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Abstract Scavenging mechanical vibration energy by combining triboelectric nanogenerators (TENGs)

and electromagnetic generators (EMGs) is a renewable and low-carbon way to generate electric power. In

this paper, we fabricate a cylindrical structure hybrid nanogenerator based on spring structure to effectively

scavenge vibration energy. The introduction of spring structure not only enhances the space utilization, but

also supports the moving magnet. Owing to its innovative structure, the instantaneous output power of

TENG and EMG are 0.88 mW at a load of 10 MΩ and 216.7 mW at a load of 60 Ω, respectively. With

the aids of a power management circuit, the hybrid nanogenerator can provide continuous power for two

hygrothermographs connected in series. In addition, a self-powered wireless acceleration sensing monitoring

system (SWAM) is developed to measure the acceleration signals of vibration sources. This study provides

a novel guideline for harvesting mechanical vibration energy.

Keywords mechanical vibration energy, spring structure, triboelectric, electromagnetic, wireless monitor-

ing system

Citation He J, Fan X M, Zhao D Y, et al. A high-efficient triboelectric-electromagnetic hybrid nanogenerator

for vibration energy harvesting and wireless monitoring. Sci China Inf Sci, 2022, 65(4): 142401, https://doi.org/

10.1007/s11432-020-3081-4

1 Introduction

Nowadays, with the development of sensor technology and low power devices, more and more new products
such as mobile terminals, portable electronics and wireless sensors are changing our daily lifestyle [1].
The emergence of these electronic devices accelerates the transmission of information, and brings great
convenience. The power supply is a problem in the information and intelligence era. At present, the
power supply mostly depends on batteries [2]. However, tens of billions of batteries are abandoned every
year because of the short service life and other shortcomings [3–6]. These abandoned batteries contain
a variety of heavy metal elements and cause irreversible pollution to the environment. Accordingly, it is
necessary to develop a renewable and low-carbon energy resource for adopting the development of the
information era.

In the real world, mechanical vibration energy is distributed widely. To power new products, con-
siderable efforts have been devoted to converting mechanical vibration energy to electricity, such as
electromagnetic [7], piezoelectric [8–10] and triboelectric mechanisms [11–16]. Among the three energy
transduction mechanisms, electromagnetic and triboelectric mechanisms have been used widely for their
high output performance and simple structure. Especially, as a new type of vibration energy harvesting
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device, triboelectric nanogenerator (TENG) has attracted more and more attention in the field of self-
powered supply for its advantageous properties, such as green environmental protection, light weight,
high energy conversion efficiency, and low cost [17–19]. The output power of generator by a single energy
conversion mechanism has been improved with the optimization of the material and device structure
in recent decades [20–22]. However, the low energy harvesting efficiency still impedes its extensive ap-
plication in daily life. By integrating various energy harvesting transduction mechanisms, the energy
conversion efficiency is improved. Therefore, many hybrid nanogenerators have been designed to meet
the power needs of some electronics [23–27]. At present, most power generation units of hybrid energy
harvester consist of TENG, piezoelectric nanogenerator (PENG) and electromagnetic generator (EMG).
As TENG and EMG have a good response to low frequency excitation and high frequency excitation
respectively, the combination of TENG and EMG can not only improve the output performance of the
device, but also broaden the working frequency band.

Herein, we present a triboelectric-electromagnetic hybrid nanogenerator based on two parallel spring
structures (PS-HNG) to capture more mechanical energy through the supplemental conversion mecha-
nism. The device shell and spring structure of PS-HNG are manufactured by 3D printing technology
with acrylonitrile butadiene styrene copolymers (ABS) and Nylon materials, respectively. The fabricated
device is characterized by a dimension of Φ70 mm× 50 mm and a weight of 404 g. The maximum output
power of TENG and EMG are 0.88 mW at a load of 10 MΩ and 216.7 mW at a load of 60 Ω, respectively.
The bottom triboelectric nanogenerator (B-TENG) and bottom electromagnetic generator (B-EMG) can
simultaneously light up 75 light emitting diodes (LEDs) connected in series and 189 LEDs connected
in parallel, and the PS-HNG can power two hygrothermographs. In addition, a self-powered wireless
acceleration sensing monitoring system (SWAM) is fabricated to measure the acceleration of vibration
source. The result demonstrates that the hybrid nanogenerator provides an effective approach to capture
the ambient energy.

2 Experimental section

Fabrication of hybrid nanogenerator: The room temperature vulcanized silicone rubber (RTV) was se-
lected as the material of negative triboelectric film. The preparation of silicone film was completed in
two steps. Firstly, the RTV and curing agent were mixed uniformly with a ratio of 100:2. Secondly, after
being distributed well, the silicone was evenly coated on a smooth acrylic plate by using an applicator
with a prefabricated height of 1 mm, and then placed at room temperature for 12 h. The obtained sili-
cone film and conductive fabric were cut into a circle with the same diameter as the spring structure by
using a cutting tool and then adhered to one side of the spring structure. The positive triboelectric film
(conductive fabric) was adhered to another side of the spring structure in the same way. The EMGs were
composed of two coils and a cylindrical permanent magnet. The turns of coil were set to approximately
600 and the wire diameter was 0.2 mm. The circular NdFeB magnet with a diameter of 60 mm was
placed between the two spring bodies. The spring structures and the shell were produced by 3D print
technology.

Measurement system: The output characters of TENGs and EMGs were detected by a programmable
electrometer (Keithley 6514 System Electrometer) and a digital sourcemeter (Keithley 2611B). The lab-
vibration system was composed of an arbitrary function generator (GWINSTEK, AFG-2225), power
amplifier (SINOCERA, YE5872A), and electrodynamics vibration generator (JZQ-200). The acceleration
value of the hybrid nanogenerator was recorded by an impedance head (IEPE, 504AF02) which was
installed on the electrodynamics vibration generator.

3 Results and discussion

3.1 Device structure

The assembly process of the hybrid nanogenerator is illustrated in Figure 1(a). The hybrid nanogenerator
is structurally symmetrical between top and bottom. It consists of two EMGs and two TENGs. A circular
NdFeB permanent magnet (diameter of 60 mm and height of 9.5 mm) is placed in the middle of the upper
and lower spring structures. The top electromagnetic generator (T-EMG) and B-EMG are formed by
the circular magnet and two coils wrapped around the cylindrical structure. TENG is composed of
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Figure 1 (Color online) Schematic diagram of the designed triboelectric-electromagnetic hybrid nanogenerator. (a) The exploded

diagram of energy harvester structure; (b) the size of spring structure; (c) the photo of spring structure; (d) 3D schematic of the

hybrid nanogenerator; (e) the photo of device structure.

conductive fabric and RTV covered with conductive fabric. Silicone is a kind of negative material with
strong electronic ability, and conductive fabric works as positive friction material and electrode at the
same time. Positive material and negative material are respectively attached to the opposite side of the
spring structure. The outside diameter, rotation layer width, rotation layer thickness, layer spacing, and
helix angle are 60 mm, 25.5 mm, 1.6 mm, 2.3 mm and 11.03◦, respectively (Figure 1(b)). The spring
structure is manufactured by 3D printing technology using high-strength Nylon materials (Figure 1(c)).
Owing to the spiral structure, TENG can be pressed and released without any other elastic support, and
the area of friction layers can be increased in a limited volume. Two spring structures with frictional
materials and a circular magnet are encapsulated in cylindrical structures (Figures 1(d) and (e)). The
whole device has a small dimension of 70 mm×50 mm and a light weight of 404 g.

3.2 Working principles

The working principles of EMG and TENG are shown in Figures 2(a) and (b), respectively. When the
device is in a static state, the circular magnet is completely outside of the top coils and bottom coil
as the spring force at the bottom, and the flux through the coil remains constant. When the device
is subjected to vibration excitations, owing to the effect of inertia, the magnet will move relative to
the device, and the flux through the coils will change, thereby generating an induced current in both
coils. The current generated in two coils is opposite polarity output. The working principle of TENG
is based on triboelectric effect and electrostatic induction. When two friction materials (conductive
fabric and silicone) with different polarities are in contact (state I), the surface of conductive fabric
is positively charged and the surface of silicone is negatively charged. Owing to the insulation of the
polymeric material, these surface charges can be maintained for a certain period of time [28]. As the
separation distance between conductive fabric and silicone layer increases (state II), the electrons on
the electrode of silicone layer gradually flow to conductive fabric. Until the spring structure is fully
released (state III), a new potential balance is formed between silicone layer and its electrode without
current flowing. Subsequently, with the external force applied to the spring structure increasing again,
the spring structure is compressed again (state IV), resulting in the decrease of the distance between the
two friction materials. The electrons on the conductive fabric gradually flow to the silicone electrode
layer until two friction materials completely contact to form a new potential balance. After that, a
full cycle of a electricity generation process is completed and another cycle begins. In order to further
describe the potential distribution of TENG, the finite element method is used to analyze the process
under open-circuit conditions (Figure 2(c)). When the two friction materials are in complete contact,
the surface potential difference is zero. It can be seen that as the separation distance between the two
friction materials increases, the surface potential difference gradually increases.
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Figure 2 (Color online) The working principles of (a) EMGs and (b) TENG. (c) The simulation analysis of potential distribution

between the electrodes of TENG.

3.3 Dynamical response analysis

In practical application, owing to the influence of the size, density, hardness and other factors of obstacles,
the vibration sources such as hydraulic breaker need to produce different levels of acceleration for crush-
ing operation. Therefore, it is necessary to measure the output performance of devices under different
accelerations. Figure 3 shows the electrical output performance of TENGs under different accelerations
at a constant frequency of 3 Hz. The output performance of two energy-conversion mechanisms was
measured under the different accelerations. As the acceleration increases linearly from 3 to 6 m/s2, the
open-circuit voltage (Voc) of Top-TENG (T-TENG) increase from 10.56 to 41.84 V (Figure 3(a)), and
short-circuit current (Isc) of T-TENG ranges from 0.60 to 1.87 µA (Figure 3(b)). The Voc of B-TENG
is from 153 to 252 V, and the value of Isc increases from 8.69 o 16.7 µA. That is because that the
force exerted by the circular magnet on the spring structure is gradually increasing with the increase of
acceleration. The increase of interaction force leads to more sufficient material surface contact for two
types of friction materials [29]. As depicted in Figures 3(c) and (f), the output voltages of T-TENG and
B-TENG increase with the increase of external resistance, especially after the loading resistance of 10
MΩ. The maximum output powers of T-TENG and B-TENG are 15.4 µW and 883.6 µW at a loading
resistance of 10 MΩ, respectively. The power calculation formula is P = U2/R, where U is the output
voltage and R is the loading resistance. The amplitude acceleration and frequency in the power test are
6 m/s2 and 3 Hz, respectively. It should be noted that the output performance of T-TENG is lower than
that of B-TENG. The difference is attributed to the effect of magnet gravity on the spring structures. For
B-TENG, the gravity of the magnet and the external force on the device are superimposed to increase
the contact force of the B-TENG friction layers, making the friction layers contact more fully with each
other. Whereas for the T-TENG, the contact force is decreased because the gravity does negative work.

Subsequently, the influences of vibration acceleration on the output performance of EMGs are investi-
gated. For EMG units, the output performance under different accelerations has a similar trend as TENG
units. The output voltage, current, and output power for EMGs are shown in Figures 4(a)–(f). With
the increase of acceleration from 3 to 6 m/s2, Voc and Isc of B-EMG increase from 4.49 to 9.31 V and
from 38.6 to 98.4 mA, respectively. The output characteristic of T-EMG is similar to that of B-EMG. As
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Figure 3 (Color online) (a) and (b) Voltage and current signals of T-TENG at different acceleration. (c) Output power of T-

TENG at the acceleration of 6 m/s2. (d) and (e) Voltage and current signals of B-TENG at different acceleration. (f) Output

power of B-TENG at the acceleration of 6 m/s2.
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Figure 4 (Color online) (a) and (b) Voltage and current signals of T-EMG at different acceleration. (c) Output power of T-EMG

at the acceleration of 6 m/s2. (d) and (e) Voltage and current signals of B-EMG at different acceleration. (f) Output power of

B-EMG at the acceleration of 6 m/s2.

shown in Figures 4(c) and (f), the maximum output powers of T-EMG and B-EMG are 171.7 mW and
216.7 mW at an external load resistance of 60 Ω. The power calculation formula is P = I2R, where I
represents the current. The results are consistent with Faraday’s law, in which the Voc of EMG is related
to the velocity between magnet and coil and is given as follows [30]:

Voc = −NS
dB(x)

dt
= −NS

dB(x)

dx

dx

dt
= −NS

dB(x)

dx
v, (1)

where N and S are the turns and the area of the coil, B(x) is the magnetic flux density through the coil,
and v is the velocity of the magnet. Isc generated in the coils can be expressed as

Isc =
Voc

Rcoil
= −

NS

Rcoil

dB(x)

dx
v, (2)
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where Rcoil is the internal resistance of the coil. It should be noted that the output performance of
EMGs is also affected by magnet gravity. However, the effect is much smaller than that of TENGs. The
output performance of TENG is related to the contact area between the two friction surfaces, which can
be affected by an external force to some extent. In contrast, the output performance of EMG is related
to the change of magnetic flux, which is a kind of ultra-distance. Therefore, TENG is more sensitive to
the change of external force.

As the energy harvesting units consist of two parallel springs and one circular magnet. When the
magnet is excited by the external force once, the magnet will vibrate up and down many times. Figure S1
shows the output performance of T-TENG and B-EMG at an external excitation frequency of 3 Hz. It
can be seen that both B-TENG and B-EMG can generate six electrical signal peaks in one cycle. The
first peak is larger than the others, which is produced by external excitation, while other peaks originate
from the spring rebound. The reliability and durability of the PS-HNG play an important role in whether
it can be applied in practice application. In the follow-up experiment, the four generation units are tested
(T-TENG, B-TENG, T-EMG, B-EMG) for a long-term operation. As shown in Figure S2, the output
current of EMGs and TENGs does not change significantly after an operation of 1200 s. the reliability and
durability test results show the great mechanical stability and reliability of the PS-HNG in a long-term
operation.

3.4 Device application

Since both TENGs and EMGs generate alternating current (AC) signals, it is necessary to use full-wave
rectifying bridges to convert AC signals into direct current (DC) signals and store in an energy storage
device such as a capacitor or battery. Figure 5(a) shows the charging curves of individual generators
charging a capacitor of 100 µF at the acceleration of 6 m/s2. The charging curves indicate the advan-
tages of the hybrid nanogenerator over the individual energy harvesting unit (B-TENG, B-EMG, and
B-EMG//B-TENG). The charging characteristics are the external representation of the inherent output
performance of the generators. The charging speed is determined by the generated current, and the final
charging voltage of the capacitor is determined by the generated voltage. According to the results, owing
to the high current and low voltage output of EMG, the capacitor can be charged to a stable voltage in a
short time. However, the charging result of TENG is in contrast to that of EMG. By integrating TENG
and EMG units, the capacitor can get a high charging voltage. As the capacitor is charged, it can be
worked as an energy bank to power electrical products. In Figure 5(b) and Movie 1, two hygrothermo-
graphs connected in series are powered by a capacitor of 1000 µF under an acceleration of 6 m/s2. The
PS-HNG can provide continuous electric energy for the hygrothermographs after the capacitor is stored.
Subsequently, Then, in order to characterize the actual power output effect of each power generation unit,
the B-TENG and B-EMG are chosen to light up 75 LEDs connected in series and 189 LEDs connected in
parallel after a rectified bridge (Figures 5(c) and (d), Movie 2). It can be seen from Movie 2 and Figure 5
that the brightness of LEDs lighted by B-EMG is much brighter than that of TENG. That is because
the output current of EMG is much larger than that of TENG.

Furthermore, to monitor the dynamical response such as the acceleration of hydraulic breaker, a self-
powered wireless acceleration sensing monitoring system (SWAM system) is developed. The system is
composed of energy harvesting units, a power management circuit, and a 9-axis bluetooth attitude sensor
(Figures 6(a) and (b)). During the test period, to reduce the influence of the electrodynamics vibration
generator on the magnet of PS-HNG, a transition body (Φ70 mm× 90 mm) is installed between PS-HNG
and electrodynamics vibration generator. The power management circuit includes rectified bridges and
an energy storage unit (4700 µF capacitor). The 9-axis bluetooth attitude sensor consists of bluetooth
antenna, RF chip (nRF52832), highly integrated sensor chip (MPU9250), and power chip. The 9-axis
bluetooth attitude sensor needs no more than 16 mA during active mode and no more than 0.1 mA
during sleep mode according to the instruction. The working current of the 9-axis bluetooth attitude
sensor is 14 mA which is measured by us with a DC regulated power supply (UNI-T, UTP3313TFL). The
capacitor of 4700 µF is charged to 5.7 V by the PS-HNG in 5 s at an acceleration of 8 m/s2, as shown
in Figure 6(c). As observed in the voltage curve of the capacitor, after the SWAM system is connected
to the circuit, the voltage of the capacitor decreases for a short time and then rises again. When the
SWAM system is matched with a smart phone, the internal voltage of the capacitor stabilizes at about
2 V. With the continuous operation of SWAM system (as shown in Movie 3), the acceleration signals
are transmitted to a smart phone via the bluetooth antenna and the signal curves are displayed in the
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Figure 5 (Color online) (a) Charging curves of a 100 µF capacitor by the device at the acceleration of 6 m/s2. (b) Powered by

the hybrid nanogenerator for two hygrothermographs connected in series. (c) Photograph of 75 LEDs lighted by B-TENG after

rectification. (d) Photograph of 189 LEDs lighted by B-EMG after rectification.

monitoring interfaces (Figure 6(d)). This work shows that the hybrid nanogenerator proposed by us has
a potential application prospect in the self-powered acceleration monitoring system.

As the PS-HNG is fully packed by ABS sheet except for coils, the hybrid nanogenerator is isolated
from the ambient environment. Consequently, the high humidity environment cannot affect the output
performance of the hybrid nanogenerator. Thanks to its portability (small volume and light weight),
the PS-HNG can be installed on the vibration equipment without any drastic changes in the facilities.
Besides, the device has the characteristics of low cost and high performance, which make it possible to
have a premise of widespread promotion. Most importantly, the innovative structure can not only be used
to capture the vibration mechanical energy of large-scale facilities, but also to harvest the mechanical
energy of human motion, and to provide supplemental electric energy for field operators.

4 Conclusion

In summary, we have presented a self-powered portable triboelectric-electromagnetic hybrid nanogener-
ator for vibration mechanical energy harvesting. The device is an enclosed cylindrical structure with
a dimension of Φ70 mm×50 mm and a weight of 404 g. The device is a combination of TENGs and
EMGs. The core of the proposed device is the spiral structure, which carries TENG friction layers and
supports the magnet. Two coils wrapped on the shell are designed to harvest the vibration energy of the
magnet converting it into electrical energy output. The results indicated that the hybrid nanogenerator
can efficiently obtain energy at different accelerations. The instantaneous output power of TENG and
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Figure 6 (Color online) (a) The schematic circuit diagram of the self-powered wireless acceleration sensor system; (b) circuit

diagram of self-powered wireless acceleration system powered by the PS-HNG; (c) the voltage of 4700 µF capacitor used as a storage

bank and power unit for SWAM system; (d) received different acceleration curves in the monitoring interface.

EMG are 0.88 mW at a load of 10 MΩ and 216.7 mW at a load of 60 Ω, respectively. The B-TENG and
B-EMG can light up 75 LEDs connected in series and 189 LEDs connected in parallel, respectively. Two
hygrothermographs connected in series can be powered by the PS-HNG through a power management
unit. Moreover, a self-powered wireless acceleration sensor monitoring system is fabricated, which shows
broad potential applications in all aspects of production and life.
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