
Flexible Capacitive Pressure Sensor Enhanced by Tilted Micropillar
Arrays
Yongsong Luo, Jinyou Shao,* Shouren Chen, Xiaoliang Chen, Hongmiao Tian, Xiangming Li,
Liang Wang, Duorui Wang, and Bingheng Lu

Micro- and Nano-Technology Research Center, State Key Laboratory for Manufacturing Systems Engineering, Xi’an Jiaotong
University, Xi’an, Shaanxi 710049, China

*S Supporting Information

ABSTRACT: Sensitivity of the sensor is of great importance
in practical applications of wearable electronics or smart
robotics. In the present study, a capacitive sensor enhanced by
a tilted micropillar array-structured dielectric layer is
developed. Because the tilted micropillars undergo bending
deformation rather than compression deformation, the
distance between the electrodes is easier to change, even
discarding the contribution of the air gap at the interface of
the structured dielectric layer and the electrode, thus resulting
in high pressure sensitivity (0.42 kPa−1) and very small
detection limit (1 Pa). In addition, eliminating the presence of
uncertain air gap, the dielectric layer is strongly bonded with the electrode, which makes the structure robust and endows the
sensor with high stability and reliable capacitance response. These characteristics allow the device to remain in normal use
without the need for repair or replacement despite mechanical damage. Moreover, the proposed sensor can be tailored to any
size and shape, which is further demonstrated in wearable application. This work provides a new strategy for sensors that are
required to be sensitive and reliable in actual applications.
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■ INTRODUCTION

Flexible pressure sensors have been attracting much attention
due to their various potential applications, such as in human−
machine interactive systems,1−3 electronic skin,4−11 health-
care,12−19 display touch screens,20−22 and smart robotics.23−25

Owing to the advantages of fast response times, low power
consumption, good dynamic response, and temperature
insensitivity, capacitive sensors with different materials or
architectures have been widely researched. For example,
capacitive sensors made using biocompatible flexible materi-
als26,27 or conductive fabric28−30 can be integrated into a
wearable textile to monitor human motions, such as breathing,
speaking, and joint movement. Large-scale and flexible
capacitive sensors with an ultrathin structure can be used as
fully functional three-dimensional touch-pad devices, which
can realize force and multitouch functions.31,32

In general, capacitive pressure sensors commonly possess a
dielectric layer sandwiched between two electrodes. External
pressures applied on capacitive sensors cause deformation of
the dielectric layer, decreasing the distance between the two
electrodes and thus leading to changes of the capacitance for
external force measurement.33,34 Making the dielectric layer
more deformable is the key to improving the sensitivity of the
sensors.15,26,35−37 While using the highly compressible
elastomeric materials with low Young’s modulus, structuring
the dielectric layer can effectively improve the sensitivity and

overcome the hysteresis caused by the viscoelastic behavior of
materials. Zhang et al. utilized lotus leaf microstructures as the
electrode template and microspheres as the dielectric layer to
fabricate capacitive sensors with high sensitivity.38 Guo et al.
also utilized leaves and flowers as dielectric materials to
fabricate highly sensitive capacitive sensors.39 Bao’s group
developed a capacitive pressure sensor that employed micro-
pyramid arrays as the dielectric layer. Pyramid cusps contacting
with the electrode were easily deformed, leading to high
sensitivity (0.55 kPa−1).40 Shim and co-workers reported a
facile strategy for utilizing the air gap formed by the surface
roughness of paper to develop a high-sensitivity capacitive
pressure sensor (0.62 kPa−1).32 Although these approaches
improve the sensitivity, the small contact area and the air gap
existing at the interface of the microstructured dielectric layer
and the counter electrode would result in the physical
separation between the layers,29,31,41 thus leading to poor
structural robustness and stability. To avoid the above
problems, it is necessary to integrate the electrodes and the
dielectric layer into a stable and robust whole, which will
inevitably remove the contribution of the air gap to the
sensitivity,27,42,43 thereby causing a contradiction between
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sensitivity improvement and stability maintenance. Until now,
simultaneously achieving high sensor sensitivity, stability, and
reliability remains a major challenge.
In the present study, a flexible and ultrathin large-scale

capacitive pressure sensor that satisfies the high-sensitivity,
stability, and reliability requirements of various applications is
presented. The proposed sensor is based on a poly-
(dimethylsiloxane) (PDMS) dielectric layer structure with
tilted micropillar arrays, which is highly uniform over a large
area and strongly bonded to the Au-coated electrodes.
Different from the traditional upright structure such as
micropyramids, the tilted micropillar arrays exhibit bending
deformation rather than compression deformation, making the
distance between the two electrodes easier to decrease when
force is applied. Owing to the resultant, the proposed sensor
can exhibit a high sensitivity of 0.42 kPa−1, much higher than
that of the vertical structure (0.03 kPa−1) and that of the bulk
film (0.626 MPa−1), even without the air-gap contribution, and
it can be used for the detection of ultrasmall and light objects,
such as grains and water drops. In addition, the dielectric layer
is strongly bonded to the electrodes, eliminating the presence
of uncertain air gaps and making the structure robust. There is
no wear and slide at the interface and no change in the baseline
capacitance before and after press, which endows the sensor
with high stability and reliable capacitance response. Owing to
the robust connection, the sensors remain highly consistent
across multiple tests, with the relative standard deviation of less
than 1.57%, and show no degradation in capacitance response
after 1000 cycles. Moreover, the strong bonding allows the
sensors to bear mechanical damages such as incidental
scratches or cuts, without sudden failure or affecting the
normal function, maintaining a continuous signal output.
Precisely because of the uniform structure, these large-scale
sensors can be cut into smaller pieces with the same sensing
characteristics.

■ RESULTS AND DISCUSSION

The proposed sensor comprises two flexible electrode plates
and a dielectric layer with tilted micropillar arrays (Figure 1a).
The dielectric layer is strongly bonded to the electrode by
attaching the dielectric micropillar arrays closely onto the
PDMS-coated counter electrode. The chemical bond formed
after curing generates a strong connection between the
electrode and the microstructures. A significant advantage of
this sensor is that it can be cut into smaller sensors of arbitrary
shape to satisfy different size and shape requirements. Each
smaller sensor has the same sensing characteristics as those of
the original large one, which means that individual sensors cut
from the same sensor can replace each other. Meanwhile, even
when suffering from mechanical damages, such as incidental
scratches, cuts, or even cracks, the sensors still function
normally without changes in the capacitance response to a
constant pressure. During and after the process of damage, the
sensors can provide continuous signal output without
exhibiting sudden failure. Such advantages can be attributed
to two main factors: (1) the proposed sensor contains highly
uniform microstructures without air gaps at the interface of the
microstructured PDMS layer and the electrode plate, resulting
in each part of the sensor having the same reliable capacitance
response under the same applied pressure; (2) the strong
connection between the electrode and the microstructures
enhances the stability of the device and can resist shear forces
without sliding. Therefore, even when damaged, the proposed
sensor can retain the original performance level, which is very
important for its application in complex environments. For
example, in robotic manipulator applications, even after being
damaged by objects with sharp features, the sensors can
maintain their original properties without repair, which means
the signal could be output continuously without interruption,
contrary to other reported traditional sensors44,45 that lack this
ability.
PDMS was selected as the dielectric material due to its good

elastic properties and compatibility. The dielectric layer based
on tilted micropillar arrays was fabricated by pouring and spin-

Figure 1. Schematic illustration of the capacitive pressure sensor. (a) The sensor architecture. Mechanical damages such as cuts or scratches do not
affect the sensing performance. (b) Schematic diagram of the capacitive pressure sensor fabrication process. (c) Photographs and scanning electron
microscopy (SEM) images showing the highly uniform micropillar array and flexible and ultrathin device. (d) Electrode displacement versus
pressure curves of different structures, obtained by finite-element analysis (FEA).
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coating PDMS onto a tilted exposure photoresist mold. The
tilt angle of the microstructure could be adjusted as a function
of the exposure angle. Then, Au-coated poly(ethylene
terephthalate) (PET) was applied on the template surface
and then peeled off together with the PDMS layer after curing.
The structured layer was finally placed on an uncured PDMS
layer, with the top surface of the micropillars contacting the
PDMS material (Figure 1b). Due to the curing procedure, the
micropillars can be bonded to the residual PDMS layer on the
counter electrode, forming a strong connection between the
microstructured dielectric layer and the electrode plates. The
strength of the connection can be up to 30N (Figures S1 and
S2, Supporting Information). This strategy can effectively
achieve large-scale, flexible, and highly uniform microstructures
over the entire substrate area, which can be seen from the
highly parallel rows of tilted micropillars of identical height
(Figure 1c). Such characteristics are very important for the
large-area compatibility and uniformity of the capacitive
pressure sensors, since the coplanar top surface of the
micropillars determines a periodic and reproducible counter
electrode plate, which means that any portion of the sensor has
an indistinguishable functional structure. As it can be seen in
Figure 1c, the fabricated device is ultrathin with a thickness of
less than 100 μm, whereas in the scanning electron microscopy
(SEM) image, a remarkable contact without any air gaps at the
interface of the electrode and the microstructures is
demonstrated. Under external force application, the tilted
micropillar arrays undergo bending deformation, which causes
a larger change in the distance between the two electrodes
compared to that caused by compression deformation.
Finite-element analysis (FEA) was used to investigate the

deformation of different structures of same thickness (30 μm),
including bulk film, vertical micropillar arrays, and tilted
micropillar arrays with a tilt angle of 30° (Figure 1d). For the
same applied pressure, the variation of the distance between
the two electrodes with the tilted structures was much larger
than that with the bulk film or the vertical structures. Under a
pressure of 1 kPa, the top layer displacement of the tilted

structure was 10 and 70 times larger than that of the vertical
structure and the bulk film, respectively, which means that the
tilted microstructure strategy has a high potential for
significantly improving the sensitivity.
The fabricated capacitive sensor was tested, and the

effectiveness and feasibility of the proposed strategy were
investigated from an experimental perspective. The measured
pressure sensitivity of the three different structure types can be
seen in Figure 2a. The pressure sensitivity S is defined as S =
δ(ΔC/C0)/δp, where p denotes the applied pressure and C and
C0 the capacitances with and without the applied pressure,
respectively. The bulk film sensor presented the lowest
pressure sensitivity (0.626 MPa−1), whereas the sensor with
vertical microstructures showed an improved pressure
sensitivity of 0.033 kPa−1 owing to its reduced dielectric
layer stiffness. The sensor with tilted microstructures
demonstrated the highest pressure sensitivity, which was 0.42
kPa−1 in the low-pressure regime (<1.5 kPa) and 0.04 kPa−1 in
the high-pressure regime (>5 kPa). Such a high sensitivity can
be attributed to two main factors: (1) large bending
deformation can be generated with lower pressure compared
to the compressive deformation generated in vertically
microstructured sensors; and (2) air volume is replaced by
PDMS when the structure is deformed, and PDMS has a
higher dielectric constant (∼3) than that of air (1).40,46

Therefore, the capacitance increased due to the reduction in
the distance between the two electrode plates according to
factor (1) and was enhanced by the higher effective dielectric
constant according to factor (2). In addition, the increase in
sensitivity of the sensor with tilted micropillars in the <1.5 kPa
pressure range can be attributed to both the increase of the
radial force component that generates bending deformation
and the increase of the effective dielectric constant of the
dielectric layer, since the air volume fraction decreases during
bending deformation. The decrease in the slope of the red
curve after 1.5 kPa was because the side of the micropillars
came into contact with the bottom electrode and the bending
deformation changed to compressive deformation (Figure S3,

Figure 2. Typical pressure-sensing characteristics. (a) Pressure−response curves of the capacitive pressure sensors for dielectric layers with bulk
film, vertical micropillar array, and tilted micropillar array. (b) Hysteresis characteristics of the pressure sensor. (c) Relaxation times of sensors with
structured and unstructured dielectric layers. (d) Dynamic response of pressure sensors under periodic pressures of 1, 2.5, and 5 kPa. (e)
Capacitance response of the pressure sensor during 1000 loading and unloading cycles. (f) Detection of ultralight-weight objects (grains of rice).
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Supporting Information). The capacitance response of the
capacitive sensor was affected by the tilting angle and the ratio
of the micropillar diameter to the center-to-center distance
(Figures S4 and S5, Supporting Information). Furthermore,
the increase in the aspect ratio of the micropillars also causes
an increase in the capacitance response. Considering the
stability of the sensor, the structured dielectric layer must have
sufficient strength to ensure that the initial shape of each pillar
can be effectively maintained in the pressure-free state. When
the number of micropillars per unit area is too small, it is
difficult for the micropillars to return to the initial height under
high pressure, which will cause inconsistency in the baseline
capacitance. The sensor with 30° and ratio of 1:10 was chosen
because it had a high capacitance response and the problem of
instability was well solved.
In addition to improving the sensitivity, the micropillars also

enhanced the relaxation property of the capacitive pressure
sensor. The existence of voids in the microstructured film
could contribute to storing and releasing of energy in a
reversible manner during the elastic deformation of the
microstructured surfaces, reducing the influence caused by
the viscoelastic behavior of the PDMS dielectric layer.40 Owing
to this contribution, a reversible response with negligible
hysteresis (Figure 2b) and decreased relaxation times (Figure
2c) could be achieved. The relaxation times of the pressure
sensors with bulk film and tilted micropillar arrays were
measured under cyclic loading and unloading of 8 kPa. A 90%
constant was commonly used as the standard time value of the
pressure sensors. The two types of sensors demonstrated
significant differences in relaxation times, although only a slight
difference in response times was observed (Figure S6,
Supporting Information). The bulk film, due to the viscoelastic
behavior of the PDMS film, demonstrated slow relaxation

times reaching up to 10 s, whereas the microstructured sensor
exhibited a relaxation time of ∼70 ms shown in the inset,
which was over 200 times shorter than that of the bulk film
sensor. In fact, the response and the relaxation time depend on
the testing platform, and the pressure could not be instantly
applied. Therefore, the relaxation time would be shorter than
∼70 ms when ideal step pressure is applied. Due to the strong
connection between the microstructure and the electrode
plates, the sensor had constant baseline capacitance values
during intermittent loading and unloading.
A reliable, continuous, stable, and perfectly repeatable

sensing behavior was observed in the sensor with a remarkable
match between the pressure input and the response curve
under periodical pressures of 1, 2.5, and 5 kPa (Figure 2d).
The strong connection also made the sensor demonstrate high
mechanical strength, guaranteeing a long service life. To
confirm the durability and stability of the sensor for long-term
use, the capacitance response to an applied pressure of 4 kPa
and 0.5 Hz for 1000 cycles was measured. The effective area of
the sensor was about 1.8 × 2 cm2, and the baseline capacitance
was about 50.6 pF, which was corresponding to 14.1 pF cm−2.
The capacitance of the sensor changed sharply from ∼50 to
∼80 pF under pressure loading and unloading. The baseline
capacitance and the relative capacitance change showed little
variation and no signal degradation during the 1000 cycles
(Figure 2e). The sensor also showed good durability after
hundreds of bending cycles (Figure S7, Supporting Informa-
tion). To verify its detection limit and resolution, four grains of
rice were placed on the sensor one by one. As it can be seen in
Figure 2f, the capacitance response demonstrated a “stepped”
escalation every time a grain of rice was placed on the sensor.
The inset shows the progress from putting one grain to five
grains of rice and corresponds to each step of the curve. The

Figure 3. Pressure-sensing performance of scratched or cut sensors. (a) Image of the large sensor divided into four segments and mapping image of
relative capacitance change distribution of the smaller sensor segments cut from the same sheet. Four areas defined by the intersection of the two
center lines represented the four sensor segments, and the values corresponding to colors of four pixels inside each segment represented the relative
capacitance change of each segment after testing four times. (b) Capacitance response curves of the same sensor that does not possess a strong
connection between micropillars and electrodes under a pressure of 4 kPa for five independent tests without preload. The baseline values vary from
65 to 75 pF, and the response values vary from 352 to 369 pF. (c) Baseline capacitances of sensor segments with and without strong connection
when suffering from three scratches, respectively, with insets showing the three scratches using a scalpel. For the segment with strong connection,
the baseline capacitance increased rapidly from 350.4 to ∼370 pF and then returned to 350.6, 351.0, and 351.3 pF after the first, second, and third
scratch, respectively. For the segment without strong connection, the baseline capacitance decreased from 39.1 to 22.2, 11.7, and 6.1 pF after three
scratches. Both segments had an area of 4 × 4 cm2. (d) Capacitance response of a sensor segment to different pressures of 10, 6, and 3 kPa before
(blue part of the curve) and after scratching (brown part of the curve). (e) Pressure−response curves of the original (black), the cut (blue), and the
scratched sensor (red) of sensors with and without strong connection.
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average grain weight was ∼17 mg, which corresponded to a
very small pressure of only 1 Pa. In practice, the detection limit
is a very important parameter for measuring ultrasmall forces
such as air, sound waves, and small mechanical vibrations. In
addition, the high resolution of the sensor was depicted by the
clearly discernible steps on the response curve every time the
number of grains was changed.
In practical applications, sensors of different shapes and sizes

are required depending on the requirements. However, it is
very costly to design and manufacture individual sensors with
specific size and shape for specific demands. Owing to the
highly uniform microstructure and the absence of air gaps, the
proposed sensors can be cut into smaller pieces of different
sizes and shapes with identical sensing characteristics. The
consistency and repeatability of cut sensor pieces were verified
through experiments. A large-area sensor (8 × 8 cm2) was
fabricated using the above-described method and then cut into
four pieces to investigate the sensing response of each sensor
to different pressures. In Figure 3a, the mapping image of the
ΔC/C0 distribution is presented, displaying the consistency of
sensors cut from the large one, showing also the repeatability
of each sensor segment. The four sensor segments revealed a
highly uniform distribution of ΔC/C0 with a small standard
deviation of 0.0008 at 1 kPa and 0.0049 at 9 kPa,
corresponding to a relative standard deviation of 2.60% at 1
kPa and 0.84% at 9 kPa. The results of a single segment
demonstrated that the relative standard deviation for repeated
measurements was <1.57% at 1 kPa and <0.80% at 9 kPa,
whereas the sensor without a strong bonding demonstrated
inconsistent and unreliable response (Figure 3b).
In addition, in real-life applications, the mechanical

compliance and stability of the pressure sensors are as
important and necessary as sensitivity. Sensors are usually
subjected to mechanical damages, such as incidental scratches
or cuts, which affect the sensing performance or even lead to

failure. The usual solution to damage is replacement or repair
of the device. However, replacement or repair will interrupt the
signal output, making the time-domain signal discontinuous,
which is a serious problem in real-time monitoring. Due to the
strong connection between micropillar arrays and electrodes,
the proposed capacitive pressure sensors can bear mechanical
damages and maintain the continuous signal output without
sudden failure. One sensor segment (4 × 4 cm2) was scratched
three times using a scalpel (Figure 3c). For the sensor with a
strong connection between the dielectric layer and electrodes,
these minor changes in the baseline capacitance value after
three scratches indicated that no sliding occurred between the
two electrodes due to the strong bonding. If the micro-
structured dielectric layer is physically separated from the
electrode plate without a strong connection, the contact area
between the microstructured layer and the electrode plate
becomes unstable and the air gap will change during
scratching, thus resulting in a significant change in baseline
capacitance. The capacitance response of a second sensor
segment was measured at different pressures of 10, 6, and 3
kPa, as shown in Figure 3d. In the next step, the same sensor
segment was scratched. The capacitance response of the
scratched sensor under the same pressures was actually similar
to that of the sensor before scratching. Other reported sensors
with random or aperiodic structures cannot provide unchanged
sensing characteristics when cut into pieces because each
portion of the structure has a unique architecture. Figure 3e
shows the relative capacitance change versus pressure change.
For the sensors with a strong connection, the three curves
demonstrated a remarkable degree of overlap, showing that the
three sensors have almost the same sensing characteristics.
This further indicates that damage has little influence on the
sensor, whether it is scratched or cut into pieces, whereas the
physically separated sensor without strong connection will be
seriously affected by the mechanical damage as the other three

Figure 4. (a) Glove integrated with five sensors cut from the same sensor sheet, and images of the sensors on the thumb and the top of the index
suffered damaged by cut and scratch, respectively. (b) Hand postures used to grasp objects categorized as pinching, clipping, and gripping. (c)
Capacitance response curves of the five sensors before (top) and after (bottom) mechanical damage. The top and bottom graphs correspond to the
capacitance responses of all five sensors on the different fingers before and after damage, respectively, and the three sections of each graph
correspond to the hand postures of pinching, clipping, and griping.
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curves show. The curve of the scratched sensor with a strong
connection is slightly offset from the other two in the range
above 7 kPa, which was probably a result of plastic
deformation at the edge of the scratch. The deformation on
both sides of the scratch would overlap partially to induce
pressure to focus on the overlap, thus reducing the actual
pressure on the whole surface, leading to a decrease in the
relative capacitance change. The relative capacitance change of
the scratched sensor rose up to the value of the intact sensor,
since no overlap occurred along the scratch.
Due to the advantage of being able to function without any

change in capacitance response when damaged, the proposed
sensor has the potential to be used in harsh environments,
where a sensor may be scratched or cut. To investigate the
applicability of the proposed sensor, several sensors were
integrated onto a glove to recognize the hand posture and track
the pressures on each finger when picking up an object (Figure
4). Each sensor on the glove was cut off from the same sensor
so as to ensure same sensing characteristics. The sensors were
attached to the thumb, the top of the index, the base of the
index, and the top and the base of the middle finger. Micro-
coaxial cables embedded in the glove were employed to
minimize the mutual capacitance caused by wiring. Change in
the capacitance caused by external conductors such as human
body was negligible compared with that caused by touching
force (Figure S8, Supporting Information).
In application, the glove was used to grasp some objects with

sharp features such as blades, tool bits, and even a cactus plant.
During these processes, sensors frequently touching the sharp
parts of these objects would be scratched or even sliced. It can
be seen that the surface of the sensors attached to the thumb
and the top of the index were heavily worn or even torn
(Figure 4a). The responses of the sensors when wearing the
glove to grab an object were compared before and after
damages. The hand postures tested in this study were
categorized as pinching (by using thumb and the top of
another finger), clipping (by using thumb and the base of
another finger), and griping (by using all of the fingers)
(Figure 4b). The electrical signal of the sensors during
pinching, clipping, and griping a ball were recorded. It was
demonstrated that although the sensors were damaged to
varying degrees, they could still achieve almost the same
capacitance response as that prior to damage (Figure 4c). The
capacitance values vary with different ways of grasping the
object, which provided the basis for distinguishing different
postures by comparing the capacitance change of each sensor
to that of the others. For example, in the first section of the
graph, the sharp increase in capacitance of sensors attached to
the thumb and the top of the index indicated that the object
was pinched by the thumb and the top of the index. Besides, all
of the sensors used in this experiment were cut from the same
sheet, having the same sensing characteristics, and therefore
the pressure magnitude on each finger could be inferred by
comparing the relative capacitance change of the sensors.
Moreover, it can be deduced from the first section of the
graphs that the pressure on the thumb is higher than the
pressure on the top of the index when pinching the object.
Sensors used in harsh environments would usually face the
possibility of being damaged, which would require their
replacement so as not to interfere with the normal function.
However, the proposed sensors integrated on the glove were
able to function adequately even with severe scratches and thus
there is no need to interrupt a process for the replacement of a

damaged sensor. The response curves exhibit the same trend,
from which the different postures can be distinguished and
pressure magnitudes on different fingers can be determined.

■ CONCLUSIONS
In summary, a new capacitive pressure sensor, based on a
structured dielectric layer with tilted micropillar arrays, with
high sensitivity, stability, and reliability was demonstrated. The
dielectric layer was strongly bonded with the electrode plates,
eliminating the influence of air gaps that may lead to uncertain
capacitance values. The bending deformation of the tilted
micropillar arrays replaced the compression deformation of the
traditional vertical structures, facilitating the changes in
distance between the two electrodes even under very small
pressure levels, which resulted in a remarkable increase in
sensitivity. The proposed sensor demonstrated a sensitivity of
0.42 kPa−1 in the low-pressure regime and 0.04 kPa−1 in the
high-pressure regime, which was significantly higher than that
of the bulk film sensor but was in the same order of magnitude
with that of the sensors that use air gaps or a small contact area
for increasing sensitivity. Moreover, the proposed sensor was
able to detect the weight of one grain of rice, which
corresponded to a pressure of 1 Pa. The viscoelastic properties
of PDMS were efficiently reduced by the micropillar arrays so
that the sensor exhibited negligible hysteresis and short
relaxation times. In addition, the strong bonding between the
dielectric layer and the electrodes not only eliminated the
uncertainty of the capacitance response induced by the air gap
but also strengthened the structure of the sensor. Under
repeated loading and unloading cycles, the sensor produced
repeatable and reproducible signals, whereas the capacitance
response showed no decay over 1000 cycles. Moreover, the
sensor function was not affected by damages, such as scratches
or cuts. Besides, sensor segments cut from the same sensor
displayed similar sensing characteristics. Based on this
characteristic, sensors cut off from the same sensor sheet
were integrated onto a glove, and hand postures were able to
be distinguished, whereas the pressure magnitudes on each
finger could be identified by the capacitance response of each
sensor, even when suffering from mechanical damages.

■ EXPERIMENTAL SECTION
Preparation of Photoresist Template. The photoresist (AZ

P4620) was spin-coated on a silicon wafer at 1000 rpm for 30 s and
then soft-baked at 95 °C for 5 min. The procedure was repeated twice
to obtain films ∼30 μm thick. A photomask containing a pattern of
microhole arrays (10 μm in diameter) was pressed with the patterned
surface contacting against the photoresist. The assembly was placed
on the stage of goniometers and then obliquely exposed to UV light
for 90 s by adjusting the angle between the stage and the horizontal
plane to 30° to obtain the template after the development process.

Fabrication of Sensor. PDMS (Sylgard 184, Dow Corning) with
10:1 mass ratio of base to cross-linker was poured onto the
photoresist on the template. Then, the assembly was placed into a
vacuum chamber for ∼5 min to remove air from the cavities. In the
next step, the PDMS was spin-coated on the template at 8000 rpm for
50 s to ensure an ultrathin residual layer of ∼5 μm. Next, the
poly(ethylene terephthalate) (PET) foil deposited with Cr, Au, and
SiO2 was applied on the template surface with the SiO2 layer facing
the PDMS layer. The Au layer (100 nm) was the electrode, and the
Cr layer (20 nm) was used to enhance the cohesiveness between Au
and PET and between Au and SiO2. SiO2 was used as the medium to
bond PDMS onto the PET substrate. Subsequently, the duplicated
PDMS was cured at 50 °C for 8 h and then peeled off from the
template with the PET foil. The structured PDMS was finally placed
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on an uncured PDMS layer, which was also spin-coated at 8000 rpm
for 50 s on the PET foil and then cured at 80 °C for 1 h to form the
capacitor.
Characterization. The structural morphologies were examined by

scanning electron microscopy (SU8010, HITACHI). A thin layer of
gold (∼10 nm) was coated on the PDMS layer before imaging with
SEM, and the accelerating voltage was 5 kV. Capacitance measure-
ments were performed at 100 kHz using a semiconductor analyzer
(B1500A, Agilent). A highly configurable single-column testing
machine (ESM303, Mark-10) was used to apply dynamic pressures.
Sensors were placed on the horizontal platform of the testing
machine. Elastic compression fixtures with different sizes were
employed to press the sensor for uniform deformation. The frequency
and dimension of the load can be controlled by adjusting the speed
and displacement. A force gauge (M5-10, Mark-10) was employed to
record the force.
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