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ABSTRACT: As an important subfield of flexible electronics,
conductive fibers have been an active area of research. The
interfacial interaction between nanostructured conductive
materials with elastic substrates plays a vital role in the
electromechanical performance of conductive fibers. However,
the underlying mechanism has seldom been investigated. Here,
we propose a fabricating strategy for a silver nanowire (Ag
NW)/polyurethane composite fiber with a sheath-core
architecture. The interfacial bonding layer is regulated, and
its influence on the performance of conductive fibers is
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investigated, based on which an interfacial interaction model is proposed. The model underlines the significance of the
embedding depth of the Ag NW network. Both supersensitive (gauge factor up to 9557) and ultrastable (negligible conductance
degradation below the strain of 150%) conductive fibers are obtained via interface regulating, exhibiting great potential in the
applications of wearable sensors and stretchable conducting connections.
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1. INTRODUCTION

Flexible electronics with rapid development are desirable for
next-generation applications, such as artificial skins,'™® smart
prosthetics,”~' human-activity monitoring,"*~"" and personal
healthcare.”™*° Conductive fibers, as an important subfield of
flexible electronics, have been an active area of research because
of the significant potential for developing lightweight, flexible,
and stretchable electronic devices on textile products.”®™>’
Conventional conductive fibers based on metal wires cannot
conform well to human bodies, restricted by their poor
mechanical compliance.’”*" In the past decade, conductive
fibers consisted of elastic polymer substrates and nano-
structured conductive materials such as silver nanowires (Ag
NWs),** ™" copper nanowires,>**° carbon nanotubes
(CNTs),” " graphene,*”*' and metal nanoparticles*”** have
integrated various novel properties, such as high mechanical
strength, structural flexibility, and electrical conductivity.
Generally, various approaches to prepare conductive fibers
can be grouped into two categories. One approach exploits the
incorporation of conductive filler materials into a polymer
matrix through blending. Ma et al. fabricated highly conductive
stretchable fibers by a scalable wet spinning process using
flower-shaped silver nanoparticles (Ag NPs) (Ag nanoflowers)
and polyurethane (PU).** The fibers could be made into ropes
and fabric to improve the electromechanical performance, and
no obvious resistance increase of weft-knitted fabric occurred
under 200% strain. Lee et al. synthesized a highly stretchable
conductive fiber through embedding Ag NWs and Ag NPs into
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a styrene—buta-diene—styrene elastomeric matrix.*’ Because of
the large amount of the conductive fillers and the high elasticity
of the elastomer matrix, the Ag NW-embedded fiber exhibited
superior initial electrical conductivity and stretch limit. In the
other approach, conductive fibers are fabricated by modifying
the surface of conventional fibers with novel functional
materials. Liu et al. fabricated highly stretchable sheath-core
conducting fibers by wrapping CNT sheets on prestrained
rubber fiber cores.*® The fiber enabled a resistance variation of
less than 5% at a strain of 1000% because of its buckling
structure in both the axial and belt directions. Cheng et al.
developed a graphene-based composite fiber sensor with a
“compression spring” structure by a coating method, featuring
the ability of monitoring multiple kinds of deformation.”” In the
two categories, the conductive fibers often own a large area of
interfaces between nanostructured conductive materials with
elastic substrates."”*” When subjected to stretching, the
interfacial microstructure and its change determine the
mechanical and electrical properties of the conductive
fibers.’”*" Nonetheless, few researchers have paid attention
to clarifying the underlying mechanism of interactions between
the conductive materials and the stretchable substrates, which
significantly influence the electromechanical performance of the
conductive fibers.
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Figure 1. (a) Schematic illustration of the fabrication of the Ag NW/PU fiber. (b) Upper photograph shows the as-prepared Ag NW/PU fiber. The
lower photograph demonstrates the Ag NW/PU fiber winding around a finger. (c) SEM images of the bare PU fiber. (d) SEM images of the as-
prepared Ag NW/PU fiber. (e,f) SEM images of the cross section of the as-prepared Ag NW/PU fiber. (gh) Energy-dispersive spectrometry (EDS)
mapping of the Ag NW/PU fiber to demonstrate the distribution of C and Ag.

Herein, we proposed a facial fabricating strategy for a Ag
NW/PU composite fiber with a sheath-core architecture. We
introduced a bonding layer with tunable stickiness to combine
PU cores and Ag NW films and to adjust the interfacial
adhesion and the microstructure of the fibers. Through the
interface regulating, conductive fibers with quite opposite
electromechanical performance were obtained. In one case, the
fiber exhibited significant resistance variation versus strain, with
a high sensitivity [gauge factor (GF) up to 9557], as well as a
large response range (60%), ultralow detection limit (<0.1%
strain), and excellent reliability and durability (>10 000 cycles),
indicating its great potential for applications in wearable strain
sensors. While in the other case, the fiber showed insignificant
conductivity decrease at the high deformation level. Stretchable
conducting wires with an initial resistance lower than 1 Q-cm™
and relative resistance change lower than 10% under the strain
of 110% were fabricated. The interfacial microstructure and its
change under different strain were characterized to disclose the
underlying mechanism. An interfacial interaction model was
proposed based on the electromechanical test, which shed new
light on the influence of the bonding layer. The model may
inspire novel interfacial designs of stretchable electronics.
Furthermore, monitoring of human physiological signals and
motions, as well as dynamic infrared (IR) thermal measurement
was carried out to demonstrate the practical applications of this
conductive fiber with tunable functions.

2. RESULTS AND DISCUSSION

2.1. Fabrication and Characterization of the Ag NW/
PU Fibers. Figure la illustrates the schematic fabrication
process of the Ag NW/PU fiber. Initially, Ag NWs were
collected on a polytetrafluoroethylene (PTFE) filter membrane
through vacuum filtration. Liquid PU as the bonding layer was
coated onto a bare PU fiber, followed by precuring at 80 °C for
a period of time until a sticky PU layer formed. Then, the Ag

NW/PTEE filter membrane was wrapped around the core fiber
tightly, and it was fully postpolymerized at 80 °C for 3 h.
Finally, the Ag NW/PU fiber was prepared after peeling off the
PTFE filter membrane. The length of the fibers might be
restricted by the size of the filter membranes. To increase the
length of the conductive fibers, a press-and-roll process can be
utilized to transfer conductive materials (see the Supporting
Information for details). The as-prepared Ag NW/PU fiber was
flexible enough to conform to arbitrary curved surfaces, such as
a human finger (Figure 1b), indicating its possible application
in wearable electronics. Figure lc and the inset present the
scanning electron microscopy (SEM) images of the bare PU
fiber.

The PU fiber (diameter of S00 ym) serves as a highly flexible
and stretchable core of the conductive fiber. Through the
adhesion of the interfacial PU layer, homogeneous Ag NW
films attached tightly onto the core PU fiber. As shown in
Figure 1d, the surface of the Ag NW/PU fiber is smooth and
compact, without any cracks or fractures. The nanowires
overlapped randomly with no orientation. The mechanical
properties of the Ag NW/PU composite fiber and PU are
shown in Figure SI1. It can be found that the Ag NWs/PU
composite fiber gives a mechanical response similar to that of
the pure PU substrate. The PU and Ag NW/PU fibers ruptured
at a strain close to 1000% (998 and 980%, respectively). The
tensile strength values of the PU and Ag NW/PU fibers are
36.99 and 38.24 MPa, respectively. We speculated that the Ag
NW and PU layers on the fiber core hardened the composite
fiber, which decreased the limit strain. Figure le—h represents
the cross-sectional SEM and EDS mapping images of the Ag
NW/PU fiber, confirming the homogeneity of the sheath layer
with the thickness of about 30 ym.

2.2. Electromechanical Properties of the Ag NW/PU
Fibers. During the transfer process, the liquid PU with low
viscosity penetrated into the Ag NW network, resulting in the
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Figure 2. (a—d) Cross-sectional SEM images of the Ag NW/PU-9.2 wt %/20 min (a), Ag NW/PU-9.2 wt %/15 min (b), Ag NW/PU-9.2 wt %/10
min (c), and Ag NW/PU-9.2 wt %/S min (d) fibers. (e) Resistance variation vs strain of the Ag NW/PU fibers with different prepolymerization time
from S to 20 min (stretching rate of 1% strain per second). (f) GFs vs strain of the Ag NW/PU fibers with different prepolymerization time.

embedding of the Ag NWs. This embedding process played an
important role in the attachment of the Ag NWs to the PU
substrate. Figure 2a—d shows the cross-sectional SEM images
of the Ag NW/PU fibers with different prepolymerization time
from 5 to 20 min. The amount of Ag NWs of all the samples
was 1 mL. For the fibers fabricated with 0.5, 1, 1.5, and 2 mL
Ag NWs, the mass fractions of Ag NWs are 5.4, 9.2, 13.1, and
16.7%, respectively. The embedding depth of the Ag NWs
increased with the shortening of the prepolymerization time.
This is because with prolonging of the prepolymerization time,
more and more oligomers cross-linked and were not able to
penetrate into the Ag NW network. When the prepolymeriza-
tion time was prolonged to 20 min, most of the Ag NWs
stacked on the top of the PU substrate with an embedding
depth of only 1.53 um (Figure 2a). On the contrary, a
prepolymerization time of 5 min led to a stickier and softer PU
interfacial layer, which brought in deeper embedding of the Ag
NW network with a depth of about 6.7 ym. The initial
conductivity of these fibers increased from 159.73 to 240.36 S-
cm™" along with the decreased embedding depth from 6.7 to
1.53 pm (Table S1, Supporting Information). Figure 2e exhibits
the resistance variation versus strain of the Ag NW/PU fibers
with different prepolymerization time. The resistance variation
(R/Ry) of the four samples monotonically increased with the
applied strain, in an approximately exponential fashion.
Furthermore, we found that there is a trade-off between the
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sensitivity and stretchability with regard to the prepolymeriza-
tion time. The R/R, increased faster for the fibers with longer
prepolymerization time, while the sensing range of the fibers
extended as the prepolymerization time decreased. From the
curve of the resistance variation, we can obtain the GF of the
fiber, which is defined as (R — R,/R,)/&, where ¢ is the strain.
GFs as a function of strain for the four fibers are plotted in
Figure 4f. All the four samples showed highly sensitivity to
deformation. For the Ag NW/PU-9.2 wt %/20 min fiber, the
averaged GF is from 5 to 96 for the strain range within 11% and
96 to 9557 for 11—20%, which is appropriate for high GF with
low strain sensors. In contrast, the Ag NW/PU-9.2 wt %/S min
fiber possesses a GF from 0.1 to 118 for the strain range within
35% and 118 to 940 for 35—50%, indicating the potential to be
utilized for strain sensors with both high GF and large working
range. We also fabricated fibers with different amounts of Ag
NWs to explore influence of thickness of the Ag NWs on the
performance. With the prepolymerization time fixed, the Ag
NW film got thicker with the increased amount of Ag NWs, as
shown in Figure S2. Figure S3 exhibits the resistance variation
versus strain of the fibers with different amounts of Ag NWs.
The resistances change less at large strains for the fibers with
thicker Ag NW films.

2.3. Analysis and Modeling of the Interfacial
Interaction of the Ag NW/PU Fibers. An interfacial
interaction model of the Ag NW/PU composite fiber was
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Figure 3. (a) Schematic illustration of the longitudinal section of the Ag NW/PU fiber. (b) Modeling of the resistance variation vs strain of the Ag
NW/PU fibers with different interface bonding strengths. (c—h) Longitudinal section and top view SEM images of the Ag NW/PU-9.2 wt %/20 min
(c—e) and Ag NW/PU-9.2 wt %/S min (f—h) fibers at the strain from 0 to 40%.

proposed to illustrate the effect of the bonding layer on the
conductive fiber. As shown in Figure 3a, the fiber is mainly
composed of four layers, including the fiber core, PU layer, Ag
NW/PU composite layer, and unembedded Ag NW Ilayer,
among which the top two layers would mainly determine the
resistance variation with strain. With the amount of Ag NWs
fixed, the thickness of each layer is dependent on the
prepolymerization time. Many complex physical factors which
affect the performance of the composite fiber are hard to
quantify. Therefore, we define @ as the thickness ratio of the
embedding Ag NWs to the whole Ag NWs

t,
t o+t (1)

a =

Here, t, and t, are the thickness of the Ag NW/PU
composite layer and unembedded Ag NW layer, respectively
(the physical meaning of a is given in the Supporting
Information).

We assume the 9.2 wt %/20 min and 9.2 wt %/5 min as the
unembedded and fully embedded conditions, respectively. For
the Ag NW/PU-9.2 wt %/20 min fiber, most of the Ag NWs
stack on top of the PU substrate, where a is close to 0. In
contrast, for the Ag NW/PU-9.2 wt %/5 min fiber, the Ag NW

network is almost completely buried into the sticky and soft PU
substrate, where @ is close to 1. On the basis of the
electromechanical test of the fibers (Figure 2e), the sensing
mode satisfies the exponential expression. Thus, we have

R

a— 0, — = A-exp(Byre) + C
Ry )
R

a—1, = A,-exp(B,¢) + C,

R, 3)

Here A}, A,, B;, B,, C;, and C, are constants (Table S2,
Supporting Information). They are used to represent the effects
of the physical factors in the system to make the mechanism
analysis more concise and intuitional.

In the partly embedded conditions, a varies from 0 to 1 with
different prepolymerization time. The resistance variation could
be written as

R

— = A-exp(Be) + C

R, )
Because the electromechanical performance of the fiber is

simultaneously affected by the Ag NW/PU composite layer and

the unembedded Ag NW layer, the constants are correlated

0<a<l,
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Figure 4. (a) Current—voltage curves of the Ag NW/PU fiber at different strains. (b) Resistance variation under step strains from 0.1 to 5%. The
inset shows the output signal at consecutive input step strain of 0.1%. (c) Current signal of the Ag NW/PU fiber to a quasi-transient input strain of
0.5%. Inset: closeup of the response time (resolution limit of S ms). (d) Resistance variation during cycle tests: 10th (black), 100th (red), 1000th
(blue), and 10 000th (green) cycles at the strain from 0 to 10%. (e) Photograph of the wearable sensor. (f) Response signal of the wearable sensor in
monitoring finger-bending. Inset: photographs of finger-bending at increasing angles. (g) Wearable sensor attached to the knee. (h) Responsive
curves of the wearable sensor on the knee under motions of flexing/extending, walking, jogging, and jumping. (i) Responsive curves of the wearable
sensor on the wrist. Insets: photograph and the measured profile. (j) Responsive curves of the wearable sensor on the chest in relaxation and after
exercise. (k) Wearable sensor attached to the throat. (1) Responsive curves when the wearer spoke “hello”, “fiber”, and “conductor”.

with the thickness ratio @. On the basis of the mixed model
theory, linear and log-linear mixed models are used to predict
the values of the constants. According to the linear mixed
model, we have the following relations

A =(1—a)A +aA, (s)
B,=(1-a)B, + aB, (6)
C,=(1-a)C + acC, (7)

According to the log-linear mixed model, we have the
following relations

InA_;=(1—-a)hA +alnA, (8)
InB_ =(1-@a)nB, +alnB, (9)
IhC_=(-a)hC +alnC, (10)

To try the best to calculate the values of A, B, and C
accurately, we have

14091

A= A XAy (11)
B =B X B, (12)
C=JG X (13)

Through substituting the values in eq 4, we can calculate the
constants under different embedding conditions and speculate
the model of the resistance versus strain. As plotted in Figure
3b, the fiber exhibits lower sensitivity and larger working range
as @ increases. This variation trend is consistent with the
electromechanical test (Figure 2e). We can provide a
quantitative understanding of the influence of each layer or
set the thickness ratio based on the desired performance of the
fiber as shown in Figure 4.

The microstructure variation of the fibers at different
stretching stages was characterized to disclose the underlying
mechanism. Figure 3c—e shows the longitudinal section and the
top view SEM images of the Ag NW/PU-9.2 wt %/20 min fiber
at the strain from 0 to 40%. The Ag NWs randomly stacked on
the surface of the PU substrate with a limited embedded depth

DOI: 10.1021/acsami.7b19699
ACS Appl. Mater. Interfaces 2018, 10, 14087—14096


http://dx.doi.org/10.1021/acsami.7b19699

ACS Applied Materials & Interfaces

Research Article

—=— 9.2 wt%/20min-200%
—+— 9.2 wt%/10min-200%
oL

Figure S. (a—c) SEM images of surface microstructure morphology of the PU/Ag NW/PU-9.2 wt %/20 min (a), PU/ Ag NW/PU-9.2 wt %/10 min
(b), and PU/Ag NW/PU-16.7 wt %/5 min (c) fibers. (d) Resistance variation vs strain of the PU/Ag NW/PU-9.2 wt %/20 min, PU/Ag NW/PU-
9.2 wt %/10 min, and PU/Ag NW/PU-16.7 wt %/S min fibers. (e) Resistance variation of the PU/Ag NW/PU-16.7 wt %/5 min fiber as a function
of 10000 stretching/releasing cycles at a strain of 50 and 100%. (f) IR thermal images of PU/Ag NW/PU-16.7 wt %/5 min fiber at different

stretching stages from strains of 0—150%.

(Figure 3c). When stretched to 20%, the Ag NW network slid
by the deformation of the fiber core. The displacement of Ag
NWs developed into cracks in the stress concentration area,
causing the rapid increase of resistance (Figure 3d). When
stretched to 40%, the cracks continued growing and led to
obvious fracture in both the unembedded Ag NW layer and the
Ag NW/PU composite layer, which destroyed the conductive
network. On the contrary, no obvious destruction was observed
when stretched to 40% from the longitudinal section SEM
image of the Ag NW/PU-9.2 wt %/S min fiber (Figure 3f-h).
From the top view SEM image of Figure 3h, we can find some
cracks on the surface of the unembedded layer, while the
embedded part still kept sufficient conductive paths. Unlike the
random stack of Ag NWs in the unembedded layer of Ag NW/
PU-9.2 wt %/20 min, obvious alignment of Ag NWs along the
stretch direction was observed in the fiber of Ag NW/PU-9.2
wt %/S5 min, which can be attributed to the strong interaction
between Ag NWs and PU substrates (Figure S6). It is believed
that the alignment of the nanowires with stretch would help
keep the integrity of the conducting paths, which explained the
extended working range.

2.4. Ag NW/PU Fibers as Wearable Strain Sensors. To
balance the sensitivity and stretchability of the fibers, we chose
the Ag NW/PU-9.2 wt %/10 min fibers as strain sensors for the
measurement and demonstration of the sensing properties.
Figure 4a shows the current—voltage characteristics of an Ag
NW/PU fiber under different strains. The fiber exhibited an
ohmic behavior in spite of applied strains, and the current
monotonically declined with the increase of the strain. Step
strains were applied to determine the detection limit of the
fiber sensor (Figure 4b). The detection limit could be as minute
as 0.1% for the high sensitivity under small deformation, and
the output signal was highly reproducible at minute strains

(inset in Figure 4b). To investigate the response time, the
sensor was loaded with a quasi-transient step strain of 0.5%. As
plotted in the high-resolution I— signal curve (Figure 4c), the
response time was determined to be about 120 ms. Figure 4d
presents the durability test results of 10 000 cyclic stretching (0
to 10% strain). The signal curve remained nearly invariable
within 1000 cycles. After 100 and 1000 cycles, the relative
signal drifts at the strain of 10% of the fiber were only 29.4 and
53.1%, respectively, showing the reliability for the practical
application as daily wearable sensors.

To demonstrate the potential of Ag NW/PU fibers as
wearable sensors, the fiber was assembled onto an ultrathin
polydimethylsiloxane (PDMS) film, which could be com-
pressed on the human skin with the help of medical tape
(Figure 4e). In vigorous motion capturing, the wearable sensors
were attached onto the knuckle (inset in Figure 4f) and the
knee (Figure 4g). Figure 4f shows that the sensor could
respond to the bending of an index finger, indicating its
potential application as gesture remote. Figure 4h presents the
monitoring of physical activities of legs. Various motions such
as extending/flexing, walking, jogging, and jumping could be
differentiated by the corresponding curves, suggesting the
possible utilization in the digital training of athletics. To detect
subtle physiological signals, we fixed the wearable sensors to the
wrist, chest, and throat (Figure 4i—k). The detection of pulse
and respiration change is indispensable for some illness
diagnoses. As presented in Figure 4i, the output signal
displayed a matching waveform with distinguishable percussion,
tidal, and diastolic peaks of the human pulse. Figure 4j shows
the excellent performance of the sensor for respiration
measurement. Different rates and depths of respiration could
be monitored in relaxation and after exercise. As shown in
Figure 4], the sensor exhibited voice recognition capabilities
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when the wearer spoke different words, such as “hello”, “fiber”,
and “conductor”. The full-range detection of human activities of
the sensor indicates its great potential for applications in
personal healthcare and human—machine interactions.

2.5. Ag NW/PU Fibers as Stretchable Conducting
Wires. In addition to strain sensors, another favorable
application of the conductive fibers is the stretchable conductor.
The prestrain-then-buckling process is commonly used in the
fabrication of stretchable conductors.’>*> Here, we found that
the prepolymerization time would influence the buckling
structure and the corresponding electromechanical perform-
ance of the Ag NW/PU fibers. The fabrication process was
similar to that illustrated in Figure la, except that the core PU
fiber was prestretched to 200% before the transfer of the Ag
NW film. Another difference was that the Ag NW/PU fiber was
treated with H, plasma to improve the conductivity of the
network (Figure S7). As reported by Wang et al,>* Ag NWs
were wrapped by residual organics and oxide layers which
decreased the conductive paths in the network before H,
plasma treatment. The etching and reductive effects of H,
plasma could remove these layers. And the photothermal effect
was enhanced at the contact points of nanowires because of the
surface plasmonic resonance effect, which contributed to the
local nanowelding. Besides, the Ag NW film was encapsulated
by a thin layer of PU before prestrain release to avoid the axial
cracking due to radial expansion during the release process
(Figure S8).

The obtained conductive fibers exhibited a resistance lower
than 1 Q-cm™, rendering an outstanding conductivity among
the nanomaterial-based stretchable conductors. Figure Sa—c
shows the SEM images of surface morphology of the PU/Ag
NW/PU fibers with different prepolymerization time. The PU/
Ag NW/PU composite layer developed buckles in a uniform
manner because of sufficient adhesion to the substrate, which
prevented rupturing of the conductive pathways under large
deformation. The height and width of the buckles increased
when the fibers were fabricated with a short prepolymerization
time and a large amount of Ag NWs. Figure S9 monitored the
microstructure change on the surface of the PU/Ag NW/PU
fibers when stretched to 100 and 200%. The buckles gradually
flattened with increasing strain in all the three fibers to
accommodate the deformation. Obvious cracks were observed
in the PU/Ag NW/PU-9.2 wt %/20 min fiber at the strain of
100%. These cracks grew into obvious ruptures with further
stretch, which led to significant increment in the resistance of
the fiber, as shown in Figure 5d. By comparison, the PU/Ag
NW/PU-9.2 wt %/10 min fiber did not show obvious rupture
on the surface until 200% strain, resulting in enhanced
electromechanical stability. The PU/Ag NW/PU-16.7 wt %/5
min fiber exhibited the minimum resistance variation versus
strain because of the deeper and wider buckling structure as
well as the thicker embedded nanowire network (large @ as
shown in Figure S10). The resistance variations at 50, 100, and
150% strain were 7.0, 9.5, and 52.5%, respectively, as obtained
from Figure Sd. Figure Se demonstrates the cycling perform-
ance of the PU/Ag NW/PU-16.7 wt %/5 min fiber. Upon
stretching/releasing with a maximum strain of 50% for 10 000
cycles, the resistance of the PU/Ag NW/PU-200% fiber
showed only a small increase of 14.8%. Further increasing the
maximum stretching strain up to 100%, the resistance change of
the fiber after 10000 cycles was measured to be 67.4%,
demonstrating a good electromechanical durability and stability.
Compared with the previously reported highly conductive Ag/

PU fiber which underwent a dramatic decrease in conductivity
at the high deformation level," or the highly stretchable CN'T
based fiber with a large initial resistance,*® our fiber exhibited a
balanced conductivity and stability.

To demonstrate the potential of the conductive fibers for
stretchable conducting wires, we took IR thermal images of the
PU/Ag NW/PU-16.7 wt %/5 min fiber at different stretching
stages (Figure 5f). The fiber was stretched up to 150% strain at
a constant dc voltage (1 V), and no obvious temperature
variation was observed, showing its outstanding stretchability
and stability under tensile strain, which is promising for the
applications of stretchable conducting connections and
wearable heaters.

3. CONCLUSIONS

In summary, we presented an interface-controlled Ag NW/PU
composite fiber. Through introducing a bonding layer between
the conductive material and the stretchable substrate, we
explained the effect of the interfacial interaction and adjusted
sensitivity and stretchability of the fibers aiming at applications
from wearable strain sensors to stretchable conducting wires. As
strain sensors, the fibers with different GFs and working ranges
can be prepared to the need of individual utilization, which are
appropriate for monitoring full-range human motions. On the
contrary, the fibers with prestrain show insignificant con-
ductivity decay under large tensile strain, which can be ideal
connections for flexible circuits. Furthermore, the fabrication
strategy can be extended to other flexible electronics with
diverse materials for the precise control of the interface and
performance.

4. EXPERIMENTAL SECTION

4.1. Fabrication of the Ag NW/PU Fiber. First, Ag NW
suspensions (10 mg/mL, from Zhejiang Kechuang Advanced Materials
Co., Ltd.) were filtrated to form films on PTFE filter membranes
(diameter of 47 mm, pore size of 220 nm). A bare PU fiber (diameter
of ~500 ym, commercially available) was dipcoated with a thin layer of
liquid PU (ratio of the prepolymer to the chain extender, 10:4 by mass,
from Shanghai Haksong of Polymer Science and Technology Co.,
Ltd.). Then, the fiber was kept at 80 °C for 5—20 min to form a thin
layer of precured PU on the surface of the core fiber. Afterward, the Ag
NW/PTFE film was wrapped around the fiber tightly with the Ag
NWs side facing the PU layer. Ag NWs were transferred to the fiber
surface with the aid of the stickiness of the precured PU. The PU on
the surface of the fiber was completely cured after a postpolymeriza-
tion process (80 °C for 3 h). Finally, the Ag NW/PU fiber was
prepared after peeling off the PTFE filter membrane.

4.2. Integration of the Ag NW/PU Fiber into Wearable
Sensors. The Ag NW/PU fiber (4 cm in length) was put onto a
PDMS (a 10:1 mixture of the PDMS prepolymer and the curing agent,
Sylgard-184, Dow Corning) film (40 mm X 10 mm X 0.5 mm).
Copper wires (2 um in diameter) as electrodes were connected to the
two ends of the fiber using conductive silver paste. Subsequently, the
two ends of the fiber were fixed onto PDMS by coating RTV silicone
rubber and curing at room temperature for 8 h. Finally, the wearable
sensors were attached onto target positions of the body with the help
of medical tape.

4.3. Fabrication of the PU/Ag NW/PU Fiber. First, Ag NW
suspensions (10 mg/mL) were filtrated to form films on PTEE filter
membranes (diameter of 47 mm, pore size of 220 nm). A bare PU
fiber (diameter of ~S00 ym, commercially available) was stretched to
strain of 200% and fixed. Then, the prestrained PU fiber was dipcoated
with a thin layer of liquid PU (ratio of prepolymer to chain extender,
10:4 by mass). Then, the fiber was kept at 80 °C for 5S—20 min to form
a thin layer of precured PU on the surface of the core fiber. Afterward,
the Ag NW/PTFE film was wrapped around the fiber tightly with the
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Ag NWs side facing the PU layer. Ag NWs were transferred to the
fiber surface with the aid of the stickiness of the precured PU. The PU
on the surface of the fiber was completely cured after a
postpolymerization process (80 °C for 3 h). Then, the fiber was
treated in H, plasma for 5 min. After that, the fiber was coated with
liquid PU, leaving the two ends naked for electric connection and kept
at 80 °C for 2 h. Finally, the prestrain of the PU fiber was released to
form a buckling microstructure on the surface of the fiber.

4.4. Characterization. The SEM and EDS characterization was
accomplished using Hitachi SU4800 FE-SEM. In the test of the
electromechanical properties, the strain loading was implemented with
a high-precision motorized linear stage (displacement resolution of 2.5
pum). The real-time current signal was acquired using an electro-
chemical workstation (PARSTAT 2273, Princeton Applied Research).
IR thermal images were obtained by an IR thermal camera.
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