary, we have developed a novel and facile
approach to fabricating highly conductive and ultra-
stretchable composite fibers with a unique “twining
spring” configuration for stretchable electronics, which
is inexpensive and already scalable for industry. The
composite fiber provided high electrical conductivity
even up to a strain of 500% and possessed a superb
cyclic property. Its prospects in large-area stretchable
electronics were demonstrated by integrating LED
arrays on a transparent and stretchable substrate. We
also confirmed the biocompatibility of the composite
fiber to set the stage for its application in implantable
biomedical devices. In addition, our fabrication strat-
egy is versatile and can be extended to diverse materi-
als for preparation of functionalized composite fibers.

obtain AgNW-dyed yarn with varying conductivity. Then the
DCY-AgNW was treated in H, plasma for 15 min. After that,
liquid PDMS precursor (a 10:1 mixture of the PDMS prepolymer
and curing agent) was dropped onto the surface of the yarn,
leaving the two ends naked for electric connection. Lastly the
PDMS-coated yarn was kept in a vacuum oven at 80 °C for 4 h.

Fabrication of LED Arrays Using Stretchable and Conducting Composite
Fibers. A liquid PDMS precursor (a 10:1 mixture of the PDMS
prepolymer and curing agent) was poured into an elastomer
mold and cured at 70 °C for 10 h, obtaining a transparent and
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flexible polymer substrate (8 cm x 8 cm). Then LEDs were fixed
manually into the PDMS substrate in arrays of 4 x 3 by inserting
the pins of LEDs into the polymer substrate (~1 mm in depth).
Subsequently, fibers of DCY-AgNW (10 cm in length) were
utilized as stretchable electrical wiring to integrate the LEDs in
series. To enhance the electrical contact, a small amount of
silver paste was smeared at the contacting position between
LED pins and DCY-AgNW fibers. Lastly, a thin layer of PDMS was
coated on the upper surface of the polymer substrate to fix and
insulate the circuitry.

Instrumentation. Scanning electron microscopy images were
taken using a Hitachi S-4800 FE-SEM. The stress versus strain
properties were measured with a high-precision electronic
universal testing machine (CMT6103, MTS Systems (China)
Co., Ltd.). The stretching and bending tests of the composite
fiber were also carried out on the CMT6103 universal testing
machine. The four-point method is inconvenient for the real-
time electrical resistance testing of the samples under mechan-
ical deformation. Therefore, the electrical conductivity of the
composite fibers was measured by a two-probe method with
a FLUKE-15B digital multimeter (detailed measurement and
calculation in the Supporting Information).
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