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Stretchable fiber conductors are promising for constructing high-performance wearable electronic
devices due to their one-dimensional shape, small size, light weight, and excellent integrability. Here, we
report the fabrication of a super stretchable fiber conductor by simply dip-coating silver nanowires
(AgNWSs) on electrospinning-derived porous poly(styrene-block-butadiene-block-styrene) (SBS) yarn.
The stretchable fiber conductor is denoted as AgNWs@pSBS. This fiber possesses super stretchability
and high electrical conductance. Compared with the fiber using nonporous elastomer fiber as the
substrate, the AgNWs@pSBS fiber here possesses remarkably enhanced electrical stability and
mechanical robustness. This fiber could be encapsulated by a porous elastomer sheath through in situ
electrospinning of SBS microfibers for protection and insulation purpose, while its electrical stability and
mechanical robustness could be further enhanced. With super stretchability, high conductivity, electrical

Received 7th January 2023, stability, and mechanical robustness, the stretchable fiber conductor developed here is promising for

Accepted 23rd March 2023 transmission of electrical power or signals for wearable electronics. As a proof-of-concept, we
DOI: 10.1039/d3ma00013c demonstrate that, with a stretchable fiber conductor as the electrical circuit, an LED light and a
loudspeaker could operate normally without obvious performance degradation irrespective of whether

rsc.li/materials-advances the fiber was relaxed or seriously deformed.

devices, fiber-shaped devices are softer, lighter, and more
compliant with the curvilinear surfaces of the human body."*

1. Introduction

Stretchable electronics are essential for practical wearable
applications from personal healthcare, and human activity
monitoring, to human-machine interfaces."” Traditional
stretchable electronic devices were mostly made with a low-
permeable elastomer (typically silicone rubber) film as the
substrate, which is not ideal for wearable applications (requir-
ing high breathability).>'® Recently, fiber-shaped stretchable
electronic devices have been drawing more and more interest
from academia and industry.”*™® Compared with film-type

“State Key Laboratory of Luminescent Materials & Devices, Guangdong Engineering
Technology Research and Development Center of Special Optical Fiber Materials
and Devices, Guangdong Provincial Key Laboratory of Fiber Laser Materials and
Applied Techniques, School of Materials Science and Engineering, South China
University of Technology, Guangzhou 510641, China

b Research Center for Humanoid Sensing, Zhejiang Lab, Hangzhou, 311100,

P. R. China. E-mail: zhijma@scut.edu.cn

¢ Zhejiang Chinese Medical University, Hangzhou, 311100, P. R. China.
E-mail: zhsrenl@163.com

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3ma00013c

1978 | Mater. Adv, 2023, 4,1978-1988

Meanwhile, they can be conveniently integrated into various
textiles without degrading the breathability and physical com-
fort of the substrates.">"® On the other hand, the fiber-shaped
configuration is the ideal form for transmitting electrical power
and signals, resembling the functionalities of traditional elec-
trical wires. To date, various fiber-shaped stretchable devices,
such as solar cells,"”*° supercapacitors,”®*" lithium-ion
batteries,** sensors,* >’ actuators,”® > etc., have been reported.

As the basic building block of fiber-shaped stretchable
electronic devices, stretchable fiber conductors have been
drawing increasing research interest.*! Their applications can
be roughly divided into three categories: firstly, as a piezo-
resistive component for strain sensing;*** secondly, as elec-
trical wires for transmitting electrical power or signals;**™°
thirdly, as an electrode of devices, such as solar cells, capaci-
tors/supercapacitors, batteries, etc. for charge collection.*™**
The first application requires stretchable fiber conductors
with sensitive, wide-range, and linear piezoresistive properties
to enable good strain-sensing performance. For the second
and third applications, in addition to high stretchability and
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conductivity, stretchable fiber conductors should have high
electrical stability, i.e., low resistance change during elonga-
tion, to enable stable working performance of the devices.
Meanwhile, robust endurance to repeated deformation is also
required to provide long-term stable operation. To date, some
pioneering works regarding the preparation of stretchable fiber
conductors with high electrical stability have been reported.
For example, Z. Liu and R. H. Baughman et al. prepared super-
stretchable conductive fiber with hierarchically buckled sheath
by wrapping aligned carbon nanotube (CNT) sheets on pre-
stretched elastomer fiber (pre-stretch and wrapping strategy).*>
By this strategy, a quality factor (Q value, the strain of the
material divided by the resistance change of the material) of
421 at a strain of 905% was achieved. Similarly, a strain-
insensitive fiber conductor with a worm-shaped buckled graphene
microlayer sheath was prepared.’® Although super-stretchability
and very high electrical stability were achieved by the “pre-stretch
and wrapping” strategy, it is difficult to obtain high conductivity
due to the intrinsic low conductivity of CNTs and graphene sheets.
Very recently, continuous fabrication of liquid metal sheath-core
stretchable fiber that simultaneously possesses super-stretchability
(1170% strain), high conductivity (4.35 x 10* S m™") and excellent
electrical stability (4% resistance increase at 200% strain) was
realized via a triaxial-nozzle wet spinning approach.”” However,
the insulating sheath of the fiber may bring about difficulty in
electrical interconnection of the fibers or connecting with other
electrical components.

Silver nanowires (AgNWs) have been employed as an excel-
lent conductive reagent to fabricate stretchable fiber conduc-
tors due to their high conductivity and large aspect ratio.
Meanwhile, controlled mass synthesis of AgNWs with excellent
dispersing ability in water or alcohol could be achieved by a
one-step polyol method.**° The fabrication of stretchable
fiber conductors with AgNWs was usually performed using a
mixing strategy (dispersing AgNWs in an elastomer to form a
mixture, which was then spun into fibers) or a coating strategy
(coating AgNWs on the surface of elastomer fibers by dip-
coating or spray-coating to form core-sheath fibers).>'® Com-
pared with the mixing strategy, the coating strategy is easier to
be implemented. In addition, as the AgNWs can contact with
each other more closely without the spatial isolation from the
elastomer matrix, it is much easier for this method to achieve
high electrical conductivity. Nevertheless, the stretchability and
electrical stability of such core-sheath fibers were usually poor
due to irreversible microcracking of the AQNW sheath.

Here, we report the fabrication of a stretchable fiber
conductor by dip-coating AgNWs on electrospinning-derived
porous SBS yarn. The fiber was denoted as AgNWs@pSBS.
Benefitting from the porous structure of the SBS yarn, in
addition to super-stretchability (2970% strain) and low resis-
tance (2.2 Q cm ™), the AgNWs@pSBS fiber also possesses high
electrical stability (Q value = 0.22 at 114% strain) and mechanical
robustness to repeated stretching, twisting, tearing, rubbing
and long-time washing. Further enhancement of electrical
stability and mechanical endurance could be achieved by coat-
ing an additional layer of SBS microfiber sheath on the fiber via
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post in situ electrospinning. As a proof-of-concept application,
we demonstrate that the stretchable fiber here could provide
reliable transmission of electrical power or signals to support
stable operation of an LED light and a loudspeaker under
serious deformation of the fiber.

2. Experimental methods
2.1 Fabrication of the AgNWs@pSBS fiber

SBS was dissolved in 1,2-dichloroethane (Macklin D807843-500 mL
107-06-2 AR, 99%) to form transparent and viscous solutions
with concentrations of ~17 wt%, ~20 wt% and 25 wt % for
electrospinning. A stainless-steel wire with a length of 50 cm
and a diameter of 200 um was used as a collector for collecting
the electrospun SBS microfibers. By moving the nozzle back
and forward during electrospinning, the microfibers could be
deposited over the surface of the steel wire homogeneously. The
collecting distance and applied voltage were set at 22.5 cm and
13.5 kV, respectively. The feeding rate of the SBS solution was
setas4 mL h™', 8 mL h™' and 12 mL h™'. After 5 minutes, the
deposited SBS microfibers were peeled off from the metal
wire to form a hollow-core porous yarn. The AgNW solution
(XFNANO materials Tech Co., Ltd; average diameter and corres-
ponding mean square error: ~76 nm and 0.19; concentration:
20 mg mL'; refer Fig. S1 (ESI{) for the micro-morphology
and thickness distribution) was centrifuged for 5 minutes at
4000 rpm to remove the excess surfactant. Then isopropyl
alcohol (Macklin1811925 CAS: 67-63-0 AR, >99.5%) with an
equal volume to the removed supernatant was added to the
AgNW solution. Finally, the electrospun SBS yarn was treated by
dip-coating with the AgNW solution and thoroughly dried at
room temperature for 10 minutes to obtain the AgNWs@pSBS
fiber. The process for loading of AgNWs could be repeated to
change the mechanical and electrical properties of the stretch-
able fiber conductors. The overall fabrication process of the
AgNWs@pSBS fiber is schematically shown in Fig. 1(a). In fact,
continuously long fiber can be fabricated by modifying the step
for electrospinning preparation of the SBS yarn of the above
strategy. As schematically illustrated in Fig. S2 (ESIY), after
collection for certain time, when a desired diameter of the SBS
yarn was achieved, about 80% length (40 cm) of the metal wire
was extracted out of the SBS yarn (with ~10 cm left in the SBS
yarn). Then the metal wire, with one end still being covered
by ~10 cm length of SBS yarn, was used as the collector for
collecting electrospun SBS fibers. The newly collected SBS yarn
partly overlapped with the previously collected SBS yarn at one
end of the metal wire (~10 cm) to form an integral yarn. The
above operation was repeated to finally obtain a continuous
SBS yarn with a desired length. Loading of AgNWs was per-
formed with a similar operation process to the above men-
tioned. In this work, the concentration of the SBS solution and
its feeding rate during electrospinning were varied, in order to
investigate the influence of the porous nature of the electro-
spun SBS yarn on the mechanical and electrical properties of
the AgNWs@pSBS fibers. Here, three kinds of SBS yarns were
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(a) A scheme for fabrication of the AgNWs@pSBS fiber. (b)—(e) Scanning electron microscopy (SEM) images of a pSBS-20-8 yarn (b and c¢) and

anAgNWs@pSBS-20-8 fiber (d and e) collected from the sidewall. (f) Photo of an AQNWs@pSBS-20-8 fiber with a length of ~3 m that is wound around a

paper cylinder.

prepared and used as substrates for preparing AgNWs@pSBS
fibers (3 cycles for dip-coating of AgNWs were employed). The
concentrations of the SBS solution for these three yarns were
~17 wt%, ~20 wt% and 25 wt%, while the feeding rates of SBS
solution during electrospinning were 4 mL min~", 8 mL min~"
and 12 mL min~", respectively. The corresponding SBS yarns
were termed as pSBS-17-4, pSBS-20-8 and pSBS-25-12, while the
corresponding AgNWs-pSBS fibers were termed as AgNWs@
PSBS-17-4, AgNWs@pSBS-20-8 (typical sample throughout the
manuscript) and AgNWs@pSBS-25-12 (the numbers 17, 20 and
25 refer to the concentrations of SBS solution, while the
numbers 4, 8, and 12 refer to the feeding rate of SBS solution
in electrospinning).

2.2 Encapsulation of the AgNWs@pSBS fiber

Encapsulation of the AgNWs@pSBS fiber was performed by in situ
deposition of electrospun SBS microfibers using an AgNWs@
PSBS-20-8 fiber as the collector. Briefly, two pieces of copper wires
(0.08 mm in diameter) were wound on both ends of an
AgNWs@pSBS-20-8 fiber. The fiber was hanging parallel to the
ground by fastening the copper wires on its ends to one pair of
iron supports. The collecting distance, applied voltage and feeding
rate of the SBS solution were set as 22.5 cm, 13.5 kv and 8 mL h™,
respectively. After tuning the direction of the spinning nozzle to a
suitable angle (perpendicular to the AgNWs@pSBS-20-8 fiber), the
electrospinning of SBS microfibers was performed. After electro-
spinning for 5 minutes, an encapsulated AgNWs@pSBS-20-8 fiber
was prepared, which was termed as pSBS@AgNWs@pSBS.

1980 | Mater. Adv, 2023, 4,1978-1988

2.3 Fabrication of the nonporous stretchable fiber conductor
(as a control)

First, a nonporous SBS fiber was prepared by a multi-material
thermal drawing method.”” Briefly, an SBS rod with a diameter
of 19.5 mm was inserted into a PMMA tube with a diameter of
30 mm and a wall thickness of 5 mm to form a PMMA®@SBS
preform with a core@clad structure. Then the SBS@PMMA
preform was thermally drawn into a continuous fiber with a
diameter of ~930 um on a home-made fiber drawing tower.
The composite SBS@PMMA fiber was treated by soaking in
acetic acid at a temperature of 60 °C for 30 min to remove the
PMMA clad. The obtained SBS fiber was rinsed with ethanol
and thoroughly dried in an oven. Finally, the nonporous SBS
fiber with similar experimental parameters to those of the
AgNWs@pSBS fiber was treated by dip-coating for loading
AgNWs. The nonporous fiber was termed as AgNWs@npSBS.

2.4 Characterization

Scanning electron microscopy (SEM, Quanta200, Hitachi) was
used to investigate the micromorphology of the samples.
To obtain a fresh cross-section, we first soaked the samples
in liquid nitrogen and then cut the samples with a surgical
blade after the samples became crisp. All the SEM images were
collected in secondary electron mode with a working voltage of
10-20 V. In addition, we also obtained the elemental distribution
at the cross section of the samples by electron diffuse spectroscopy
(EDS) working in a 2D scanning mode. The porosity of the pSBS

© 2023 The Author(s). Published by the Royal Society of Chemistry
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yarns, AgNWs@pSBS fibers and pSBS@AgNWs@pSBS fibers was
measured by a mercury intrusion method with high-performance
automatic mercury intrusion equipment AutoPore V9620. Five
8.8 cm-length AgNWs@pSBS-20-8 or pSBS@AgNWs@pSBS fibers
were prepared for measurement. The volume of the pore can be
obtained by measuring the amount of mercury entering the pore
under different external pressures. The larger the pressure is, the
smaller the pore size is. The porosity is calculated by the following
formula:

Pr=2ycosl

where P is the external pressure applied by the equipment, r is
the pore size of the porous structure into which the external
pressure enters, 0 is the contact angle of mercury to the solid,
and y is the surface tension of the mercury.

The mechanical properties of the samples were tested with
an Instron 5599 universal testing system. To investigate the
maximal stretchability of the fibers, all the samples were
continuously stretched with a speed of 60 mm min ' to the
breaking strain to obtain the stress-strain curves. The stress—
strain hysteresis curves of an AgNWs@pSBS-20-8 fiber with a
free length of ~3 cm were also recorded under different strains
(the stretching speed was also 60 mm min ).

The electromechanical properties of AgNWs@pSBS,
PSBS@AgNWs@pSBS and AgNWs@npSBS fibers were mea-
sured with a homemade system composed of a computer-
controlled stretching machine and a Keithley 2400 source
meter. First, the fibers were cut into short pieces of approxi-
mately 2 cm in length. After fixing the samples on the stretch-
ing machine, silver paste was applied on both ends of the fibers
to ensure good electrical contact during the measurement.
During stretching, the resistance variation of the samples was
simultaneously monitored and recorded using a computer. The
resistance-strain hysteresis nature of an AgNWs@pSBS-20-8
fiber under different strains was also studied in a similar
way. To investigate the robustness to torsion, the samples with
a length of ~5 cm were repeatedly twisted with a degree of 360°
using a motor-controlled rotator. During twisting, the resis-
tance changes of the fibers were monitored using a Keithley
2400 source meter and recorded using a computer.

Specifically, the anti-rubbing test was carried out according
to the International Organization for Standardization (ISO 105).
First, the fibers with copper wire electrodes on both ends were
fixed, by an adhesive tape, to a steel ruler with a weight of 65 g.
During the test, the steel ruler was moved on a Chinlon cloth
with the fiber side contacting the cloth. Each cycle, the ruler
was moved by 10 cm, after which, the resistance of the fibers
was measured.

The anti-tearing test of fibers was performed according to
ASTM D903 standard. First, the fibers were fixed with a double-
sided adhesive tape on a steel plate, and then a piece of 3M
scotch tape was neatly attached onto the top side of the fibers.
A counterweight (500 g) was put on the scotch-tape-covered
fiber for 30 s to ensure tight combination of the scotch tape and
the fibers. The scotch tape was then peeled off from the fibers

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with a constant separation rate of 2.5 mm s~ '. After each cycle,
the resistance of the samples was measured.

For the anti-washing test, the fibers with both ends wound
by one pair of copper wires as the electrodes were soaked in
water in a glass beaker and agitated with a magnetic stirrer at a
speed of ~750 rpm at room temperature. The resistance of the
samples was measured after every 10 minutes of washing, and
the whole process took 2 h.

For wearable electronic devices in daily use, the influence
from human body perspiration and liquids from the environment
should be taken into consideration seriously. Here, endurance to
sweat and water of the pSBS@AgNWs@pSBS fiber was investi-
gated. First, the water contact angle on the pSBS@AgNWs@pSBS
fiber was measured using an OCA40 Micro surface tension and
contact angle tester. Then, 2 pieces of pSBS@AgNWs@pSBS fibers
with end winded by a copper wire as the electrode were plied
together, and then soaked in artificial sweat with a pH value of
5.5 or tap water. The electrical resistance between the fibers was
monitored using a Keithley 2400 source meter and recorded using
a computer. After soaking for 10 h, the plied fibers were picked
out and completely dried for another test.

3. Results and discussion

The pSBS-20-8 yarn with a hollow core (formed due to extrac-
tion of the metal wire collector) was composed of electrospun
SBS microfibers with an average thickness of ~7.3 um (Fig. 1(b)
and (c)). As the ultra-long AgNWs adhered compliantly to the
rugged surface of the SBS yarn, the AgNWs@pSBS-20-8 fiber
presented a wrinkled appearance. Meanwhile, the random
stacking of the AgNWs imparts the fiber with another level of
porosity with an average pore size of ~350 nm, which is also
important to improve the permeability of the fiber (Fig. 1(d)
and (e)). By a mercury intrusion method, the porosity of the
AgNWs@pSBS-20-8 fiber was measured as ~69% with a pore
size distribution mainly in the range of 2-100 pm (Fig. S3,
ESIT). Such a porous structure, on one hand, endowed the fiber
with high permeability to allow good wearing comfort. On the
other hand, it could impart the AgNWs@pSBS-20-8 fiber with a
very low volume density of 0.37 g cm ™, being much lower than
stainless-steel wire (3.16 g cm*), commercial cotton yarn
(0.68 g cm™?), chinlon yarn (1.32 g cm™>), and polyester yarn
(1.27 g em™?) (Fig. S4, ESIt). The AgNWs@pSBS-20-8 fiber
possesses a round-shape cross-sectional configuration, and its
average diameter and the corresponding mean square error
(MSE) were measured as ~1.3 mm and 0.05 (Fig. S5 and Table
S1, ESIT). By using a lab-scale electrospinning machine, we
have been able to fabricate a continuous AgNWs@pSBS-20-8
fiber with a length of ~3 meters (3 cycles treated) (Fig. 1(f)).
The properties of the AgNWs-pSBS fibers could be tuned by
the porosity of the SBS yarn and the dip-coating cycles for
loading AgNWs. We first investigate the influence from the
porosity of the SBS yarn, which was varied by changing the
concentration of SBS solution and its feeding rate in electro-
spinning. Both high concentration and high feeding rate of the

Mater. Adv,, 2023, 4,1978-1988 | 1981
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(@a)-(c) SEM images of pSBS-17-4, pSBS and pSBS-25-12 yarns. (d)-(f) SEM images of AgNWs@pSBS-17-4, AgNWs@pSBS-20-8 and

AgNWs@pSBS-25-12 fibers. (g) Pore size distribution curves of pSBS-17-4, pSBS-20-8 and pSBS-25-12 yarns. (h) Mass ratio of AgNWs and linear
resistance of AgNWs@pSBS-17-4, AgNWs@pSBS-20-8 and AgNWs@pSBS-25-12 fibers. (i) and (j) stress—strain curves and resistance curves of

AgNWs@pSBS-17-4, AgNWs@pSBS-20-8 and AgNWs@pSBS-25-12 fibers.

SBS solution are beneficial to increase the thickness of electro-
spun SBS fibers and diameter of the final SBS yarns, which in
turn influence the porosity of the SBS yarns. The diameters of
pSBS-17-4, pSBS-20-8 and pSBS-25-12 yarns were measured as
0.7 mm, 1.2 mm and 1.8 mm, while the corresponding thick-
ness of the electrospun SBS fibers was 3.7 pm, 7.3 pm and
11.9 um, respectively. The pore size and porosity of the yarns
also increased with the increase of concentration and feeding
rate of SBS solution (Fig. 2(g)), which was beneficial to increase

1982 | Mater. Adv, 2023, 4,1978-1988

the mass loading of AgNWs, thus enhancing the conductivity of
the fibers. Mass loadings of AgNWs on AgNWs@pSBS-17-4,
AgNWs@pSBS-20-8 and AgNWs@pSBS-25-12 were 17.1 wt%,
20.2 wt% and 56.9 wt%, while linear resistance of the fibers
was 41 Q em ™', 2.4 Q em ™! and 2.1 Q ecm ™!, respectively
(Fig. 2(h)). Larger pore size and higher porosity also contributed
to improving the electrical stretchability and stability of the fibers
(the critical strain, above which resistance increases abruptly, for
AgNWs@pSBS-17-4, AgNWs@pSBS-20-8 and AgNWs@pSBS-25-12

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Surface SEM images (a), variation of mass ratio of AQNWs and conductivity (b), stress—strain curves (c), and resistance change during stretching (d)
of the AQNWs@SBS fibers with different treating cycles for loading AQNWs. (e) and (f) Stress—strain hysteresis curves of the AQNWs@SBS-20-8 fiber under
different strains. (g) Resistance—strain hysteresis cures of the AQNWs@SBS-20-8 fiber under different strains.

fibers was 100%, 114% and 216%), despite the highest mechanical
stretchability being achieved by the AgNWs@pSBS-20-8 fiber
(the strain at break of AgNWs@pSBS-17-4, AgNWs@pSBS-20-8
and AgNWs@pSBS-25-12 fibers was 1001%, 2970% and 1510%)
(Fig. 2(i) and (j)).

Loading of AgNWs, on one hand, could enhance the elec-
trical conductivity. On the other hand, it could also influence
the mechanical stretchability of the AgNWs@pSBS fiber. Mass
loading of AgNWs on the AgNWs@pSBS fiber could be changed
by varying the repeating cycles of the dip-coating process
(Fig. 3(a) and the black curve in Fig. 3(b)), which is the key
strategy for tuning the electrical and electromechanical proper-
ties of the fiber, now that a commercial AgNW suspension with
a determined concentration of 20 mg mL ™" was used through-
out this work. 1 cycle of dip-coating only led to partial coverage
of AgNWs on the AgNWs@pSBS fiber (Fig. 3(a)-I). When the
dip-coating was increased to 3 cycles, full coverage of AgNWs
could be achieved (Fig. 3(a)-1I). More cycles of dip-coating could
further increase the mass loading of AgNWs. However, the
overloading of AgNWs led to their local detachment from the
fiber’s surface (pointed by the red arrows in Fig. 3(a)-IV, V). The
electrical resistance of the AgNWs@pSBS fiber decreased line-
arly with the increase of dip-coating cycles, which saturated at
5 cycles with a resistance value of 1.1 Q cm™'. Further increase
of dip-coating cycles failed to further decrease the resistance,

© 2023 The Author(s). Published by the Royal Society of Chemistry

which is possibly ascribed to the local detachment of AgNWs
(the blue curve in Fig. 3(b)). The mechanical stretchability of
the fiber also increased with the repeating of the dip-coating
process before 5 cycles. The maximal strain of the 1-cycle,
3-cycles, and 5-cycles treated samples was ~2190%, ~2970%,
and ~3290%. The enhanced stretchability of the AgNWs@
PSBS fiber, we assume, should be ascribed to the strengthening
effect from the random network of the AgNWs. However, due to
the local detachment of AgNWs, further increasing the dip-
coating process to 7 cycles and 9 cycles, in contrast, led to a
decrease of the maximal strain to ~2120% and ~2550%,
respectively (Fig. 3(c)). Variation rule of the electromechanical
properties of the AgNWs@pSBS presented a similar trend to
that of the mechanical stretchability, but the critical strain
(the strain above which burst increase of electrical resistance
happens) and highest electrical stability were achieved by the
3-cycle treated sample (Fig. 3(d)). Therefore, 3 cycles of dip-
coating should be adopted as an optimized parameter for
preparing the AgNWs@pSBS fiber when both high conductivity
and electrical stability are desired. As shown in Fig. 3(e) and (f),
the stress-strain curves of the 3-cycle treated AgNWs@pSBS-
20-8 fiber during repeated stretching-releasing cycles under
different strains demonstrated obvious hysteresis character,
which may be ascribed to the delayed shape recovery of the
SBS yarn. In addition, relaxing behavior of the fiber occurred

Mater. Adv., 2023, 4,1978-1988 | 1983
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when the strain was higher than 50%. Electrical hysteresis of
the fiber began to appear at higher strains than the stress. The
resistance-strain curves at the stretching and releasing stages
overlapped neatly when the strains were lower than 30%, but
obvious hysteresis loops appeared at strains of 50%, 70% and
100% (Fig. 3(g)). Therefore, when designing soft electronic
devices and systems, the mechanical and electrical hysteresis
properties of the AgNWs@pSBS fibers should be taken into
consideration seriously.

It is interesting to notice that the porous structure of the SBS
yarn plays an important role in enhancing the electrical proper-
ties and mechanical endurance of the AgNWs@pSBS fiber.

View Article Online
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When we used a nonporous SBS fiber to replace the porous
SBS yarn (with a similar diameter to the SBS yarn, the corres-
ponding sample was termed as AgNWs@npSBS), with the same
3 cycles of dip-coating, the mass loading of AgNWs on the fiber
was ~5.6 wt%, only ~28% percent of the AgNWs@pSBS-20-8
fiber (20.2 wt%), while its linear resistance (29.5 Q cm™') was
~13 times of that of the AgNWs@pSBS-20-8 fiber (2.2 Q cm ™).
In addition to high conductivity, electrical stability and
mechanical endurance of the AgNWs@pSBS-20-8 fiber were
also enhanced substantially compared with the nonporous
fiber. After being stretched to 114% of the original length, its
resistance only increased by 4.2 times, corresponding to a Q
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Fig. 4

- Silver nanowires sheath

(a) Resistance change of the AQNWs@npSBS (blue curve), AgNWs@pSBS-20-8 (black curve) and pSBS@AgNWs@pSBS (red curve) fibers as a

function of applied strain. (b)—(f) Resistance change of the AQNWs@npSBS (blue curve), AgNWs@pSBS-20-8 (black curves) and pSBS@QAgNWs@pSBS (red
curves) fibers during repeated stretching (b), twisting (c), tearing (d), rubbing (e) and long-time washing (f). (g) A scheme and experimental evidence
illustrating the mechanism for the enhancement of the electrical stability and mechanical endurance of the AQNWs@pSBS fiber. The scheme shows the

cross-sectional structures of the fibers along the length direction.
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value of 0.22 (Fig. 4(a)). This level of electrical stability has
surpassed most of the yet reported stretchable fiber conductors
with AgNWs as the conductive reagent (Table 1).>'7>3>356:58760
The AgNWs@pSBS-20-8 fiber could bear 8000 cycles of stretch-
ing with only 1% resistance increase at a strain of 10% or with a
2.5 fold resistance increase at a strain of 30%, while the
nonporous fiber could only bear 500 cycles of stretching at a
strain of 30% with ~ 18500 fold resistance increase. When the
stretching strain was increased to 60%, the AgNWs@pSBS-20-8
fiber could still bear 8000 cycles of stretching with less than 50
fold resistance increase (Fig. 4(b)); under the same twisting test
(360°), the AgNWs@pSBS-20-8 fiber could bear 200 cycles
with 34 fold resistance increase; however, the nonporous fiber
became insulating after only 37 cycles of twisting (the black and
blue curves in Fig. 4(c)). In addition to stretching and twisting,
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the porous fiber also performed better in repeated tearing (with
3M scotch tape), rubbing (on Chinlon cloth) and long-time
washing (120 min) (black and blue curves in Fig. 4(d)—(f)).
As illustrated in Fig. 4(g), the improved electrical stability
and mechanical endurance of the AgNWs@pSBS fiber should
be ascribed to two factors. First, the AgNW sheath of the
AgNWs@pSBS fiber presented a wrinkled structure caused by
the rugged surface of the porous SBS yarn. Such a wrinkled
structure can effectively release tensile strain during stretching.
Secondly, also more importantly, part of the under-layer AgNWs
penetrated deep into the porous structure of the SBS yarn
(which cannot be achieved by the nonporous fiber), behaving
like plant roots that firmly grab the substrate thus inhibiting
the generation and extension of microcracks (the EDS mapping
results in Fig. 4(g)). A similar phenomenon has been reported

Table 1 Comparison of the electrical stability of the AQNWs@pSBS fiber and those from previously reported works

Fiber form R/R, Strain (%) Q value Ref.

SBS fiber dispersed with AgNWs and coated with AgNP sheath >10* 112 <107* 5t

TPU fiber dispersed with AgNWs and CNTs >12 125 ~0.1 2

TPU fiber dispersed with AgNWs 10° 170 10°° 53

PU cord coated with buckled AgNW sheath 6 134 ~0.22 35
(AgNW)/polyurethane composite fiber with a buckled sheath-core architecture 1.5 150 1 36

PU hollow fiber with AgNWs coated on the inside wall >50 100 0.02 58
Epoxy/NBR electrospun fibers spray-coated with AgNW/PU composites 4.7 80 0.17 39
Commercial elastomer yarn coated with AgNWs 2.0 30 0.15 60
Elastomer yarn coated with AgNWs 5.2 114 0.22 This work

a < N\

(= ]

Move to' ||| ['and fro
-« - -»

Porous SBS yarn

Metal wire collector

Step 1: electrospinning of SBS yarn

) =
Step 2: dip-coating of AgNWs

Dip coating

SRS
R PSBS@AgNWs@pSBS fiber

Fig. 5
pSBS@AgNWs@pSBS fiber.
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(@) A scheme for the fabrication of the pSBS@AgNWs@pSBS fiber. (b)-(d) Cross-sectional SEM images and EDS patterns of the
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Table 2 Resistance increase of different fibers after various mechanical tests

Samples RI (stretch) RI (twist) RI (tear) RI (rub) RI (wash)
AgNWs@npSBS 1.9 x 10" (500 cycles) 1.2 x 107 (37 cycles) 9.7 (15 cycles) 6.7 (10 cycles) 1.9 (120 min)
AgNWs@pSBS-20-8 3.5 (8000 cycles) 37.0 (210 cycles) 2.2 (15 cycles) 2.5 (10 cycles) 1.4 (120 min)
PSBS@AgNWs@pSBS 2.5 (9700 cycles) 0.8 (210 cycles) 1.3 (15 cycles) 1.1 (10 cycles) 1.1 (120 min)

RI: resistance increase of the fibers after different mechanical tests, calculated by: R/R, (R refers to the resistance after the test, R, refers to the

resistance before the test).

by Y. Zhao and W. Cheng et al., wherein gold nanowires played
the role of “plant roots” and the electroless coated gold film
acted as the role of “on-ground body of plant”.®* Also evidenced
by the SEM images in Fig. 4(g), compared with the AgNWs@
npSBS fiber, the cracking of the AgNW sheath on the
AgNWs@pSBS-20-8 fiber was significantly inhibited. According
to a statistical result, the number of cracks on the porous fiber
at 80% strain was only 23 cm, while the number on the
nonporous fiber at 40% strain has surpassed 90 cm. After
releasing of the strain, debris of the cracked AgNWs sheath
on the AgNWs@pSBS-20-8 fiber could contact each other again
to restore the electrical conductivity (Fig. S6, ESIt). Therefore,
employing a porous elastomer yarn as the substrate, here, is
the key factor to obtain a stretchable fiber conductor with
enhanced electrical and mechanical properties.

The additive deposition process of electrospinning makes it
convenient to perform post-encapsulation of the AgNWs@pSBS
fiber with a porous elastic sheath for protection and insulation
purpose. By using an AgNWs@pSBS-20-8 fiber as the collector
during electrospinning, electrospun SBS microfibers could be
deposited on the surface of the fiber by strong electrostatic
attraction to form a porous sheath (Fig. 5). The encapsulated

o

acs

>

=

7]

c

[

2

1=

me =

c

2

. n
Audio source Loudspeaker PC

Transmission of electrical signal
Fig. 6 (a) Luminescence of an LED with an AgNWs@pSBS-20-8 fiber as pa

demonstrating the application of the fiber in audio signal transmission. (c) Th
at relaxation and under 60% strain, respectively.
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fiber was denoted as pSBS@AgNWs@pSBS, and its electro-
mechanical properties and robustness were investigated in
various mechanical tests. Compared with the non-encapsulated
AgNWs@pSBS-20-8 fiber, the critical strain of the encapsulated
fiber was improved by 60% (from ~114% to ~173%), while its
Q value at the critical strain increased by 130% (from ~0.22 to
~0.51) (the red curve in Fig. 4(a)). In addition to electrical
stability, mechanical endurance of the encapsulated fiber,
including in repeated stretching, twisting, tearing, rubbing and
long-time washing, was also remarkably enhanced. Specifically,
except the repeated stretching test, the resistance increase of the
encapsulated fiber after different tests (twisting, tearing, rubbing
and washing) could be inhibited below 8% (the red curves in
Fig. 4(b)—(f)). Table 2 summarizes the performance of the fibers
in different mechanical tests. Moreover, after encapsulation of
the SBS microfibrous sheath, the entirely porous properties
of the fiber could be well retained (Fig. S7, ESIt). Indeed, the
porous structure of the fiber may cause additional concern
brought by the invasion of human perspiration and environ-
mental liquids. Fortunately, the electrospun SBS yarn here
demonstrated high hydrophobicity (water contact angle: ~130°,
Fig. S8a, ESIt), which can block the penetration of sweat and

0% strain

ol ‘

-104
10 60% strain

0

-10 -
0 20 40 60 80 100
Time (s)

rt of the electrical circuit. (b) A scheme showing the wiring of the setup for
e waveform of the transmitted audio signal with a pSBS@QAgNWs@pSBS fiber
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water. Excellent electrical insulation between one pair of plied
PSBS@AgNWs@pSBS fibers was well retained after soaking in
artificial sweat or tap water for 10 h (Fig. S8b-d, ESI¥).

Stretchable fiber conductors with both high electrical con-
ductivity and stability is advantageous for transmission of
electrical power or signals in stretchable electronic devices,
wherein low intensity attenuation and high transmission fide-
lity are required. As a proof of concept, here we demon-
strate two simple application examples. First, a piece of
AgNWs@pSBS-20-8 fiber was used in an electrical circuit for
transmitting electrical power to light an LED chip. Irrespective
of whether the AgNWs@pSBS-20-8 fiber was relaxed, stretched,
bent or twisted seriously, the LED chip could glow normally
without obvious fading of luminescence intensity (Fig. 6(a)).
In the second example, we employed a pSBS@AgNWs@pSBS
fiber as a stretchable cable for transmission of audio signals.
As shown in Fig. 6(b) and (c), both configuration and intensity of the
audio signal’s waveform transmitted by the fiber at relaxation or
under 60% strain were very similar. Therefore, the stretchable fiber
conductors developed here are reliable as an electrical power or
signal transmission wire for wearable electronics.

4. Conclusions

In summary, we propose a strategy for fabricating stretchable fiber
conductors by dip-coating AgNWs on electrospinning-derived SBS
yarn. Due to the porous structure of the SBS yarn, the AgNW sheath
on the fiber formed a wrinkled structure with part of the under-layer
AgNWs penetrating into the substrate, which imparts the fiber with
high electrical stability (Q value: 0.22). The porous structure also
substantially reduces the volume density of the fiber to lower than
those of various commercial yarns, which is beneficial to improve its
wearing comfort in wearable applications. In addition to high
electrical stability and low volume density, the stretchable fiber
conductor also possesses super elasticity (strain-at-break: 2970%),
low resistance (2.2 Q cm™'), and high electrical stretchability
(critical strain: 114%). Meanwhile, it is resilient to various
mechanical reliability tests, including repeated stretching, twist-
ing, tearing and rubbing, as well as long-time washing.

The electrical stability and mechanical robustness of the
stretchable fiber conductor could be remarkably enhanced by
encapsulation of SBS microfibers on the surface. The Q value at
critical strain of the encapsulated fiber increased by 130%
compared with that of the non-encapsulated fiber. Its resis-
tance increase was inhibited by lower than 8% after repeated
twisting, tearing, rubbing, or long-time washing. In addition,
the porous SBS sheath, with high hydrophobicity, could also
provide insulation and protection effects to the fiber. Benefit-
ting from the high electrical conductivity and stability, the
stretchable fiber conductor developed here is advantageous in
constructing stretchable electrical circuits. As a proof of con-
cept, we demonstrated that both an LED and a loud speaker
could operate stably when using a stretchable fiber conductor
for transmitting electrical power or signals, irrespective of
whether the fiber was relaxed or deformed seriously.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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