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a b s t r a c t

Stretchable tactile sensor (STS) is promising for wearable electrical devices, human-machine interfaces,
and electronic skin. However, developing a STS based on piezoresistive composite high-pressure sensi-
tivity and dynamic stability remains challenging because stretching deformation destroys the original
dispersed state of conductive fillers. This interference of stretching strain on the pressure sensing greatly
reduces device performance. Here, we realize an STS based on a piezoresistive composite with different
elastic modulus in its functional regions. The composite contains high elastic modulus region (59.1 MPa)
of vertically aligned columns of urchin-shaped nanoparticles, and low elastic modulus region (2.4 MPa)
of pure matrix. The sensor exhibits high-pressure sensitivity (12.05 kPa�1) owing to the increased
conductive contact area between urchin-shaped nanoparticles in the high elastic modulus region. While
stretching to 400% strain, the sensor exhibits excellent dynamic stability via strain accommodation in the
low elastic modulus region. Our design to separate sensing from multiple stimulus by elastic modulus
regulation is easy operative and universal. In addition, the sensor has a low hysteresis coefficient (5.25%),
a good detection limit (22 mg), a low response/recovery time (<50 ms), and an excellent mechanical
durability (cycled 10,000 times). Finally, we demonstrate the use of our STS for several important
stretchable electronic applications to show the feasibility of our design.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decades, the sensor development has rapidly shifted
from traditional rigid sensor to flexible sensors [1e6]. To meet the
requirements of new applications, next-generation stretchable and
elastic sensors are required [7e11]. In particular, tactile sensors are
hang), shangjie@nimte.ac.cn
an important front-end component for many electronic systems
because of their high sensitivity to slight pressure (<1 kPa)
[3e5,10e13]. Therefore, the development of a stretchable tactile
sensor (STS) has attracted great attention [7e9,14e18], which may
enable novel electronic systems, such as wearable electrical devices
(WED) [19e21], human-machine interfaces (HMI) [17,22,23], and
electronic skin (E-skin) [23e25].

Existing flexible tactile sensors commonly use piezoresistive,
piezocapacitive, piezoelectric, or triboelectric mechanisms for
converting the pressure sensing into electrical signals [12,26].
Piezoresistive composites made from a stretchable polymer matrix
filled with randomly dispersed conductive fillers have high sensi-
tivity and intrinsic stretchability [26e30]. The mechanism of
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pressure sensing is based on the piezoresistive effect [11,13,26],
where the electrical resistance decreases with an increased pres-
sure leading to a regular increase in the detection current. In con-
ventional piezoresistive composites, stretching strain seriously
inhibits pressure sensing to prevent it from being use in stretchable
and elastic applications [14,15,31,32]. When stretched, the state of
the dispersed conductive fillers changes, producing a significant
pseudo-electrical response that interferes with pressure detection
and leads to low dynamic stability [26,33]. Avoiding this interfer-
ence from stretching strain is necessary to obtain high-
performance STS materials made from piezoresistive composites.

In view of the top-down strategy, researchers have designed
several piezoresistive composites with special microstructure to
fabricate STS, which are only sensitive to pressure stimulus and
maintain high sensitivity during stretching (i.e. dynamic stability)
[14,15,31e36]. For example, the Choong et al. [14], Roh et al. [15],
Wang et al. [31], and Chang et al. [32] have reported STSs using
piezoresistive composites with micropyramid arrays, 3D bump-
valley micropattern arrays, 3D hierarchically porous, and Shar-
Pei-like hierarchical wrinkles structures, respectively. Their sen-
sors exhibit good dynamic stability of pressure sensitivity
(0.1e10 kPa�1) under stretching strains of 30e60% [14,15,31e35].
Thesemicrostructuresmostly consist of concave-convex structures.
The convex regions enable pressure sensing, whereas the concave
regions release the stretching strain [15]. The stretching strain is
locally concentrated in the concave region due to its small thick-
ness, which reduces the interference effects on the pressure
sensing convex regions. In other words, these microstructures
avoid the interference through strain accommodation [33]. How-
ever, this top-down strategy of engineered design is ineffective for
strain accommodation under large stretching deformation (>100%
strain), which is required for human joints and soft robots
[14,36,37]. In addition, these approaches require sophisticated
micromachining techniques to fabricate the STSs [36]. Presently,
some researchers have adopted the bottom-up strategy to fabricate
flexible pressure sensors with high performance and low cost. For
example, Lee et al. [24] used composite nanofibres of carbon
nanotubes and graphene to fabricate a bending-insensitive pres-
sure sensor. These fibers change their relative alignment to
accommodate bending deformation, thus reducing the strain in
individual fibers. Coincidentally, Chen et al. [38] and Lee et al.
[39] have prepared pressure-insensitive strain sensor based on
carbonized crepe paper with aligned cellulose fibers, and highly
aligned carbon nanofiber films. Therefore, a bottom-up strategy
with aligned functional fillers to regulate the stretching strain of
the different functional regions in piezoresistive composite is an
interesting alternative method to solve the existing challenges in
STSs.

In this article, we report a piezoresistive composite with
different elastic modulus in its functional regions. The composite is
prepared by a simple magnetic fieldecontrolled assembly of
urchin-shaped conductive magnetic nanoparticles (US-CMNPs)
that acts as filler in a polyurethane (PU) elastic matrix (Scheme 1a).
The elastomer filled with US-CMNPs column and the pure matrix of
PU are the functional regions for sensing the pressure and releasing
the stretching strain, respectively. The elastic modulus difference
between these regions will be large because US-CMNPs column
region consists of rigid particles (high modulus) and stretchable PU
(low modulus). When a pressure is loaded onto the composite, the
conductive contact area density of US-CMNPs increases in its col-
umn region, which leads to a significant electrical response
(Scheme 1b). When it is stretched, the deformation occurs in pure
matrix region without impacting the structure in US-CMNPs col-
umn region to achieve strain accommodation at large stretching
strain (i.e. retention of original conductive path), thereby keeping a
high-pressure sensitivity of intact composite (Scheme 1b). Thus,
the fabricated STS based on our piezoresistive composite exhibits
high-pressure sensitivity (12.05 kPa�1) and good dynamic stability
(400% strain), which is most outstanding in the reported STSs. The
practical viability of our STS is tested by several prototype
stretchable electronic systems, such as WED for detecting the
touching on knee, HMI for controlling the balloon volume, and E-
skin with 6 � 6 pixels array.

2. Results and discussion

2.1. Sensor production

In accordance with our design, the synthesis of US-CMNPs is
critical to obtain STSs. The urchin-shape conductive filler enables
large electrical response for piezoresistive composite, which has
been confirmed by previous reports [27,30,40]. In addition, it can be
self-assembled to form the dispersed state (vertical alignment and
horizontal isolation) under the vertical magnetic field [41]. Here,
we choose the chemical reductionmethod to synthesize US-CMNPs
made from magnetic silver-nickel NP cores and shelled with gold
nanoneedles, as shown in Fig. 1a. Briefly, Ni nanoparticles are
coated with Ag by a silver mirror reaction (Ag-Ni nanoparticles).
These seed particles are combined with the HAuCl4$4H2O solution,
which provides Au3þ. Levodopa (L-Dopa) is then added to reduce
Au3þ for the growth of the Au nanoneedle shell on the surface of
the Ag-Ni nanoparticles. This shell is formed because of reduced Au
atoms grow on oriented, low-energy crystal faces under the in-
duction of L-Dopa [42,43]. Finally, the synthetic US-CMNPs are
blended with a PU solution, and this mixture is dried at high
temperature under a vertical magnetic field to align the US-CMNPs
vertically, producing the desired piezoresistive composite (US-
CMNPs@PU). Amore detailed procedure of the composite synthesis
can be found in the Experimental Section.

As shown in the Scanning Electron Microscope (SEM) image of
Fig. 1b, the synthesized particles exhibit the desired urchin-shaped
micromorphology, with an aspect ratio of 3:1 for the Au nano-
needle shells. From the cross-section SEM image of prepared US-
CMNPs@PU (Fig. 1c), a vertical arrangement of US-CMNPs can be
seen in the non-planar ring (NPR)-PU matrix, which occurs due to
the self-assembly of magnetic particles induced by the external
vertical magnetic field. This is also confirmed by the presence of
vertical stripes of Au in the Energy Dispersive Spectrometer (EDS)
mapping (Fig. 1c). On the top surface of US-CMNPs@PU (Fig. 1d),
there are microprotrusions of US-CMNPs columns, which are
separated from each other in the horizontal plane. The horizontal
spacing can be better seen from optical microscope images.
Nanoindentation was used to test the elastic modulus of the two
different functional regions based on the load force generated by
the pressing head displacement of 1,000 nm from the top surface.
From the results (Fig. 1e), the elastic modulus of the US-CMNPs
column region and pure matrix region are found to be 59.1 MPa
and 2.4 MPa, respectively, a factor of 24.6 difference in elastic
modulus between the two regions.

The anisotropic arrangement of conductive filler leads to a
higher resistivity along the horizontal direction (3.1 � 1011 U m)
compared to vertical (8.3� 104 Um). The dispersed filler structures
are not affected by the stretchability of US-CMNPs@PU, as evi-
denced by large breaking elongation values equal to 636.83% strain.
The US-CMNPs@PU sample also can be stretched to approximately
300% strain, even with a notch of 1 mm width.. Importantly, the
relative resistance change (DR/R0) of our piezoresistive composite
is only 3.7% under large stretching strain of 600%, as shown in
Fig. 1f. Its gauge factor (GF) is 6.17 � 10�5, which is nearly three
orders of magnitude lower than other reports. The GF is defined as



Scheme 1. (a) Schematic illustration of designed piezoresistive composite with different elastic modulus in its functional regions. (b) Expected electrical response curve of STS
based on designed composite under different sensing states. STS, stretchable tactile sensor.

Fig. 1. (a) Schematic representation of synthesis steps involved for US-CMNPs, and US-CMNPs@PU composite. (b) SEM image of US-CMNPs. (c) SEM cross-sectional view images of
US-CMNPs@PU composite along with its magnified region, and the corresponding EDS mapping of Au element. (d) SEM top view image of US-CMNPs@PU composite. (e) Force-
displacement curves of nanoindentation at US-CMNPs column region (red) and pure matrix region (blue). Inset is SEM top view image of composite to show the testing region
of nanoindentation. (f) Relative resistivity change of US-CMNPs@PU composite as a function of stretching strain. Inset is a color mapping of stretching strain distribution, when the
sample is stretched to 75% strain. US-CMPNs, urchin-shaped conductive magnetic nanoparticles. PU, polyurethane, EDS, Energy Dispersive Spectrometer, SEM, Scanning Electron
Microscope.
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the ratio of DR/R0 induced by stretching. The low GF indicates the
sensor is relatively insensitive to stretching strain. To understand
the mechanism of deformation during stretching, the three-
dimensional motion and deformation measurement system of
ARAMIS (GOM, Germany) was used to image the in situ deforma-
tion under the stretching strain. From the results (inset of Fig. 1f),
the large strain region (shown in red) displays regular streaks in the
strain distribution color map. This indicates that the deformation
mainly occurs in the matrix regions between the NP vertical col-
umns when stretched horizontally, which suggests good strain
accommodation in the composite.

To assemble the STS from US-CMNPs@PU, an elastic conductive
electrode is required. Elastic electrodesbasedona3D-calabashbunch
conductive network of liquid metals (LMs) are assembled as top and
bottom conductive electrodes for the STS. The US-CMNPs@PU is
located between the two elastic electrodes to form a sandwich
structure. The LM-based elastic electrode used here is similar to our
previous reports [44], but an additional protective layer of Ag NPs is
introduced on the surface of the conducting layers to prevent LM
leakage. The resistance of this elastic electrode is insensitive to the
stretching strain (DR/R0 ¼ 0.69 @ 400% stretching strain which pre-
vents stretching interference form the electrodes of STS.

2.2. Device testing

First, the relative detection current change rate (DI/I0) as a
function of pressure was measured to determine the pressure
sensitivity of our STS, as shown in Fig. 2a. Here, I0 is the initial
current through the STS without loading, and DI is the current
change under DP pressure loading. The sensitivity (S) of the STS is
calculated using the following equation:

S ¼ DI=I0
DP

(1)
Fig. 2. Relative electrical response of our STS as a function of the loading pressure (a) at di
view images of US-CMNPs@PU composite at 0% and 100% stretching strain. (d) Compariso
dynamic stability. STS, stretchable tactile sensor; US-CMPNs, urchin-shaped conductive ma
The sensitivity results (Fig. 2a) indicate that our STS exhibits a
high sensitivity to pressure. The pressure sensitivity of the sensor is
12.05 kPa�1 with good linearity (R2 ¼ 0.983). Besides, we tested the
sensitivity of six samples to verify the reproducibility of the sensor.
Each sample was tested for five times and shows a similar pressure
sensitivity from 11.94 kPa�1 to 12.16 kPa�1. The high sensitivity can
be attributed to the rough structure of the US-CMNPs and also from
the microprotrusions of filler columns on the top surface of com-
posite, which enables an increase in conductive contact area during
pressure sensing. Previous studies show that microprotrusions on
the surface of sensing material improve the detectivity at low
pressure [18,45e50]. To validate this point, several US-
CMNPs@NPR-PU samples with microprotrusions of different
heights were prepared by applying different magnetic field in-
tensities (500 Gs, 800 Gs, 1,200 Gs,1,500 Gs). The surface roughness
from topographies of these samples, which was tested by laser
scanning confocal microscopy. The height of the microprotrusions
increases with increased magnetic field intensity . The main peak of
the micro-protrusion heights is 1.51 mm, 2.45 mm, 3.68 mm, and
5.16 mm, for the applied magnetic field of 500 Gs, 800 Gs, 1,200 Gs,
and 1,500 Gs, respectively. The pressure response of piezoresistive
sensors based on these samples was also tested, and the results. The
sensitivity of these different sensors varies greatly from 3.09 kPa�1

to 12.05 kPa�1. This variation demonstrates that both the micro-
protrusions on the surface and the piezoresistive effect of US-
CMNPs@PU play a pronounced role in pressure sensitivity.

Further, we explored the stretching strain interference on the
pressure sensitivity of the STS by comparing the DI/I0 vs. pressure
curve at different stretching strains of 0, 200, and 400%. Fig. 2a
shows that the electrical response of the STS to pressure remains
essentially unchanged under various stretching strains. Even when
stretched to higher strain, the pressure sensitivity still remains at a
high level (S ¼ 11.29 kPa�1 @ 200% strain, and S ¼ 10.84 kPa�1 @
400% strain). Moreover, the effect of repeated stretching cycles on
fferent stretching strain and (b) after several stretching cycles. (c) SEM cross-sectional
n of current work and previously reported STS performance: pressure sensitivity and
gnetic nanoparticles; PU, polyurethane.



Z. Yu et al. / Materials Today Physics 14 (2020) 100219 5
the performance of our STS was investigated (Fig. 2b). The sensi-
tivity of pressure is unchanged after repeated stretching cycles at
400% stretching strain (S ¼ 11.78 kPa�1 @ 10 cycles, S ¼ 11.64 kPa�1

@ 100 cycles, and S ¼ 11.53 kPa�1 @ 1,000 cycles). There is a slight
attenuation of the electrical response to pressure under increased
stretching strain or cycling. For example, the attenuation of sensi-
tivity is reduced slightly to 10.04% from the original state, when the
STS is stretched to 400% strain (Fig. 2a). Similarly a decrease of
sensitivity to 4.32% occurs after 1,000 stretching cycles (Fig. 2b).
This attenuation can be attributed to the effect of Poisson's ratio in
the composite. When the US-CMNPs@PU piezoresistive composite
is stretched, it undergoes a small contraction of 7.56% in the vertical
direction from 225 mm to 208 mm (green line, Fig. 2c), which can
affect the piezoresistive response. More importantly, we have
found that the microprotrusion hardens after stretching, in accor-
dance with the mechanics simulation because of strain hardening
by the effect of Poisson's ratio. It will weaken the pressure sensi-
tivity of sensor. The vertically aligned columns of US-CMNPs are
also slightly widened by stretching, which can also result in the
attenuation of the piezoresistive effect. The change in the width of
the columns can be better seen from the red line (Fig. 2c), which
changes from 16 mm to 23 mm (43.76% deformation strain) at 100%
stretching strain. But this change is small compared with the
change in distance between two columns, i.e. the pure matrix re-
gion (blue line, Fig. 2c). Stretching strain in the purematrix region is
as high as 178.57%, widening from 56 mm to 156 mm. Thus, STS
engineered with different elastic modulus regions enable strain
accommodation during high stretching load and also during
repeated stretching cycles. The pressure sensitivity of our STS is
highly dynamically stable up to 400% stretching strain, which
means that the sensor displays a good non-interference capability
suitable for practical applications.

In Fig. 2d, our STS based on US-CMNPs@PU piezoresistive
composite is compared with previously reported STSs to highlight
the performance of our sensor in terms of pressure sensitivity and
non-interference of stretching strain. Our STS is among the top
performers in reported pressure sensitivity and displays an un-
precedented high dynamic stability under stretching strain. Its
non-interference capability of stretching strain is 2e10 times
higher than that of others [8,14e18,22,23,31e33]. The non-
interference capability of reported STSs is mostly between 30%
and 60% stretching strain, and a few STSs can reach 200% stretching
strain (Fig. 2d). This confirms that our bottom-up strategy is an
effective approach to fabricate piezoresistive composite STSs with
high performance via regulation of the elastic modulus in different
functional regions to realize strain accommodation at large
stretching strain.

In addition, the other key pressure sensing parameters of our
STS are also excellent, as shown in Fig. 3. From Fig. 3a, it can be
found that the electrical response curves of our sensor coincidewell
under loading and unloading of pressure. The hysteresis coefficient
(H) of the STS based on US-CMNPs@PU composite is a low value of
5.25% (Fig. 3a), which is calculated in accordancewith the following
equation:

H ¼ A1 � A2

A1
� 100% (2)

where A1 is the area among the loading curve, the line of DI/I0 ¼ 0,
and line of Pressure ¼ 1 kPa. Although A2 is the area among
unloading curve, the line of DI/I0 ¼ 0, and line of pressure¼ 50 kPa.
Fig. 3bshow the results of the sensor tested by light weights, such as
soft foam (106 mg), dried flower (51 mg), and a spider (22 mg).
Even at a stretching strain of 400%, the sensor can perceive these
light weights well, retaining the minimum detection limit. From
Fig. 3ced, it can be found that our sensor has a low response/re-
covery time (<50 ms), no matter at original state or stretched state.
Importantly, our sensor has excellent mechanical durability, which
can be seen in Fig. 3e, where the sensing response was tested over
10,000 stretching cycles, and an additional 10,000 pressure load-
ings. Although there is a fluctuation in sensing response (DI/
I0 ¼ 0.008) during the repeated mechanical loading (inset (1)e(2)
of Fig. 3e), the change is negligible compared to the sensitivity
value of the pressure response (inset (3)e(4) of Fig. 3e). The me-
chanical durability of sensor is derived from the selected PUmatrix,
which possesses a NPR functional group in the hard segments.
Compared with a traditional PU composite that introduces a planar
benzene ring in the hard segments , our composite sample (US-
CMNPs@NPR-PU) has high recovery and fatigue resistance after
stress relaxation test (400% stretching strain for 20 h). This high
performance can be attributed to the NPR structure, which absorbs
and releases strain energy through a chair-boat conformational
transition to protect the polymer network [51e53]. This phenom-
enon was observed from small angle X-ray scattering.

The more detailed comparison of tactile sensors based on pie-
zoresistive composites is listed in Table 1, including their pressure
sensitivity, response time, detection limit, cycling times, and
stretchability values. It can be observed that the various perfor-
mance of our sensor is at the forefront of that of STSs. Compared
with common flexible tactile sensors, the pressure sensitivity and
detection limit of our sensor need to be further improved
(>50 kPa�1, <10 ms), which is an important research and devel-
opment for STS in future. We think it can be solved by preparing
new function fillers, such as hollow urchin-shaped fillers formed by
the nanofibers.

2.3. Prototype electronic systems

To show the advantage of our STS based on US-CMNPs@PU
piezoresistive composite, we investigated its performance as a
front-end sensor for WED, HMI, and E-skin. In the fabricated WED,
as shown in Fig. 4a, the STS is worn on the knee. The signal
acquisition circuit diagram. When the sensor is touched by a finger
five times, there are five corresponding large electrical signal peaks
(DI/I0 ¼ 12.24e14.72). The slight magnitude changes can be
attributed to the human error in replicating the touches. When the
wearer repeatedly squats, the signal of the sensor is stable. When
held in a squat position, there are still five large electrical signal
peaks when a finger touches the sensor 5 times. . This shows that
WED based on our sensor overcome the shortcomings of conven-
tional devices which are generally incapable of sensitively
perceiving the applied pressure under practical application condi-
tions. For example, a football or basketball player can wear our
sensor to detect the damage caused by collisions. The STS was also
used as an HMI on the surface of air balloon to control inflation
from the gas cylinder. . When the sensor is not activated, the air
valve controller present between the balloon and the cylinder is
open to fill gas into a balloon, resulting in expansion. When the
sensor is activated by touching, the air valve controller receives a
feedback signal to close and inflation ceases. Photographs and
response data are shown in Fig. 4bec. When the balloon is
expanded to more than twice its original volume (① vs. ③), the
sensor control is still good (② vs. ④), with no reduction in per-
formancewith repetition. This performance is due to excellent non-
interference ability under stretching strain and cycling of our
sensor. The sensor may also be applied as a receptor for a soft robot
to perceive the immediate physical environment and avoid obsta-
cles for planing the robot's motion.

Finally, we demonstrate the performance of an STS array based
on US-CMNPs@PU composite with 6 � 6 pixels to be used as a



Fig. 3. (a) Relative electrical response of our STS as a function of loading pressure and the unloading pressure. (b) Relative electrical response of our STS for several light objects
under stretching strain of 0%, and 400%. Relative electrical response of our STS to rapidly loaded and unloaded pressure under stretching strain of (c) 0% and (d) 400%. (e) Relative
electrical response of our STS during repeated stretching for 10,000 times, and followed by repeated pressure sensing for 10,000 times. STS, stretchable tactile sensor.

Table 1
The more detailed comparison of tactile sensors based on piezoresistive composites.

Reference Sensitivity (kPa�1) Response time (ms) Detection limit Cycling times Stretchability

Our 12.05 40 22 mg 10,000 400%
14 4.88 150 93 mg 800 40%
15 0.5 62.5 131.4 Pa 2,000 30%
18 6.3 50 10 mg 5,000 60%
31 5.54 25 17 mg 10,000 50%
13 133.1 47 8 mg 8,000 e

30 121 16 0.015 Pa 2,000 e

40 56.36 300 4 mg 25,000 e

25 31.6 100 0.6 Pa 15,000 e

21 19.8 16.7 0.6 Pa 35,000 e

19 17.2 90 300 Pa 300 e

29 15.1 44 0.2 Pa 100 e

24 10 20 400 mg 1,000 e

46 8.5 35 10.2 mg 10,000 e

27 2.46 30 100 Pa 200 e

20 0.71 82.6 0.02 N 500 e

28 0.122 9 0.568 Pa 1,000 e

13 133.1 47 8 mg 8,000 e

Z. Yu et al. / Materials Today Physics 14 (2020) 1002196



Fig. 4. (a) Relative electrical response of WED based on our STS to the pressure sensing of finger touch during squatting up and down. Insets show the schematic illustrations of
sensing state corresponding to different electrical responses that includes no touching at upright state, touching at upright state, no touching at squat state, and touching at squat
state. (b) Optical photos and (c) relative electrical response of HMI based on our STS during the control process of expanding the balloon via touching the STS. STS, stretchable tactile
sensor; WED, wearable electrical device.

Z. Yu et al. / Materials Today Physics 14 (2020) 100219 7
stretchable E-skin. The schematic structure and sample picture of
this array are shown in Fig. 5aeb. The LM-based elastic electrode
layer is prepared by screen printing [54,55], and the area of each
pixel is 25 mm2. Every pixel of the array is equipped with a high-
pressure sensitivity STS. To obtain the response data of each pixel
in real-time, we developed a back-end acquisition system for the E-
skin. This stretchable E-skin is successfully demonstrated to iden-
tify the shape of different objects accurately, in both original and
stretched states, equivalent to relaxed and tightened states of hu-
man skin (Fig. 5c). The objects placed on the sensor array were a
round button cell battery and a cylindrical dry cell battery. From an
analysis of the signal response maps, the identified shape area of
the button cell at the stretched state is 88.75%e94.81% of that of the
original state. To improve shape recognition using the stretchable
E-skin, a high-resolution STS array can be developed by reducing
the size and spacing of the pixels. The pixel area of high-resolution
sensor arrays should be less than 1 mm2, which is the next pro-
duction challenge for stretchable E-skin based on STS arrays.
3. Conclusion

In this study, we report an STS based on an US-CMNPs@PU
piezoresistive composite, wherein the US-CMNPs are vertically
aligned columns and horizontally isolated in the PU matrix. The
composite has different elastic modulus in the corresponding
functional regions for pressure sensing (E ¼ 59.1 MPa) and
releasing the stretching strain (E ¼ 2.4 MPa) to realize strain ac-
commodation under large stretching deformation. The resulting
STS exhibits high-pressure sensitivity (12.05 kPa�1) and an
excellent dynamic stability (DS/S0 <10.5% @ 400% strain). Its per-
formance is far superior to that of previously reported STS. In
addition, our STS displays good performance in other key pressure-
sensing parameter, unstretched or stretched, such as hysteresis
coefficient, minimum detection limit, response/recovery time, and
mechanical durability. This work also demonstrates the feasibility
of our sensor as a stretchable front-end sensor of several important
application systems, such as WEDs, HMI, and E-skin. These results
reveal that the bottom-up strategy of elastic modulus regulation is
an easy-operative approach to separate sensing from multiple
stimulus. The US-CMNPs@PU composite STS, and the developed
fabrication method, will promote the development of new elec-
tronic systems with multiple functions and high performance.
Based on this research, we will improve the detection range of
sensor and then further develop a E-skin with high resolution and
large area to rival real skin.
4. Experimental Section

4.1. Synthesis of US-CMNPs

The US-CMNPs were synthesized by the seed growth of chem-
ical reduction using the Ag-Ni nanoparticles as seed, L-Dopa (99%,
Shanghai Aladdin Co., Ltd.) as the reduction agent, and
HAuCl4$4H2O (>47.8%, Sinopharm Chemical Reagent Co., Ltd.) as
the source of Au3þ. The Ag-Ni nanoparticles was prepared by
dispersing the Ni nanoparticles (100 nm, Suzhou Canfuo Nano-
technology Co.,Ltd) in diluted AgCl3 solution (2%, Sinopharm
Chemical Reagent Co., Ltd.) and diluted ammonia (2%, Sinopharm



Fig. 5. (a) Schematic illustration of E-skin based on our STS array with 6 � 6 pixels. (b) Optical photo of STS array sample. (c) Optical photos of STS array loaded by different objects
at original/stretched states, and corresponding mapping of the electrical changes. STS, stretchable tactile sensor; E-skin, electronic skin.
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Chemical Reagent Co., Ltd.) is dropped stepwise. First, HAuCl4
aqueous solution (10 mM) was mixed with DI water in the ratio of
1:2 by volume. Then, the diluted solutionwas put into an oil bath at
constant cold temperature. After 15 min, Ag-Ni nanoparticles with
equal mass of HAuCl4 aqueous solution were fed into the system,
followed by the addition of L-Dopa aqueous solution (10 mM) with
an equal volume of HAuCl4 aqueous solution to react with it. In this
process, the system should be gas stirred. After several minutes, the
nanoparticles in the mixture solution were separated by centrifu-
gation (YZB/wanhe0006-2009, Anhui USTC Zonkia Scientific In-
struments Co., Ltd.). Finally, the particles were washed to obtain
US-CMNP because the bath temperature has a great influence on
the micro morphology of particles. The optimum bath temperature
used is 10 �C to obtain US-CMNPs.
4.2. Preparation of US-CMNPs@PU composite and STS

First, US-CMNPs were mixed with PU solution (10 wt%) using
anhydrous dimethylformamide (DMF, 99.5%, Shanghai Aladdin Co.,
Ltd.) as solvent in the mass ratio of 1:2 by mechanical stirring. .
Then, the mixture was poured into a teflon mould to stand for 1 h.
Then, the mould fitted with the mixture was put in a self-built
device with a vertical magnetic field. The magnetic field intensity
can be adjusted by the distance of two permanent magnets (NdFeB,
Shanghai Haoyang Electromagnetic Machinery Co., Ltd.), which is
in-built in the device. Afterward, the obtained product was dried in
a vacuum oven (DZF-6123, Shanghai Yiheng Scientific Instruments
Co., Ltd.) at 60 �C under vacuum. US-CMNPs@NPR-PU composite
was obtained after drying it for 24 h. Finally, US-CMNPs@NPR-PU
composite was sandwiched between top and bottom elastic elec-
trodes based on LMs to prepare the final stage of STS preparation.
The preparation process of LMs-based elastic electrode and also
detailed in our previous report by Yu et al. [44], Ying et al.[54], and
Zhang et al. [55].
4.3. Characterization of microstruture

The microstructures of samples were characterized by the field-
emission scanning electron microscopy (Sirion 200, FEI; Verios G4
UC, Thermo scientific) and the laser scanning confocal microscope
(LSM700, Zeiss).
4.4. Measurements of Mechanical/Electrical Property of US-
CMNPs@PU composite and the sensing property of STS

The mechanical property of composite was measured by the
universal material testing machine (Instron 5943). The stretching
speed was 30e90 mm/min. The elastic modulus of different func-
tional regions was tested by the nanoindentation (MTS, G200). The
displacement of pressure loading was 1,000 nm. The stretching
strain color map was measured from GOM Optical Technology
(Shanghai) Co., Ltd. by ARAMS, when the samplewas stretched. The
sensing property of STSwasmeasured by the DC current source, the
nanovoltmeter, and the oscilloscope (710110/DLM2024, Yokogawa).
The electrical property of composite and the sensing property of
STS were measured by the DC current source (Keithley 6221) and
the nanovoltmeter (Agilent 34420A). In these experiments, the
pressure force and stretching strain were applied by the Instron
5943 and the universal material testing machine and linear
stretching module of stepping motor (Chengdu Fuyu technology
Co., Ltd), respectively.
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4.5. Synthesis of NPR-PU

In the 99.999% Ar glove box, 20 g dry poly (tetramethylene
glycol) (PTMG, 2,000 g/mol, Shanghai Aladdin Co., Ltd.) was poured
into a dry three-neck reactor equipped with a mechanical stirrer,
followed by the addition of 0.25 g dibutyltin dilaurate (95%,
Shanghai Aladdin Co., Ltd.), 50 ml DMF and 8.9 ml isophorone
diisocyanate (IPDI, 99%, Shanghai Aladdin Co., Ltd.). Then the
reactor was sealed by rubber septum and kept at 65 �C using oil
bath for 1 h prepolymerization. After that, a desired amount of
5.95 g hydroquinone bis(2-hydroxyethyl)ether (HQEE, 95%,
Shanghai Aladdin Co., Ltd.) was dissolved in DMF and injected drop
wise into the sealed reactor for chain extension. The final concen-
tration was adjusted to 30 wt% in this system by adding a desired
amount of DMF. Then the whole system was heated at 80 �C for
another 4 h to obtain the complete polymerization. Finally, the
polymer was precipitated into the excess distilled water and
washed several times, followed by the vacuum drying at 60 �C for
24 h to constant weight.
4.6. Synthesis of PR-PU

The synthesis method was similar to that of NPR-PU but using
4,40-methylenebis (phenyl isocyanate) (98%, Shanghai Aladdin Co.,
Ltd.) instead of IPDI.
4.7. Characterization of NPR-PU

SAXS experiments were carried out on the beamline BL16B1 in
the Shanghai Synchrotron Radiation Facility with a 0.124 nm X-ray
wavelength and the obtained data was analyzed by Fit2D software
quantitatively. 1H-Nuclear Magnetic Resonance (NMR) spectra was
carried out on AVANCE III (400 MHz) at room temperature with
tetramethylsilane as an internal standard, and the sample con-
centrations were in the range of 1e10 wt%. Attenuated total
reflectance-Fourier Transform Infrared Spectroscopy (FTIR) ab-
sorption spectra were measured on an iD5 ZnSe ATR (Cary660,
Agilent).
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