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ABSTRACT: Highly sensitive flexible piezoresistive materials
using silver nanowires (AgNWs) composites have been widely
researched due to their excellent electrical, optical, and
mechanical properties. Intrinsically, AgNWs tend to aggregate
in polymer matrix because of the intense depletion-induced
interactions, which seriously influence the percolation thresh-
old of the composites. In this study, we report a highly stable
and sensitive paper-based bending sensor using the AgNWs
and layered double hydroxides (LDHs) to construct a hybrid
conductive network in waterborne polyurethane that is easy to
destruct and reconstruct under bending deformation. The
nonconductive 2D LDH nanosheets are embedded into
AgNWs network and assist dispersion of AgNWs, which
depends on the hydrogen bonding between the two nanostructures. The percolation threshold of the composites decreases from
10.8 vol % (55 wt %) to 3.1 vol % (23.8 wt %), and the composites reaches a very low resistivity (10−4 Ω·cm) with a small
amount of AgNWs (8.3 vol %) due to the dispersion improvement of AgNWs with the effect of LDH nanosheets. The as-
prepared conductive composites with low percolation threshold can be manufactured on paper via various methods such as
rollerball pen writing, inkjet printing, or screen printing. The bending sensor prepared by manufacturing the composites on paper
shows low-cost, excellent conductivity, flexibility (>3000 bending cycles), sensitivity (0.16 rad−1), fast response (120 ms) and
relaxation time (105 ms), and nontoxicity. Therefore, a simple but efficient wearable sensor is developed to monitor the human
motions (such as fingers and elbow joints movements) and presents good repeatability, stability, and responsiveness, making the
bending sensor possibly able to meet the needs in numerous applications for robotic systems.
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■ INTRODUCTION

Flexible piezoresistive materials (FPR materials) have attracted
considerable attention due to their extensive applications in
wearable electronics, robotic systems, electronic skin, et al.1−8

FPR materials can be easily obtained by manufacturing flexible
conductive composites (FCCs) on various natural or synthetic
flexible substrates. Paper is a widely used flexible substrate that is
biodegradable and recyclable because it is made up of
environmentally friendly raw materials.9 The flexibility of paper
is superior to the common plastic substrates such as poly-
(ethylene terephthalate) (PET) or polyimide (PI) as it is not
only bendable and rollable but can be folded and unfolded as
well.10 Moreover, FCC can be manufactured on paper substrate
by writing, screen printing, or inkjet printing. Also, paper is
lightweight, and the price of paper is lower than that of plastic
substrates.11 Therefore, paper has been considered as a new ideal
substrate to make flexible electronics.
FCC is usually prepared by incorporating conductive fillers

into the flexible polymer matrix such as poly(vinylidene fluoride)
(PVDF),12 poly(dimethylsiloxane) (PDMS),13,14 waterborne
polyurethane (WPU),15and nitrile butadiene rubber (NBR).16

The electrical connection of conductive fillers in polymer matrix
is determined by the percolation theory and conductive current
passes constructed by the junctions of conductive fillers.17 The
percolation theory points out that a typical piezoresistive
behavior can be generally observed at the filler concentration
beyond the percolation threshold, in which the formed initial
conductive network reconstructs under external stimuli such as
bending, stretching, and compression. To maintain the high
sensitivity and conductivity of FPR materials, many studies have
focused on decreasing the percolation threshold of FCC.18,19 It is
generally accepted that the morphology and size of conductive
fillers play an important role in determining the percolation
threshold. For instance, conductive composites incorporated
with one-dimensional (1D) conductive fillers (nanowires or
nanotubes) often exhibit lower percolation threshold.20 Silver
nanowires (AgNWs) possess the highest electrical and thermal
conductivity among metal nanowires and are highly resistant to
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oxidation and corrosion. Moreover, AgNWs with high aspect
ratio still retain outstanding conductivity while bending, rolling,
or twisting. Although AgNWs applied in conductive composites
form conductive network more easily than silver flakes or
nanoparticles, the percolation threshold is strongly dependent on
the distribution of AgNWs in polymer matrix. Unfortunately,
AgNWs tend to aggregate in polymer matrix due to the strong
depletion-induced interaction; thus, more AgNWs are needed to
obtain conductive composites with high conductivity that leads
to higher percolation threshold. Therefore, improving the
dispersion of AgNWs in polymer matrix is the key to decreasing
the percolation threshold. It is reported that nonconductive zero-
dimensional silica nanoparticles are introduced and the
concentration of AgNWs is down to 2 vol % and still obtains
the resistivity of 10−4 Ω·cm.21 In addition, hybrids of two-
dimensional (2D) graphene and AgNWs are also performed and
serve as conductive filler to epoxy resin, the percolation threshold
decreasing from 30 to 10 wt % due to the synergistic effect of
graphene and AgNWs.22

In this Article, hybrids of nonconductive 2D Co−Al layered
double hydroxides (LDHs) nanosheets and 1D AgNWs were
prepared and incorporated into WPU. The LDH nanosheets
assisted dispersion of AgNWs in WPU was described. Using
AgNWs/LDH nanosheets hybrids as conductive filler, it can
decrease the percolation threshold from 10.8 vol % (55 wt %) to
3.1 vol % (23.8 wt %), and the resistivity reaches (2.5 ± 0.3) ×
10−4 Ω·cm only incorporated with 8.3 vol % AgNWs. The
rollerball pen loaded with the as-prepared conductive ink could
write on paper, and the conductive text or tracks could be
obtained to be applied in flexible electric circuits. The bending
sensor fabricated by manufacturing the conductive ink on paper
shows excellent flexibility (over 3000 bending cycles) and high
sensitivity (0.16 rad−1) to bending deformation and can be used
as wearable bending sensors. Such sensors can be mounted onto
human bodies to monitor the motion of fingers and joints.
Moreover, the simple but efficient fabrication process in this
study makes it possible for large-scale and large-area preparation
of the flexible bending sensors.

■ EXPERIMENTAL SECTION
Materials. Silver nitrate (AgNO3) was bought from Tianjin Qilun

Chemical Technology Co., Ltd. Poly(vinylpyrrolidone) (PVP, Mw =
1 300 000 g/mol) was bought from J&K Technology Co., Ltd. (Beijing,
China). Glycerol, ethylene glycol, formamide, hydrogen chloride (HCl),
sodium nitrate (NaNO3), and anhydrous ethanol were purchased from
Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, China). Sodium chloride
(NaCl), cobalt chloride (CoCl2·6H2O), and aluminum chloride (AlCl3)
were purchased from Tianjin Fuchen Chemical Reagents Factory
(Tianjin, China). Waterborne polyurethane (WPU, solid content is 30
wt %) was supported by Guangzhou Bihong Chemical Technology Co.,
Ltd.
Synthesis of AgNWs. The AgNWs used in this research were

synthesized by amediated glycerol process.23 Typically, 2.9 g of PVPwas
added to 100 mL of glycerol in a 250 mL three-necked flask with gentle
stirring for 12 h at 100 °C until all PVP was dissolved. After the
temperature cooled down to room temperature, 4.65mL ethylene glycol
solutions of AgNO3 (1.0 M) were added to the flask, and then 30 mg of
NaCl dissolved in 0.3 mL of H2O was dropped in. After that, the flask
was immersed in an oil bath, and the temperature was raised to 180 °C
and kept for 2.0 h. The uniform gray−green color of solutions indicates
successful synthesis of AgNWs. The AgNWs were separated by
centrifugation process using anhydrous ethanol three times, and the
final product was dispersed in anhydrous ethanol with a concentration of
5.0 mg·L−1.

Liquid Exfoliation of Co−Al LDHs. The hexagonal Co−Al LDHs
were synthesized by the typical hydrothermal process.24 To exfoliate the
Co−Al LDHs, the pristine Co−Al LDHs were anion exchanged with a
salt−acid treatment.25 After that, 0.1 g of anion-exchanged LDHs
sample was dispersed into 100 mL of formamide and vigorously stirred
at ambient temperature for 48 h under nitrogen gas, and the unexfoliated
LDHs particles were removed by centrifugation at 2000 rpm for 10 min.
Finally, the pink, transparent colloidal suspension of Co−Al LDH
nanosheets was obtained and diluted to 0.5 mg/mL.

Hybridization of AgNWs and LDH Nanosheets and Prepara-
tion ofWritable and Printable Conductive Ink.Hybrids of AgNWs
and LDH nanosheets were prepared via dropping LDH nanosheets
suspensions into AgNWs suspensions in a 100 mL beaker and careful
shaking. The precipitates were collected by centrifugation, and gel-like
AgNWs/LDH nanosheets hybrids were obtained. The collected gel-like
AgNWs/LDH nanosheets hybrids were directly mixed with WPU and
homogenized, and then writable and printable conductive ink was
acquired after the viscosity was adjusted. To prepare the conductive ink
filled with AgNWs only, AgNWs suspension was mixed with WPU and
homogenized, and the mixture was concentrated by rotary evaporation
at 60 °C for 2 h (this may cause some loss of AgNWs).

Preparation of Paper-Based Wearable Bending Sensor. To
prepare the bending sensor, the conductive ink incorporated with the
hybrids (the mass ratio of WPU, AgNWs, and LDH nanosheets was
4:4:1 to reach a low resistivity) was manufactured on paper by screen
printing and dried in an oven at 60 °C for 12 h. The thickness, width, and
length of the sensor were 50 μm, 3 mm, and 6 cm, respectively. At the
same time, the copper electrodes were fixed at the two terminals by silver
paste (YH 2008, HongKong Yihui Co., Ltd.). The sensor based on
composites incorporated with AgNWs only (18.8 vol % AgNWs was
mixed with WPU to make the resistivity reach 10−4 Ω·cm) was also
prepared as a contrast.

Characterization. The UV−vis absorption spectroscopy was taken
at room temperature on a HP 8453E spectrometer (HP Co. Ltd., U.S.).
X−ray diffraction (XRD) analysis was conducted using a Bruker D8
ADVANCE diffractometer (Bruker Co. Ltd., Billerica, MA) with Ni-
filtered Cu−Kα radiation (λ = 0.154 18 nm) with a scanning speed of
2°/min at 40 kV and 40 mA. The transmission electron microscopy
(TEM) images were taken by JEOL JEM-2100HR instrument (EDAX
Inc., Mahwah, NJ) operated at 100 kV. The morphology of AgNWs,
LDHs, and composites were observed through a Nano SEM 430
instrument (FEI Co. Ltd., Hillsboro, OR). The weight loss result was
measured by TA Instruments (TA Co. Ltd., Pennsylvania, PA). X-ray
photoelectron spectroscopy (XPS) analysis was carried out using a
Kratos Axis Ultra DLD electron spectrometer (Kratos Co. Ltd.,
Manchester, England). Fourier transform infrared spectroscopy (FTIR)
spectrum was collected by a Bruker VERTEX70 FTIR spectrometer
(Bruker Co. Ltd., Billerica, MA) at room temperature using KBr disc
technique. The resistance (ρ, Ω) of the composite was measured by a
TEGAM 1740 microohmmeter, and the bulk resistivity (R, Ω·cm) of
composite was calculated via the following equation: R = ρS/L, where L
(cm) and S (cm2) are the length and cross-sectional area of the sample,
respectively. Conversion between the mass fraction and volume fraction
of the fillers can be performed by the following equation22,26

ρ ρ
ρ ρ γρ γ ρ ρ

=
+ + − +

v
w

w w( ) [1 (1 )]
LDH WPU

WPU LDH Ag Ag LDH

where v and w are the volume fraction and mass fraction of the filler,
respectively; ρAg, ρLDH, and ρWPU are the density of AgNWs (10.5 g·
cm−3), LDH nanosheets (2.7 g·cm−3), and WPU (1.05 g·cm−3),
respectively; and γ is the mass ratio of LDH nanosheets and AgNWs.
The bending performance was measured by bending the sensor with a
radius of 0.5 cm under the frequency of 4 Hz, and the resistance was real-
time monitored by TEGAM 1740 microohmmeter. To measure the
sensitivity (S) of the sensor, the resistance response of the sensor to
bending angle (θ) from 0° to 180° was recorded, and the sensitivity was
calculated via the following equation: S = (ΔR/R0)/θ,

4 where ΔR is the
initial resistance (R0) minus the measured resistance (R). It is difficult to
obtain the accurate value of the response and relaxation time. In this

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03824
ACS Appl. Mater. Interfaces 2015, 7, 14182−14191

14183

http://dx.doi.org/10.1021/acsami.5b03824


research, the approximate response and relaxation time of the sensor was
measured by bending the sensor to 90° as soon as possible (<30 ms),
and the real-time resistance was collected and the response and
relaxation time was defined as the time interval between 10% and 90% of
the steady state values.27 To monitor the motion of fingers and joints,
the sensor 3 mm in width and 6 cm in length was mounted on fingers or
joints by strong glue (Pattex PXT4X). While testing, the two terminals
of the sensor were fixed on fingers or joints by 3M Scotch tape to avoid
the resistance instability of the contact between the electrode and the
sensor.

■ RESULTS AND DISCUSSION

Preparation of AgNWs and Co−Al LDH Nanosheets.
Uniform AgNWs with 20± 5 μm length and 50± 5 nm diameter
were synthesized (Supporting Information Figure S1). The XRD
pattern (Supporting Information Figure S2) confirmed that the
AgNWs are highly crystalline and exhibit purely in a face-
centered cubic (fcc) phase. TEM image with higher magnifica-
tion (Figure 1a and b) shows that about 2 nm thick PVP existed

on the surface of pristine AgNWs. The TG result shows that the
continuous weight loss of as-prepared AgNWs starting at about
100 °C is assigned to the decomposition of PVP, and it is
unfinished even up to 700 °C (Figure 1c). Figure 1d shows
typical FESEM images of pristine Co−Al LDHs. As can be seen,
the LDHs with hexagonal shape have a lateral size about 2 μm.
The LDH nanosheets were liquid exfoliated in formamide.25 The
XRD pattern of LDHnanosheets is shown in Figure 1g; the sharp
basal diffraction peaks of pristine LDH are almost absent,
indicating the collapse of the ordered layered structure of the
pristine Co−Al LDHs. The two-dimensional tapping-mode
AFM image (Figure 1e) shows that the particle size is about
200−400 nm. The height profiles (Figure 1f) reveal that the
nanosheets have an average thickness of about 1.0 nm,
demonstrating that single layer LDH nanosheets were obtained.

Hybridization of AgNWs and LDH Nanosheets. Figure
2a shows the schematic of preparation of AgNWs/LDH
nanosheets hybrids. In brief, LDH nanosheets were dropwise

Figure 1. (a and b) TEM images of as-prepared AgNWs with different magnifications to show the morphology and surface of AgNWs. (c) TG results of
pristine AgNWs. (d) FESEM image of pristine Co−Al LDHs; the inset is the SEM image of Co−Al LDHs with higher magnification and digital
photograph of pristine LDH aqueous suspension. (e) Tapping-mode AFM image of LDHnanosheets deposited on a freshmica substrate; the inset is the
digital photograph of the LDH nanosheets colloidal suspension. (f) Height profile along the two lines in (e). (g) XRD pattern for the exfoliated Co−Al
LDH nanosheets obtained after centrifugation from LDH colloidal suspension.
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added into AgNWs dispersion with careful shaking, and the
homogeneous state of AgNWs was broken, indicating the
assembling of AgNWs and LDH nanosheets. The FESEM
images of AgNWs/LDH nanosheets hybrids with different
proportion are shown in Figure 2b−g. As can be seen, bundles of
AgNWs (more than 3 AgNWs in parallel adhered together) are
clearly observed for pristine AgNWs (Figure 2b) and AgNWs/
LDH nanosheets hybrids when the proportion of AgNWs and
LDH nanosheets ranges from 8:1 to 6:1 (Figure 2c and d) due to
the strong depletion-induced interaction existing among
AgNWs. However, the AgNWs 3D network is observed, and
AgNWs do not obviously aggregate when the proportion of
AgNWs and LDH nanosheets ranges from 4:1 to 2:1. The LDH
nanoshests are embedded into AgNWs network leading to
AgNWs divided by single layer LDH nanosheets, and a hybrid
3D network is constructed (Figure 2e and f). If the concentration
of LDH nanosheets is nearly equal to the AgNWs, there are
excess LDH nanosheets covered on the surface of AgNWs
(Figure 2g), demonstrating that excessive LDH nanosheets
decrease the contact of AgNWs, which is not conducive to the
formation of conductive network in polymer matrix. The analysis
above indicates that LDH nanosheets can prevent AgNWs from
aggregating to bundles and the optimum proportions of AgNWs
and LDH nanosheets to form 3D hybrid network range from 4:1
to 2:1.
In order to further investigate the chemical nature of elements,

XPS investigations for AgNWs, LDH nanosheets, and their
hybrids were performed, and high-resolution spectra of C 1s, Co
2p, and Al 2p were obtained from the survey of wide-scan spectra
(Figure 3). As illustrated in Figure 3, all the spectra are referenced

to C 1s peak (binding energy = 284.6 eV).28 Beside the main
peak at 284.6 eV for C−C and 285.3 eV for C−N, a broader peak
and a higher binding energy corresponding to the CO are
observed after hybridization due to the charge transfer from
AgNWs to the surface of LDHnanosheets. The XPS of the Co 2p
region can be fitted into four peaks, the first two peaks at 781.4
and 784.9 eV ascribed to Co 2p3/2 and its shakeup satellite and
the other two peaks at 795.4 and 801.2 eV assigned to the Co
2p1/2 and its shakeup satellite.29 After hybridization, these four
peaks shift to 779.3, 786.0, 797.5, and 803.4 eV, respectively. In
addition, the XPS of Al 2p shifts from 72.3 to 74.2 eV. The UV−
vis spectrum Supporting Information Figure S7) of pristine
AgNWs shows two clear SPR peaks at 350.7 and 377.1 nm
corresponding to the longitudinal and transverse mode of
AgNWs, respectively.30 As is seen, these two peaks shift to 354.5
nm and 382.7 nm after hybridization. Since a thin layer PVP
molecule (about 2 nm) is absorbed on the surface of AgNWs
during the crystal growing process31,32 and a large number of
hydroxyl groups on the host layer of LDH nanosheets (the
f o r m u l a o f L D H s c a n b e d e s c r i b e d a s
[MII

1−xM
III

x(OH)2]
x+(An−)x/n·mH2O),33 hydrogen bonding

can be formed between the carbonyl group (CO) of PVP
on the surface of AgNWs and hydroxyl groups (−OH) on the
host layers of LDH nanosheets.

Properties of the Composites Filled with AgNWs/LDH
Nanosheets Hybrids. One-dimensional conductive fillers
(such as nanowires and nanotubes) often form conductive
networks more easily due to the high aspect ratio. However,
more than 10 vol % of 1D conductive fillers is necessary, and
volume resistivity of these composites only reaches 10−2Ω·cm.21
In this research, a facile and efficient method is illustrated to
obtain low volume resistivity (10−4 Ω·cm) with a small amount
of AgNWs (<10 vol %) by serving AgNWs/LDH nanosheets
hybrids as nanoscale conductive filler. Figure 4a demonstrates
the influence of hybrid filler with different proportion of AgNWs
to LDH nanosheets on the electrical property of composites. As
can be seen, all samples incorporated with AgNWs/LDH
nanosheets hybrids show lower resistivity than that of those
filled with AgNWs only, and the resistivity reaches (2.5 ± 0.3) ×
10−4Ω·cmwhen the proportion of AgNWs and LDHnanosheets
is 4:1 while the blank sample is about 900 Ω·cm. Also, the
resistivity is (2.6 ± 0.3) × 10−3 Ω·cm when the proportion of
AgNWs and LDH nanosheets is 1:1, demonstrating excess LDH
nanosheets will decrease the contact between AgNWs. By using
AgNWs/LDH nanosheets hybrids as nanoscale conductive filler,
one can decrease the percolation threshold from 10.8 vol % (55
wt %) to 3.1 vol % (23.8 wt %) (Figure 4b) and reach very low
resistivity (10−4 Ω·cm) only filled with 8.3 vol % AgNWs (see
Supporting Information Table S1). As a contrast, 18.8 vol %
AgNWs are needed to achieve 10−4Ω·cm if pure AgNWs serve as
fillers.
The fillers distribution in polymer matrix plays a crucial role in

evaluating the properties of composites; thus, the structure of
composites was analyzed to illuminate the mechanism of
conductivity improvement. Similar to the pristine AgNWs
deposited on glass slides (Supporting Information Figure S1),
AgNWs aggregate to bundles without LDH nanosheets due to
the strong depletion-induced interaction among AgNWs (see
Figure 5a and b and the EDX spectrum (Figure 5c) of selected
area). However, after hybridizing with LDH nanosheets and
serving as conductive filler, the bundles of AgNWs disappear and
the dispersion of AgNWs is improved due to the depletion-
induced interaction among AgNWs being weakened and AgNWs

Figure 2. (a) Schematic illustration to show the preparation of AgNWs/
LDH nanosheets hybrids. (b) FESEM image of as pristine AgNWs
deposited on glass slides and dried in air. (c−g) FESEM images of
AgNWs/LDH nanosheets hybrids with different proportion of AgNWs
to LDH nanosheets from 8:1 to 1:1 (selected area in b−d shows the
bundles of AgNWs).
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being divided by LDH nanosheets, resulting in a randomAgNWs
conductive network (see Figure 5d and e). Figure 5f shows the
corresponding EDX spectrum of selected area in Figure 5e,
showing that the white lines in Figure 5e are the LDH
nanosheets. The hybrid network constructed by AgNWs and
LDH nanosheets improves the dispersion of AgNWs in polymer
matrix and makes it more likely to form an effective percolating
network under a small amount of AgNWs which still obtain
lower volume resistivity (<10−4 Ω·cm), which is required for
circuits in industry.

Plastic substrate has been always considered as an ideal
substrate, but recent studies reveal that paper substrate offers
new opportunities to fabricate the next generation of flexible
devices due to its recyclability, mechanical flexibility, and light
weight.34 In this study, a rollerball pen (ball diameter is 0.7 mm)
loaded with the as-prepared conductive ink can write on a
common office paper, and conductive text or tracks with width
about 500 μm were obtained (Figure 6a−f). Figure 6g shows the
apparent viscosity (η, tested at 25 °C and 1 atm and the shear rate
of 1 s−1) of the ink as a function of the concentration of AgNWs/
LDH nanosheets hybrids. The apparent viscosity of waterborne

Figure 3. (a) XPS wide-scan spectra of AgNWs, LDH nanosheets, and AgNWs/LDH nanosheets hybrids; high-resolution XPS spectra of (b) C 1s for
AgNWs and the hybrids, (c) Co 2p for LDH nanosheets and the hybrids, and (d) Al 2p for LDH nanosheets and the hybrids.

Figure 4. (a) Volume resistivity of composites filled with hybrids with different proportion of AgNWs to LDH nanosheets (the mass ratio of WPU and
AgNWs was kept at 1:1 in all samples). (b) Volume resistivity of the composites as a function of contents of AgNWs (for the composites incorporated
with the hybrids, the mass ratio of AgNWs and LDH nanosheets was kept at 4:1).
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polyurethane (30 wt %) is about 0.07 Pa·s, and that of the ink-
incorporated 10 wt % hybrids is around 0.8 Pa·s. To avoid
leaking, skipping, or clogging while writing, a viscosity of 1−10
Pa·s is required.35 In this study, the apparent viscosity of those
inks with 20−60 wt % hybrids was between 1.5 and 4.5 Pa·s,
which make it possible to manufacture the ink on paper substrate
via writing and other methods such as inkjet printing and screen
printing. To investigate the foldability of the conductive lines, a
simple electric circuit was written on office paper and supported
with an LED (Figure 6h, the operating voltage was 6 V); Figure 6i
shows that the LED still works and the brightness does not
change after the electric circuit is folded and weighted with 500 g
on the top.
Performance of the Bending Sensor. The bending sensor

fabricated on office paper by screen printing demonstrates
extreme bending stability. The bendability was measured by
bending the sensor with a radius of 0.5 cm and frequency of 4 Hz.
The real-time resistance as a function of time was recorded and
presented in Figure 7a, which shows that the electrical resistance
of the sensor remains unchanged after over 3000 bending cycles.
In contrast, the electrical resistance of the sensor using silver
flakes as filler dramatically increases after only 10 bending cycles
(Supporting Information Figure S8a). In addition, a minimal
electrical resistance is observed for composites filled with hybrids
while a maximum is recorded for composites filled with silver
flakes in each bending cycle (inset in Figure 7a and Supporting
Information Figure S8a). The mechanism of this phenomenon

can be explained by tunneling resistance (Rtunnel) between fillers
according the following formula4,36

λ
π λ= = ⎜ ⎟⎛

⎝
⎞
⎠R

V
AJ

h d
Ae m

d
h

m
2

exp
4

2tunnel

2

2

where V is the electrical potential difference, J is the tunneling
current density, and A is the cross-sectional area of the tunnel; d
is the distance of fillers; h is Planck’s constant; λ is the height of
the energy barrier; e is the quantum of electricity; and m is the
mass of electron. The AgNWs conductive network is condensed
under bending deformation that reduces the distance between
AgNWs (Figure 7b). However, the conductive network
connected by spherical or flaky microsized conductive fillers is
negatively affected due to the distance between conductive fillers
increasing under bending state (Supporting Information Figure
S8b), which gives rise to increasing the tunneling resistance and
limiting the tunneling current.
The above discussions reveal that the composites incorporated

with the hybrids manufactured on paper have a good bending
stability that can be used as bending sensor. Therefore, the
capability of the sensor (composites filled with the hybrids) was
studied, and the sensor response to the bending angle (θ) from
0° to 180° is illustrated in Figure 7c, which shows a high
sensitivity (S) of 0.16 rad−1 (S = ΔR/R0/θ) and a good liner
fitting (r = 0.9680). Sensitivity and conductivity are the two most
important parameters of piezoresistive materials, and it is
challenging to satisfy both of them at the same time. The
sensitivity of the sensor in this study is of the same order of
magnitude as the sandwich-structured bending deformation
sensor,4 but our sensor also exhibits excellent conductivity. The
resistivity of our bending sensor is as low as (2.5± 0.3)× 10−4Ω·
cm, which is much lower than that of the previously reported
AgNWs, graphene, CNTs, or ZnO-based piezoresistive
sensors2,4,8,37−41 and may be a potential candidate for low-
voltage-driven wearable sensor systems.42 However, the sensor
prepared with composites without LDH nanosheets (18.8 vol %
AgNWs was incorporated to make the resistivity reach 10−4 Ω·
cm) shows very low sensitivity to bending deformation (S = 0.03
rad−1). This is attributed to the higher volume fraction of AgNWs
incorporated that forms a stable conductive network which is
difficult to reconstruct at bending state. On the contrary, a
relatively instable percolating network is formed with the
introduction of LDH nanosheets, and the sparser AgNWs
network is easier to be destructed and reconstructed in WPU
matrix.43 Additionally, the same electrical behavior and
unchanged sensitivity of the sensor are observed even after
1000 “bending/relaxation” cycles (Figure 7d and e) due to the
good flexibility of WPUwhich makes the AgNWs network fast to
return to its original state after the strain is removed. The
response and relaxation time of the sensor tested in this research
are about 120 and 105 ms, respectively (Figure 7f).
Owing to the extreme bending stability and good sensitivity,

the bending sensor can be used for a wearable and flexible sensing
system mounted onto human bodies to monitor the motions or
movements. Even through humanmotion detection sensors with
similar materials have been developed in recent years, the
bending sensor reported in this research is also highly
conductive, low-cost, and environmentally friendly, which
make large-scale and large-area preparation possible. To
demonstrate the feasibility of the composites as a wearable
bending sensor, the real-time detection is present in Figure 8. As
indicated in Figure 8, the index finger of the person under test

Figure 5. FESEM images of composites filled with AgNWs (a, b) and
AgNWs/LDH nanosheets hybrids (d, e) with different magnifications;
(c) and (f) are the EDAX spectra of the selected area corresponding to
(b) and (e).
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was kept straight naturally; the bending sensor was under a
moderate tension strain when the index finger had a moderate
curvature, leading to a decrease in resistance. After the index
finger straightened, the sensor relaxed and the strain decreased,
accompanied by an increase in resistance and a return to original
state. By mounting the sensor on the other four fingers, the
sensor can also monitor the motions or movements as well
(Figure 8c). As one of the most frequently used joints, it is of
importance to detect or simulate the motion of the elbow joint.
In this research, the bending sensor was attached onto the inner
margin of the elbow joint while the volunteer straightened the
arm naturally. Initially the sensor was in relaxation state, and a
maximum resistance was observed (Figure 8d). After the armwas
bent to about 90°, the resistance suddenly decreased (about
20%) due to tension generated during the bending process, and a
larger decrease in resistance was observed (about 40%) when the
arm continued to bend to 160°. When the arm was straightened,
the resistance returned to the initial value. All the results reveal
that the bending sensor in this study exhibits good repeatability,
stability, and responsiveness and could meet the needs in
numerous applications for robotic systems.

■ CONCLUSION

In this study, hybrids of AgNWs and LDH nanosheets were
prepared, and results reveal that nonconductive LDHnanosheets
are embedded into AgNWs network and LDH nanosheets assist
the dispersion of AgNWs in polymer matrix. With introduction
of LDH nanosheets, the percolation threshold of the composites
decreases from 10.8 vol % (55 wt %) to 3.1 vol % (23.8 wt %) and
the resistivity reaches 10−4 Ω·cm only incorporated with 8.3 vol
% AgNWs due to the dispersion improvement of AgNWs. The
as-prepared composites with low percolation threshold could be
manufactured on paper by various methods such as rollerball pen
writing, screen printing, and inkjet printing. In addition, a simple
but efficient paper-based bending sensor with low cost, good
conductivity (10−4 Ω·cm) and sensitivity (0.16 rad−1), fast
response (120 ms) and relaxation time (105 ms), extreme
bending stability (>3000 cycles), and nontoxicity has been
developed to monitor the human motions and shows good
repeatability and stability.

Figure 6. (a) Digital photograph of rollerball pen (ball diameter is 0.7 mm) loaded with conductive ink; inset is the typical digital photograph of
conductive ink. (b) Conductive text written on an office paper by the rollerball pen. (c, d) Digital photographs of written tracks on office paper and
resistance measurement. (e, f) Optical and SEM images of the written conductive line, respectively. (g) Apparent viscosity (η) of nanocomposites as a
function of the concentration of hybrids (ηwas measured under 25 °C and 1 atm). (h) Simple paper-based electric circuit written by the rollerball pen; it
still work after being folded and weighted with 500 g on the top (i).
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■ ASSOCIATED CONTENT

*S Supporting Information
Synthesis and anion exchange of Co−Al LDHs; FESEM images
of pristine AgNWs and histogram showing length and diameter

of AgNWs; XRD results of pristine AgNWs; schematic

illustration of anion exchange of Co−Al LDHs; FTIR patterns,

XRD results, and FESEM images of Co−Al LDHs intercalated
with different anions; the digital photograph and Tyndall effect of

Figure 7. (a) Responses of the paper-based bending sensor to the bending cycles under the frequency of 4 Hz. (b) Schematic to show the effect of
bending on the AgNWs network. (c) Response of the sensor to the bending angle from 0° to 180° and (d) the repeated bending/relaxation cycles.
Normalized sensitivity of sensor as a function of bending cycles (e). (f) Fast response (120 ms) and relaxation time (105 ms) of the sensor.

Figure 8.Digital photograph of the bending sensor (a). Demonstrations and results of motion detection of the index finger (b) and the other four fingers
(c). Motion detection of the elbow joint (d).
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the LDH nanosheets suspensions; UV−vis spectra of AgNWs,
LDH nanosheets, and AgNWs/LDH nanosheets hybrids;
responses of the composites incorporated with silver flakes;
volume resistivity of the composites filled with the hybrids and
AgNWs only. The Supporting Information is available free of
charge on the ACS Publications website at DOI: 10.1021/
acsami.5b03824.
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