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In this paper, we report on mechanical and electrical properties of the stretchable strain sensor
based on two-dimensional network of silver nanowires embedded between bio-compatible polydimethylsiloxane ﬁlms. Our strain sensor shows a quasi-linear response of resistance change with
respect to stretching up to 15%. Dynamic stability and durability of the strain sensor are investigated
through cyclic stretching test (1,000 times). We also demonstrate sensitivity of our strain sensor
under the pulse-type stresses with arbitrary intensities.
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electric properties
under the stress application due to the
Various ﬂexible sensors targeting into
pressure,American
strain, Scientific
repetitive stretching and releasing.22 26 27
touch, and optical signals have received considerable attenIn this paper, we demonstrate ﬂexible strain sensors
tions due to their versatile applications, such as perfabricated by using 2D network of Ag NWs embedded
sonal health monitoring,1 2 wearable electronic skin,3 4 and
between bio-compatible polydimethylsiloxane (PDMS)
human motion capturing.5 Among them, strain sensors
ﬁlms. The variations of the electrical properties of our
by using carbon nanotubes,6–8 graphenes,9–11 and metal
strain sensors are investigated under various mechaninanostructures12 13 have been developed as ﬂexible deteccal stresses, which show excellent performances with a
tors for change of electrical characteristics of sensing layer
high linearity and mechanical stability under the cyclic
under various mechanical stresses due to their outstandand static condition of stretching and releasing. We also
ing electrical and mechanical properties.14 15 In particudemonstrate
sensitivity of our strain sensor under the
lar, sensitivity and stretchability of strain sensor are main
pulse-type
stresses
with arbitrary intensities.
issues to interact and detect mechanical deformation within
human body.16 17 However, several drawbacks, for examples, poor detectability of strain (minimum  = 2.47%),18
2. EXPERIMENTAL DETAILS
low sensitivity gauge factor and stretchability, nonlinearFigure 1(a) showed the fabricating procedure of ﬂexible
ity, and large hysteresis5 14 15 have limited their industrial
strain sensor. PDMS (Sylgard 184, Dow Corning) was
applications.19–21
mixing with the base and the curing agent (typically at
Recently, two-dimensional (2D) network based on metal
10:1 wt%). The mixture was spin-coated on glass subnanowires (NWs) have been spotlighted as emerging canstrate, and placed in an oven to cure at 90  C for 15 min
didates for next generation strain sensing layers.22 23 Sil(PDMS1 layer).
ver (Ag) NWs network is one of the most successful
The Ag NWs, fabricated through the polyol method,28
ﬂexible sensing layer owing to its optical, electrical, and
were homogeneously dispersed in isopropyl alcohol (IPA)
mechanical properties.24 25 However, it has been known
with a concentration of 0.5 wt% (Nanopyxis, South
that Ag NWs exhibited a weak adhesion on ﬂexible
Korea). The Ag NWs/IPA solution was further diluted to
be a concentration of 0.1 wt%, and spray-coated onto the
∗
PDMS1/glass substrate. After drying residual solvent at
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room temperature (RT) for at least 2 hours, copper wires
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were connected to both ends of Ag NWs network by
using conductive paste. Then, PDMS2 layer was cast on
top of the Ag NWs/PDMS1 substrate, followed by curing
at 70  C for 20 min. Finally, free standing structure of
PDMS2/Ag NWs/PDMS1 ﬁlm was obtained through the
gentle detachment from glass substrate.
Dimensions of individual NWs and their 2D network
structure were investigated by using scanning electron
microscope (SEM, FEI SIRION 400) without PDMS2
layer. For applying stresses originated from stretching/
releasing, the strain sensor (PDMS2/Ag NWs/PDMS1)
was mounted on a moving stage, and electrical properties
were measured by using the semiconductor characterization system (Keithley-4200-SCS) at RT under atmospheric
environments.

As a result, the Ag NWs were embedded in PDMS2,
in which the initial positions of Ag NWs and their corresponding contacts were supported against stretching. These
“embedded sandwich-structure” provides that our strain
sensors have stable and robust sensing capability even
under the repetitive stretch/release cycle. In addition, the
sandwich structure also acts as protective layers against
oxygen/moisture exposure as well as mechanical stimuli
on the surface under harsh environments.
Figure 2(a) shows photographs of the pristine (i.e., nonstretched) and stretched strain sensor with various strains
( = 0, 15, and 50%), which deﬁned as the ratio of length
variation to its original dimension under the elongation
of the device. Note that dimensions and shape of our
sensor were well recovered to its initial state even after
50% elongation. Figure 2(b) compares the current–voltage
(I –V ) characteristics of the pristine and stretched sensor
3. RESULTS AND DISCUSSION
under different static strains. The I –V characteristics of
Figure 1 presents that our strain sensor has a sandwichthe pristine sensor exhibits an Ohmic behavior, and resisstructure, in which Ag NWs were intercalated one another
tance calculated from the slope is 375 . As increasbetween PDMS layers. As shown in Figure 1(c), average
ing , the current levels of the stretched sensor gradually
diameter and length of the Ag NWs were estimated to
decreased, and the nonlinearity of the I –V curves began
25 (±5) nm and 35 (±5) m, respectively, which were
to be observed. Figure 2(c) presents resistance variation of
interconnected to form 2D network structure. PDMS is an
the strain sensor as a function of the static . When  was
elastomeric material that has large nonlinear elastic deforvaried between 0 and 15.6% (black squares), resistance
mation. When the strain is released, buckling and fracat each static  exhibits a quasi-linear response in semiture emerge at the interface of Ag NWs and PDMS layer
logarithmic scale, and very little hysteresis was observed,
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to minimize
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effects, we piled the PDMS2 on Ag NWs/PDMS1 for
establishing the sandwich-structured strain sensor. When
the PDMS solution is cast on the Ag NWs/PDMS1 substrate, it could permeate into the empty space between the
each Ag NW due to its low viscosity and surface energy.26

Figure 1. (a) Schematic procedure for the fabrication of strain sensor
based on Ag NWs and PDMS ﬁlms. (b) Photograph of the strain sensor under bending. (c) SEM image of Ag NWs network on surface of
PDMS1.

J. Nanosci. Nanotechnol. 16, 8614–8617, 2016

Figure 2. (a) Photographs of the pristine and stretched strain sensors
up to 50% elongation. (b) Comparison of the I –V characteristics of strain
sensor under the different levels of strains. (c) Variation of resistance as
a function of the static strain. Inset: Magniﬁcation of (c) in relatively low
strain region.
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as also shown in the inset of Figure 2(c). It should be noted
that this resistance variation was highly reproducible under
the multiple repetition of the static stretching–releasing
(: 0  156%). As increasing  up to 62.5%, resistance
of the stretched sensor was abruptly enhanced after about
40% of , and hysteresis behavior became signiﬁcantly
severe. After  was reduced to 0, resistance of the sensor was changed from 464 G ( = 62.5%) to 3.0 k
( = 0), which was further relaxed to 591  in 24 hours.
However, resistance at  = 0 did not return to its original
value, as shown in Figure 2(c). Based on above discussion,
a conﬁdential dynamic range of our strain sensor could be
suggested up to 15% of .
Figure 3 presents the performances of our strain sensor under the repetitive applications of stretching–releasing
cycles with uniform intensities. As shown in Figure 3(a),
the resistance variation of the strain sensor was monitored
up to 1,000 cycles ( = 5%), which was maintained less
than 13.7% (±2.75%). It should be noted that the resistance after ﬁnishing each number of cyclic stretching was
measured at non-stretched condition. The stable responses
of our device against cyclic stretching indicated reasonable
stability and durability of the sensing performance. Based
on these result, the strain sensor after repetitive mechanical

Figure 4. R–t characteristics of the strain sensor under pulse-type
stresses with arbitrary intensities. Inset: strain sensor attached onto the
surface of balloon.

deformation was proved to be highly steady under
stretch–release cycles. Figure 3(b) shows the current–time
(I –t) characteristic behavior of the strain sensor under
the periodic applications of stretching–duration–releasing–
duration cycles, in which each stretching/releasing and
duration times were controlled ∼1 s and 20 s, respectively. Current level was logarithmically increased within
each stretched region, where the constant strain was maintained ( = 6.2%). The result could be attributed to the
initial degradation and stabilization of the mechanical
Delivered by Ingenta to: Kyung Hee University
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movements
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ing procedure.15 The enhancement, duration, and recovery of current levels were well observed, corresponding
to their counterparts in the multiple stretching (releasing)duration cycles. This result could imply the potentials
of our strain sensor to the ﬁeld of motion-detecting
application.
In order to further investigate the responsivity of our
strain sensor in terms of speed and intensity, it was
attached onto the surface of balloon, and pulse-type
stresses with arbitrary intensities were applied through
squeezing the balloon by hand (see the inset of Fig. 4). The
resistance–time (R–t) characteristic behavior of our sensor
shows a highly sensitive and fast responsive nature, which
reﬂects the expansion/contraction of the sensor-attached
area in balloon, as shown in Figure 4. In addition, gradual reduction of resistance in each stress released region
might be originated from a delayed response of the elastomeric PDMS in terms of mechanical deformation and
resilience.15 26

4. CONCLUSION
Figure 3. (a) Resistance variation of the strain sensor under the cyclic
stretching test ( = 5.0%) with respect to the number of stretching. Inset:
Photograph of cyclic stretching test by using moving stage. (b) I –t characteristics of the strain sensor under the periodic applications of stretching (release)-duration cycles with uniform strain intensity ( = 6.2%).
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We successfully fabricated highly sensitive and stretchable
strain sensor based on 2D network of Ag NWs and biocompatible PDMS layers. The strain sensor with embedded sandwich-structure showed outstanding performances
in terms of linearity, sensitivity, stability, and fast response
J. Nanosci. Nanotechnol. 16, 8614–8617, 2016
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under relatively wide range of strain. Static and cyclic
modes of stretching test also guaranteed our strain sensor
to the various applications, which should require high performances of sensing capabilities.
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