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ABSTRACT: Flexible pressure sensors emerge for important applications in
wearable electronics, with increasing requirements for high sensitivity, fast
response, and low detection limit. However, there is still a challenge in this
field, that is, how to maximize both the electrical performance and mechanical
stretchability simultaneously. Here, we report a straightforward and cost-effective
method to fabricate highly stretchable and sensitive capacitive pressure sensor
arrays. It features a unique design of integrating the icicle-shaped liquid metal film
electrode and reliable processing of the liquid metal and elastomer. Under an
external load, the deformation of the elastic bump structure dramatically results in
an increase in the overlapping area of the electrodes and a decrease in the
separation distance, offering a new capacitive sensing scheme with an enhanced sensitivity. Our sensor has been demonstrated with a
high sensitivity of 39% kPa−1 in the range of 0−1 kPa, limit of detection as low as 12 Pa, hysteresis error of 8.46% at a maximum
pressure of 25 kPa, and stretchability up to 94% strain without any failure. The arrayed sensor has been successfully applied to force
measurements on a curved surface, contour mapping of external loads, and monitoring of contact pressures under various cervical
postures.
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■ INTRODUCTION

In recent years, with the rapid development of intelligent
terminals and Internet of Things (IoT), flexible and stretchable
tactile pressure sensing promises a huge market prospect in
health monitoring, wearable electronics, and soft robotics.1−4

There are several categories of technologies to transduce
mechanical pressures, including piezoresistive, capacitive,
piezoelectric, and optical approaches. Among these, capacitive
pressure sensors are attractive due to the advantages of high
sensitivity, low power consumption, and compact geometry in
construction.5−7 Most of the capacitive pressure sensors are
fabricated as parallel-plate capacitors, featuring a dielectric
layer sandwiched by two electrode plates.8 In such a
configuration, elastic polymeric materials, such as soft silicone
rubbers, flexible gels, and elastic fabrics, are good candidates
for the dielectric layer, considering their excellent stretchability
and outstanding flexibility.9,10 For applications where high
sensitivity and fast response are required, many efforts have
been devoted to creating microstructures on sensing layers/
electrodes or introducing micropores in the bulk of the
dielectric layer.11−14 For example, Cho et al. developed a
highly sensitive pressure sensor with micropatterned pyramidal
ionic gels sandwiched by ITO/PET electrodes;13 Kim et al.
demonstrated a transparent pressure sensor by dispersing silica
beads on the surface of a poly(dimethylsiloxane) (PDMS)
dielectric membrane;14 and Chen et al. developed a method to

control the fragmentation of graphene and designed an
ultrathin and highly skin-conformable pressure sensor, taking
advantage of the inherent structure of fingerprint.15,16

Moreover, designs of hierarchical structure can further enhance
the sensitivity and dynamic range.17,18 Another strategy to
enhance the sensor performance is to create micropores in the
bulk of the sensing layers. The air pores can be introduced into
elastomers, thus providing more space for compression and
reducing the effective modulus.8,19−23 Pruvost et al. developed
a dielectric layer of porous carbon black/PDMS foam, in which
the modulus is effectively reduced by 97.5% and the relative
permittivity is significantly increased by 750% due to the
presence of air pores and carbon black inside PDMS,
respectively,20 and Kwon et al. fabricated a sensor featuring a
microporous dielectric layer, the dynamic range of which (up
to 130 kPa) covers almost the entire pressure range from
human activity.22 Chen et al. demonstrated a piezoresistive
pressure sensor based on a lightweight polyimide/carbon
nanotube composite aerogel with a robust foam structure.24
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Soft electrodes have actively been developed by blending
conductive fillers, such as carbon nanotubes, metal particles,
nanowires, and graphene-based materials, into polymer
matrices such as PDMS, styrene−ethylene−butylene−styrene
(SEBS), and polyurethane (PU).25−29 The sensitivity of
capacitive pressure sensors can be significantly improved by
modifying three-dimensional structures on the surface of such
elastic electrodes.29,30 However, the incorporation of rigid
particles into soft polymers could increase the stiffness and
sacrifice the durability and stretchability of the electrode.
Unfortunately, a sharp and irreversible increase of resistance
may occur when the electrodes are bent or stretched with the
risk of device failure.31,32 Compared with these composite
materials, a gallium (Ga)-based liquid metal offers a new
option for soft electrodes, which is intrinsically fluidic and
highly conductive at room temperature.33 Liquid metal-based
electrodes have excellent stretchability (up to 700% strain)
while maintaining the metallic conductivity.34,35 In addition,
Ga-based liquid metals are biocompatible, thus with the
potential of being applied to disease therapies, including light-
driven drug delivery,36 conformable skin tumor photothermal
therapy,37 and implantable electrodes for nerve connection.38

Various fabrication techniques have been investigated to
pattern liquid metals into flexible electrodes, including direct
writing,39 selective plating,40,41 stencil printing,42,43 micro-
channeling,44,45 and mechanical sintering of liquid metal
particles (LMPs).46,47 However, these techniques typically
require complicated processes, limiting the applications of
liquid metal patterning on a flat surface. It still remains a
challenge to create three-dimensional liquid metal electrodes
on soft elastomers for device performance improvement.
Herein, we have developed an integrated and cost-effective

capacitive sensor for ultraflexible and sensitive contact pressure
sensing. This arrayed sensor is constructed on a liquid metal

film electrode featured with a three-dimensional icicle-shaped
structure. Figure 1a,b shows the photograph and schematic
illustration of a 4 × 4 arrayed pressure sensor. The device
consists of two stretchable elastomer layers encapsulated with
liquid metal lines/films placed orthogonally to each other. The
top electrode layer containing the icicle-shaped liquid metal
film allows for an enhanced pressure perception. Specifically,
an external pressure largely deforms the microstructure and,
accordingly, results in the deformation of the embedded
electrodes, leading to the changes in both overlapping area and
separation distance. The unique icicle-shaped electrode/
elastomer design enables the pressure detection as low as 12
Pa, with a high sensitivity of 39% kPa−1 in the range of 0−1
kPa. The sensor exhibits a minimal hysteresis error of 8.46%
ranging from 0 to 25 kPa. Our flexible pressure sensor array is
accurate and robust even in a high stretching condition, by up
to 94% strain (approximately the strain of human skin at
joints48), without affecting its function. We have demonstrated
an excellent reliability under various environmental conditions,
including temperature (30−105 °C) and humidity (40−80%
RH), and thousands of load/unload cycles. As proof-of-
concept, our arrayed sensor has been successfully applied to
force measurements on a curved surface, contour mapping of
the external loads, and distinguishing the dynamic cervical
postures.

■ EXPERIMENTAL SECTION
Materials. Eutectic Ga−In (EGaIn) with the composition of 75%

Ga and 25% In was purchased from Sigma-Aldrich. The elastomer
(Ecoflex 00-30) was purchased from Smooth-On, Inc., and used as
received. Corning 96-well TC-treated microplates with round wells of
360 μL were purchased from Sigma-Aldrich.

Fabrication of the Electrodes. The fabrication process is
illustrated in Figure 1e−j. Liquid Ecoflex 00-30 is prepared by mixing
the components of part A and part B at a mass ratio of 1:1, followed

Figure 1. Device fabrication. (a) Photograph of the 4 × 4 pressure sensor array. Scale bar: 1 cm. (b) Schematic drawing of the 3D structure of the
pressure sensor, featuring a top layer of icicle-shaped film electrode arrays orthogonally onto a bottom layer of the flat film electrode. (c, d)
Sketches of a single sensing unit in the cross-sectional view without and with a mechanical load. C is the force-sensitive capacitance between the top
and bottom electrodes. R is the equivalent resistance of the electrodes. The overlapping area of C increases largely along with the pressure. (e−j)
Schematic diagrams of the fabrication procedure of the bottom liquid metal electrode encapsulated in Ecoflex. (k−p) Fabrication procedure of the
top layer of the icicle-shaped liquid metal electrode encapsulated in Ecoflex.
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with sufficient stirring. The mixture is spun onto a silicon wafer
pretreated with the releasing agent (surfactant) at 500 rpm for 10 s
and 1000 rpm for 1 min. The wafer is then put into a vacuum
chamber to remove the air bubbles in the Ecoflex layer. After the
elastomer layer is fully cured at room temperature (Figure 1e,f),
conductive cloth tapes (3MCEF series, 3M) are attached to the
membrane for electrical connection between the liquid metal
electrodes and wires (Figure 1g).
The electrode pattern is deposited on the Ecoflex membrane by

atomized spraying of EGaIn through a customized stencil made of
stainless steel (Figure 1h,i). EGaIn is filled into an airbrush and is
sprayed through a nozzle for 5 s with constant compressed air
produced by a pump. The air pressure is set to 40 psi. The distance
between the nozzle and the stencil is 20 cm.
Before peeling from the wafer, 3 g of Ecoflex is mildly spun onto

the electrode as an additional elastomeric support, which is cured at
60 °C for 10 min (Figure 1j). The flat EGaIn/Ecoflex composite
electrode is then cleansed with ethanol after demolding, followed with
drying.
Construction of the Icicle-Shaped Liquid Metal Film

Electrode. A pair of electrodes are fabricated simultaneously through
the process described above. One of the as-prepared electrodes is
further processed for the icicle shape, assisted with a 96-well plate as
the mold. There is a critical challenge for fabrication of a three-
dimensional configuration, due to the fluidity of liquid metal. We
develop a straightforward process to overcome the challenge, by
taking advantage of the stretchability of both the liquid metal and
Ecoflex. The liquid metal is pre-encapsulated in Ecoflex before
modifying the configuration by applying a negative pressure. A 96-well
plate is utilized as a mold to create the icicle shape for the electrode.
The process is shown schematically in Figure 1k−p. An electrode is
spread over the mold, with the side of dielectric elastomer membrane
facing the mold, and the EGaIn stripes are aligned to the wells. The
electrode is gently pressed against the mold to ensure good seal before
the electrode is put into a vacuum chamber together with the mold. A
negative pressure is applied for 30 s, lowering the pressure on both
sides of the electrode (Figure 1l). Subsequently, gas flows into the
vacuum chamber during ventilation, and a pressure difference appears
above and below the electrode, which is contributed by the excellent
sealing property of Ecoflex to maintain the vacuum between the
membrane and the wells. It renders the electrode deformed toward
the mold, becoming the icicle shape. Then, more Ecoflex is added and
cured as the back support to consolidate the icicle-shaped
deformation before peeling off (Figure 1m,n). The degree of
deformation can be controlled by adjusting the value of negative
pressure. The optimal value is −0.03 MPa to achieve best sensitivity
and stability. Afterward, more Ecoflex is applied and cured before
peeling the electrode from the mold (Figure 1o,p), so that the icicle
shape can be kept for the liquid metal film electrode after releasing.
Assembly of the Arrayed Sensor. Our primary sensor is finally

assembled by two EGaIn/Ecoflex composites: one with an array of
icicle-shaped liquid metal film electrodes and the other with a flat
liquid metal film electrode (Figure 1b). The two electrodes are
stacked perpendicularly, with the dielectric layers inward, and the
bulges on the top layer are aligned right on the center of EGaIn stripes
of the other electrode (the bottom layer). To fix the relative position
of the two electrodes, tiny amount of Ecoflex is utilized to bond the
bulges surrounding the sensing units to the other electrode.
Characterization of Electrical and Mechanical Properties.

The capacitance is measured by an impedance analyzer (6500B,
Wayne Kerr) with a driving frequency of 15 kHz after optimization to
ensure stable capacitance outputs (Figure S1). A force gauge with 0.5
mN resolution (M5-05, Mark-10, Corp.) is connected with a step
motor (LTS300/M, Thorlabs, Inc.), which can be programmed to
move with a resolution of 0.1 μm. These devices are connected to a
computer, which controls the movement of the step motor and
collects the data of capacitance and force. Our data typically sample
50 independent readouts to calculate the mean values and standard
deviations. Ambient temperature and humidity are adjusted by a hot
plate and a humidifier, respectively. For the application of detecting

cervical postures, the sensor array is attached to the cervical region of
a volunteer and is fixed by an adhesive tape, and the capacitance
outputs are recorded as the volunteer performs different cervical
postures.

Numerical Simulations. COMSOL simulations are conducted to
analyze the mechanical deformation of the icicle-shaped elastomer
under mechanical loads. To simplify the sensor model, only the
Ecoflex elastomer parts are built, with a pre-assumption that the
modulus of the liquid metal material is negligible. Similar to the
sensor structure, the overall numerical model consists of a layer of
icicle-shaped Ecoflex elastomer and a flat Ecoflex membrane. The
radius of the curvature and the height for elastomer bump are 3.5 and
3.08 mm, respectively. Young’s modulus and Poisson’s ratio are 120
kPa and 0.495, respectively. The icicle-shaped layer is set to be
stationary. The physical parameters, such as the stress and strain on
the icicle-shaped Ecoflex, are recorded. When an initial displacement
is applied on the flat membrane, both the bump and the flat
membrane may take place of mechanical deformations.

■ RESULTS AND DISCUSSION

Sensor Structure and Working Principle for Flexible
Force Measurements. The sensor comprises arrayed
capacitors, which are constructed by top and bottom liquid
metal film electrodes embedded in a dielectric Ecoflex
elastomer. The top electrode layer consists of an array of
icicle-shaped EGaIn/Ecoflex composites. The bottom elec-
trode layer is constructed on a flat EGaIn/Ecoflex substrate.
Each of the electrode lines/films is completely covered by a
thin dielectric Ecoflex membrane for electrical insulation. The
two electrode layers are stacked perpendicularly with the thin
dielectric Ecoflex membrane sandwiched in between. Figure 1c
is the cross-sectional illustration of a single sensing unit
without external stimuli. The top liquid metal electrode winds
along the Ecoflex bump, initiating the maximum separation
distance and the minimum overlapping area at the zero-force
state. As shown in Figure 1d, the external load can compress
the bulge of the icicle-shaped liquid metal film electrode,
leading to an increase of the effective overlapping area and a
decrease of the separation distance of the capacitor. The
overall capacitance C can be predicted by the classic equation

of the parallel-plate capacitor: C A
d

0 r= ε ε
, where ε0 is the

absolute dielectric constant, εr is the relative permittivity of the
material between the electrodes, and A and d represent the
effective overlapping area and separation distance of the
electrodes, respectively.

Experimental Optimization and Performance Char-
acterization. We have performed experiments to reveal the
relationship between the geometrical features of the icicle-
shaped liquid metal film electrode (the top layer) and the
negative pressures during fabrication. As shown in Figure S2a,
the base length and the apex height of the bump structure of
the electrode are defined as a and b, respectively. The
dimensional feature ratio of b/a, indicating the deformation
degree of the bump, can be adjusted by appropriately
controlling the negative pressures on the film electrode. We
have applied four different negative pressures, including 0,
−0.02, −0.03, and −0.04 MPa, during the fabrication
procedure, thus generating a series of icicle-shaped electrodes
with the four b/a ratios (0, 0.23, 0.44, and 0.53, accordingly, as
shown in Figure S2). Subsequently, five pilot sensors are
designed by assembling the top and bottom layers (Figure S3)
with various b/a ratios, including 0.53−0.53, 0.53−0, 0.44−0,
0.23−0, and 0−0, to investigate the structure−property
relationship. The sensors with higher b/a ratios exhibit
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relatively smaller initial capacitance values (Figure S4). The
relative capacitance changes (ΔC/C0) of those sensors in
response to the external mechanical loads are compared in
Figure 2a. The sensor with top and bottom flat electrodes
(noted as 0−0) shows a minimum capacitive change (ΔC < 3
pF) in the pressure range of 0−10 kPa compared with the
other types of sensors. As the b/a ratio in the top electrode
layer increases, i.e., 0.23−0, 0.44−0, and 0.53−0, the capacitive
outputs increase by 1.7, 2.0, and 2.4 times compared to the one
with flat electrodes. It is clear that the bump structure
facilitates the mechanical deformation of the electrode/
elastomer, leading to a significant increase in the overlapping
area as well as a decrease of the distance between the
electrodes. Both factors can enhance the capacitance output in
the force measurements. In addition, the capacitance output
rises as the deformation degree of bump structure (b/a ratio)
increases, also due to magnification by these two factors above.
The sensor with both top and bottom icicle-shaped electrodes
(0.53−0.53) shows a similar electrical response to the sensor
with a simplified geometry, that is, one icicle-shaped electrode
assembled on a flat electrode (0.53−0), in the range of 0−4
kPa. After balancing the initial capacitance, sensitivity, and the
flexibility of the whole device, we have chosen the sensor built
on a top electrode of b/a = 0.44 and a flat bottom electrode
(0.44−0) as the optimal device for the subsequent tests. The
effect on the pressure sensing by the changes in the dielectric
layer thickness has been investigated, which suggests an inverse
correlation between the initial capacitance (C0) values (6.16,
5.17, and 4.55 pF, respectively) and the parameters of
thickness (73, 85, and 106 μm). The sensitivity difference of
those sensors (ΔC/C0) is relatively small in the thickness range
of our tests (Figure S5).

Figure 2b shows the capacitance variations in response to a
pressure increasing from 0 to 25 kPa and then decreasing
backward to 0. The device sensitivity is defined as

( )
S

P

d

d

C C
C

0
0=

−

. As shown in the inset in Figure 2b, the sensor

features a higher sensitivity (S = 39% kPa−1) in the small
pressure range (0−1 kPa). The sensitivity drops to 15% kPa−1

in the range of 1−6 kPa (approximately the pressure generated
by a gentle touch49) and 10% kPa−1 in the range of 6−25 kPa,
which is in good agreement with the simulation results (Figure
S6). In addition, we have analyzed the device hysteresis error,
which is calculated by the ratio of the maximum difference
between the loading and unloading curves (ΔHmax) to the full-
s c a l e ou tpu t r e ad ing ( y F S ) . Hys t e r e s i s e r ro r :

100%H
yH

max

FS
δ = ×Δ

. In this work, the hysteresis error is

estimated as 8.46% in the pressure range of 0−25 kPa. The
hysteresis value is slightly higher than that for the sensors with
microstructured sensing elements,11,13,50 which is possibly
derived from the intrinsic viscoelasticity difference of the
elastomer as well as the weak adhesion between the dielectric
Ecoflex membrane and the liquid metal electrode.10 The
capacitance change of the sensor is recorded under the extreme
pressure available by our instrumental setup. As shown in
Figure S7, the capacitance reaches the maximum (26.4 pF)
when the external pressure increases to 37 kPa and keeps at the
plateau value due to no room for any new change in the
electrode area or distance when the pressure exceeds 37 kPa
(up to 120 kPa). The capacitance can recover to the initial
value once the external pressure is released, indicating an
outstanding robustness for the sensors to endure high
mechanical loads. We have examined the consistency in the

Figure 2. Capacitance-to-pressure responses of the sensor. (a) Electrical responses to the mechanical loads on five individual sensors with different
electrode combinations (deformation degree of top−bottom electrodes: 0.53−0.53, 0.53−0, 0.44−0, 0.23−0, and 0−0). (b) Complete capacitance
increment−pressure curve of a sensing unit in the mechanical loading/releasing cycle in the range of 0−25 kPa. The maximum difference between
the loading and unloading curves: 1.31 pF. Inset: a zoomed-in view of the range (0−2 kPa). (c) Capacitance increment−pressure curves of 16 units
in a sensor array (4 × 4), showing a high consistency among the individual units. (d) Time-resolved pressure curves (gray lines) and the
corresponding capacitance readout curves (blue lines) in a periodic loading/releasing pattern (in the range of 4.5−22.8 kPa, 5 cycles, 1 sensing
unit).
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mechanical−electrical property for all of the 16 sensing units in
a 4 × 4 array. In Figure 2c, the capacitance change−pressure
curves of the 16 individual units are presented according to the
number of their spatial locations. All of the curves show a
similar increment in the pressure range of 0−25 kPa, with a
minimal variation of 0.48% kPa−1 in device sensitivity. This
suggests a highly reproducible performance among each
individual sensing unit, thus promising accurate pressure
distribution measurements in a standard calibration procedure.
Furthermore, the repeatability of our sensor under a

dynamic load has been examined. Periodic loads with five
different pressure values at a frequency of 0.05 Hz are applied
on one sensing unit in the sensor array. The capacitance
outputs are recorded at a sampling frequency of 12.5 Hz.
Figure 2d plots the time-resolved capacitance (blue lines) and
pressure (gray lines) changes. As the pressure varies from 4.5
to 9.0, 13.8, 18.2, and 22.8 kPa, the corresponding capacitance
increases from 4.54 to 7.25, 9.64, 12.18, and 14.55 pF.
Therefore, repeatable signal readout has been validated for the
sensor with the characteristic profiles of capacitances to
dynamic loads in all of the cycles.
The data in Figure 3a reveal the limit of detection (LOD) of

the sensor in the force measurements. Under a periodic load (1
mN force, corresponding to 12 Pa), the capacitance outputs
have been recorded in real time with a sampling frequency of
12.5 Hz. The capacitance readouts with or without the load are
represented by the scattered red or blue dots, while the mean
capacitive values by the black dots. The capacitance increment
of 15 fF can be easily distinguished from the noise level (∼6.33
fF), indicating the LOD (≤12 Pa) for our sensor. Figure 3b
demonstrates that our sensor sensitively detects the weight of a

tiny red bean (∼0.2 g) with a capacitance change of about 25
fF.
We have further investigated the response/recovery time of

the sensor (Figure 3c). An external load (6 kPa) is applied on
the sensor for 5 s and then released. The capacitance (blue
dotted line) and pressure (gray dotted line) are recorded with
sampling frequencies of 12.5 and 10 Hz, respectively. As shown
in Figure 3c, the capacitance changes are highly synchronized
with the pressures. Based on the ramp details in the curves, it
takes 0.19 s for the sensor to respond to the external pressure,
during which the capacitance is promoted to a plateau value of
5.7 pF. Reversely, the recovery time is estimated as 0.31 s for
the sensor after removal of the pressure.
The mechanical reliability and robustness of our sensor have

been evaluated by testing the sensor with thousands of press-
and-release cycles at a frequency of 0.5 Hz using a step motor.
As shown in Figure 3d, the sensor maintains a very stable
output of the electrical signals under the periodic load of about
8 kPa. The peak value is shifted by only −1.3% after 6000
cycles. This demonstrates an ultrarobust performance of our
device in the mechanical properties and electrical reliability.

Reliability in Different Force Measurement Scenarios.
In the field of developing flexible contact force/pressure
sensors, there are specific requirements on the flexibility and
stretchability. These properties are important to help the
sensors comply with complicated structures or surfaces for
sufficient accuracy during the measurements. Here, we have
investigated the electrical responses when our sensor is in a
bending or stretching state. As illustrated in Figure 4a, the
arrayed sensor is wrapped on a surface of a 50 mL centrifuge
tube. The radius of curvature defined by the tube is estimated
as 15 mm. The sensor is pressed by the force gauge with a

Figure 3. Limit of detection, response time, and reliability evaluation. (a) Limit of detection of a sensing unit in a periodic pattern of load/unload
(12 Pa; blue dots: unload, red dots: load, dark dots, mean values). Sampling frequency: 12.5 Hz. (b) Capacitance increments of a sensing unit
before and after placing a plant seed (a red bean, ∼0.2 g). Inset: a photo of the test. Scale bar: 1 cm. (c) Capacitance changes in real time with the
mechanical load/unload (∼6 kPa), suggesting a good synchronism. (d) Dot-line plot of capacitance changes against 6000 load/unload cycles,
indicating a robust and reproducible performance of the sensor. Mechanical load/unload frequency: 0.5 Hz. Capacitance sampling frequency: 6 Hz.
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constant step distance of 200 μm and then released to the
original position. The capacitance changes of the sensor along
with the applied pressures are compared in combinatorial
scenarios of the curved/flat surface and mechanical loading/
unloading (Figure 4b). The overall capacitance increment of
the sensor on the curved surface is reduced by nearly 20% in
comparison to that on the flat surface. The hysteresis error of
the curved sensor (5.19%) is smaller compared to that of the
flat one (8.46%). This indicates that the icicle-shaped electrode
may be slightly compressed in the bending state, leading to a
decreased sensitivity. However, the defects, such as air gaps
during the sensor assembly, could be amended as the sensor
gets bended, thus mitigating the load/unload hysteresis.

Besides the bending, the influence of mechanical stretch on
the sensor performance has been tested by our experiments.
Although a lot of flexible sensors have been reported in the
literature, many of them suffer from poor stretchability and
compromised performance under mechanical stretching. Here,
in our work, photographs in Figure 4c show the arrayed sensor
in different stretching states with a strain of 0, 45, and 94%. No
obvious crack in the electrodes or elastomer is observed in the
process of stretching, thanks to the fluidity of liquid metal and
the superb elasticity of Ecoflex. Figure 4d summarizes the
mechanical−electrical performance of our sensor in both
normal (0% strain) and stretched (45% strain) states. Identical
mechanical loads in the range of 0−4 kPa are applied to the
same sensing unit. In the stretched state, the initial capacitance
increases by 0.69 pF, while the slopes of the curves show little
difference between the two states, indicating a reliable
performance under the stretching condition. The reliability is
primarily contributed by the unique structure of our sensor. To
be specific, each sensing unit consists of a bulging bump and
the surrounding flat membrane. The most of the strain tends to
be distributed on the flat membrane section rather than the
bulging structure, resulting in a negligible change in the
capacitance under a mechanical strain, as revealed by the
simulations in Figure S8. The initial capacitance values are
recorded when the sensor is stretched to a strain of 94% and
released to the normal state for 180 cycles (Figure 4e). The
coefficient of variation (CV) value is smaller than 1.2%,
indicating that our sensor endures the repeated large
mechanical stretching very well. The maximal stretchability is
determined to withstand up to 173% strain without damage
(Figure S9).
We have also investigated the environmental influences,

including temperature or humidity, on our sensor. Figure 4f
shows the capacitance responses to five different mechanical
loads under temperatures ranging from 30 to 105 °C. The
capacitance increment−pressure curves only present negligible
difference at different temperatures. The time-resolved
capacitance output is recorded at the sampling frequency of
5.5 Hz, when the environmental humidity gradually rises from
room condition (40% RH) to an elevated level (80% RH). As
shown in Figure 4g, there is a stable performance for our
sensor to produce the signal readout, independent of the
humidity variations. The CV value of the outputs is 0.6%.

Potential Applications of the Arrayed Sensor. To
demonstrate two-dimensional pressure distribution measure-
ments to distinguish external loading sources, we have tested
our 4 × 4 arrayed sensor using two different types of loads
(Figure 5a−f). They include a solid cylinder (20 g, 13 mm in
diameter, Figure 5a) and a ring-shaped tape (16 g, 52 mm in
diameter, Figure 5d). The pressures in each sensing unit
(Figure 5b,e) are calculated from the corresponding unit
capacitance changes by reference to the capacitance change−
pressure calibration curves (Figure 2c). As the weight with a
small contact area stands on the sensing device, unit #7 (as
marked in Figure 5a) takes the most of the load of 1.41 kPa.
Adjacent units have a little pressure increments by 0.45 kPa
(unit #3), 0.18 kPa (unit #8), 0.10 kPa (unit #6), 0.08 kPa
(unit #11), and 0.04 kPa (unit #4). In comparison, the tape
generates a distinct pattern for the pressure distribution when
it is loaded onto our sensor. As predicted, the sensing units in
the corner positions of the arrays take the most of the load
(0.16−0.21 kPa), followed by the units on the four edges
(0.07−0.13 kPa). Figure 5c,f presents the contour plots of the

Figure 4. Force measurements on the curved surface and the robust
performance immune to the environmental temperature/humidity
variations. (a) Photograph of bending the sensor arrays along a 50 mL
centrifuge tube as the test setup. Radius of the tube: 15 mm. Scale bar:
5 mm. (b) Comparison of the capacitance change−pressure curves in
the bending and unbending states. (c) Photographs of the sensor
array at different stretching extents of 0, 45, and 94% strain. (d)
Capacitance responses to an additional mechanical load (0−4 kPa) at
0 strain (gray line) and 45% strain (red line). Error bar: standard
deviation (n = 3). (e) Back-to-default capacitance of a sensor unit
after periodic stretching/releasing (at 94% strain, 180 cycles, 1
capacitive readout every 30 cycles). (f) Capacitance change−pressure
relationship at different temperatures (30−105 °C), suggesting a
robust performance immune to the environmental temperature
changes. Error bar: standard deviation (n = 3). (g) Capacitance of
a sensing unit measured in an ambient humidity from 40 to 80% RH
(blue dots: capacitance, black dots: humidity), suggesting a robust
performance immune to the environmental humidity changes.
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pressures in these two cases, clearly mapping both the load
positions and the intensities characteristic to the external
loading sources.
In the experiments, to evaluate the potential crosstalk

between the units, the capacitance changes of the sensor arrays
are monitored while the mechanical load (8 kPa) is applied
onto the individual units one-by-one (the unit #6, unit #7, unit
#10, and unit #11). We choose a small force gauge tip (3 mm
in diameter) to ensure the physical contact onto the individual
testing unit. As shown in Figure S10, the capacitance change
on the testing units is measured as 7.39 ± 0.14 pF, while the
capacitance changes of neighboring units are below 0.44 pF.
This indicates a high ratio of the signal to the crosstalk.
With the changes of people’s living and working styles,

excessive use of computers and mobile phones puts great
pressure on people’s cervical vertebrae, which led to the
increasing prevalence of cervical spondylosis in recent years.
Bad postures in sleeping, working, and physical exercise can
cause chronic strain in the cervical region. If not taken
seriously, cervical spondylosis could even get worse, and
vertebral artery oppression could develop dizziness and
nausea.51 Therefore, monitoring cervical postures by wearable
electronic sensors is of great interest for the prevention of
cervical spondylosis. We have demonstrated monitoring the
contact pressures between our sensor and the cervical region

for identification of cervical postures. Our arrayed sensor is
elastic and flexible to ensure a good fit while wearing on neck
and accommodate the measurements of cervical movements. It
is attached to the skin with assistance of an adhesive tape. The
default load is defined as the contact pressure of the sensor
with the neck as the volunteer looks straight ahead, as
illustrated in Figure 5g. The capacitance of each sensing unit is
set as the default value at this posture. The capacitance changes
are calculated while the volunteer is performing various
cervical postures. Figure 5h illustrates a posture of heading
up, with the pressure changes displayed in the inset. Each of
the sensing unit turns red, indicating an increased pressure
compared with the defaults at the looking-straight posture.
Importantly, the units in the center show larger pressure
increments than the units at the corners, suggesting that the
spinous process of cervical vertebra is subjected to most of the
stress. When the volunteer rotates the head to the left, a
gradient of pressure increment appears across the columns
(Figure 5i). The sensing units in the left edge show larger
pressure increments, while the units in the right edge show
decreases in pressure (shown in the blue color), suggesting
that the stress is mainly concentrated in the side the head is
rotated toward. By analyzing the pressure distribution of the
cervical region, different cervical postures can be identified,
which promise consequent references for real-time cervical

Figure 5. Device applications. (a) Photograph showing the top view of a standard weight (20 g) on the 4 × 4 sensor array. The sensing units are
labeled from #1 to #16. The weight is placed approximately on unit #7. Scale bar: 2 cm. (b, c) Three-dimensional bar graph and a contour plot of
the pressure distribution on the sensor arrays. (d) Photograph showing the top view of a ring-shaped tape (about 16 g) on the sensor arrays. Scale
bar: 2 cm. The diameter of the tape is slightly larger than the sensor array. (e, f) Three-dimensional bar graph and a contour plot of pressure
distribution by the tape on the sensor array. (g) Photograph showing the sensor array attached on the cervical region of the volunteer. Head
posture: looking straight ahead. Scale bar: 3 cm. Inset: Heat map of the pressures on each sensing unit in this posture defined as the default values
(ΔP = 0). (h, i) Cervical posture of raising the head up or rotating the head toward the left. Scale bar: 3 cm. Insets: Heat maps of the pressure
changes on the sensor arrays relative to the default. Red: increasing. Blue: decreasing.
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posture analysis. The arrayed sensor can be applied for
detection of unhealthy cervical postures of the patients
undergoing rehabilitation trainings by providing a timely
reminder.

■ CONCLUSIONS
In summary, we have developed a new method to fabricate the
highly stretchable capacitive pressure sensor array featuring
with icicle-shaped liquid metal film electrodes. This method is
straightforward and cost-effective, and there is no need for
complicated MEMS processes or additional packaging. Our
sensor exhibits a high sensitivity of 39% kPa−1 in the region of
gentle pressures (0−1 kPa), while maintaining an outstanding
stretchability. The capacitance-to-pressure sensitivity is im-
mune to stretching, with a robust performance even after being
stretched to 94% strain for 180 cycles. Our arrayed sensor has
been successfully utilized to map surface pressure distributions,
including the contact pressure measurements for head/cervical
posture analysis for rehabilitation guidance. This unique
pressure sensing solution promises a wide range of emerging
applications as an active module of wearable electronics.
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