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A highly sensitive and flexible capacitive pressure
sensor based on a micro-arrayed
polydimethylsiloxane dielectric layerfy
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Rong Sun {22 and Ching-ping Wong (% ¢

A flexible pressure sensor with high sensitivity has been proposed which consists of a typical sandwich
structure by integrating a polydimethylsiloxane (PDMS) substrate with a micro-arrayed PDMS dielectric
layer. A PDMS flexible substrate coated with silver nanowires (AgNWs) is used as a top/bottom electrode
material, and a PDMS dielectric layer with micro-array structure is used to ensure high sensitivity of the
pressure sensor. As a result, compared with conventional parallel board capacitive sensors, such sensors
exhibit good performance, high sensitivity (2.04 kPa™) in low pressure ranges (0-2000 Pa), low detection
limits (<7 Pa) and fast response times (<100 ms). Furthermore, the integration of the sensor electrode
and the dielectric layer ensures good bending stability and cycling stability of the sensor. Flexible capacitive
pressure sensors can be used to measure the pressure distribution of finger tips when holding an object
and grabbed with fingers. The spatial distribution of the applied pressure can also be clearly identified by
fabricating a pressure sensor array. Due to its outstanding performance, the flexible pressure sensor shows
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Introduction

In recent years, highly sensitive and flexible pressure sensors
have gained great attention because of their growing demand in
the field of flexible electronic devices, such as wearable sensing
devices,"™ biomedical diagnostics,>® electronic skins”® and
soft robotics.”'° In order to make the above technology better
applied in industrial production and human life, flexible
pressure sensors with low manufacturing cost, simple processing
and high performance are urgently required. Currently, a variety
of pressure sensors have been prepared with different sensing
mechanisms,"" mainly divided into the following four cate-
gories: capacitive,">"? piezoresistive,"* piezoelectric,"” and
triboelectric."® Among them, capacitive pressure sensors'’*®
and piezoresistive pressure sensors'®>' have advantages such
as simple manufacture, low cost and high stability, etc., but in
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bright application prospects in wearable sensing devices, electronic skins and humanoid robotics.

comparison, capacitive pressure sensors have a higher sensi-
tivity and adjustability, and have received more and more
attention.

A flexible capacitive pressure sensor can be regarded as a
kind of parallel plate capacitor. The main structure of the
capacitive pressure sensor consists of two parts: top/bottom
electrodes and an intermediate insulating dielectric layer. Since
the structure of the sensor is stable, the pressure sensor has
high stability, but the sensitivity is not high enough. Sensitivity
is one of the most important parameters for measuring sensor
performance. The capacitance (C) value of the capacitive pressure
sensor depends on the space between the two electrodes (d), the
relative effective ratio of the two electrodes, and the relative
dielectric constant (¢,). And the change in capacitance at a certain
pressure range (i.e., sensitivity) is closely related to the structure of
the top/bottom electrode of the sensor and the dielectric constant
of the dielectric layer. The electrode is commonly prepared by
using a flexible polymer substrate and a kind of conductive filler
to ensure the flexibility of the sensor. The dielectric layer usually
uses a polymer with a large dielectric constant to improve the
sensitivity of the sensor. For example, PDMS, polyurethane (PU)
and polyimide (PI) are the most popular polymer substrates,*>*
while carbon nanotubes, graphene, metal particles and metal
nanowires are the commonly used conductive fillers.'**>®
Polyvinylidene fluoride (PVDF), polyvinylpyrrolidone (PVP) and
Ecoflex silicone elastomers, etc.>***° which have high dielectric
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constants, are mostly used as the dielectric layer for the capaci-
tive pressure sensor. In order to improve the sensitivity of the
capacitive sensor and its related performance, the electrode or
the dielectric layer must have a more obvious deformation under
the equal pressure range of change. The most effective method is
to achieve electrode microstructure or pore formation of the
dielectric layer. The common methods to fabricate a microstruc-
tured electrode include chemical etching and photolithography
processes.**> However, the preparation process is complex and
expensive, and cannot be applied in industrial production.
In addition, there are some other preparation methods, such
as copying the surface microstructure of the sand paper>® and
replicating the microstructure of a plant surface (lotus leaves,
rose petals, etc.).>* The microstructures prepared by the above
methods cannot obtain a regular morphology. It is difficult to
carry out standardized production, and the performance of the
different batches of product is different and not easy to control.
As for research on dielectric layers, the following two aspects are
mainly involved: firstly, the porosity of the dielectric layer, for
example, Chen et al®* prepared a porous dielectric layer by
adding ammonium bicarbonate (NH,HCO;) to PDMS, which
greatly improves the linear response range of the sensor. In
comparison, the microstructure of the dielectric layer is more
common. Li et al'” proposed the use of polystyrene micro-
spheres as the dielectric layer with a sensitivity of 0.815 kPa™;
Bao et al.>® attempted to prepare a dielectric layer of pyramid-
shape by using an etched silicon method, while the sensitivity is
0.55 kPa~'. However, introducing a hole in the dielectric layer
will inevitably lower the dielectric constant and make the
original capacitance smaller, eventually encountering a limit to
continue to increase sensitivity. Sharp microstructures also
affect stability and linear response at low pressure of the sensor.
Therefore, how to improve the comprehensive performance of
the capacitive pressure sensor via changing the microstructure
of the dielectric layer is still an important issue which is
worth researching.

Herein, we report a highly sensitive and flexible capacitive
pressure sensor with a micro-array structured dielectric layer
via a simple strategy. A PDMS substrate with AgNWs attached is
applied as the top/bottom electrode, and PDMS with a micro-
array structure is used as the dielectric layer. The micro-array
structure is obtained by plasma treatment under a low-pressure
air atmosphere; the pre-stretched PDMS film shows a sponta-
neous buckle surface structure and is used as the micro-array
mold to obtain the micro-arrayed flexible dielectric layer. Sub-
sequently, the obtained micro-array structured dielectric layer
and the lower electrode of the sensor are combined by pre-
cured PDMS to improve the integration degree of the sensor,
and the top electrode is then superimposed to obtain the
flexible capacitive pressure sensor. The sensor prepared by
the above method has high sensitivity, fast response times,
low-pressure detection limits, high bending stability and long-
term cycling stability. Furthermore, the capacitive pressure
sensor based on the micro-arrayed dielectric layer can be easily
extended to obtain a pressure sensor array, which can measure
the spatial distribution of the applied pressure.

This journal is © The Royal Society of Chemistry 2018
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Experimental
Materials

PDMS feedstock was purchased from Dow Corning, Sylgard
184. AgNWs were prepared via a polyol reduction method by
ourselves. The PET film was purchased from Toray Corp with a
thickness of 200 pm.

Fabrication of the top/bottom electrode

In order to prepare the top/bottom electrode, the PDMS elastomer,
a liquid PDMS precursor and a curing agent are mixed at a mass
ratio of 10:1, and placed in a vacuum oven to remove the gas
mixed during the mixing process. Then, the mixture was spin-
coated onto a glass substrate and cured at 75 °C for 2 h. To prepare
the AgNW PDMS electrode, 0.01 mg mL ™" self-prepared AgNWs/
ethanol dispersion was left on filter paper (220 nm pore size)
through a filter plant and dried for 1 h at room temperature.
After that, the PDMS elastomer was placed on the filter paper
with AgNWs and the vacuum pump was kept working to make
the AgNW and PDMS elastomers more tightly integrated.
Finally, the PDMS elastomer is peeled off with the AgNWs,
and an electrode for the size required for the experiment was
prepared by cutting.

Preparation of the dielectric layer and pressure sensors

The dielectric layer with a micro-array structure was prepared
by the following steps. Firstly, the PDMS elastomer was stretched
to 130% using a stretching device, and the stretched PDMS
elastomer was treated for 10 min by using plasma etching. Then,
the PDMS elastomer is released to the original length to form the
micro-array structure. After that, the liquid PDMS mixture was
attached onto the micro-array structure PDMS substrate uni-
formly by spin coating, while the bottom electrode prepared
above was coated with liquid PDMS on the side containing the
AgNWs. The electrode was placed on the micro-array structure
coated with liquid PDMS to stick them together. Then the
mixture was cured at 75 °C for 2 h. The cured micro-array
structure PDMS dielectric layer and bottom electrode (the two
parts have been closely integrated) were peeled off from the
buckled mold. Finally, the top PDMS flexible electrode was
laminated onto the PDMS flexible bottom electrode with the
PDMS micro-array dielectric layer to obtain the capacitive
pressure sensor.

Characterization and measurements

The PDMS film was treated using a plasma etching machine
(Diener Femto) to obtain the micro-array structure. The micro-
scopy images were identified using a metallographic micro-
scope and a polarizing microscope. The microstructures of the
dielectric layer and the electrode were observed by scanning
electron microscopy (FEI Nova NanoSEM 450). An Agilent
4280A LCR meter was introduced to get the capacitance.
A noncontact sheet resistance tester (Napson EC-80P) was used
to measure the sheet resistance. The performance of the
pressure sensor was detected using a ZHIQU pressure testing
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machine with a z-axis motor stage, which can be applied at a
desired pressure onto the device.

Results and discussion

The fabrication process of the flexible capacitive pressure
sensor mainly includes two parts: (i) the preparation of the
PDMS flexible electrode; (ii) the fabrication of the PDMS
flexible electrode with a PDMS micro-array structure on the
surface as the dielectric layer. Fig. 1 presents the schematic
illustration of the detailed manufacturing process of the flexible
capacitive pressure sensor. Part one deals with the PDMS flexible
electrode prepared using the vacuum filtration method and the
peeling-off process. First of all, the as-prepared AgNWs were
homogeneously dispersed in ethanol via ultrasonication to form
an AgNW/ethanol suspension. Subsequently, the obtained
suspension was filtered on filter paper, followed by a drying
process at room temperature to obtain AgNW thin films.
Secondly, the pre-cured PDMS film was placed onto the surface
of the AgNW film, and vacuum filtration was applied for binding
the PDMS substrate and the AgNWs on filter paper more closely.
Finally, the PDMS composite film, where the AgNW film is
embodied on the surface and serves as the conducting layer,

View Article Online
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was obtained by separating the substrate with silver nanowires
and filter paper. In this experiment, the amount of silver
nanowires on the flexible electrode was 0.02 mg cm 2, and
the square resistance of the flexible electrode decreased to
2.75 Q sq " Due to the outstanding flexibility of the PDMS
elastomer matrix, the as-prepared PDMS composite film possesses
notable flexibility and acts as a PDMS flexible electrode.”*

Part two deals with the fabrication of the PDMS flexible
electrode with a PDMS micro-array structure on the surface.
Firstly, the cured PDMS film was stretched with a certain strain,
and then treated with dry air low-pressure plasma to form a
staff silicon oxide (SiOy) thin layer. When the film was released
to the initial status, a series of micro-array structures were
generated on its treated surface because of the rigid surface
without shrinkage. Secondly, a certain amount of pre-cured
PDMS solution was spin-coated onto the treated surface of the
PDMS film to transfer the micro-array structure patterning
as the dielectric layer. Then the as-prepared PDMS flexible
electrode, with the AgNW side downward, was placed and
laminated onto the surface of the fresh PDMS film. Thirdly,
after the PDMS complex was cured, the PDMS flexible electrode
with a PDMS micro-array dielectric layer on the surface was
obtained by peeling off from the PDMS micro-array mould.
Finally, the capacitive pressure sensor was set up via integrating

Fig. 1 Fabrication process of the capacitive flexible pressure sensor based on the micro-arrayed PDMS dielectric layer.
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the PDMS flexible electrode and the PDMS flexible electrode
with the PDMS micro-array structure on the surface, where the
AgNW film side in the PDMS flexible electrode and the micro-
array dielectric layer side locate in the middle and face each
other. In particular, as the PDMS flexible electrode and the
PDMS flexible electrode with a micro-array structure on the
surface are both fabricated with the flexible PDMS substrate,
the integrated capacitive pressure sensor is able to display
outstanding flexibility and durability in bending and pressing
tests and practical applications. In this article, AgNWs are used
as the conductive medium. The conductivity property of the
PDMS flexible electrode is largely dependent on the distribu-
tions of AgNWs on the surface of the PDMS substrate. Accord-
ingly, we intensively characterized the dispersion status of
AgNWs on the surface of the PDMS flexible electrode using a
polarizing microscope, a metallographic microscope and a scanning
electron microscope (SEM), respectively. Optical microscopy images
clearly show that the AgNWs are uniformly distributed on the
surface of the PDMS substrate (Fig. S2, ESIt). Besides, Fig. 2a shows
the SEM image of AgNWs on the surface of the PMDS flexible
electrode. The result reveals that the AgNWs are distributed uni-
formly, which is consistent with the preceding results from micro-
scopy images. Moreover, the adjacent AgNWs are interlinked with

View Article Online

Journal of Materials Chemistry C

each other, as the local enlarged view of AgNWs shows in the inset.
The formation of the cross-linked architecture among the AgNWs
constructs interconnected networks, which benefits the improve-
ment of the electrical conductivity of the PDMS flexible electrode.
Next, the surface morphology of the micro-array mold and
the PDMS flexible electrode with a PDMS dielectric layer were
both thoroughly characterized by SEM. As shown in Fig. 2b, the
micro-arrays with wave-type convex structures are successfully
generated on the surface of the PDMS substrate, acting as the
micro-array mold. These convex structures are distributed uni-
formly, where the convex structure has a width of about 2.7 um.
Moreover, the surface of the PMDS micro-array is quite smooth,
which is conducive to the transfer patterning process. The SEM
image of the micro-array dielectric layer is given in Fig. 2c.
The micro-array structure on the surface also features wave-type
convex structures. Similarly, these convex structures are dis-
tributed uniformly and their surfaces are relatively smooth.
The distance between the peak points of two adjacent convex
structures is about 2.6 pm, as shown in Fig. 2d, which is
basically in accordance with the width of one convex structure
in the micro-array mold. This indicates that the transfer
patterning technology used in this study is feasible and effec-
tive, and the obtained micro-array structure can be modulated

Fig. 2 SEM images of the PDMS flexible electrode and the micro-arrayed PDMS dielectric layer. (a) SEM images of the AQNWSs on the flexible PDMS
electrode; (b) SEM images of the micro-arrayed PDMS mold; (c) SEM images of the micro-arrayed dielectric layer; and (d) cross-section SEM image of the
as-fabricated bottom electrode coated with the micro-arrayed PDMS dielectric layer.

This journal is © The Royal Society of Chemistry 2018
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by tuning the structure of the micro-array mold. Fig. 2d presents
the SEM image of the cross-sectional morphology of the PDMS
flexible electrode, which serves as the dielectric layer. The PDMS
with a micro-array structure is successfully generated on the
surface of the AgNW film, and highly incorporates with the
underneath PDMS flexible electrode substrate. The AgNWs
located in the middle, forming a sandwich structure. The PDMS
with micro-array structure and AgNWs serve as a dielectric layer
and a bottom electrode, respectively. The flexible bottom elec-
trode and the dielectric layer are bonded together and integrally
formed to ensure the structural stability of the prepared sensor.

Several important parameters to evaluate the performance of
the pressure sensor are pressure sensitivity, hysteresis, detec-
tion limit, bending and pressurizing cycling stability, etc.'®
In order to investigate the influence of the micro-array structure
of the dielectric layer on the performance of the capacitive
pressure sensor, an external pressure was applied on both the
sensors with the flat dielectric layer and the micro-array struc-
ture dielectric layer, respectively. The uniform AgNW electrode
is used as the top/bottom electrodes, and the test equipment and
conditions are exactly identical. Fig. 3 displays the response
characteristics of the flexible pressure sensor based on the PDMS
micro-array dielectric layer. Fig. 3a shows the relative capacitance
change depending on the pressure of the pressure sensors with the
flat dielectric layer and the micro-array dielectric layer, respectively.
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For using the flat dielectric layer, the pressure sensor exhibits an
ultra-low sensitivity of just about 0.01 kPa~' when pressure is
applied. Conversely, when the flat dielectric layer was replaced by
the micro-array dielectric layer, the sensitivity is improved sub-
stantially and two linear parts can be observed clearly in the
detection range. One is the low pressure range (0-2000 Pa) with
a pressure sensitivity of 2.04 4+ 0.16 kPa™ ', and the other is the
high pressure range (2000-9000 Pa) with a pressure sensitivity of
0.57 + 0.08 kPa~'. By comparing the pressure sensitivity of the
flat dielectric layer based capacitive pressure sensor, the pressure
sensitivity of the pressure sensor with the micro-array dielectric
layer has a significant improvement. These results manifest that
the micro-array structure of the dielectric layer plays a consider-
able role in improving the sensitivity of the pressure sensor. The
preparation of the highly sensitive pressure sensor has always
been a common goal. Sensors have a variety of applications in
different pressure response ranges. Applications below 10 kPa
pressure36 include ultra-sensitive e-skins, touchscreens, medical
diagnosis, daily activities, etc. Fig. 3b shows the pressure
response curves of the loading and unloading pressures for the
consecutive loading-unloading process of the micro-array
dielectric layer based pressure sensor. It can be seen that the
coincidence of the loading and unloading curves is very high.
This means that the pressure sensor has a very small hysteresis.
The variation of the flexible pressure sensor before and after

Fig. 3 Response characteristics of the flexible capacitive pressure sensor based on the PDMS micro-array dielectric layer. (a) Relative capacitance
change—pressure curves for the capacitive pressure sensors based on the flat dielectric layer and the PDMS micro-array dielectric layer; (b) relative
capacitance change—pressure curves from the consecutive loading—unloading cycle; (c) the flexible pressure sensor at the initial state; (d) the pressure

sensor after compression deformation.
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pressurization is shown in Fig. 3c-d. This high sensitivity of the
pressure sensor is closely related to the micro-array structure
dielectric layer. The PDMS dielectric layer can be deformed
under external pressure and return to the initial state when
unloading pressure. According to this feature, the contact area
and the distance between the two electrodes will change with
the amount of pressure applied. Therefore, when the sensor is
pressurized, the contact of the micro-array structure with the
top electrode and the deformation of the dielectric layer show a
significant increase in the contact area. This can also be seen
from the deformation of the cross section when the sensor is
under pressure (Fig. Sla-c, ESIT). The distance between the top
and bottom electrodes decreases as the applied pressure
increases which causes the sensor to exhibit high sensitivity.
When the deformation of the micro-array structure is no longer
obvious and the air gap is emptied, the sensitivity of the sensor
will decrease. Based on the changes in the contact area and the
distant between two electrodes, the capacitance value changes
rapidly and shows high sensitivity under low pressure. In
addition, based on the micro-array structure dielectric layer,
the microstructure contains air in the absence of pressure,
which should be the reason for the change in sensitivity. In
general, the result is that the sensitivity of the sensor is divided
into two distinct phases. In the low pressure response range
(0-2000 Pa), the volume of the air gap is reduced constantly;
when the pressure reaches 2000 Pa, the gap gas is basically
drained, so we can clearly see the reduction of the sensitivity in
the high pressure range (2000-9000 Pa).

View Article Online

Journal of Materials Chemistry C

Fig. 4a and its insets show the response times of the
capacitive pressure sensor while loading and relaxing pressure
on it. When there is no pressure applied onto the sensor, the
relative capacitance almost remains without fluctuations, but
when a pressure of 2 kPa is instantly pressurized above the
flexible pressure sensor at 2.00 s, the relative capacitance
increased from 0 to 4.0 immediately at 2.10 s, and then
the relative capacitance change remained stable. Conversely,
at 4.00 s, when removing the applied pressure, the relative
capacitance value returns to the initial state quickly from 4.0 to
0 at 4.10 s. Therefore, this indicates that the response time is
less than 100 ms, regardless of the process of applying or
releasing pressure on the sensor. When the pressure is loaded
onto the sensor, the relative capacitance change in the sensor
almost remains unchanged, which means a stable and accurate
measurement of the sensor at static pressure.

To investigate the response and stability of the pressure
sensor under ultra-low pressure, the sensor was cut into regular
squares with a size of 1.0 cm x 1.0 cm. In addition, a mung
bean with a small weight (7 Pa) was used as an ultra-low
pressure loading object by placing it onto the pressure sensor,
which is equal to loading about 7 Pa pressure onto the pressure
sensor. The response for the ultra-low pressure from the mung
bean was monitored and shown in Fig. 4b. When the mung
bean was applied onto the sensor, the average value of the
capacitance increased from 4.62 pF to 4.75 pF, and the capa-
citance change surpasses 0.13 pF, which is large enough to be
detected using an Agilent 4280A LCR meter. During the process

Fig. 4 The performance characterization of the capacitive flexible pressure sensor. (a) Pressure response and relaxation time of the pressure sensor;
(b) capacitance—time curve for the detection of ultra-low pressure. (c) Pressure response performance of the capacitive pressure sensor for loading and
unloading stair-like pressure at different degrees; (d) pressure response performance of the capacitive pressure sensor for the consecutive seasonal
external pressure at various degrees; (e) pressure response of the pressure sensor before and after the 1000-cycle bending test; (f) pressure response of

ten independent capacitive pressure sensors.

This journal is © The Royal Society of Chemistry 2018
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of the three ultra-low pressure cycling tests, the capacitance
response value of each cycle only shows a small change, which
explains why the pressure sensor has high stability. Based on
the above results, the pressure sensor with the micro-array
structured dielectric layer is stable during the multiple loading/
unloading cycle tests.

The pressure response performance of the capacitive pressure
sensor for loading and unloading stair-like pressure at different
degrees was investigated. As shown in Fig. 4c, when a pressure
rising and falling just like a stair shape (no load — 400 Pa —
1000 Pa — 400 Pa — no load), was applied onto the pressure
sensor, the response and relaxation times were less than 100 ms
and the relative capacitance of the pressure sensor showed the
same value for the same pressure regardless of the previous
pressure. The capacitance value of the pressure sensor is stable
at static pressure, which means a perfect performance indicator
of the sensor under static pressure and demonstrates the precise
measurement for the applied pressure. Subsequently, the
pressure response performance of the capacitive pressure
sensor for the consecutive seasonal external pressure with
various degrees was further investigated, as shown in Fig. 4d.
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The seasonal external pressures of 400 Pa, 1000 Pa and 4000 Pa
were loaded and released onto the capacitive pressure sensor.
During the process of loading external pressure at various
degrees, the relative capacitance response values of the pressure
sensor were 0.78, 2.03, and 6.68, and the pressure sensor almost
had noise-free and stable continuous responses for the different
external pressures.

Due to the flexible PDMS substrate and the dielectric layer,
the pressure sensor also possesses high bending stability. For
the bending tests, a PET film (200 pm) was used as a fixture for
the capacitive pressure sensor by using tape and bent at a very
small curvature radius for 1000 times as shown in the inset of
Fig. 4e. The relative capacitance change-pressure curve was
recorded at the beginning and after 1000 cycles of bending. Fig. 4e
illustrates that the relative capacitance changes in the pressure
sensor show no significant change at every applied pressure in
comparison with the as-prepared pressure sensor even after the
1000-cycle bending test. In addition, the working stability of the
flexible pressure sensor is measured by repeatedly loading a
pressure pulse for more than 3000 times and recording the
corresponding relative capacitance variation (Fig. S5, ESIT).

Fig. 5 Fingertip grip pressure sensing device and pressure sensor array based on the flexible capacitive pressure sensor. (a) Photograph of the pressure
sensor attached to the fingertips. (b) Photograph of the beaker which was grabbed while the four fingertips with the sensor grip the beaker wall. (c) The
corresponding relative capacitance changes of each pressure were collected. The flexible capacitive pressure sensor array with a PDMS mold (260 mg) in
the shape of the letter "H"” on top (d) and the resulting map of relative capacitance change (e).
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The magnitude and frequency of the applied pressure is con-
trolled using a linear motor, and the sensor is fixed onto the
platform of the linear motor. By adjusting the height of the
platform, the upper substrate of the linear motor generates a
compression on the sensor, and the compression frequency is
set to 1 Hz. As shown in Fig. S5 (ESIT) and its insets, when the
pressure is loaded onto the sensor, the relative capacitance
variation increases from 0 to 1.92 and then restores to 0 after
unloading the external pressure. During the 3000 repeated pressure
cycles, the pressure response value is almost identical for each
pressure pulse. The inset exhibits 10 cycles at the beginning and
the 3000th cycle of the relative capacitance variations when the
external pressure is loaded and unloaded. Even after frequent
pressure pulses, the pressure response of the sensor is always
stable at 0 (unloading) and 1.92 (loading). The above results show
that this flexible pressure sensor still has a stable response after
undergoing multiple cyclic pressure pulse tests.

Next, we tested ten pressure sensor samples by comparing
the variation in pressure sensitivity between the samples, and
Fig. 4f shows the average relative capacitance values under
different pressure levels plotted with error bars (standard
deviation). It can be observed that the relative capacitance
change in each sample approaches the average value under
the same pressure, which indicates that the pressure sensor
also has high reliability in pressure sensing.

By attaching the sensor to a finger, the flexible pressure
sensor can measure the fingertip pressure when holding an
object. In order to implement a fingertip pressure sensing
device, four fingers except the little finger are labeled with a
sensor as shown in Fig. 5a. And all sensors are cut to the same
size (6 x 12 mm?) to fit onto the fingertips. Then a beaker
(102.8 g) was grabbed tightly by the four fingers (Fig. 5b). Fig. 5¢
shows the amount of pressure, the rate of change in capaci-
tance (AC/C,), applied to the beaker wall by each finger during
the holding process. It can be seen that the fingertip of the
thumb provides a maximum rate of capacitance change among
the four fingers, reaching 9.3, and the ring fingertip has the
smallest change rate of capacitance, only 4.1. The other two
fingertips, the middle finger and the index finger, have
response values of 5.5 and 6.2, respectively. The experimental
results demonstrate that the pressure sensor we prepared can
be attached to the fingertip to measure the fingertip pressure
when holding an object.

It should be understood that the preparation and expansion
of the sensor with a micro-array structured dielectric layer is
easy. In the process of testing, a pixel-type pressure sensor array
was prepared to demonstrate that the sensor could be used to
measure the spatial stress distribution. The pixel-type pressure
sensor array was formed by cutting the electrode into rectangles
and then attaching them onto the PET film (thickness: 50 um).
By cutting the top and bottom electrodes coated with PDMS
micro-array dielectric layers of desired size, 5 x 5 pixel-type
sensor arrays were prepared (size of the sensor array is about
30 x 30 mm?) and the sizes of each capacitor were 3 x 3 mm®.
As shown in Fig. 5d, a 260 mg model resembling the letter “H”
is placed at the appropriate position on the sensor array.

This journal is © The Royal Society of Chemistry 2018
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The resulting relative capacitance changes are shown in
Fig. 5e, where the yellow color corresponds to a higher capaci-
tance change. The spatial distribution of the applied pressure is
clearly expressed.

Conclusions

In summary, we have developed a high sensitivity and flexible
capacitive pressure sensor with a micro-array PDMS dielectric
layer via a simple manufacturing strategy. Due to the good
deformation and recovery capability of the micro-array struc-
tured PDMS dielectric layer and a higher level of integration,
the capacitive pressure sensor exhibits excellent performance.
Hence, the pressure sensor exhibits high sensitivities of 2.04 +
0.16 kPa~' (0-2 kPa) and 0.57 + 0.08 kPa~' (2-9 kPa) and an
ultralow detection limit (< 7 Pa). The capacitive pressure sensor
shows ultra-short response time (<100 ms). The sensor also
possesses high bending stability after a 1000-cycle bending
test and high work stability for a multiple pressure cycle test
(1000 times). The facile fabrication process can be easily
extended to constitute a sensor array that can detect the spatial
distribution of the applied pressure. We can also detect the
pressure distribution of fingers when grabbing an object.
In short, flexible capacitive pressure sensors with inexpensive
manufacturing and outstanding performance can be widely
applied in wearable sensing devices, electronic skins, and other
potential applications.
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