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ABSTRACT: In complex environments, there are often toxic and harmful
conditions, and so self-powered sensors that use wireless access have a huge
advantage. However, there is still a risk of short circuit for self-powered
sensors in harsh environments. A single-electrode self-powered sensor was
designed, which can be used to monitor body movements such as walking
and running, as well as monitoring the motion of some mechanical devices,
such as peristaltic pumps, door, and window switches. By using a threshold
delay algorithm, this self-powered sensor can be connected to the phone to
warn the phone user to check for theft or illegal intrusion when the door and
window are opened. Further research shows that the single-electrode
configuration can avoid the short-circuit behavior caused by device damage
so that the self-powered sensor can still work even if it is pierced. Therefore,
the wireless single-electrode self-powered sensor system has better reliability
and is more applicable to harsh environments.
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1. INTRODUCTION

With the continuous advancement of related technologies of
the Internet of Things, self-powered sensors have become
widely popular.1−5 Among them, nanogenerators have a wide
range of potential applications.6−19 They include piezo-
electric,20−25 pyroelectric,26−30 and triboelectric sensors,31−35

which convert environmental energy into electrical energy.
Piezoelectric pressure sensors, pressure sensors based on
piezoelectric nanogenerators (PENGs), have been extensively
studied for their advantages of flexibility, low cost, and self-
power supply.36−41

For nanogenerators, the structure of a single electrode
broadens its range of applications, making it more suitable for
people’s daily lives.42 Single-electrode nanogenerators offer
greater flexibility, and the electrodeless side can touch anything
such as skin,43,44 pavement,45 and raindrops46 without affecting
the device. However, most of the devices composed of single-
electrode nanogenerators need to be grounded, which limits
the flexibility of related devices to a certain extent.
Electrospinning is simple in a device, low in cost and capable

of preparing nanofibers on a large scale. The reason is that the
orientation of the electric dipole is induced by the electric field
during the spinning process, and the high voltage and the
volatilization, as well as the stretching of the solution, increase
the β phase of poly(vinylidene fluoride) (PVDF), making
electrospinning a convenient way of fabricating PENGs.

A single-electrode self-powered piezoelectric sensor based
on electrospun PVDF PENG was fabricated. The single-
electrode configuration reduces the possibility of short-circuit
risk due to the electrode contact. A capacitor can be used to
replace the ground wire, making it more portable. The
reliability of the sensor in harsh environments was explored
and the two-electrode sensor was used as a comparison. It has
a wide range of potential applications. It can be used in
wearable electronics to monitor body movements. After
combining it with the wireless system, the phone’s APP can
monitor human motion in real time. It can be used to monitor
the opening or closing of a door or window or a safe, which
can improve the related safety. It can be used to monitor the
working state of a peristaltic pump.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(vinylidene fluoride) (PVDF) powder (Mw ∼

550 000) was provided by Shanghai 3F New Material Co., Ltd.
(China). N,N-Dimethylformamide (DMF) was purchased from
Sinopharm Chemical Reagents. Acetone was purchased from the
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Laiyang Fine Chemical Factory, China. DMF and acetone are
analytical reagents.
2.2. Electrospinning and Fabrication of Single-Electrode

Self-Powered Piezoelectric Sensor. The PVDF powder was
dissolved in a DMF/acetone solvent mixture (1:1 by weight) and
then continuously stirred at 50 °C for 4 h to obtain a PVDF precursor
solution (22 wt %).
The electrospinning of the solution was done using a syringe, and

the advancement speed was adjusted to 16 μL/min by a syringe
pump. A roller was used as a collector, and a voltage of 15 kV was
applied between the needle and the roller at a distance of 15 cm.
Electrospinning was carried out at room temperature at an ambient
humidity of approximately 30%. A two-dimensional uniform electro-
spun PVDF nanofiber membrane (NFM) was obtained.
A suitable pressure was applied to the PVDF NFM to avoid the

triboelectric effect, and an electrode was made on the PVDF NFM by
ion sputtering to obtain a PVDF single-electrode self-powered
piezoelectric sensor encapsulated with an aluminum foil and tape. It
can also be unpackaged, which has no effect on device performance.
The ground wire in the previous single-electrode structure is replaced
with a capacitor so that the device can be free from the ground wire.
The device is, therefore, portable.
2.3. Characterization. Characterization of the morphology and

microstructure of PVDF NFM was carried out by scanning electron
microscopy (SEM, JEOL, JSM-6700F). The diameter of the fiber was
measured using the Nano Measurer software. The contact angle of the
water was measured using a contact angle goniometer (Attension,
Theta) to characterize its hydrophobicity. The stress−strain curve of
the sample was tested by a universal testing machine (Instron-3300).
The crystal structure of the sample was characterized by X-ray
diffraction (XRD, Rigaku, Smartlab), Fourier transform infrared
spectroscopy (FTIR, Thermo Scientific Nicolet iN10), and Raman
spectroscopy (Labram HR 800, Jobin-Yvon Horiba, France). The
change in the open-circuit voltage of the single-electrode self-powered
piezoelectric sensor is collected by the digital multimeter (Rigol DM
3058). The response time of the sensor was measured by a digital
oscilloscope (DSO-X 3024 A, Agilent). Homemade pressure
equipment provides the periodic impact and bending to the sample.
Wireless circuitry, including power converters, data conversion
modules, signal acquisition, and amplification modules, is used to
measure the wireless signals of the sensor. The wireless signal is finally
received and demonstrated by a mobile phone.

3. RESULTS AND DISCUSSION

3.1. Basic Characteristics of Single-Electrode Self-
Powered Piezoelectric Sensor. Figure 1a is a schematic
view of electrospinning. Figure 1b shows a photograph of a
single-electrode self-powered piezoelectric sensor based on an
electrospun PVDF NFM. The SEM image of the PVDF NFM
is shown in Figure 1c and the average fiber diameter is 1.01
μm. The measurement of the water contact angle of the sample
is shown in Figure 1d. The water contact angle is about
144.03°, showing good hydrophobic properties and certain
self-cleaning performance. Figure 1e shows the stress−strain
curve of the sample after tensile testing. The elongation of the
sample is about 77.15% and the tensile strength is about 10.24
MPa, which has a certain antidamage effect.
The XRD pattern (Figure 2a), FTIR spectrum (Figure 2b),

and Raman spectrum (Figure 2c) reveal the crystal phase of
the PVDF NFM. The XRD pattern (Figure 2a) and the FTIR
spectrum (Figure 2b) of the PVDF powder before electro-
spinning were tested for comparison. The PVDF powder
before electrospinning exhibits a peak of θ = 18.8°,
corresponding to the (020) reflection, and a peak of θ =
20.2°, corresponding to the (110) reflection of the nonpolar α
phase.47 The two peaks of the PVDF NFM show a significant
drop, with the appearance of a new peak of 2θ = 20.4°,

corresponding to the (110) reflection of the electroactive β
phase.48,49 Similarly, in the FTIR spectrum of Figure 2b, the

Figure 1. (a) Schematic view of electrospinning. (b) Photograph of
the packaged single-electrode self-powered piezoelectric sensor. (c)
SEM image and fiber size distribution bar graph of the PVDF NFM.
(d) Water contact angle of the PVDF NFM. (e) Stress−strain curve
of the PVDF NFM.

Figure 2. (a) XRD pattern of the PVDF NFM and PVDF powders.
(b) FTIR spectrum of the PVDF NFM and PVDF powders. (c)
Raman spectrum of the PVDF NFM. (d) TG pattern of the PVDF
NFM.
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PVDF powder exhibited characteristic peaks at 759 and 972
cm−1, corresponding to the α phase. The two peaks of the
PVDF NFM decreased significantly, while the peaks appear at
838 and 1272 cm−1, corresponding to the generation of the β
phase.50 Also, in the PVDF NFM Raman spectrum, the
significant presence of the β phase was again verified. These
show that electrospinning promotes the conversion of PVDF
from the α phase to the β phase.51,52 The reason is that during
the electrospinning process, the high-voltage electric field
polarizes and stretches the PVDF fibers, and the rapid
evaporation of the solvent facilitates the formation of PVDF
β phase.53−55 The TG pattern of PVDF NFM (Figure 2d)
shows that the thermal decomposition temperature of PVDF
NFM at 5% weight loss is 447 °C.
3.2. Piezoelectricity of Single-Electrode Self-Powered

Piezoelectric Sensor. The piezoelectric principle of the
single-electrode self-powered piezoelectric sensor is shown in
Figure 3. In the single-electrode structure,44 we replaced the

ground wire with a large capacitor. This device gets rids of the
ground wire and is more portable. Only one connection line is
needed, which can be conveniently placed in the device and
circuit, occupying only a small space. It can reduce the
possibility of short-circuit damage to the device due to the
contact between the lines. It can work normally even after the
electrode is broken; of course, the security of the device is also
improved.
As shown in Figure 3a, the electrospinning process

spontaneously polarizes PVDF, and the PVDF electroactive
dipole is induced to be oriented in the direction of the electric
field, that is, in the thickness direction of the membrane.56,57

The electric dipole is in equilibrium and its total spontaneous
polarization has a constant average intensity.58,59 When the
sensor is impacted, PVDF NFM is compressed and the total
spontaneous polarization is greatly reduced, creating an open-
circuit voltage (Figure 3b). Conversely, the total spontaneous
polarization of the PVDF NFM is restored when the impact is
released and an opposite voltage signal appears, as shown in
Figure 3c. Piezoelectric open-circuit voltage can be expressed
by the equation

V A
d

hTpiezo
33

33ε
σ= × × × Δ

(1)

where A, d33, ε33
T , h, and Δσ are the effective area of the device,

the piezoelectric coefficient, permittivity, thickness, and
mechanical stress, respectively.60 The bending of the PVDF
NFM results in a decrease in the polarization in the direction
of polarization,6 resulting in an open-circuit voltage (Figure
3d). The opposite signal is produced upon release (Figure 3e).
The sensor piezoelectric signal is tested by a self-made

pressure device.35 The sensor has no output signal when there
is no disturbance. Figure 4a−c is the voltage output signal of
the sensor at different pressures. The applied pressure is about
3, 9, and 12 N, respectively, and the frequency is about 0.07
Hz. The sensor outputs a stable square-wave signal and the
output voltage increases with pressure. Figure 4d−g shows the
output signal of the sensor under repeated bending at different
frequencies. The frequencies are 0.75, 1.5, 2.25, and 3 Hz,
respectively. The bending angle is about 70°. The sensor
outputs a stable pulse signal and the output voltage increases
with frequency. These data also show that the single-electrode
self-powered piezoelectric sensor has good durability and
stability. The sensor’s sensitivity is demonstrated by the output
of the sensor under the pressure of different weights (Figure
S1, Supporting Information). The response time of the sensor
was measured by a digital oscilloscope (Figure S2, Supporting
Information).

3.3. Monitoring Human Motion Data in Conjunction
with Wireless Systems. Piezoelectric devices can monitor
certain movements of the human body. We combine the
wireless system with the single-electrode self-powered piezo-
electric sensor, which can receive the piezoelectric signal of the
sensor with a mobile phone and monitor the motion data of
the human body in real time. The wireless system comprises a
signal acquisition and amplification module, a power converter,
a data conversion control module, and a Bluetooth module,
which, respectively, correspond to 1, 2, 3, and 4 in Figure 5a.
The wireless system can collect and amplify the piezoelectric
signal and then convert the signal into a digital signal and
transmit it to the mobile phone via Bluetooth.61 The final
signal is displayed by an APP (only a positive value is designed
and the refresh rate is relatively low). The wireless system
measures approximately 40 mm × 50 mm × 2 mm. The sensor
is placed in the heel position of the insole and the wireless
system is taped to the inside of the garment. The two are
connected by wires. The piezoelectric signals for walking and
running are then collected and are shown in Figure 5b,c,
respectively (see Videos S1 and S2, Supporting Information).
It is worth noting that each step in the walk produces three
signals (Figure 5b). The first signal 1 is generated when the
foot falls on the ground, and the last two signals 2 and 3 are
generated when the foot is lifted. There are two processes in
the action of lifting the foot. When the heel leaves the ground,
while the toe still touches the ground, one signal is generated.
Then, the toe also leaves the ground and the shoe will collide
with the heel, resulting in another one. A slight swing of the
foot will also produce some small peaks. This sensor can be
conveniently placed in any shoe or clothing without
compromising comfort. Of course, this combined with a
wireless system provides a means of connecting this sensor to
the Internet of Things.

3.4. Monitor the Opening or Closing of Doors,
Windows, Safes, etc. Safety has always been a matter of

Figure 3. (a) Orientation of the electric dipole and the schematic
diagram of the structure of PVDF NFM. (b, c) Piezoelectric output
that applies impact and releases strain. (d, e) Piezoelectric output that
applies bending and strain relief.
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great concern. The single-electrode self-powered piezoelectric
sensor can monitor some safety-related things and prevent
theft of items. It monitors the opening and closing of doors or
windows. An alarm is issued when the door or window is
accidentally opened. The sensor is attached to the hinged side
of the door and window (Figure 6a), either inside or outside.
When the door or window is opened or closed, the sensor is
bent and outputs a piezoelectric signal. We collected the
piezoelectric signals for fast (about 1 s) and slow (about 3 s)
opening or closing the door, as shown in Figure 6b. We have
written a threshold algorithm. The threshold and time can be
set reasonably. The threshold system can illuminate a red light
to alert when a door or window is opened (see Video S3,

Supporting Information). Other alarm systems can be
connected as an alarm signal. Similarly, our sensors can also
monitor other hinged things such as safes. It can also be used
to monitor the opening or closing of push-pull windows. The
sensor is attached to one side of the window, as shown in
Figure 6c. When the window is opened or closed, the sensor
will be given a momentary force and an output signal (Figure
6d). Of course, the sensor can be connected to the Bluetooth
device, and a mobile phone can be used to monitor the
opening or closing of a door or window or a safe in real time.
The sensors can also be connected to the Internet of Things
that has always been the focus of attention.
Because of the large force at the hinge, the sensor attached

here is easily broken partially. Then, the signal output of the
single-electrode self-powered piezoelectric sensor under the
broken state of the electrode was studied and compared with
the two-electrode sensor. The signal is acquired under the
same conditions (same amplitude and frequency as of opening
the door). Figure 6e is an output signal of the single-electrode
sensor monitoring the opening or closing of a door in a normal
state. Figure 6f is the output signal of the single-electrode
sensor after the electrode is broken. There is no significant
change in the output signal. In the two-electrode sensor, after
the two electrodes are partially cracked, it is inevitable that the
two electrodes touch each other and cause short-circuit. Figure
6g is an output signal of the two-electrode sensor monitoring
the door opening or closing in a normal state. Figure 6h is the
output signal of the two-electrode sensor after the electrode is
broken and shorted. Because the two electrodes are shorted to
each other, the output signal of the two-electrode sensor

Figure 4. Open-circuit voltage signal of the single-electrode self-powered piezoelectric sensor. (a−c) Output by applying different pressures at a
frequency of 0.07 Hz. (d−g) Output by repeated bending at different frequencies.

Figure 5. (a) Photograph of the wireless system. 1, 2, 3, and 4 are
signal acquisition and amplification module, power converter, data
conversion control module, and Bluetooth module, respectively. (b)
Signals for walking; within the red dotted box is the signal of a step.
(c) Signals for running; within the red dotted box is the signal of a
step.
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produces a partial loss that becomes cluttered. In other words,
this single-electrode piezoelectric sensor can be more reliable
than a two-electrode sensor in harsh environments.
3.5. Monitor the Working State of the Peristaltic

Pump. To demonstrate the wide range of potential
applications for sensors, it has been tested for use on other
instruments. The peristaltic pump can finely control the flow of
liquid and is often used in chemical, pharmaceutical, medical,
and other fields. Blockage often occurs due to its working
principle and working environment. If it cannot be found on
time, it will have a big impact on people’s work. Our single-
electrode self-powered piezoelectric sensor provides such help.
This sensor can monitor the working state of the peristaltic
pump. The sensor can be placed between the inner wall of the
pump head and the pump tube, and a piezoelectric signal is
generated each time the roller squeezes the pump tube to push

the liquid. We use a weight to roll a section of the water pipe to
simulate the process of the roller squeezing the pump tube.
The water pipe is placed on the sensor to simulate the working
state of the sensor in the peristaltic pump. Figure 7 is a
piezoelectric signal of the simulation of the peristaltic pump
operation. We have written a threshold algorithm. When the
peristaltic pump stops working unexpectedly, the program will
light the indicator light to give an alarm signal (see Video S4,
Supporting Information). Because the sensor is light and
flexible, it does not affect the operation of the peristaltic pump
and can alert when the peristaltic pump stops working. Due to
its portability and single electrode, it can be moved anywhere
as needed without damage. It can also be monitored in real
time by mobile phone via a Bluetooth device.

Figure 6. (a) Sensor attached to the hinged side of the door. (b) Piezoelectric signals for fast (about 1 s) and slow (about 3 s) opening or closing of
the door. (c) Sensor attached to one side of the window. (d) Piezoelectric signal of the opening or closing of push-pull windows. (e, f) Output
signal of the single-electrode piezoelectric sensor before and after electrode breakage. (g, h) Output signal of the two-electrode piezoelectric sensor
before and after electrode breakage.
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4. CONCLUSIONS
A single-electrode self-powered piezoelectric sensor based on
electrospun PVDF PENG was fabricated. Single-electrode
sensors have been found to exhibit higher reliability than two-
electrode sensors in harsh environments. Unlike a two-
electrode piezoelectric sensor, it can work normally even
after the electrode is broken. It can monitor human motion
data, monitor the opening and closing of doors or windows or
safes, and monitor the working state of the peristaltic pump.
The threshold system is used to issue alerts in a timely manner,
and the wireless system is used to transmit real-time data to the
handset. Moreover, the sensor is light, soft, and portable and is
not easily damaged or malfunctioned and can be manufactured
at a low cost and on a large scale.
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