
Capacitive Pressure Sensor with Wide-Range, Bendable, and High
Sensitivity Based on the Bionic Komochi Konbu Structure and Cu/Ni
Nanofiber Network
Jian Wang,† Ryuki Suzuki,† Marine Shao,‡ Fred́eŕic Gillot,‡ and Seimei Shiratori*,†
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ABSTRACT: High-performance flexible pressure sensors
have an essential application in many fields such as human
detection and human−computer interaction. Herein, on the
basis of the dielectric layer of a bionic komochi konbu
structure, we propose a low-cost and novel capacitive sensor
that achieves high sensitivity and stability over a broad range
of tactile pressures. Further, the flexible and durable electrode
layer of the transparent junctionless copper/nickel-nanonet-
work was prepared based on electrospinning and electroless
deposition techniques, which ensured high bending stability
and high cycle stability of our sensor. More importantly,
because of the sizeable protruding structure and internal
micropores in the elastomer structure we designed, the inward curling of the protruding structure and the effectual closing of
the micropores increase the effective dielectric constant under the action of the compressive force, improving the sensitivity of
the sensor. Measured response and relaxation time (162 ms) are 250 times faster than those of a conventional
flat polydimethylsiloxane capacitive sensor. In addition, the fabricated capacitive pressure sensor demonstrates the ability to be
used on wearable applications, not only to quickly recognize the tapping and bending of a finger but also to show that the
pressure of the finger can be sensed when the finger grabs the object. The sensors we have developed have shown great promise
in practical applications, such as human rehabilitation and exercise monitoring, as well as human−computer interaction control.
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■ INTRODUCTION

Highly sensitive flexible tactile sensors have attracted extensive
attention because of their flexible and folding characteristics,
which can be perfectly applied to the complex 3D surface of
daily used objects. Because of the broad application prospect of
sensors, they became a new research field. Recent significant
progress in sensor materials, manufacturing processes, and
sensor structures made various new applications achievable.
For example, in the field of bionic robots,1,2 the attachment of
flexible sensors to the robot’s skin can enable the robot to
perceive the external environment, which is more conducive to
control the robot for complex tasks and realize the application
of human interaction.3,4 In the field of intelligent medical5−7

and motion detection,8−10 a flexible sensor can be directly
attached to the human skin as an E-skin,11−13 and multiple
health indicators such as pulse,14,15 blood sugar concen-
tration,13,16 and the amount of exercise17−19 can be collected,
which are of great significance for human health detection and
disease diagnosis. Different sensing mechanisms such as
capacitance,20−22 piezoelectric,23,24 piezoresistive,10,25−27 field
effect transistor,24,28 and optics29 have been intensely studied

to prepare flexible sensors with high performance, friendly to
the human body and stable. In particular, the capacitive sensor
has become the preferred type of high-sensitivity sensor
because of its excellent sensitivity, low power consumption,
outstanding temperature insensitivity,30 and rapid dynamic
response.31,32

In principle, the capacitive pressure sensors currently under
study can be considered as parallel plate capacitors. This type
of capacitor is usually composed of two flexible electrodes at
the top/bottom and a flexible dielectric in between.33 The
capacitance of the parallel plate capacitor is proportional to the
dielectric constant and the corresponding overlapping surface
of the two electrodes and inversely proportional to the distance
between the plate electrodes.34 When the sensor is applied by
an external force, the thickness of the capacitive sensor
decreases accordingly, which in turn causes a change in
capacitance. The amount of external pressure applied can be
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obtained by monitoring the print of these capacitive signals.
Although this parallel plate capacitor-based performance has
high stability, the change of capacitance is small, and the
sensitivity is very low, which cannot meet the current sensor
performance requirements. Therefore, most studies focus on
improving the sensitivity of the sensors mainly through the
microstructure of the electrode surface and dielectric layer.
The fabrication of microstructure electrodes usually requires
complex molds and time-consuming transfer processes, of
which patterns are mostly obtained by photolithography,6,35

dip-coating,36,37 and chemical etching.38 Given the high cost
and complicated production process, it is difficult to obtain a
large-scale application. Recently, some new preparation
methods have also appeared, such as Su et al.,39 used the
leaf structure of mimosa to prepare a flexible pressure sensor,
and the pressure detection range was 0−1.5 kPa. Shuai et al.33

used the surface of the prestretched polydimethylsiloxane
(PDMS) film coated with silver nanowires, the PDMS film
formed a buckling structure during the relaxation process, and
the prepared capacitive sensor operates at a pressure range of
less than 6.7 kPa. All of these methods can enhance the
sensitivity of the sensor, but we should note that their working
range is limited to the pressure range of 10 kPa, whereas the
pressure range of wearable devices in daily applications is
generally from 1 to 100 kPa.40 Therefore, these sensors are not
well suited for the application of most wearable devices.

Another method has also been studied in the selection and
preparation of dielectric layers for microstructures. For
example, He et al.41 used a nylon mesh as a dielectric layer
to prepare a capacitive sensor. Kang et al.22 developed a
sponge-like structure of a thin-film dielectric layer in
combination with an ITO film to produce a high-sensitivity
capacitive pressure sensor. Song et al.42 used a method of
leaching sugar cubes to prepare a silicone elastomer with a
microporous structure, but the dielectric layer thickness was
generally at 10 mm because of the limitation of the template,
making the sensor not flexible enough to make a wearable
electronic device, the sensor itself must be flexible, sensitive,
and stable. Therefore, the design and preparation of a dielectric
layer elastomer with excellent performance, combined with a
flexible conductive network electrode layer, are necessary
conditions for the preparation of flexible and durable wearable
flexible sensors.
In view of the above requirements, we propose a flexible

capacitive sensor based on a bionic komochi konbu structure
elastomer (BKKE), which can not only improve the flexibility
of the sensor but also enhance the performance of the sensor
(Figure 1). “Komochi konbu” is a traditional Japanese food
with herring eggs attached to kelp, herring is instinctively
laying eggs on the surface of kelp which is a unique double-
sided heterogeneous structure, as shown in Figure S1. The
device consists of a Cu/Ni nanofiber network prepared on a
particularly flexible polyester (PET) film as top and bottom

Figure 1. Comparison of komochi konbu with the designed bionic structure.

Figure 2. (a) Schematic diagram of the manufacturing process of the Cu/Ni nanofiber flexible electrode of the sensor. (b) SEM image of Cu/Ni
nanofiber flexible electrode. (c) Photograph of the peeled part of the hard substrate of the Cu/Ni nanofiber flexible electrode. (d) Schematic
diagram of preparation of BKKE dielectric layer of the sensor. (e) Actual photograph of the sensor and the principle of pressure action.
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electrodes, and the electrodes were coupled with BKKE as
dielectric layers. We designed a BKKE dielectric layer by
mixing the instant sugar powder and salt particles as a
sacrificial layer, and prespinning the PDMS elastomer on the
template before they were placed face to face. The thin film-
like microstructure of the dielectric layer provides a higher base
capacitance, making it easier for the sensor to exhibit
capacitance changes. Furthermore, under the pressure of 100
kPa, the sensor still has an ultrafast recovery speed of 162 ms
and excellent mechanical stability and additionally, benefits
from Cu/Ni nanofiber with the softness and high conductivity,
assembled with a BKKE dielectric layer to form a flexible
capacitive sensor with excellent performance, which can not
only have a wide pressure detection range but also detect
bending and distortion. It is a competitive candidate for
artificial electronic skin and wearable devices.

■ RESULTS AND DISCUSSION
The manufacturing process of flexible capacitive sensor based
on Cu/Ni nanofibers and BKKE dielectric layers is shown in
Figure 2. The preparation process can be mainly divided into
the following 3 steps: (1) preparing a nanofiber mesh electrode
layer on the surface of the flexible PET, (2) preparation of a
BKKE as a dielectric layer by a composite stencil of sugar and
salt crystals, and (3) forming a reliable capacitive sensor with
the electrode layer and the dielectric layer (Figure S2,
Supporting Information). Figure 2a describes the fabrication
of a Cu/Ni nanonetwork in detail. The prepared polyvinyl
butyral/SnCl2 nanofiber network was deposited directly on the
surface of the composite double-layer PET film by electro-
spinning. The surface of the prepared nanonetwork was then
catalyzed in an activation solution of PdCl2. After rinsing with
deionized water, placed it in a 65 °C Cu/Ni plating solution
for 5 min. Figure 2b shows an scanning electron microscopy
(SEM) image of a Cu/Ni electroless nanofiber network. The
flexible PET film was directly peeled off from the composite
PET film for use in the electrode portion of the sensor (Figure
2c), and it was also observed that the prepared nanomesh had
excellent transparency. Figure 2d shows the method of
preparing a BKKE dielectric layer. The instant sugar and the
salt crystals were mixed with a small amount of water, poured
into a mold to prepare a template, and dried at 70° C for 1 h.
The PDMS liquid, from which the bubbles have been removed,
was spin-coated on the surface of the template, and the overall
thickness of the dielectric layer can be adequately controlled by
the time and speed of spin coating. Then, the PDMS liquid was
covered with another salt crystal template, and they were
gently pressed and placed in an oven at 75 °C for 3 h. The
double-sided BKKE was obtained by setting the cured PDMS
in an ultrasonic cleaning bath for 20 min. Because of the
uneven structure on the surface of the salt crystal stencil and
the tiny gap between the salt crystal particles, and then under
the action of gravity, PDMS can immerse into these voids and
concave structures, eventually forming a BKKE composite
structure (Figure S3, Supporting Information). The actual
photograph of the sensor and the principle of pressure action is
shown in Figure 2e. Further, to intuitively know the thickness
of the sensor, the sensor is compared with 500 yen as shown in
Figure S4. It can be seen from the figure that the overall
thickness of the prepared sensor is about 2 mm. The surface
3D structure and multiview detail of the BKKE dielectric layer
in the sensor are shown in Figures S5 and S6. The figures
clearly show the surface details of the bionic komochi konbu

structure. Like the surface of komochi konbu, it has a
multilayered convex and concave structures that form a rich
surface structure.
The primary evaluation indicators of the pressure sensor

performance are sensitivity, response time, detection limit, and
working stability. Sensitivity is a decisive factor in evaluating
the sensor performance. Different dielectric layer sensors from
BKKE and nonporous (flat) were tested, respectively. Figure
3a shows the capacitive response curves of the pressure sensor

of different BKKEs based on proportions of soluble sugar and
salt (1:5, 1:7, 1:9, and 1:11) and a flat PDMS dielectric layer.
The sensitivity can be defined here as the ratio S = δ(ΔC/C0)/
δp, where p is the pressure applied to the sensor, ΔC and C0
are the capacitance of the relative change and capacitance
without the applied force, respectively. From the capacitive
pressure sensor, it is evident that the BKKE is used as the
dielectric layer to significantly enhance the sensitivity of the
sensor, and the BKKE dielectric layer (the ratio of instant
soluble sugar to salt particles is 1:9) has better sensitivity. First,
in the pressure range from 0 to 5 kPa, although the capacitive
pressure sensor with flat PDMS has the pressure sensitivity of
8.35 × 10−3 kPa−1, the capacitive pressure sensor consisting of
a BKKE (1:9) as the dielectric layer has the sensitivity of 1.71
× 10−1 kPa−1, as shown in Figure 3a. When the pressure
applied to the sensor is greater than 50 kPa, the sensitivity of
the capacitive sensor composed of the BKKE (1:9) as the
dielectric layer can still reach 9.80 × 10−3 kPa−1, while the
sensitivity of the sensor with the flat PDMS as the dielectric
layer is the only 5.65 × 10−4 kPa−1. It shows that our sensor
still has excellent sensitivity and practicability under consid-
erable stress. Table S1 shows the specific sensitivity of the
pressure sensor of BKKE based on different proportions of
soluble sugar and salt (1:5, 1:7, 1:9 and 1:11) and a flat PDMS
dielectric layer. This is because by changing the ratio of instant
sugar (binder) to salt particles, we found that BKKE structures
with different surface structures were formed. As shown in
Figure S7, the instant sugar melts quickly upon contact with
water, and the salt particles are mostly unable to melt because
of the small amount of water so that the instant sugar can
solidify the salt particles. By adjusting the proportion of instant
sugars, the bonding between the salt particles will be different.
Because of the binder action of the instant sugar, there is no
void between the salt particles adhered by the instant sugar,
and a gap is formed between the salt particles not adhered by
the instant sugar for immersion of the PDMS to form a special

Figure 3. (a) Pressure−capacitance curve of BKKE pressure sensor
based on different proportions of instant sugar and salt (1:5, 1:7, 1:9
and 1:11), and a flat PDMS dielectric layer. (b) The working principle
of BKKE dielectric layer and SEM images before and after pressure.
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komochi konbu structure surface. However, the proportion of
salt particles is too large to form a large number of voids for
PDMS to immerse, thereby forming an aggregation effect of
the surface protrusion structure and reducing the air content
contained in the structure, thus reducing the sensitivity of the
BKKE-based dielectric layer sensor. At the same time, we
noticed that the response curve of the sensor is not a simple
linear relationship but a linear response with multiple levels of
variation. The reason for this phenomenon is mainly due to the
designed komochi konbu structure, as shown in Figure S8.
When the pressure is applied, the part in contact with the
nanofiber electrode will be stressed first, and then, the internal
protrusion structure will be stressed, which will have multilevel
stress. Therefore, the response curve presented by the sensor is
not a direct and simple linear relationship but a multilevel
linear relationship curve.
For ease of understanding, the pressure-sensing mechanism

between the sensors of conventional plate dielectric and BKKE
dielectric is analyzed, as shown in Figure 3b. When the BKKE
capacitance sensor is not under pressure, the protrusion of the
BKKE is in active contact with the electrode of the Cu/Ni
nanofiber network between the upper and lower layers (Figure
S9, Supporting Information). Therefore, there are a large
number of air gaps in the capacitor structure. With only the flat
PDMS, there is almost no excess space in the sensor with a
flexible PET (Figure S10, Supporting Information). Because
the Poisson’s ratio of PDMS is 0.47,33,41 the capacitance sensor
A remains almost unchanged, so when the sensor is under
pressure, the capacitance change of the sensor depends mainly
on the shift of d and ε. At the same time, it is considered that
these bionic komochi konbu structures can be gradually bent
inward and closed under the action of pressure, which also
improves the effective dielectric constant because of air
displacement.40

The capacitance of the sensor without pressure (C0) and
with pressure (C) of the sensor can be expressed as

ε ε=C
A
dr0 0 0 (1)

ε ε=
′

C
A
d0 r (2)

where A is the electrode area, d and d′ are the thickness of the
dielectric without and with applied pressure, respectively, ε0 is
the dielectric constant of the vacuum, and εr0 and εr are the
relative permittivity of the dielectric without and with pressure,
respectively. Accordingly, the capacitance change can be
calculated by

ε
ε

Δ =
−

= ·
′

−C
C

C C
C

d
d

1
0

0

0

r

r0 (3)

For the sensor with a BKKE dielectric layer, εr > εr0, because
of the increase in the relative volume of PDMS elastomer.
Therefore, as the dielectric constant increases, its capacitance
change increases, and the sensitivity increases accordingly.
To evaluate the responsiveness and repeatability of the

prepared flexible sensor, the response performance of the
sensor under different pressures was investigated, as shown in
Figure 4a. The results show that the sensor has a stable
capacitive response under various loads, and high sensitivity,
excellent repeatability and can quickly return to its initial state
when the loaded pressure was removed. Through further step
pressure test, it can be seen that the sensor has a corresponding
capacitive response according to the difference of the step
pressure, showing outstanding pressure recognition perform-
ance, as shown in Figure 4b. At the same time, the different
positions of the sensor were also tested by the applied pressure,
and the capacitance response remained stable, indicating that
the location of the sensor did not differ from the force (Figure
4c). To further evaluate and sense the actual behavior of the
object on the sensor, a weight of 10 g was placed vertically and
horizontally on the pressure sensor, respectively, triggering two
distinct capacitive signal responses, as shown in Figure S11.
Because the area of the sensor in contact with the weight

Figure 4. (a) Capacitance response of BKKE-based pressure sensors at different pressures. (b) Capacitance response of BKKE-based pressure
sensors under stepped loading−unloading pressure. (c) Capacitance signal of the pressure sensor under the same pressure at different pressure
locations. (d) Stability of the BKKE-based capacitive sensor response after 1000 cycles of continuous tapping of the sensor and the inset is a
partially enlarged view of 6 cycles therein. (e) Recovery time curve based on flat PDMS pressure sensor. (f) Recovery time curve based on BKKE
dielectric layer pressure sensor.
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changes, the compressed area and compression amplitude of
the sensor are different when placed on the sensor. Figure 4d
shows that the prepared pressure sensor also has a long cycle

life. The sensor was tapped 1000 times in the same position.
During the test, the relative capacitance change of the sensor
remained stable. The recovery times of BKKE sensors and

Figure 5. (a) Schematic diagram of the bending and twisting of the BKKE sensor. (b) Capacitance response diagram of BKKE sensor under
different bending radius. The left axis is the capacitive response curve, and the right axis is the bend radius. (c) Capacitance response of sensor
under torsion. (d) Stability and durability of the response of the sensor after 10 000 bending cycles and the two insets are magnified cycles of
different time periods.

Figure 6. (a) Photograph of the sensor attached to the touchpad of the laptop. (b) Capacitance response diagram when the finger clicks on the
sensor. (c) Photograph of the sensor attached to the joint of the index finger. (d) Real-time monitoring of pressure sensors for finger bending. (e)
Capacitance response of sensor located between the thumb and the paper cup when catching objects of different weights.
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conventional flat PDMS sensors were compared under 100 kPa
pressure (Figure 4e,f). We can clearly understand from the
picture that the conventional flat PDMS sensor takes about
40.6 s to recover to the initial state after removing the external
force, whereas the BKKE sensor only takes 162 ms. Thanks to
the particular dielectric elastomer structure of the BKKE
sensor, with the flat PDMS as the dielectric layer, there is just a
small gap between the PDMS and the flexible electrode,
combined with the viscoelasticity of the flat PDMS itself, so
this process requires about 250 times more time than the
BKKE sensor.
A schematic of the bending and twisting test is shown in

Figure 5a. The two ends of the sensor were fixed on the rigid
PET substrate, pushing one end of the sensor to the required
bending radius and twisting at the center of the sensor to test
the capacitive response of the sensor. Figure 5b shows the
curve of bending curvature and sensor capacitance changing
with time. The calculation formula of the bending radius is
shown in Figure S12 (the Supporting Information). We can
see that the capacitance of the sensor has a negative correlation
with the radius of curvature. It also means that the BKKE
sensor with the Cu/Ni nanofiber membrane as the electrode
has excellent bending properties. In the application of the
sensor, not only excellent bending properties but also the
reliable torsional stability of the sensor are required. Thus, the
same amount of twist was repeatedly applied to the sensor
multiple times, measuring the real-time ΔC−t plot and
displaying it in Figure 5c. The results indicate that the sensor
has no noticeable change in capacitance under the torsion,
showing the robust distortion stability of the sensor. As shown
in Figure 5d, the relative capacitance response curve of the
capacitive sensor shows excellent stability and durability after
10 000 cycles of bending.
Fast response speed and excellent sensitivity ensure that the

sensor is suitable for the response of computer touchpad
buttons. Figure 6a shows the prepared sensor placed on a
laptop touchpad. Figure 6b shows a stable and synchronized
response to a finger click based on a BKKE sensor. In addition,
the sensor can quickly identify clicks and double-clicks; the
time interval was only a few hundred microseconds, as shown
in Figure S13 (the Supporting Information). The prepared
sensor is a promising material in wearable platforms. For
demonstration, exercise performance can be monitored by
mounting BKKE sensor on different parts of the body, such as
finger joints. In Figure 6c, the sensor is mounted on the index
finger joint of a blue rubber glove for detecting the bending
and stretching of the finger. Figure 6d shows the relative
capacitance response of the sensor during the bending and
stretching of the finger. The results show that the sensor can
react quickly and repeatedly to finger movements when the
finger is bent at a specific amplitude and frequency. During a
grasping experiment, the subjects grasped and released paper
cups five times of different weights (4.7, 85.8, and 163.2 g)
while recording the capacitance signal of the sensor (Figure
6e). When the subject grasps the empty paper cup, the
capacitance value changes minimally, and as the weight of the
water in the paper cup increases, the capacitance value varies
significantly. The results show that the prepared sensor can be
used to sense the pressure of the fingertip during a finger
gripping action. Therefore, the prepared BKKE sensor can be
used for human body rehabilitation and exercise monitoring, as
well as human−computer interaction control.

■ CONCLUSION
We have designed and manufactured a wearable capacitive
pressure sensor based on a jointless Cu/Ni nanofiber mesh and
BKKE as a dielectric layer, which has high ultrasensitivity and
excellent stability within a wide pressure range and which
adopts a low-cost, efficient, and straightforward preparation
process. Elastomers of double-sided BKKE structure were
prepared using solid particles of instant sugar and salt crystals
with high deformation and recovery capabilities. In addition,
because of the sizeable protruding structure and internal
micropores in the elastomer structure we designed, the inward
curling of the protruding structure and effectual closing of the
micropores increase the effective dielectric constant under the
action of the compressive force, increasing the sensitivity of the
sensor. More importantly, the sensor has an ultrafast response
and recovery time (162 ms), which is 250 times faster than a
conventional flat PDMS capacitive sensor (40.6 s). To study
the applicability of the better wearable device, it is proved that
the BKKE sensor can be easily used as a wearable sensor
device, which not only can quickly recognize the tapping and
bending of the finger but also shows the ability of the sensor to
sense the pressure of the thumb while grasping the objects. We
believe that this low-cost, excellent stability, and dynamic
monitoring capability is ideal for areas such as rehabilitation,
physical activity, and human−computer interaction control.

■ EXPERIMENTAL SECTION
Preparation of BKKE Dielectric Layer. The dielectric layer of

BKKE was obtained by the template prepared by instant sugar and
salt particles. The instant sugar and salt granules were mixed in
different proportions (1:5, 1:7, 1:9, and 1:11) with a little water and
uniformly placed in a hydrophobic surface mold and dried in an oven
at 70° C for 1 h. Then, the A and B components of PDMS
(SYLGARD 184; Dow Corning) were uniformly mixed in a ratio of
10:1, and the bubbles were removed under vacuum. The PDMS liquid
was spin-coated onto the agglomerated instant sugar and salt granules
and then covered with another layer of agglomerated sugar and salt
template and lightly compacted and cured in an oven at 75 °C for 3 h.
Finally, the cured elastomer was placed in an ultrasonic bath for 20
min; the particles were dissolved entirely and dried in an oven.

Fabrication of Capacitive Sensor. The preparation of copper-
nickel nanofiber network was based on previous studies in our
laboratory.43 The flexible PET film was directly peeled off from the
composite PET film (OKY 200, Bellpet) for use in the electrode
portion of the sensor. The BKKE was placed between two flexible
electrodes, and the two electrodes were connected to the copper wire
for electrical measurement using a conductive silver paste. Finally, the
sensor was fixed at the desired test position using Scotch tape (3M).

Characterization and Measurements. The surface character-
istics of the Cu/Ni nanowire flexible electrode and BKKE were
characterized by field emission SEM (FE-SEM, Hitachi). The sensor’s
capacitance was measured by an Agilent 4263B LCR meter and NF
ZM2372 LCR meter with a set frequency of 1 kHz and a voltage of 1
V. The IMADA force gauge was used to apply pressure to the sensor
and record the values. The LabVIEW program simultaneously records
the capacitance at different pressures.
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