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ABSTRACT: The development of technologies such as artificial
intelligence and the Internet of Things has increased the demand
for wearable, self-powered pressure sensors. Triboelectric nano-
generator (TENG)-based self-powered pressure sensors have
emerged as a solution to meet this demand. However, the
measurement of static and small pressure ranges remains a
challenge. In this paper, we propose a self-powered pressure-
sensing device based on the combination of carbon nanotube
(CNT)/porous poly(dimethylsiloxane) (PDMS) composite and
poly(ethylene oxide) (PEO) film. The proposed device could
continuously and reliably measure static and small-range pressure
through capacitive pressure sensing while harvesting energy based
on the triboelectric effect. The device exhibited a remarkable
sensitivity of 1.37 kPa−1 due to the incorporation of high-k materials (i.e., CNTs, a nanosized filler) in its porous structure and
dielectric layer. It also had a power density of 15 mW/m2 due to the triboelectric interaction between PDMS and PEO. Finally, the
fabricated device was connected to a microcontroller unit to perform energy harvesting and pressure sensing simultaneously,
demonstrating its great potential as a wearable device.
KEYWORDS: capacitive pressure sensor, triboelectric nanogenerator (TENG), self-powered device, dual-functionality, porous PDMS,
carbon nanotube (CNT)

1. INTRODUCTION
The development of cutting-edge technologies, together with
innovative technologies in artificial intelligence, including
smart portable/wearable devices1,2 and artificial electronic
skin,3,4 has promoted research on wearable pressure sensors
that establish a connection between the human senses and
machines. The advantages of these sensors include high
sensitivity, low weight, low cost, and durability.5,6

Capacitive-type pressure sensors are more likely to be
applied in a variety of fields compared with other types of
pressure sensors (e.g., piezoelectric,7,8 triboelectric,9,10 and
resistive11,12) because of their low power consumption, simple
structure, and static and low-pressure measurements.13−15

Capacitive pressure sensors have a sandwich structure with
upper and lower electrodes enclosing a dielectric layer. Because
the thickness of the dielectric layer changes as external pressure
is applied, the capacitance also changes. This process is based
on the principle that the thickness of the dielectric layer
decreases under pressure, resulting in a corresponding change
in capacitance. As a result, a highly deformable dielectric layer
has an effect on the sensitivity of capacitive pressure sensors.
Several studies have applied poly(dimethylsiloxane)

(PDMS) as a dielectric layer for capacitive pressure sensors

owing to its high deformability that stems from its low Young’s
modulus and exceptional flexibility. PDMS is ideal for wearable
devices because of its biocompatibility with the human
body.16,17 However, the low sensitivity of solid-bulk PDMS-
based capacitive pressure sensors in practical applications must
be addressed.
There are two primary approaches to enhancing the

sensitivity of capacitive pressure sensors, which use PDMS as
the dielectric layer. First, microstructures such as micropores,
microdomes, micropyramids, and microcolumns can be
generated within the bulk PDMS dielectric layer to enhance
its deformability and sensitivity. Simultaneously, as pressure is
applied to the dielectric layer, the low permittivity of air is
replaced with the permittivity of the PDMS, leading to greater
capacitance changes. The second approach involves the use of
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PDMS composites containing high-k or high-conductivity
nanosized materials, such as carbon nanotubes (CNTs),18,19

Ag nanowires,20,21 BaTiO3,
22,23 and zinc oxide.24,25 Incorpo-

rating a small quantity of high-k or high-conductivity
nanomaterial into the composite leads to high dielectric
constants that significantly enhance the sensitivity of capacitive
pressure sensors.
Numerous studies have been conducted to increase

sensitivity by combining the above-mentioned two methods.
Liu et al. proposed a composite of Ag nanoparticles and porous
PDMS using ammonium bicarbonate (NH4HCO3) as the
foaming agent to improve the sensitivity of the sensor.26 Ha et
al. dip-coated a nickel foam in an Ecoflex-CNT solution and
then etched it to fabricate a CNT-porous structured elastomer
with a high sensitivity of 3.13 kPa−1 at 0−1 kPa.14 However,
despite these attempts to improve sensitivity, their practical
application is hindered by the need to constantly charge the
power source that drives wearable devices.
In recent years, the triboelectric nanogenerator (TENG) has

gained increased attention as a strong power source owing to
its ability to convert mechanical movements from the
surrounding environment into electrical signals.27−29 Con-
sequently, TNEG-based pressure sensors have been inves-
tigated as self-powered pressure sensors that can detect signals
without an external power source.30,31 However, pressure
sensors based on a TENG are not suitable for use as wearable
pressure sensors that necessitate the detection of small
pressure ranges and static pressure. This limitation arises
from their inherent capability to measure only large and
impulsive pressures.32,33 Therefore, real-life wearable pressure
sensors should be self-powered and capable of measuring both
static and small-range pressures.

In this paper, we propose a wearable self-powered pressure-
sensing device based on a CNT/porous PDMS and poly-
(ethylene oxide) (PEO) combination with dual-functional
applications of pressure sensors and energy harvesters. The
sensitivity of the fabricated device was improved by enhancing
the deformability using a dielectric layer of porous PDMS
combined with CNTs as the high-k material. Furthermore, we
consider the strong negative triboelectric properties of PDMS
and introduce PEO as a positive triboelectric material.34,35 The
proposed device demonstrates its potential as a wearable
pressure sensor by reliably and consistently measuring both the
static and the small pressure range. Furthermore, when friction
was applied to the device, a stable electrical signal was
generated, demonstrating its efficacy as an excellent energy
source. Finally, by integration of a capacitive pressure sensor
and a TENG, a dual-function integrated system was developed
that enables pressure sensing and energy harvesting at the same
time. We connected the proposed device by attaching it to the
fingertip and palm of an integrated system equipped with a
microcontroller unit (MCU), and the device successfully
harvested energy and measured pressure, showing its potential
as a wearable self-powered pressure sensor.

2. EXPERIMENTAL SECTION
2.1. Preparation of Dielectric Layers. Figure 1a shows a

schematic of the fabrication process of the dielectric layer. The first
step is the fabrication of the CNT/porous PDMS composite by
adding CNTs to the PDMS solution at a mass ratio of 0.1:0.5, and
mixing in a homomixer for 6 min (ARE-310, Thinky Co.). During the
mixing process, the CNT/PDMS solutions were mixed at a speed of
2000 rpm for 4 min and 30 s in the mixing process. Subsequently, a
vacuum process is employed for a duration of 1 min and 30 s. The
CNT/PDMS solution contained a prepolymer and curing agent in a

Figure 1. (a) Schematic of the fabrication process of CNT/porous PDMS and the PEO film. (b) Illustration of fabricated self-powered capacitive
pressure sensor. (c) Optical features of the capacitive pressure sensor (top) and TENG (bottom) fabricated for evaluation in the proposed self-
powered pressure sensor. (d) Optical images of CNT/porous PDMS with CNT concentrations of various weight percent.
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ratio of 10:1. Sugar, which served as the sacrificial particle for the
porous structure, was selected in various sizes. The sacrificial particles
selected were fine-grained sugar (FS), white sugar (WS), and raw
sugar (RS), with sizes of approximately 200, 500, and 700 μm,
respectively. Among them, the WS was filtered through a 500 μm
mesh to obtain a uniform size.
Sugar was added to the prepared PDMS solution at various volume

ratios, from 1:1 to 4:1. The process of mixing sugar into the CNT/
PDMS solution was performed manually to avoid curing due to
frictional heat caused by the sugar. The mixture was poured into a 40
mm × 40 mm × 1 mm mold and cured on a hot plate at 100 °C for
35 min. Afterward, the cured mixture was rinsed for 3 h in deionized
(DI) water using a sonicator to etch the sugar particles and then dried
at 60 °C for 1 h to remove the remaining DI water in the CNT/
porous PDMS.
The second step is the PEO film fabrication process. PEO powder

was dissolved in DI water at 9% (w/w) by using a magnetic stirrer for
12 h. The PEO solution was spin-coated onto a glass substrate at
rotational speeds of 500−1500 and 250 rpm intervals for 10 s to
obtain various thicknesses and then dried on a hot plate at 50 °C for 3
h. Finally, the PEO film was obtained by peeling it off of the glass
substrate.

2.2. Fabrication of a Self-Powered Pressure-Sensing Device.
The CNT/porous PDMS composite and the PEO film were cut in to
size of 10 mm × 10 mm and 30 mm × 30 mm for evaluation of the
capacitive pressure sensor and TENG, respectively. The thickness of
CNT/porous PDMS is 1 mm, which is the same as the thickness of
the mold used for fabrication. A copper tape with an adhesive on one
side was cut into the same size and used as an electrode. The CNT/
porous PDMS composite and the PEO film were attached to the
adhesive surfaces of the upper and lower electrodes. Then, copper

wires were bonded to the top and bottom electrodes by using copper
tape. Finally, the self-powered capacitive pressure sensor with the
CNT/porous PDMS composite and the PEO film was completed by
covering the outer surfaces of both electrodes with a poly(ethylene
terephthalate) film to shield them. A schematic of the self-powered
pressure-sensing device is shown in Figure 1b. Figure 1c shows the
self-powered pressure-sensing device fabricated to be evaluated as a
pressure sensor and a TENG, respectively. The measurement and
characteristics of the fabricated sensors are described in the
Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Capacitive Properties of the CNT/Porous PDMS

in a Self-Powered Pressure-Sensing Device. Figure 2a
shows scanning electron microscopy (SEM) images of porous
PDMS using various sugars as sacrificial particles. The pore
sizes of the produced porous PDMS all have the same volume
ratio but increase in the order of FS, WS, and RS in proportion
to the size of the sugar particles. Additionally, the thickness of
the PDMS wall between pores also tended to increase.
Figure 2b−d shows the capacitance variations of a capacitive

pressure sensor using porous PDMS as a dielectric layer using
FS, WS, and RS, respectively. The number of pores increases as
the ratio of sugar increases, while their sizes remain similar to
each other. As the sugar content increased, Young’s modulus of
porous PDMS tended to decrease.16 The sensitivity of the
capacitive pressure sensor is defined as S = δ(ΔC/C0)/δP,
where ΔC is the capacitance variation, C0 is the initial
capacitance when there is no pressure, and P is the applied

Figure 2. (a) SEM images of porous PDMS using various sugars as sacrificial particles. Capacitance variation graph of sugar−porous PDMS: (b)
FS-PDMS, (c) WS-PDMS, and (d) RS-PDMS. (e) Structural change of porous PDMS under compressive load. (f) Comparison of the sensitivity of
a porous PDMS capacitive pressure sensor with a 3:1 sugar−PDMS volume ratio with different sizes of sugar applied.
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pressure. In other words, the larger the change in capacitance
and the smaller the initial capacitance, the greater the
sensitivity. The sensitivity of the sensor tended to increase as
the volume ratio of the sacrificial particles increased due to the
increase in porosity. In the capacitive pressure sensors, the
definition of capacitance is as follows

=C
A
dair r (1)

where εair is the dielectric constant of air in the pores, εr is the
dielectric constant of the dielectric layer, A and d are the area
and the distance between the two electrodes, respectively.13

Porous PDMS, due to its numerous air-filled pores, exhibits
greater susceptibility to deformation under equivalent external
pressure in comparison to solid PDMS. Manipulating the sugar
ratio led to heightened porosity, decreasing Young’s modulus
of the dielectric layer and augmenting its deformability. The
enhanced capacitance variation, attributed to increased sugar
ratio, stems from the transition from low dielectric constant
pores (εair = 1) to the higher dielectric constant of the PDMS
matrix (εPDMS = 2.7) as pores close under pressure. The
effective dielectric constant of porous PDMS, εeff is expressed
as

= +V Veff air air PDMS PDMS (2)

where Vair and VPDMS are the volume fractions of air and
PDMS, respectively. When pressure is applied, the pores of the
dielectric layer are closed, the PDMS volume fraction
increases, and the low dielectric constant of air is replaced
by the high dielectric constant of PDMS. As a result, the
effective dielectric constant of the porous PDMS and the
capacitance variation increased compared with those of the
bulk PDMS (Figure 2e).
Although different sizes of sacrificial particles were used to

fabricate porous PDMS, all three types, FS, WS, and RS,
showed the greatest capacitance variation at 3:1 sugar−PDMS

volume ratio. The capacitance change of 4:1 sugar−PDMS was
similar to or tended to decrease compared to the 3:1 sugar−
PDMS volume ratio. The porous PDMS capacitive pressure
sensors with a sugar−PDMS volume ratio of 4:1 have a smaller
initial capacitance because they contain more pores than those
with a 3:1 volume ratio. However, because the volume fraction
of PDMS was small, it did not lead to much capacitance
change when pressure was applied to the sensor (Table S1 in
Supporting Information).
Therefore, we compared the sensitivities of porous PDMS

capacitive pressure sensors with a volume ratio of 3:1, which
had the largest capacitance change among FS, WS, and RS
sacrificial particles (Figure 2f). The sensitivity was observed to
be 0.54, 0.12, and 0.05 kPa−1 in the order of FS, WS, and RS
porous PDMS sensors, respectively. This is because the
buckling load of the PDMS walls between the pores is
different when compression is applied to the fabricated porous
PDMS. Based on Euler’s theory of the column buckling, the
critical load Pcr is calculated as follows

=P EI
KL( )cr

2

2 (3)

Therefore, the critical load is proportional to the product of
the cross-sectional area moment of inertia (I) of the column
and the Young’s modulus (E) of the column material and
inversely proportional to the square of the column length (L).
K is the effective length factor.
As the size of the sugar particles decreases, the thickness of

the PDMS wall, which acts as a column, decreases. Therefore,
the buckling load on the PDMS wall also decreases as the size
of the sugar particles decreases, resulting in more deformation
for the same force and leading to a higher capacitance change.
In contrast to the magnitude of sensitivity, the range of
sensitivity was narrower for FS, WS, and RS. This is due to the
difference in the volume fraction of pores and PDMS in each
pressure sensor as pressure is applied. The smaller the pore

Figure 3. (a) SEM images showing the increasing amount of CNTs in CNT/porous PDMS depending on the weight percentage of CNTs. (b)
Dielectric constant for various CNT wt %. (c) Illustration of a microcapacitor that increases as the weight percent of CNTs in PDMS increases. (d)
I−V characteristics of CNT/PDMS composite for various CNT wt %. (e) Capacitance variation graphs of CNT/porous PDMS-based pressure
sensors with dielectric layers of different CNTs concentrations in wt %.
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size, the more compression is generated for the same force,
causing the pore to close faster, resulting in a narrower
sensitivity range. Finally, we chose WS porous PDMS, which
lies in the middle through a compromise between sensitivity
and a linear range. The sensitivity was observed to 0.02, 0.07,
and 0.12 kPa−1 in WS sugar−PDMS volume ratios of 1:1, 2:1,
and 3:1, respectively. In addition, we calculated the porosity of
the porous structure based on the volume ratio of sugar−
PDMS.36 The calculated porosity was 50, 66.25, and 75% for
WS sugar−PDMS volume ratios of 1:1, 2:1, and 3:1 porous
PDMS, respectively.
The sensitivity of capacitive pressure sensors can be

enhanced by introducing high-k materials in nanosized form
with elevated dielectric constants through percolation into a
porous dielectric layer. Figure 3a shows SEM images of WS
porous PDMS with different CNT weight percentages. The
size of the inner scale bar is 500 μm. In the 0 wt % WS porous
PDMS, only pores and PDMS walls were observed, as no
CNTs were included. Furthermore, an increase in the amount
of aggregated CNTs was observed as the CNT concentration
increased. Although there was some agglomeration of CNTs,
we were able to produce CNT/porous PDMS using a
homomixer with less agglomeration than powdered CNTs.
Although there was some agglomeration of CNTs, we were
able to produce CNT/porous PDMS using a homomixer with
less agglomeration than powdered CNTs. As shown in Figure
S2, it was confirmed that powder-type CNTs were entangled in
the form of long fillers with the same nanometer-level
diameter.
Additionally, we fabricated multiple samples to determine

the effect of agglomerated CNTs and checked their
reproducibility (Figure S3 in the Supporting Information).
The capacitive pressure sensor using the 0.2 wt % CNT/
porous PDMS dielectric layer fabricated using the mixing
machine showed no significant difference in performance,
demonstrating the dispersing ability.
Figure 3b shows the dielectric constant of CNT/PDMS with

different CNT weight percentages. As the concentration of

CNTs increases, the composite has a higher dielectric constant.
The augmentation of the dielectric constant in response to
elevated CNT concentration is attributable to the micro-
capacitor effect, which is the increase in the dielectric constant
reaching the percolation threshold.37,38 Figure 3c illustrates the
mechanism by which the dielectric constant of the composite
increases as the concentration of CNTs in the CNT/PDMS
composite increases. As the concentration of CNTs increases,
the CNT network within the composite expands with each
CNT acting as an electrode. Therefore, the polymer between
the CNTs acts as a dielectric layer, ultimately increasing the
number of microcapacitors and contributing to the improve-
ment of the dielectric constant.39,40

Consequently, the behavior of the dielectric constant in
CNT/PDMS composites can be elucidated through the
percolation theory. This is attributed to the pivotal role of
microcapacitor formation, which is intrinsically dependent on
the concentration of CNTs within the composite.41,42

<P P P P( ) , forS
c c (4)

where ε is the dielectric constant, P is the mass ratio of CNTs,
PC is the percolation threshold, and S is the critical index of the
dielectric constant. When the filling of CNTs in the composite
is below the percolation threshold, the dielectric properties
increase in proportion with the filling concentration, forming
microcapacitors.
In addition, the synergy between the large specific surface

area and high electrical conductivity of CNTs can provide an
infiltration network for charge carrier transport and effectively
transport charge carriers. Therefore, the greater the amount of
CNTs in CNT/PDMS composites, the greater the amount of
energy that can be stored, resulting in a large dielectric
constant.43 However, despite the capacitance contribution of
CNTs, conductive fillers increase the field intensity between
neighboring fillers, resulting in leakage currents.44

Figure 3d shows the relationship between the current
flowing through the PDMS containing the CNT and the
applied voltage. The higher the concentration of CNTs, the

Figure 4. Sensing performance of self-powered pressure-sensing device employing optimized conditions of CNT/porous PDMS and the PEO film.
(a) Capacitance changes when applying 5, 10, and 15 Pa pressure to the sensor. (b) Capacitance variation of the sensor under external pressure
during 10 consecutive repeated loading and unloading cycles. (c) Response and recovery times of the sensor. (d) Change in capacitance of the
sensor at different static pressures. (e) Capacitance change of the sensor under static stepwise pressure. (f) 10,000 cycles of repeated loading and
unloading cyclic tests.
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more current was measured. This indicates that as the
concentration of CNTs in the composite increases, a greater
amount of current is measured at the applied voltage,
indicating that the leakage current increases as the CNT
concentration increases. The steep rise from about 5 nA for 0.1
wt % CNTs at 10 V applied to 10 μA for 0.5 wt % CNTs
indicates that the increasing concentration of CNTs generates
a larger amount of charge carriers and a larger amount of
current density, resulting in a larger dielectric constant.45

Figure 3e presents a notable enhancement in the sensitivity
achieved through the synergistic effect of two approaches
aimed at amplifying capacitance change, incorporating a
porous structure, and introducing CNTs. The capacitance
variation of the CNT/porous PDMS capacitive pressure sensor
was greater than that of the porous PDMS sensor. In other
words, even with the same 3:1 sugar volume ratio, the larger
the CNT content, the greater the capacitance variation owing
to the high dielectric constant. In the self-powered pressure-
sensing device, PEO film thickness had no discernible effect on
the performance of the capacitive pressure sensor. Indeed, the
weight percentage of CNTs appears to be the key factor
affecting the sensor performance (Figure S4 in the Supporting
Information).
The performance of a self-powered pressure-sensing device

based on a CNT/porous PDMS was assessed for its potential
as a wearable electronic device. The detection limit of the
sensor was evaluated by measuring capacitance changes for
applied loads of 50 mg (5 Pa), 100 mg (10 Pa), and 150 mg
(15 Pa), as shown in Figure 4a. The detection limit was
significant for measuring subtle forces from sources such as air,
sound waves, and small mechanical vibrations. The sensor
effectively detected a low pressure of 5 Pa, showcasing its
practical applicability.
Figure 4b presents the capacitance change during loading−

unloading cycles from 0 to 100 kPa, repeated 1−10 times. The
performance remained unaffected due to the elastic recovery of
PDMS, resulting in minimal hysteresis. Response and recovery
times of the capacitive pressure sensor were both 90 ms,
calculated between 10 and 90% intervals of steady-state
capacitance, as shown in Figure 4c and its insets.
Wearable devices need to replicate human skin mechanor-

eceptors, requiring the ability to differentiate between static
and dynamic pressure. Static pressure was assessed by applying
various pressures (20, 40, 60, 80, and 100 kPa) to the
capacitive pressure sensor in four cycles, each lasting around 10
s (Figure 4d). The measured outputs remained consistent for
each pressure level. Additionally, Figure 4e indicates a step-like
increase in capacitance response with gradual pressure
application, affirming the suitability as a wearable pressure
sensor. Robustness is crucial for practical use. The sensor
maintained stable output signals for 10,000 cycles at a 1 Hz
frequency (Figure 4f), displaying no performance degradation.
Various applications of the self-powered capacitive pressure
sensors were carried out for practicality with the combination
of CNT/porous PDMS and the PEO film (Figure S5 in the
Supporting Information).

3.2. Triboelectric Characteristics in a Self-Powered
Pressure-Sensing Device. PDMS is widely used as the
negative triboelectric layer in TENGs because of its high
electron affinity and as the dielectric layer of capacitive
pressure sensors.46,47 Inspired by this, CNT/porous PDMS
composites were fabricated as the negative triboelectric layer of
TENGs for use as the power supply, and the PEO film was

introduced as the positive triboelectric layer. The oxygen
functional groups exposed on the PEO surface provided a
positive charge, showing excellent bipolarity in the triboelectric
series. The C−O−C and −OH chemical bonds of PEO
exhibited electron rejection owing to the low electron affinity
of the hydrogen atom, which also exhibited positive properties
in the triboelectric series.34,35

Figure 5a illustrates the operational mechanism of the
TENG, based on electrostatic induction and triboelectric

effects. In the absence of friction, minimal charge transfer
between the CNT/porous PDMS and PEO film electrodes
occurred. Upon applying external pressure, these materials
came into direct contact, inducing a triboelectric effect and
charge transfer. Friction between the materials led to charge
exchange, resulting in positive and negative charges on the
PEO film and CNT/porous PDMS, respectively. Upon
pressure release, increased separation intensified the dipole
moment. Eventually, charge neutralization ceased electrical
output, thus converting mechanical energy into useful electrical
power.
We measured the output voltage and short-circuit current of

the TENG, which was made from CNT/porous PDMS
containing various weight percentages of CNTs, and PEO films
of varying thickness at a tapping frequency of 3 Hz. Each point
is the average value of the measured value over a period of 1
min (Figure 5b). The output voltage of the TENG decreased
as the weight percentage of CNTs increased regardless of the
PEO film thickness. This trend can be attributed to the positive
triboelectric material properties of the CNTs.48 As the weight
percentage of CNTs increased, the material properties of the

Figure 5. (a) Electricity generation mechanism of the contact−
separation mode TENG. (b) The output voltage of CNT/porous
PDMS and PEO TENG with different CNT wt % and PEO film
thickness.
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negative triboelectric material became closer to those of
positive materials. Consequently, the gap between CNTs/
porous PDMS and PEO in the triboelectric series is reduced,
resulting in a decrease in the performance of the TENG.
The electrical performance of the TENG was affected by the

PEO film thickness as well as the weight percentage of CNTs
in the CNT/porous PDMS. The fabricated TENG showed
high performance as the PEO film became thinner, with the
highest output voltage of approximately 197 V at 35 μm
followed by a lower value at 20 μm. An excessively thick
triboelectric layer could increase the distance between the
surface of the layer and the electrodes, which ultimately
reduced the amount of induced charge. However, if the layer
thickness is below a certain threshold, it could generate an

insufficient amount of frictional charge.49,50 The current
generated by the fabricated TENG had a nearly constant
value, independent of the variations in the CNTs content and
PEO thickness (Figure S6 in the Supporting Information).
The high CNT content of the CNT/porous PDMS

improved the performance of the capacitive pressure sensor
but decreased the electrical performance of the TENG.
Therefore, a CNT content of 0.1 wt % was selected by
making a trade-off between the sensor and the electrical output
of the TENG to optimize the performance of the self-powered
pressure sensor.
The power density was measured for practical applications

of the TENG. The TENG was connected to a resistor with
resistance values ranging from 0.1 kΩ to 1 GΩ. The formula P

Figure 6. Electrical performances of self-powered pressure-sensing device: (a) voltage, current, and power density, (b) effect of tapping frequency
on the output voltage, and (c) energy-harvesting stability test of the device for 10,000 working cycles under 3 Hz.

Figure 7. (a) Illustration of an integrated self-powered pressure-sensing system circuit diagram. (b) Self-powered pressure-sensing device attached
to the integrated system enables simultaneous pressure sensing and power generation. (c) Energy harvesting enabled by finger tapping.
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= I2·R was used to calculate the maximum power density
(Figure 6a). The output voltage increased with an increasing
load resistance, while the short-circuit current exhibited the
opposite trend. The power density rapidly increased between
the resistance regions from 0.1 kΩ to 100 MΩ and then
decreased at large load resistances. The maximum power
density was 15 mW/m2.
A frequency test was conducted to simulate the diverse

frequencies of human movement. As shown in Figure 5b, when
the tapping frequency was increased from 3 to 9 Hz, the output
voltage remarkably increased from 197 to 598 V. When the
friction layers come into contact and then separate at a faster
rate, there is a corresponding increase in the flow of electrons
seeking equilibrium through the external circuit.51,52 The
proposed TENG also showed good cyclic stability (Figure 6c).
It was continuously pressed and released for 10,000 cycles at 3
Hz, showing a nearly constant output voltage of about 200 V
during the entire cycle. The performance characteristic of the
TENG as a power source was evaluated once again by several
confirmatory experiments (Figure S7 and Video S1 in the
Supporting Information).

3.3. Applications of an Integrated Pressure-Sensing
System. Finally, we fabricated an integrated self-powered
pressure-sensing system consisting of CNT/porous PDMS and
the PEO film that can be a dual-functionalized device with a
capacitive pressure sensor and TENG. A conceptual diagram of
the fabricated system is shown in Figure 7a. The dual-
functionalized device was connected to an MCU to measure
the pressure while charging the energy storage that powered
the MCU. A combination of a 7 V lithium-ion battery and
1000 μF was used as the energy storage to drive the MCU used
in the application (Figure S8 in the Supporting Information).
The measured pressure was calculated in the MCU, and the
applied pressure was monitored through a display unit. In this
integrated system, the index finger of the glove was equipped
with a purpose-built dual-function application device capable

of energy harvesting and pressure measurement (Figure 7b).
The fabricated self-powered pressure-sensing device can
function as both a capacitive pressure sensor and a TENG in
one module. However, it is not efficient to perform pressure
sensing and energy harvesting at the same time. TENGs can
harvest energy by utilizing friction. When measuring small or
static pressures, not enough friction is applied and energy
harvesting does not occur. Therefore, first, energy can be
harvested from the kinetic energy dissipated by friction to help
drive the MCU. Sequentially, the pressure applied to the self-
powered pressure-sensing device in pressure-sensing mode can
be measured and indicated on the display module. When
friction is applied to the index finger of the integrated system,
the device reliably charges the energy storage (Figure 7c). The
integrated system achieved energy harvesting when friction was
applied, successfully detected the pressure applied to the index
finger of the glove, and displayed it (Video S2 in the
Supporting Information).
Furthermore, we noted that the human palm plays an

important role in grasping and holding objects, and the
pressure on the human palm has many effects on health such as
carpal tunnel syndrome.53,54 Therefore, we applied a palm-
sized (60 mm × 60 mm) self-powered pressure-sensing device
to the integrated system (Figure 8a). The device in the palm of
the integrated system enabled energy harvesting using a large
surface area. Figure 8b shows that the fabricated palm-sized
device could utilize a variety of everyday frictions such as
clapping, palm tapping, and carrying objects. Although the size
of the proposed self-powered pressure-sensing device has
increased approximately 36 times, its performance has not
increased proportionately. Although the palm-sized self-
powered pressure-sensing device did not deliver overwhelming
performance, it was confirmed that wasted energy could be
harvested through various movements using the palm (Figure
8c).

Figure 8. (a) Integrated system with palm-sized (60 mm × 60 mm) CNT/porous PDMS and PEO combination self-powered pressure-sensing
device, (b) harvesting energy from a variety of everyday activities (such as clapping, tapping, and carrying objects), (c) comparison of energy
harvesting between the index finger and palm size tapping. Pressures of holding various objects: (d) empty can, (e) cutter, and (f) power drill.
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Figure 8d−f shows the change in capacitance and the
pressure measured by the system when holding various objects,
including an empty can, a cutter, and a power drill,
respectively. The heavier the weight of the object being held
by the integrated system, the more capacitance changes. When
holding an empty can, a cutter, and a power drill with the
integrated system, the capacitance changes approximately were
9, 12, and 33 μF, respectively, and the pressure on the palm
was 3.3, 20.6, and 77.8 kPa, respectively. Therefore, we
successfully developed a versatile device by combining CNTs/
porous PDMS with a PEO film. This device functions as both a
capacitive pressure sensor and a TENG. Demonstrating its
potential for energy harvesting and pressure sensing, we
applied it to the index finger and palm, highlighting its
adaptability for use on various body parts.

4. CONCLUSIONS
In summary, a self-powered capacitive pressure sensor was
successfully fabricated by employing a composite structure
consisting of a CNT/porous PDMS and a PEO film. The
sacrificial particle method utilized in the fabrication process
significantly affected the porosity of the structure, which, in
turn, influenced the deformability of the dielectric layer.
Moreover, the incorporation of CNTs as the high-k nanosized
filer material enhanced the dielectric constant of the dielectric
layer, resulting in the CNTs/porous PDMS-based pressure
sensor with a high sensitivity of 1.37 kPa−1. In addition, since
PDMS exhibits negative triboelectric properties, PEO (a strong
positive material) was introduced to form a combination of
CNT/porous PDMS−PEO film, which was utilized as a power
source through the TENG. The optimized TENG had a power
density of 15 mW/m2, and it stably harvested electrical energy
under various conditions.
We successfully integrated the capacitive pressure sensor and

TENG into a single model by employing CNT/porous PDMS
and the PEO film. The integrated model was then affixed to
the index finger of a glove and connected to the MCU, which
enabled simultaneous energy harvesting and pressure measure-
ments.
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