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High Performance Magnetic Mass-Enhanced
Triboelectric-Electromagnetic Hybrid Vibration Energy
Harvester Enabling Totally Self-Powered Long-Distance
Wireless Sensing

Ziyue Xi, Hongyong Yu, Hengxu Du, Hengyi Yang, Yawei Wang, Mengyuan Guan,
Zhaoyang Wang, Hao Wang, Taili Du,* and Minyi Xu*

Wireless sensor networks play a significant role in various fields, and it is
promising to construct a totally self-powered wireless sensor network by
harvesting unused mechanical vibration energy. Here, a magnetic
mass-enhanced triboelectric-electromagnetic hybrid nanogenerator
(MM-HNG) is proposed for harvesting mechanical vibration energy. The
additional magnets generate magnetic fields for electromagnetic power
generation. As an additional mass effectively increases the membrane’s
amplitude, thereby enhancing the output performance of the MM-HNG. The
peak power density of TENG in the MM-HNG reaches 380.4 W m−3, while the
peak power density of EMG achieves 736 W m−3, which can charge a 0.1 F
capacitor rapidly. In addition, a totally self-powered wireless sensing system is
constructed, with the integrated microcontroller unit (MCU), which detects
and processes various sensing parameters and controls wireless
transmission. The system features rapid transmission speeds and an
extensive transmission range (up to 1 km), and its effectiveness has been
validated in a practical application aboard an actual ship. The results illustrate
the MM-HNG’s broad applicability across various Internet of Things (IoT)
scenarios, including smart machinery, smart transportation, and smart
factories.

1. Introduction

With the development of IoT and big data technology,[1] smart
wireless sensor networks have gained widespread use and atten-
tion in various sectors,[2] such as smart ships,[3] smart factories,[4]
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and so on. It can realize real-time moni-
toring and data collection in a wide range
of areas. However, the power supply for
these wireless sensing devices encoun-
ters challenges, including limited battery
capacity, complex cable distribution, and
restricted transmission distance. These
factors collectively restrict the widespread
distribution and sustained, stable, and
efficient operation of wireless sensor
networks.[5–7]

Therefore, it becomes crucial to
explore sustainable energy solutions.
There is a large amount of energy in
the environment that has not been used,
such as wind energy,[8] wave energy,[9]

acoustic energy,[10] thermal energy,[11]

vibration energy,[12] etc. Among these
energy sources, vibration energy is the
most widely distributed, ubiquitous, and
consistently stable. Therefore, harvesting
this unutilized vibration energy provides
an effective means to address the power
challenges faced by wireless sensor
nodes. The triboelectric nanogenerator

(TENG) as a new type of generator is proposed by Yu et al.,[13]

which is a novel type of generator characterized by high out-
put voltage, low cost, a simple and easy-to-fabricate structure,
and high adaptability.[14] Research has demonstrated that TENG
can serve as an energy harvesting device and function as var-
ious active sensors, such as wind speed sensor,[15] flow veloc-
ity sensor,[16] underwater whisker sensor,[17] acoustic sensor,[18]

vibration sensor,[19] and some microsensors.[20–22] However, the
TENG is still limited by its own low current and high internal re-
sistance, and there are still challenges in using the TENG alone
to achieve total self-power for wireless sensing and transmission
systems.

At present, a large number of researchers have employed
various techniques to harvest vibration energy, including
electromagnetic,[23] piezoelectric,[24] triboelectric,[14] and hybrid
with this. Hybridization of triboelectric with other energy har-
vesting methods, such as electromagnetic,[25] piezoelectric,[26]

and photovoltaic,[27] has become an effective way to improve
the energy harvesting capability of the system. Among them,
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combining the high voltage output of TENG with the high cur-
rent capabilities of the electromagnetic generator (EMG) has
emerged as an optimal approach to enhance energy harvest-
ing efficiency. Fan et al.[28] proposed that the power output per-
formance of EMG and TENG exhibit a unique complementary
relationship, where coupling them enhances the overall power
output. Utilizing hybrid triboelectric-electromagnetic nanogen-
erators for environmental energy harvesting has proven to be
a remarkably effective method for capturing energy such as
wind,[29–32] waves,[33–36] and vibration.[37–44] Quan et al.[25] ini-
tially proposed a hybrid triboelectric-electromagnetic nanogen-
erator for vibration energy harvesting, which significantly im-
proved power generation performance. To further enhance the
power generation capabilities of the generator and meet the elec-
trical power requirements of a totally self-powered long-distance
wireless sensing system, more and more researchers are now in-
vestigating triboelectric-electromagnetic hybrid nanogenerators.
To satisfy the demands of wireless sensing nodes, a variety of
self-powered wireless sensor systems have been developed by
researchers using triboelectric-electromagnetic hybrid nanogen-
erators, representative of which include Gao et al.[42] and Shen
et al.[43] Although they use Bluetooth or WIFI function to realize
part of the information transmission, these systems require fur-
ther enhancement to adequately address the multi-information
and long-distance transmission needs of wireless sensor net-
works. Consequently, further research is necessary to develop a
totally self-powered long-distance wireless sensing system.

In this work, to solve the above problem, a novel magnetic
mass-enhanced triboelectric-electromagnetic hybrid nanogener-
ator (MM-HNG) is designed and proposed. The MM-HNG effi-
ciently harvests vibration energy from mechanical equipment by
integrating the TENG and EMG. The maximum power of TENG
in MM-HNG reaches 2.14 mW, with a maximum power density
of 380.4 W m−3, while the maximum capacity of EMG achieves
41.04 mW, with a maximum power density of 736 W m−3, which
can quickly recharge a 0.1 F supercapacitor. Even more, the
TENG in MM-HNG can also serve as a vibration frequency sen-
sor across a broad frequency range. In addition, a totally self-
powered long-distance wireless sensing system by the MM-HNG
is constructed, which is capable of real-time wireless transmis-
sion of temperature, humidity, and equipment vibration fre-
quency information over distances exceeding 1 kilometer. At last,
the MM-HNG has been successfully demonstrated to achieve
wireless transmission from the generator engine to the engine
control room in a real ship engine room by harvesting the actual
vibration energy of the generator engine. Therefore, the MM-
HNG in this work introduces a new approach for constructing
a totally self-powered distributed wireless sensing system. This
also demonstrates that the MM-HNG has a broad spectrum of
application scenarios within the Internet of Things domain.

2. Results and Discussion

2.1. Structure and Working Principle of the MM-HNG

2.1.1. Application Scenario and Structure Schematic of MM-HNG

Figure 1a vividly illustrates the scenario diagram of the total self-
powering of the remote wireless sensor system, made possible

by the vibration energy harvesting capabilities of the MM-HNG.
Its simple structure and excellent performance enable it to har-
vest vibration energy from a wide range of mechanical devices
and pipelines. The MM-HNG combines a triboelectric nanogen-
erator with an electromagnetic generator to efficiently harvest vi-
bration energy from the environment. Additionally, it serves as a
frequency monitoring sensor. This capability of harvesting vibra-
tion energy enables the MM-HNG to support totally self-powered
wireless transmission over long distances, reaching up to 1 km.
The MM-HNG is composed of several key components: a magnet
that generates a magnetic field and serves as an additional mass;
an FEP coated with conductive ink and conductive fabric, func-
tioning as a mover; and a stator that includes a PLA frame and
coils, as shown in Figure 1a. When the vibration is generated, the
magnet acts as an additional mass, pushing the FEP away from
the conductive fabric and creating a moving magnetic field that
induces current in the coil. The FEP membrane, an excellent elec-
tronegative electret material, retains charge on its surface, while
the conductive fabric, a positive triboelectric material, generates
electricity through contact and separation. The MM-HNG physi-
cal diagram is shown in Figure S1 (Supporting Information).

2.1.2. The Dynamics of MM-HNG

Figure 1b also shows a physical model of the membrane vibra-
tion, where the membrane can be considered as a spring-like
structure. The addition of magnets increases the inertia of the
membrane’s motion, thereby enhancing its amplitude. This re-
sults increase the amplitude of the membrane, resulting in a
better contact separation motion between the FEP membrane
and the conductive fabrics, ultimately improving the triboelec-
tric power generation. To investigate the motion characteristics of
MM-HNG, a set of vibration energy test platforms is constructed
as shown in Figure S2 (Supporting Information). The vibration
source is a shaker with adjustable vibration signals controlled by
a signal generator and a power amplifier. The vibration accelera-
tion and amplitude of the MM-HNG are measured with an accel-
eration sensor and a displacement sensor, respectively. Addition-
ally, a high-speed camera is utilized to observe the membrane’s
vibration state. The excitation of the shaker is based on sinusoidal
excitation, and its vibration dynamic equation is given by:

y = A sin (𝜔t + 𝜑) (1)

a = A 𝜔2 = A
(
2𝜋f0

)2
(2)

where y is the sine function of vibration excitation, A is the am-
plitude, 𝜔 is the angular frequency of vibration, a is the vibration
acceleration of the shaker, and f0 is the vibration frequency of the
shaker. Therefore, according to the theory of additional mass thin
film vibration and considering the additional damping and non-
linear effects when the thin film system is subjected to electro-
magnetic and frictional forces. the dynamic response equation
of MM-HNG under vibrational excitation is expressed as:

f = 1
2𝜋

√
T
𝜇
+ m

𝜇 + ∫∫ m (x, y) dA
− 𝜁 (3)
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Figure 1. Design and principle of MM-HNG self-powered wireless signal monitoring system. a) Application scenario and structure schematic of MM-
HNG. b) Dynamic model of MM-HNG vibration. c) Working principle of TENG. d) Working principle of EMG.

A = Ce−𝜁 t
√

Ehf 2𝜌 (4)

where f is the free vibration frequency of the membrane, T is the
tension of the membrane, 𝜇 is the linear density of the mem-
brane, m is the additional mass, and ∫∫m(x, y)dA is the integral
of the distribution function of the additional mass. 𝜁 represents
the total damping due to electromagnetism and friction, which
reduces the natural frequency of the system. A is the amplitude,
C is a constant, E is the elastic modulus of the membrane, h is
the thickness of the membrane, and 𝜌 is the density of the mem-
brane. e−𝜁 t is used to characterize the amplitude that decays with
time, where t represents time. It can be seen that the amplitude
of the membrane vibration has a close relationship with the addi-
tional magnet mass, and at the same time, the process of mem-
brane vibration adheres to the principle of energy conservation,
as described by the equation:

∫ [F (t) v (t)] dt = 1
2

(
m + m0

)
(Δv)2 + 1

2
k(Δx)2 − c(Δv)2 + ΔE (5)

where F(t) is the external excitation given by the shaker, m0 is the
mass of the membrane, Δv is the change in vibration velocity,
k is the elasticity coefficient of the membrane, c is the damping
coefficient, ΔE is the energy of the electromagnetic field. Differ-
ences in the attached magnets affect the amplitude and magnetic

field strength of the MM-HNG, which in turn affects the output
performance of the MM-HNG.

2.1.3. The working principle of the MM-HNG

The working principle of the TENG is illustrated in Figure 1c. As
a contact-separated TENG, it generates electrical energy based on
the principles of triboelectrification and electrostatic induction.
In the initial state, as shown in Figure 1bi, the FEP membrane
is in complete contact with the conductive fabric by the gravity
of the magnet. This contact and subsequent separation lead to
multiple interactions, causing the surface of the FEP membrane
and the conductive fabric, which differ in electronegativity,
to generate equal amounts of positive and negative charges,
respectively. In the second stage, as depicted in Figure 1cii, the
FEP membrane and magnet move upward, creating a separation
from the conductive fabric. During this process, electrons trans-
fer from the conductive ink electrode to the conductive fabric
through an external circuit to equalize the potential difference
between the FEP membrane and the conductive fabric. When
the FEP membrane rises to its maximum height, the electric
field reaches a new equilibrium, and the charge transfer stops
(Figure 1ciii). Then, as the FEP membrane moves downward,
the electron transfer reverses (Figure 1cvi). Finally, the FEP
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membrane and the conductive fabric come into contact again,
returning the charge distribution to its initial state (Figure 1ci).
Consequently, this process generates an alternating current.
According to the operating principle of the contact-separated
TENG, the open-circuit voltage is represented as:

VTENG
OC = 𝜎Δx

𝜀0
(6)

where VTENG
OC is the open circuit voltage of TENG, 𝜎 is the fric-

tion charge density, Δx is the relative displacement change of the
membrane vibration, and ɛ0 is the dielectric constant in a vac-
uum. To better demonstrate the potential change of TENG, finite
element analysis is performed utilizing COMSOL to simulate the
potential distribution between the two triboelectric layers, as de-
picted in Figure S3a (Supporting Information). The simulation
results are in agreement with the experimental results.

The working principle of the EMG is illustrated in Figure 1d.
Acting as both the magnetic field generator and additional mass,
the magnet causes the FEP membrane to reciprocate vertically,
resulting in changes in the magnetic field. According to Lenz’s
law, this motion induces a current in the conductor as it moves
through the magnetic field. In the initial state, the magnet is
in contact with the coil due to its gravity (Figure 1di). As the
magnet vibrates, the magnet is far away from the coil, and the
changing magnetic flux in the coil generates an induced cur-
rent (Figure 1dii). The induced current in the coil reaches its
maximum value when the distance between the magnet and the
coil reaches its maximum value (Figure 1diii). Conversely, when
the magnet approaches the coil, it generates an opposing in-
duced current, resulting in the production of alternating current
(Figure 1div). The open circuit voltage (VEMG

OC ) and short circuit
current (IEMG

SC ) of the EMG can be expressed as follows:

VEMG
OC = N dΦ

dt
(7)

IEMG
SC =

VEMG
OC

R
(8)

where VEMG
OC is the open-circuit voltage of the EMG, N is the num-

ber of turns of the coil, dΦ
dt

is the rate of change of the magnetic
flux, IEMG

SC is the short-circuit current of the EMG, and R is the
resistance. To better demonstrate the magnetic field variation of
the EMG, finite element analysis is also performed using COM-
SOL to simulate the magnetic flux distribution between the coil
and the magnetic field, as depicted in Figure S3b (Supporting In-
formation). The results of the simulation are in good agreement
with the experimental results.

In summary, the vibration response of the MM-HNG is closely
related to the mass of the attached magnet, the coil parameters,
the vibration conditions, etc. These relationships are described in
detail below.

2.2. Electrical Performance of the MM-HNG

2.2.1. Application Scenario and Structure Schematic of MM-HNG

Based on the above theoretical analysis, the effect of the number
of turns of the coil in the stator on the output of the EMG is first

investigated by using the shaker as a vibration source. According
to the Equation:

N =
[
𝜋
(
D1 − D2

) (
D1 + D2 + 2h

)
n
]

4h
(9)

In Equation 9, N is the number of turns of the coil, D1 is the
outer diameter of the coil, D2 is the inner diameter of the coil, h
is the height of the coil, and n is the number of layers of the coil.
Coils of different diameters and heights are selected to vary the
number of turns and the effective magnetic inductance range for
the experiment, as shown in Figures 2a–c and S4 (Supporting In-
formation). The experimental results show that the output volt-
age increases continuously with the increase in the number of
turns of the coil, and the output current decreases slightly. This
phenomenon is attributed to the increased coil resistance and the
decreased effective area for cutting the magnetic inductance due
to the higher number of turns. Further, we calculate the output
power by Equation:

P = VI (10)

and finally found that the coil with a height of 10 mm
and an outer diameter of 60 mm provides the best out-
put, so this coil was chosen for the subsequent experimental
investigations.

To further investigate the vibration conditions of MM-HNG,
an experimental analysis is conducted on the number of addi-
tional magnets. The number of magnets is increased by adopting
a same-pole outward approach. The results show that the num-
ber of additional magnets significantly affected the performance
of the MM-HNG. In the experiment, the frequency and accelera-
tion can be precisely adjusted by the signal generator. Figure 2d
illustrates the variation in the amplitude of the MM-HNG with
the number of additional magnets under the condition of 25 Hz,
30 m s−2. Figure S5 (Supporting Information) shows in more de-
tail the amplitude of the MM-HNG with different numbers of
magnets under the acceleration of 10, 20, 30 m, and 40 m s−2.
It can be observed that with the increase in the number of addi-
tional magnets, the amplitude of the membrane can be effectively
increased. This phenomenon can be well explained by Equa-
tions 3 and 4; as the additional mass m increases, it slightly alters
the membrane’s natural vibration frequency, thereby increasing
the membrane’s amplitude. Meanwhile, Figure 2e–i also shows
the variation of electrical power at 25 Hz, 30 m s−2 with different
numbers of magnets. Specifically, Figure 2e,f shows the output
of EMG; indicating that the output voltage and current increase
with the number of magnets reaching 9.7 V and 62 mA with five
additional magnets. This is because increasing the number of
magnets enhances the strength of the magnetic field, which sub-
sequently increases the amplitude of the membrane vibrations,
thereby boosting the EMG power.

Figure 2g–i shows the output of TENG, it can be observed
that the TENG output initially increases with the number of
magnets but then levels off. With four additional magnets, the
output voltage, current, and charge reach 275 V, 46 μA, and
132 nC, respectively. This is because as the number of magnets
increases, the relative displacement of the membrane vibration
increases, thereby enhancing the output of the TENG, as shown
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Figure 2. Different structural parameters on the electrical output of the MM-HNG. Variation of a) voltage and b) power with frequency for different
coil heights. Variation of c) power with frequency for different coil diameters. d) Amplitude variation curves of FEP membranes with different numbers
of additional magnets. e) Open-circuit voltage and f) short-circuit current of the EMG under the effect of different numbers of additional magnets.
g) Open-circuit voltage, h) short-circuit current, and i) transferred charge of the TENG under the effect of different numbers of additional magnets.
j) Displacement of MM-HNG with different numbers of additional magnets.

in Equation 1. However, as the mass of additional magnets con-
tinues to increase, the charge saturates, and the output levels off.
To further explore how the mass of additional magnets affects
the amplitude of the MM-HNG, the impact of varying numbers
of additional magnets on the vibration of the MM-HNG at 25 Hz
and 30 m s−2 is carefully observed using a high-speed camera, as
shown in Figure 2j and Movie S1 (Supporting Information). The
displacements with different numbers of additional magnets are
clearly visible, as shown in Figure 2ji–v. It demonstrates that as
the number of additional magnets increases from one to five,
the amplitude increases from 1.77 to 2.85 mm. The maximum
displacement reaches 2.85 mm when the mass of additional

magnets is five, which is in line with the experimental trend
mentioned above.

2.2.2. Electrical Output of the MM-HNG Under Different Vibrations

Figure 3 provides a more detailed view of the electrical output
of the MM-HNG with a different number of magnets at vary-
ing accelerations and frequencies. Figures 3a and S6 (Supporting
Information) show the voltage, current, and transferred charge
of the TENG output of the MM-HNG at different accelerations
of 30 Hz. It can be seen that when the acceleration reaches a
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Figure 3. Output performance of the MM-HNG under various excitations. a) Voltage of TENG with different numbers of magnets under different accel-
erations. b) Voltage of TENG with different numbers of magnets under low acceleration. c) Voltage and d) current of EMG under various accelerations
with different numbers of magnets. e) Voltage and f) current of EMG with different numbers of magnets at different frequencies. g) Voltage, h) current,
and i) transferred charge output of TENG with different numbers of magnets under different accelerations.

certain level, the voltage output tends to stabilize and remain
above 250 V, the current output tends to stabilize and remain
above 40 mA, and the transferred charge tends to stabilize and
remain above 120 nC. More specifically, Figure 3b illustrates that
under low acceleration conditions, increasing the number of ad-
ditional magnets will increase the amplitude of the MM-HNG,
thereby improving output performance. However, it is important
to note that additional magnets do not always correlate with en-
hanced performance. If the acceleration is insufficient, having
too many magnets may prevent the MM-HNG from reaching
its vibration state—meaning it cannot achieve the initial vibra-
tion state appropriate for that magnet configuration. This can
ultimately reduce the amplitude of the MM-HNG and decrease
the output of the TENG. Therefore, under low acceleration con-
ditions, it is crucial to select the appropriate mass of additional
magnets. Figure 3c,d illustrates the electrical output of the EMG
of the MM-HNG at 30 Hz at various accelerations. It is observed
that the output change is comparable to that of the TENG in that
the output increases with acceleration. However, when the accel-
eration reaches a certain level, the rate of increase in output be-
gins to slow down. Figure 3a–d also illustrates that the MM-HNG

can maintain a relatively excellent performance output for both
TENG and EMG when the acceleration reaches a certain value
(≈20m s−2).

Figure 3e,f displays the changes in EMG output across various
frequencies, demonstrating a trend where the output initially in-
creases and then decreases with rising frequencies. This behav-
ior occurs because as the frequency increases, the system may
not have sufficient displacement or amplitude to effectively re-
spond to higher frequencies, resulting in a diminished output as
the frequency continues to increase. Nonetheless, it’s important
to note that the maximum voltage reaches 11.3 V, the maximum
current reaches 69.4 mA, the voltage output consistently exceeds
3 V, and the current output remains above 15 mA, both its main-
tained a good output. The output variation of TENG at different
frequencies is shown in Figure 3g–i and the output variation is
similar to that of EMG when the acceleration matches the fre-
quency. The maximum voltage reaches 357 V, the maximum cur-
rent reaches 58 μA, and the maximum transferred charge reaches
179 nC. At any frequency of 30 m s−2, the output voltage is al-
ways higher than 100 V, the current is always higher than 20 μA,
and the transferred charge is always higher than 75 nC. This
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Figure 4. A totally self-powered long-distance wireless sensing system based on the MM-HNG. The current, peak power, and average power of a) TENG
and b) EMG vary with load resistance under the conditions of 30 Hz and 30 m s−2. c) The comparison of the charging performance with separate
TENG, separate EMG, and parallel connection of TENG and EMG for a capacitor (100 μF). d) Charging performance of capacitors with the MM-HNG
from 47 μF to 0.1 F. e) Energy management strategy circuit diagram display of the MM-HNG totally self-powered long-distance wireless sensing system.
f) Voltage waveforms are stored and regulated during operation.

demonstrates the MM-HNG’s significant performance over the
frequency range of 10–80 Hz. Such capability enables it to cap-
ture broadband vibration energy, making it versatile for use in
various applications.

2.3. Output Power and Energy Management Strategy for the
MM-HNG

Based on the results of previous studies, we conducted experi-
ments and calculated the output power and average power of the
MM-HNG, as shown in Figure 4a,b. These figures demonstrate
the relationship between current, peak power, average power, and

external load resistance for both the TENG and EMG of the MM-
HNG at 30 Hz and 30 m s−2, respectively. Peak power and average
power are calculated by

PMax = I2 R (11)

PAverage =
∫ T

0 I2Rdt

T
(12)

At a load resistance of 5 MΩ, the peak power of TENG reaches
2.2 mW, and the average power is 0.26 mW, with a peak power
density of 380.4 W m−3. Conversely, at a load resistance of 80 Ω,
the peak power of EMG reaches 41 mW, and the peak power den-
sity is 736 W m−3. These results highlight the superior energy
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output of the MM-HNG. Figure 4c also shows that the charging
efficiency of the storage capacitor is significantly improved when
the TENG and EMG are operated simultaneously, which in turn
enhances the signaling frequency of the subsequent self-powered
monitoring system. Figure 4d depicts the synchronized operation
of the TENG and EMG when charging capacitors with different
capacitances (Figure S7, Supporting Information provides details
of the charging circuit). The data confirm that the MM-HNG is
capable of efficiently charging supercapacitors with a capacity of
0.1 F. These results underscore the excellent energy performance
of the MM-HNG.

Therefore, we designed a totally self-powered long-distance
wireless sensing system based on the MM-HNG. This system
leverages the MM-HNG’s excellent performance to supply power
to the MCU, enabling long-distance monitoring of parameters
such as frequency, temperature, and humidity. The circuit dia-
gram of the self-powered wireless signal monitoring system is
illustrated in Figure 4e. This system consists of an MM-HNG, a
0.1 F supercapacitor, a timer, an MCU module including a LoRa
transmitter and charge amplifier, and a computerized LoRa re-
ceiver. The MM-HNG charges a 0.1F supercapacitor, which pow-
ers the MCU module via a timed on/off circuit. The MCU mod-
ule recognizes and processes the information before the LoRa
transmitter sends the wireless data. This setup allows for timed
signal transmission and ensures the sustainability of the power
supply. The computer at the receiving end receives the wireless
data through the LoRa, capable of transmitting up to 1 kilome-
ter per minute and counting. Comprehensive monitoring data is
presented in Figure 4f, showing the voltage at both ends of the
energy storage capacitor and the continuous operation of the sys-
tem under different and continuous vibration frequencies. This
also provides a clear picture of how the voltage changes and how
the system switches between sleep and wake modes.

When operating at an acceleration of 30 m s−2, the MM-HNG
with four additional magnets is selected for the experiment by
choosing a moderate mass and adapting to a wider range of fre-
quencies versus contrasting charging speeds (Figure S8, Support-
ing Information). If the capacitor is charged above 3.3 V, the sys-
tem is activated, and data is transmitted once every minute us-
ing the sleep function of the timer. The data is displayed on the
frequency screen in a scrolling manner. Additionally, the system
can regulate the frequency of the vibrator and is capable of fast
charging capacitors at an acceleration of 30 m s−2 and a frequency
of 15–35 Hz. Therefore, MM-HNG can be used to collect vibra-
tion energy from mechanical equipment under different vibra-
tion conditions to meet the energy consumption requirements
for data transmission in various working conditions. In addition,
Figure S9 (Supporting Information) shows that the MM-HNG
operates stably at 30 Hz and transmits signals once per minute,
demonstrating its ability to maintain operation for extended peri-
ods. The energy consumed for a single emission can be calculated
by Equation 13:

E = 1
2

CV2 (13)

The system requires ≈0.54 J to punch a 0.1F capacitor from 0 to
3.5 V and uses ≈0.005 J to emit a single signal. The average power
of EMG in MM-HNG is 22 mW and the average power of TENG

is 0.26 mW, which can ensure that the capacitor is made to have
enough power during the system’s sleep time to allow the system
to send a signal every minute to satisfy the continuous sending
of the signal. In addition, the timing of each signal transmission
can be adjusted by modifying the resistance of the external timer,
ensuring automatic wireless transmission of sensor signals. This
highlights the potential of the MM-HNG self-powered wireless
signal monitoring system for applications in distributed sensor
nodes and unattended equipment monitoring.

2.4. Demonstration of the MM-HNG

In addition to the vibration energy harvest, the TENG of the MM-
HNG is also capable of being used as a sensor for measuring
frequency due to the TENG’s pronounced and responsive electri-
cal signal. Figure 5a shows the frequency detection function of
TENG in the MM-HNG, comparing the experimental frequency
with the actual frequency using FFT analysis. As a result, the
MM-HNG can accurately detect the vibration frequency of the
equipment. Additionally, the TENG and EMG components in-
side the MM-HNG are tested for durability under 30 Hz and
30 m s−2 acceleration conditions(the experiment is conducted
in three weeks, 20 min for each experiment), and SEM tests are
performed on the FEP film before and after use, the results of
which are shown on Figures 5b and S10 (Supporting Informa-
tion). The results show that the MM-HNG can maintain contin-
uous and stable operation in complex environments. Repeatabil-
ity experiments are conducted on MM-HNG, as shown in Figure
S11 (Supporting Information), the performance of MM-HNG did
not change much under repeated experiments, which also proved
the feasibility of MM-HNG.

The realization of distributed wireless sensor networks re-
quires a large number of wireless sensor nodes, and the power
supply method and sensing distance of the sensor nodes af-
fect the continuity and coverage of the wireless sensor network.
Therefore, we have continued the practical application of the to-
tally self-powered wireless energy monitoring system based on
the MM-HNG for equipment vibration energy harvest. Figure 5c
illustrates the process of vibration energy harvesting and the im-
plementation of self-powered environmental monitoring by the
MM-HNG in a realistic scenario. Under the excitation of the vi-
bration source, the electrical energy output from the TENG and
EMG is stored in a capacitor, which supplies power to the MCU.
The temperature, humidity, and vibration signals (detected by the
TENG) are transmitted to the MCU module, which analyzes and
processes them and drives the LoRa to transmit the various sig-
nals to the computer cloud for real-time monitoring. In addition,
the wide frequency characteristics of the MM-HNG enable it to
work on various mechanical devices (the frequencies and accel-
erations of various devices are shown in Table S1, Supporting In-
formation).

To better explore the signal transmission distance of the totally
self-powered long-distance wireless sensor system based on the
MM-HNG. Figure 5d,e, and Supplementary Movie S2 (Support-
ing Information) demonstrate that the data transmission can still
be achieved with a separation of 1 km between the signal trans-
mitting end and the signal receiving end. In this experiment, the
fixed acceleration is 30 m s−2 and the frequencies are 25, 20, 30,
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Figure 5. Demonstration of the MM-HNG. a) Accuracy of TENG used for frequency monitoring. b) Durability experiments of TENG and EMG in the
MM-HNG. c) Flowchart of a totally self-powered long-distance wireless sensing system. d) Long-distance wireless transmission diagram of the MM-
HNG in a campus environment. e) Actual transmission distance. f) Environmental monitoring diagram of the MM-HNG in a real cabin environment.
g) Comparison Chart for Transmission Distance.

35, and 15 Hz with amplitudes of 1.2, 1.9, 0.8, 0.6, and 3.3 mm,
respectively. It proves that the MM-HNG self-powered wireless
signal monitoring system can achieve long-distance signal trans-
mission, which is an excellent solution to the problem of limited
distance of wireless signal transmission equipment. Therefore,
the MM-HNG’s totally self-powered long-distance wireless sens-
ing system can achieve long-distance signal transmission and
monitoring. Furthermore, the system is tested on a real ship’s
engine with the computer receiver placed in the central con-
trol room, approximately two compartments away from the en-
gine room. It can be seen that the central control room can re-
ceive the vibration frequency of the engine as well as the tem-
perature and humidity in real-time (the frequency of the marine
engine is ≈45 Hz, acceleration is ≈73.5m s−2 and amplitude is
≈0.9 mm), as shown in Figure 5f and Movie S3 (Supporting Infor-
mation). Figure S12 (Supporting Information) shows the voltage
waves of the wireless transmission signals from the MM-HNG
self-powered wireless monitoring system during the operation
of a marine diesel engine, transmitting data once per minute
and is capable of continuous operation. Figure 5g also compares

the transmission distance of this system with existing hybrid
generation-based systems[26,31,45–47] and finds that the transmis-
sion distance of this system is much greater than other systems.
This provides an effective solution to the problems of sensor en-
ergy supply and the limited range of wireless signal transmission
devices, laying a solid foundation for the construction of an intel-
ligent wireless sensor network.

3. Conclusion

In summary, a novel high-performance magnetic mass-
enhanced triboelectric-electromagnetic hybrid nanogenerator
(MM-HNG) is proposed for vibration energy harvesting. The
MM-HNG can efficiently harvest broadband vibration energy
and achieve accurate frequency sensing over a wide frequency
range. At 30 Hz, the maximum power of TENG in MM-HNG
reaches 2.14 mW with a peak power density of 380.4 W m−3,
while the highest power of EMG reaches 41.04 mW with a peak
power density of 736 W m−3, which can quickly charge a 0.1 F
supercapacitor. In addition, a totally self-powered long-distance
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wireless sensing system is constructed, which consists of an
MM-HNG, a 0.1 F supercapacitor, a timer, an MCU module
including a LoRa transmitter and charge amplifier, and a com-
puterized LoRa receiver. The supercapacitor charged by the
MM-HNG powers the microcontroller unit (MCU), which can
be automatically woken up by an external timer. The acquired
information, including the temperature, humidity, and vibration
frequency of the equipment, can be wirelessly transmitted every
minute for long distances. Finally, the transmission range of
the MM-HNG self-powered wireless signal monitoring system
is verified, and the wireless transmission range can reach up to
1 km. The MM-HNG self-powered wireless signal monitoring
system is also demonstrated on a real ship. In the actual ship
demonstration, the temperature, humidity, and frequency infor-
mation of the actual generator engine equipment is successfully
monitored in the control room. This work provides an effective
solution for fully self-powered long-distance wireless sensing
and demonstrates that the MM-HNG has a wide range of appli-
cation scenarios in IoT fields, such as smart machines, smart
transportation, and smart factories.

4. Experimental Section
Fabrication of the MM-HNG: The MM-HNG consisted of a TENG and

EMG. TENG consisted of FEP (30 μm in thickness) brushed with conduc-
tive ink, conductive fabric, and copper wires, the edges of the FEP film
were not brushed with conductive ink, which was to avoid short-circuiting
between electrodes, and the copper wires were glued as the signal wires
to the ink and the conductive fabric, respectively, and the dimensions of
the FEP film and the conductive fabric were 50 × 50 mm. The EMG con-
sisted of a coil, which was 60 mm in diameter, 10 mm in thickness, turn
count of 2750 turns, and coil resistance of 80Ω; and a magnet, which was
35 mm in diameter and 2 mm in thickness. It was fixed to the FEP film with
insulating double-sided tape, which also served to increase the amplitude
of the FEP film. The support structure was made of PLA material by 3D
printing technology to fix the TENG and EMG, and the size of the support
structure was 70 × 70 × 10 mm. In the totally self-powered long-distance
wireless sensing system, the temperature and humidity sensor module
is DHT11, which operates with a voltage of 3.3–5 V, a humidity mea-
surement range of 20−95%, and a temperature measurement range of
0 to 50 °C.

Vibration Status Monitoring of the MM-HNG: The MM-HNG was fixed
on a shaker (JZK-50), and the vibration signal was generated by a sig-
nal generator (UTG2062B), amplified by a signal amplifier (YE5874A) to
drive the shaker to generate vibration. A high-speed camera (PHANTOM
V2012: 20–28 VDC INPUT-10 AMP MAX@24VDC) and PCC 4.0 soft-
ware were used to observe the vibration status of the MM-HNG, and
the actual amplitude and acceleration of the MM-HNG were obtained
by a laser displacement sensor (HG-C1050) and an acceleration sensor
(DAQ280G).

Electrical Output Measurements: An electrostatic meter (Keithley
6514) was used to measure the electrical signals of the MM-HNG in-
cluding open-circuit voltage, short-circuit current, and transferred charge.
The electrical signals were then sent to a computer through a DAQ unit
(NI-9215) to be observed and stored using Labview software for ob-
servation and storage. Arduino Nano was chosen to process the sen-
sor signals and transmit the information wirelessly through the LoRa
module.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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