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ABSTRACT: The monitoring of vehicle motion states is a key
factor to ensure smooth, safe, and efficient management of
traffic in intelligent transportation systems. However, employing
multiple sensors for vehicle motion states monitoring not only
increases system costs but also complicates the wiring. Here,
we propose an integrated magnetic-assisted self-powered
vehicle motion sensor (MSVMS) based on a triboelectric
nanogenerator for real-time monitoring of vehicle motion states,
including acceleration, angular speed, and inclination angle. By
introducing a magnetic repulsion adjustment system, the
sensor can achieve automatic resetting and effectively monitor
the vehicle’s motion state during normal driving. Experimental
results indicate that the electromagnetic generator (EMG) unit
can achieve a maximum peak power of 4.5 mW at an optimal
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load resistance of 1 kQ. Meanwhile, the triboelectric nanogenerator (TENG) unit demonstrated good sensing performance
for acceleration, angular speed, and inclination angle, with fitting coefficients of 0.99, 0.979, and 0.978, respectively. Finally,
the feasibility of the MSVMS in monitoring acceleration magnitude and direction is verified in a vehicle motion sensing
system and actual vehicle test scenarios. This work further validates the potential application prospects of MSVMS in

intelligent transportation systems.

KEYWORDS: triboelectric nanogenerator, self-powered sensing, magnetic repulsion adjustment system, vehicle motion

sensing system, real-time monitoring

1 Introduction

With the rapid development of urban traffic and the increasing
number of vehicles, the importance of real-time monitoring of
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vehicle motion states has become increasingly prominent [1-4]. By
monitoring the real-time state parameters of vehicles, the intelligent
transportation system can accurately grasp the road conditions and
vehicle movement, enabling information interaction between
vehicles and providing crucial road condition information for
drivers and intelligent driving systems. This plays an important role
in alleviating traffic congestion, improving vehicle safety, and
optimizing traffic efficiency [5-8]. At present, for the monitoring of
vehicle motion states, the vehicle is usually equipped with speed
sensor [9], acceleration sensor [10, 11], steering angle sensor [12,
13], tilt angle sensor [14], and other monitoring means to ensure
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that the driver can fully grasp the operation states of the vehicle.
While these sensors have superior performance, employing
multiple sensors with diverse functions for monitoring vehicle
motion states can escalate system costs and necessitate intricate
wiring [15]. In addition, these sensors require an external power
supply, and the demand for additional power inevitably increases
the vehicle’s power consumption and environmental pollution [16].
Therefore, it is of great significance to develop a multi-functional,
integrated, and self-powered vehicle motion sensor.

In 2012, Wang’s research group proposed triboelectric
nanogenerator (TENG) based on the coupling principle of contact
electrification and electrostatic induction [17, 18]. The TENG not
only effectively converts mechanical energy into electrical energy
[19-22], but also shows potential application potential in the field
of self-powered sensing [23-26]. Based on TENG, researchers have
designed a series of self-powered sensors for vehicle state
monitoring [27-29]. For example, Liu et al. developed a self-
powered acceleration sensor with grating structure for monitoring
vehicle motion [30], and Pang et al. proposed a self-powered three-
dimensional (3D) acceleration sensor for monitoring vehicle
collision acceleration [31]. Although the reported acceleration
sensors have excellent acceleration sensing performance in one-
dimensional and 3D space, they only have a single function (limited
to acceleration sensing). In addition, Le et al. proposed a water-
based TENG, which can realize two functions: wheel speed and
road slope monitoring, showing wider application potential [32].
However, solid-liquid contact is sensitive to environmental
conditions, which presents certain limitations. In the actual driving
process, the vehicle usually exhibits a variety of motion states, and a
single-function sensor can no longer meet the needs of vehicle state
monitoring. Therefore, designing a self-powered vehicle motion
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sensor with multifunctional capabilities (such as acceleration,
inclination angle, and angular speed sensing) is significant for
monitoring vehicle motion states.

Herein, we present a magnetic-assisted self-powered vehicle
motion sensor (MSVMS) based on a TENG for real-time
monitoring of vehicle motion states, including acceleration, angular
speed, and inclination angle. The electromagnetic generator (EMG)
unit and TENG unit were integrated into a device through a
magnetic repulsion adjustment system, thereby realizing energy
harvesting and self-powered sensing of the MSVMS. Firstly, the
output performance of the EMG and TENG units was tested,
verifying the energy harvesting and self-powered sensing
capabilities of the MSVMS. Experimental results show that the
MSVMS can achieve a peak power of 4.5 mW and can monitor the
magnitude and direction of acceleration, angular speed, and
inclination angle in real-time. Finally, by constructing a vehicle
motion sensing system and verifying it in the actual vehicle test
scenario, the feasibility of MSVMS in monitoring acceleration in
the actual vehicle operating environment is proved. This work
further promotes the application of triboelectric sensors in vehicles.

2 Results and discussion

2.1 Structure design and working principle of MSVMS

The MSVMS is primarily used in the intelligent transportation
system (Fig. 1(a)) to monitor the real-time driving attitude
information of vehicles. This includes acceleration, angular speed,
and inclination angle. The overall schematic diagram and detailed
internal distribution of the MSVMS are shown in Fig. 1(b). The
MSVMS is composed of two main parts: the EMG power
generation unit (EMG unit) and TENG sensing unit (TENG unit).
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Figure1 Design and application of the MSVMS. (a) Applications of the MSVMS in vehicles. (b) Internal detail diagram of the MSVMS. (c) Photograph of the designed
MSVMS. (d) Photograph of the component structure. (¢) Photograph of the electrode details.
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The entire shell is made of 3D-printed polylactic acid (PLA) and
features four equal-sized cylindrical hollow spaces near the four
corners to hold surrounding magnets. The interior of the whole
structure is a cylindrical space, in which the freely sliding central
magnet and the copper coils, arranged in series at the top and
bottom, a magnetic repulsion adjustment established with the
central magnet and surrounding magnets, ensuring the central
magnet remains in the initial central position without external
excitation. The TENG unit comprises a central magnet and four
surrounding magnets. The underside of the central magnet is
covered with an aluminum film, serving as the positive triboelectric
material, while the negative triboelectric layer is made of acrylic
(polymethyl methacrylate (PMMA)). The acrylic plate is equipped
with five copper electrodes, including a ring electrode and four arc
electrodes (Back-E, Left-E, Forward-E, and Right-E). When the
external excitation acts on the MSVMS, the central magnet moves
in the cavity and contacts with the friction material on the acrylic
plate to generate an electrical signal. The MSVMS prototype is
shown in Fig. 1(c). Additionally, Figs. 1(d) and 1(e) illustrate the
arrangement and details of the copper electrodes. The specific size
parameters are shown in Fig. S1 in the Electronic Supplementary
Material (ESM). Due to the external motion excitation, the detailed
theoretical analysis of the various motion states of the central
magnet is shown in Fig. S2 and Note S1 in the ESM.

The working principle of the MSVMS can be explained by the
movement in the horizontal direction (Fig. 2(a)). In the absence of
external excitation, the central magnet remains centered on the
acrylic plate to maintain equilibrium. However, if the excitation
occurs from any direction other than vertical, a horizontal force will
break the equilibrium, forcing the central magnet to slide on the
acrylic plate. In these processes, the open-circuit voltage can be
detected on the copper electrode according to the triboelectric
effect. When the central magnet slides on the acrylic plate, due to
the different friction polarities of aluminum and acrylic around the
magnet, electrons will be transferred from aluminum to the acrylic
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Figure2 Working principle and simulation results of the MSVMS. (
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a) Schematic diagram of working principle of TENG sensing unit. (b) Finite element method

plate, resulting in positive and negative charges on their surfaces,
respectively. When the central magnet is kept in its initial position
(Fig. 2(a)(i)), there is no charge transfer between the copper
electrode and the earth due to electrostatic balance. Once the Al
electrode on the central magnet approaches the copper electrode
(Fig. 2(a)(ii)), the positive friction charge will drive electrons from
the ground to the copper electrode until the Al electrode is aligned
with the copper electrode to achieve a new electrostatic balance
(Fig. 2(a)(iii)). When the central magnet continues to slide forward
to break the balance (Fig. 2(a)(iv)), the electrons in the copper
electrode will flow back to the ground, and finally the central
magnet returns to its initial position due to the magnetic repulsion.
The copper electrode’s open-circuit voltage will change with the
movement of the central magnet during the whole movement.

To further explain the voltage generation principle of the EMG
unit, the finite element electromagnetic simulation was carried out
(Figs. 2(b)(1)-2(b)(iii)). By moving the central magnet to different
positions, the magnetic flux density distribution in the vertical
direction of the central magnet is obtained, which can observe the
influence of the central magnet on other magnets around and the
change of magnetic flux density. Simultaneously, to verify the
electrical characteristics of the MSVMS, the electrostatic simulation
of the sensor triboelectric module was carried out. The simulation
results are schematically illustrated in Figs. 2(c)(i)—2(c)(iv).
COMSOL simulates the electrostatic voltage distribution when the
central magnet moves to different positions. This simulation
confirms the mode of electrostatic potential distribution when the
moving central magnet is regarded as an equipotential body.
Therefore, by analyzing the copper electrode’s open-circuit voltage,
the motion parameters and modes of the central magnet can be
detected.

2.2 Output performance of the EMG unit

To investigate the electrical output of the EMG unit at various
vibration frequencies, the LinMot linear motor was employed as the

(ii) Potential (V)

10

magnetic simulation results of the EMG unit. (c) Electrostatic potential dlstrlbutlons of the central magnet at different positions.
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external vibration excitation source, and different vibration
frequencies are obtained by adjusting the parameters of the linear
motor. Figure 3 shows the electrical characterization of the EMG
unit in the MSVMS. The layered schematic structure of the internal
components of the sensor is schematically illustrated in Fig. 3(a). A
central magnet that slides freely within a cylindrical space, together
with copper coils connected in series at the top and bottom,
constitutes an EMG unit. Figure 3(b) illustrates the arrangement of
the energy capture device (EMG power generation unit) and the
sensing device (TENG sensing unit) within the sensor. The
variation in magnetic flux density at the center of the EMG coil
with the displacement of the central magnet is presented in Fig.
3(c). Furthermore, Figs. 3(d) and 3(e) present the schematic
illustrations of the open-circuit voltage and short-circuit current
waveforms of the EMG unit under 5 Hz linear motion excitation.
The relationship between the open-circuit voltage and the input
acceleration and input frequency is shown in Fig. 3(f). In this
experimental test, the MSVMS is excited along the linear horizontal
direction with different frequencies and accelerations. When the
peak acceleration is 2¢ and the excitation frequency is 10 Hz, the
maximum open-circuit voltage measured by the EMG unit is
7.61 V. By observing the relationship between the open-circuit
voltage of the EMG unit with different input accelerations and
input frequencies, an approximate linear increment between the
measured open-circuit voltage and the input acceleration and

frequency can be obtained. The collected energy is used to charge a
capacitor of 100-820 pF (Fig. 3(g)), which further illustrates the
energy collection capability and applicability of the EMG unit. The
performance of the EMG unit was assessed in an actual working
environment, and its voltage and current were measured under
different load resistances (Fig. 3(h)). With an increasing load
resistance, the voltage rises while the current decreases. Figure 3(i)
schematically exemplifies the dependence of the peak output power
of the EMG unit on different load conditions. At the optimal load
resistance of 1 kQ), the EMG unit achieves a maximum peak power
capture of 4.5 mW.

2.3 Acceleration sensing performance of the TENG unit

The vehicle motion sensor can provide more accurate and
comprehensive motion perception for the vehicle, help the vehicle
to monitor and adapt to various driving conditions and dynamic
changes in real-time, and improve the safety and comfort of
driving. By monitoring the acceleration of the vehicle, dangerous
driving behaviors such as sudden parking, quick start, and sudden
braking can be detected in time. Therefore, as a vehicle motion
sensor, it is necessary to explore the relationship between its
electrical output and acceleration value.

To match the change of vehicle acceleration in daily driving,
LinMot linear motor was used to adjust different acceleration values
to verify the monitoring ability of MSVMS for acceleration (Fig. 4).
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Figure4 The working principle of the MSVMS linear acceleration measurement. (a) The relationship between acceleration and response time. (b) The open-circuit
voltage curve of the sensor under variable acceleration. (c) The open-circuit voltage curve generated by the ring electrode under the acceleration of 1.8¢. (d) Detected
acceleration with the sensor moving in different directions with a fixed acceleration of 20 m/s”. (¢)—(h) Direction diagrams of eight linear motions and voltage waveforms

of four arc electrodes.

When central magnet is stationary in the center position without
being excited, the open-circuit voltage of ring electrode and arc
electrode is 0. The open-circuit voltage of the ring electrode will first
reach the valley value when the central magnet moves linearly in
any direction and passes through ring electrode. When the central
magnet moves away from the ring electrode towards the arc
electrode, the ring electrode’s open-circuit voltage will significantly
increase, reaching a peak value. According to the time from the
static open-circuit voltage value to the peak open-circuit voltage
value, the time parameter T related to the acceleration can be
determined as the response time. When the acceleration increases
from 0 to 40 m/s’, the signal response time of the ring electrode
decays exponentially, and the relationship between the acceleration
value a and the response time T is obtained (Fig. 4(a)). The open-
circuit voltage of the MSVMS under 8, 14, 20, and 30 m/s’ variable
acceleration is shown in Fig. 4(b). Taking the open-circuit voltage
curve generated by the ring electrode when collecting 1.8¢
acceleration as an example, the relationship between the
characteristics of the voltage waveform and the motion position is
shown in Fig. 4(c). The response time is the time of the open circuit
voltage of the ring electrode from 0 to the trough of the curve and
then to the peak. The response time of the ring electrode under
different accelerations and the average response time of four
consecutive repeated tests are shown in Fig. S3 in the ESM.
Repeated experiments for four times show that the sensor has good
repeatability. When the sensor moves forward and back along the X-
axis, left and right along the Y-axis, and along the + 45° direction
with a fixed acceleration, the corresponding acceleration can be
detected by the ring electrode in the TENG unit (Fig. 4(d)),
indicating that the sensor has all-round monitoring ability in the
horizontal direction.

The detection of the horizontal acceleration also includes the
detection of the direction. Under the external linear excitation
provided by the LinMot linear motor, the sensor performs linear
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motion accordingly. As shown in Figs. 4(e)—4(h), the tests of
forward and back motion along the X-axis, left and right motion
along the Y-axis, and + 45° motion are carried out, and the open-
circuit voltage curves of the arc electrodes in four directions are
obtained. The experimental results show that when the central
magnet moves forward and back along the X-axis (Fig. 4(e)), the
central magnet first moves to the Back-E. Because of the influence
of the magnetic repulsion, it will move back and forward along the
X-axis, so the open-circuit voltage of the Back-E and the Forward-E
will peak in turn. In contrast, the open-circuit voltage values of the
Left-E and the Right-E are relatively small and remain unchanged.
Therefore, the arc electrode with the voltage peak appearing first is
the direction of motion of the central magnet. The situation of
moving left and right along the Y-axis is similar (Fig. 4(f)). When
the central magnet contacts Left-E and Right-E, the two arc
electrodes of Left-E and Right-E appear voltage peaks successively.
When the central magnet moves along the center line between two
adjacent arc electrodes, such as linear motion along the 45°
direction (Fig. 4(g)), the central magnet contacts both the Back-E
and the Left-E, so the Back-E and the Left-E have the same
electrostatic potential, and the Forward-E and the Right-E also
produce the same electrostatic potential after a certain time interval.
The results of linear motion in the 45° direction on the other side
are similar (Fig. 4(h)). Through this electrode arrangement, the
MSVMS can easily detect the direction of eight linear motions.

24 Angular speed and inclination angle sensing

performance of the TENG unit

The monitoring of vehicle angular speed and inclination angle is an
important means to ensure the safety and performance of the
vehicle. It can help the vehicle system better adapt to different road
conditions and driving modes, and improve the safety and comfort
of driving. Due to the structural characteristics and electrode

Nano Research, 2025, 18, 94907015
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arrangement of the MSVMS, the sensor can also monitor the
angular speed and inclination angle. When the MSVMS is placed in
the rotation center, the central magnet inside it will always remain
at the center of the circle. When the MSVMS is placed eccentrically,
the central magnet will stay outside the center under the action of
centrifugal force and magnetic repulsion. In practical applications,
in addition to horizontal placement, the MSVMS can also realize
angular speed monitoring by introducing the influence of gravity.
By placing the MSVMS eccentrically on the rotating motor, the
ability of the sensor to monitor the angular speed is analyzed. As
shown in Fig. 5(a), when the central magnet rotates clockwise on
the acrylic plate, Back-E, Left-E, Forward-E, and Right-E achieve
their maximum output performance in turn. In the process of the
central magnet’s 90° rotation, only the Back-E produces high
output, while all other arc electrodes produce low output voltage.
Since the position of each arc electrode is separated equally by 90°,
the output voltages of the Back-E, Left-E, Forward-E, and Right-E
of the arc electrode in the MSVMS can be correlated by the
corresponding rotation angles of 90°, 180° 270°, and 360°
respectively. Therefore, the two continuous signal peaks indicate
that the central magnet rotates by 90° and is denoted as Af. The
time difference between the two continuous signal peaks is denoted
as At, and the ratio of Af to At is the value of angular speed. When
the central magnet rotates counterclockwise on the acrylic plate, the
frequency value (Fig. S4(h) in the ESM) was obtained by the fast

Fourier transform (FFT) of the output waveform under different
speeds. Figure 5(c) illustrates the linear relationship between
frequency and angular speed, further proving the feasibility of the
sensor for monitoring angular speed information. The experimental
data for residual angular speed are shown in Figs. S4(a)-S4(g) in
the ESM.

Then, the monitoring ability of the MSVMS for the value and
direction of the inclination angle was explored. Most of the motion
control programs in the vehicle are based on the X-axis and Y-axis
for inclination angle monitoring. Therefore, a rotating motor test
platform is established to make the MSVMS rotate along these two
axes. First, rotating along the inclination axis (Y-axis) (Fig. 5(d)(i)),
the Left-E and Right-E of the arc electrode produce high output
voltages successively, and Back-E and Forward-E produce low
output voltages (Fig. 5(d)(ii)). Then, rotating along the pitch axis (X-
axis) (Fig. 5(e)(i)), the Back-E and Forward-E of the arc electrode
produce high output voltages successively, and the output voltages
of Left-E and Right-E of the arc electrode are lower (Fig. 5(e)(ii)).
Therefore, the inclination direction is judged by the high output
voltage peak of the four arc electrodes. Meanwhile, the open-circuit
voltage values at different inclination angles were tested. The output
voltage curves of different inclination angles are shown in Fig. 5(f).
The inclination angle has a linear relationship with its output
voltage (Fig. 5(g)). The linear fitting coefficient is 0.978, and the
sensitivity of the inclination angle monitoring is 0.158 V/deg.
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Figure5 Working principle of the MSVMS angular speed and inclination angle measurement. (a) and (b) MSVMS open-circuit voltage waveforms of the four arc
electrodes under clockwise and counterclockwise rotation motion excitation. (c) Relationship between angular speed and frequency. (d) MSVMS inclination along the Y-
axis and voltage waveforms of four arc electrodes. () MSVMS inclination along the X-axis and voltage waveforms of four arc electrodes. (f) Open-circuit voltage of the
MSVMS under different inclination angles. (g) Relationship between inclination angle and open-circuit voltage of the MSVMS.
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2.5 Demonstration of MSVMS

To verify the feasibility of MSVMS in the field of vehicle sensing, a
vehicle motion sensing system and a real vehicle test scene (Fig.
6(a)) are built. Considering the safety of the angular speed and
inclination angle test scene, the real vehicle test scene only includes
two scenes for monitoring acceleration. One is the acceleration
monitoring when the vehicle steps on the accelerator, and the other
is the deceleration monitoring when the vehicle steps on the brake.
Through these two scenarios, the feasibility of the MSVMS for
monitoring the magnitude and direction of acceleration in the real
vehicle operating environment is verified.

The circuit design of the back-end integrated vehicle motion
sensing system of the MSVMS is shown in Fig. 6(b). The EMG unit
in the MSVMS is divided into two EMG units located above and
below the sensor, named EMGI1 and EMG2, respectively. EMG1
and EMG2 are stored in a 0.2 F capacitor C1 through rectification
to provide direct current (DC) power for Arduino UNO-2. The
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Figure6 Application of the MSVMS in vehicles. (a) Working principle diagram and
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TENG sensing unit in the MSVMS is divided into a ring electrode
and four arc electrodes, which are named TENG1-TENGS5. The
TENGI to TENGS are rectified in parallel and connected to the
A0-A4 serial port of Arduino UNO-1, and the filter capacitor CF is
0.1 pF, and then the stable voltage signal is given. A0 is connected
to TENGI, which is the ring electrode and is responsible for
processing the acceleration value information. A1-A4 is connected
to TENG2-5, which is responsible for processing the acceleration
direction information. The corresponding programming of the
serial port can realize the function of signal processing. Finally, the
complete acceleration information is displayed on the organic light-
emitting diode (OLED) screen, and the signal processing and
terminal display of the MSVMS by Arduino are verified as shown
in Video S1 in the ESM. The back-end of the integrated vehicle
motion sensing system is composed of the MSVMS main body, two
Arduino UNO development boards as microcontrol unit (MCU),
an energy storage capacitor, and an OLED screen as a terminal
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discharging voltage curve. () Real vehicle test scene for real-time monitoring of vehicle acceleration. (f) Vehicle real-time acceleration monitoring curve and results.
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display (Fig. 6(c)). The upper computer is composed of a universal
serial bus (USB) to transistor-transistor logic (TTL) serial port as an
interface converter and a laptop that displays the received sensing
signals. Figure 6(d) shows the discharge voltage curve of MSVMS
charging 0.2 F capacitor at 3 Hz and operating MCU through the
energy stored in the capacitor. The verification of the auxiliary
power supply capability of the EMG unit in the MSVMS is shown
in Video S2 in the ESM, which can successfully light 120 LED lights
and power the temperature and humidity sensor. Next, a real
vehicle acceleration test scenario (Fig. 6(e)) is built. The monitoring
curves and results of vehicle acceleration and deceleration in the test
link are shown in Fig. 6(f)(i), and the OLED screen (Fig. 6(f)(ii))
shows the acceleration magnitude and direction information
measured in a demonstration experiment (the acceleration size is 12
m/s?, and the direction is 3 (Forward-E)). The specific acceleration
monitoring process is reflected in Video S3 in the ESM. The real
vehicle test results show that integrated vehicle motion sensing
system can monitor the acceleration transformation in real-time.
Finally, to highlight the feasibility of the application of the
MSVMS in the actual vehicle environment, the durability
experiment of the sensor and the performance experiment of the
sensor under different humidity were carried out (Fig. S5 in the
ESM). The results show that the open-circuit voltage amplitude of
the ring electrode decays to the initial 84.3% (Fig. S5(a) in the ESM)
after continuous operation for 6 h and continuous operation for
64,800 times. After continuous operation of the arc electrode for 6 h
and continuous operation of 64,800 times, the open-circuit voltage
amplitude is attenuated to the initial 90.3% (Fig. S5(b) in the ESM).
Although the voltage amplitudes of the two electrodes have
decreased, the decrease in voltage amplitude will not affect the
system’s extraction and analysis of the signal frequency, as both
signal analyses are based on the frequency of the frictional electrical
signal and the presence or absence of the signal. Next, the
performance tests of the two electrodes under different relative
humidity environments (Fig. S5(c) in the ESM) were carried out.
The results show that the open-circuit voltages of the two electrodes
continue to decrease with the increase of relative humidity, because
the frequency of the triboelectric signal is used for signal analysis at
the forward-end, the transformation of the voltage amplitude does
not affect the extraction and analysis of the signal frequency. The
humidity and durability tests show that MSVMS has broad
application prospects in the field of vehicle motion monitoring.

3 Conclusions

In summary, a MSVMS based on triboelectric nanogenerators was
proposed for real-time monitoring of vehicle motion states. Firstly,
the power generation performance of the MSVMS was verified by
experiments. Under the optimal load resistance of 1 kQ, MSVMS
can capture the peak power of 4.5 mW, which provides a potential
solution to meet the power demand of real-time display of
acceleration information. Subsequently, the sensing performance of
MSVMS was tested. The experimental results show that MSVMS
can effectively monitor the acceleration, angular speed, and tilt
angle, and the fitting coefficients are 0.99, 0.979, and 0.978,
respectively. In addition, in the constructed vehicle motion sensing
system and the actual vehicle test scenario, the real-time monitoring
ability of the system to the acceleration change during the actual
operation of the vehicle is verified. Finally, the durability test of the
sensor was carried out. After 6 h of continuous operation, the open-
circuit voltage amplitude of the ring electrode of MSVMS
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attenuated to 84.3% of the initial value, but the frequency remained
unchanged. This work not only demonstrates a self-powered
vehicle motion sensor but also expands the commercialization and
application of TENGs in the vehicle field.

4 Experimental section

4.1 Fabrication of MSVMS

The MSVMS had dimensions of 52 mm (length) x 52 mm (width)
x 125 mm (height). The outer shell was made by 3D printing
technology, and the 3D printing material was PLA. The four
corners of the enclosure had four equal-sized cylindrical spaces for
placing magnets (5 mm in diameter). The magnet material was
rubidium ferroboron, the grade was N52. Two cylindrical spaces
were arranged on the upper and lower sides of the shell to place the
coil (44.5 mm in diameter), and the wire diameter of the coil was
0.1 mm. The thickness of the aluminum electrode on the central
magnet (10 mm in diameter) was 80 um, and the negative
triboelectric layer (50 mm in diameter) was made by acrylic cutting
technology. In addition, the thickness of the five copper electrodes
on the acrylic was 80 pm, and the specific size was shown in Fig. S1
in the ESM.

4.2 Measurement of MSVMS

The performance test of MSVMS was driven by a linear motor
(LinMot HF01 23) and a rotating motor (Mitsubishi Group, HG
KR43]). The output signal of MSVMS was measured by data
acquisition card (NI, USB 6356) and recorded by LabVIEW
software. Finally, the Arduino UNO development board was used
to read the sensor information and display it on the OLED screen.

Electronic Supplementary Material: Supplementary material
(additional figures, notes and videos, the theoretical analysis of
MSVMS) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907015.
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