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Acoustic energy, especially broadband low-frequency sound energy is part of the
environmental mechanical energy acquisition cannot be ignored. Herein, a multi-tube
parallel Helmholtz resonator-based triboelectric nanogenerator (MH-TENG) is investigated
to reap sound energy in low-frequency noise environments. The designed MH-TENG
consists of a modified Helmholtz resonator and a thin-film TENG transducer. The core
materials of the TENG transducer are aluminum, FEP film, and carbon. To further clarify the
influence of the modified Helmholtz resonator on the conversion performance of MH-
TENG, the acoustic characteristics of the improved resonators are systematically studied.
A series of experiments show that the multi-tube parallel Helmholtz resonator structure has
a better sound wave collection effect. Meanwhile, the flexible film TENG can reduce the
optimal output frequency of the device. The power generation performance and the
bandwidth of the MH-TENG are significantly improved by adopting a multi-tube Helmholtz
resonator. Within the frequency bandwidth range of 230 Hz, MH-TENG can effectively
improve the efficiency of acoustic energy harvesting. 110 LEDs and an electronic
thermometer can be powered by the sound-driven MH-TENG. In addition, the MH-
TENG has a good capacitor charging performance, which is conducive to its application in
ambient sound energy harvesting.

Keywords: acoustic energy harvesting, Helmholtz resonator, triboelectric nanogenerator, broadband, fluorinated
ethylene propylene

INTRODUCTION

Recently, the progress of electronic devices puts forward new requirements for energy supply,
which are environmentally friendly, distributed, and low power consumption (Zhu et al.,
2019). Therefore, collecting mechanical energy from surroundings comes to be a new way of
small-scale energy supply (Luo and Wang, 2020; Song et al., 2021). As an extensively
distributed vibration energy in the environment, the acoustic wave has recently attracted a
lot of attention. Sound energy is widely generated around manufacturing industries and
operating vehicles (Ali, 2011; Huabing et al., 2018), such as power plants, aluminum factories,
diesel engines, and marine engine rooms. The sound pressure level (SPL) of these noisy
environments even exceeds 115 dB, which is very conducive to gathering sound energy
(JunHong and Bing, 2005).
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In the actual environment, acoustic energy is mainly
concentrated in the low-frequency range (Yuan et al., 2020).
Low-frequency sound waves energy can be converted into
electrical energy through appropriate energy conversion
technology. At present, due to various energy conversion
mechanisms, acoustic energy harvesting devices are mainly
divided into electromagnetic generators (EMG) (Khan and
Izhar, 2016; Izhar and Khan, 2018), piezoelectric generators
(PEG) (Noh, 2018; Yuan et al., 2018; Iftikhar et al., 2019; Ji
et al., 2020), and triboelectric nanogenerators (TENG) (Kim et al.,
2015; Liu et al., 2016; Qiu et al., 2020; Wang et al., 2021).
Compared with other generators, the TENG, based on thin-
film vibration, has great acoustic impedance matching
characteristics to achieve efficient energy harvesting (Cui et al.,
2015; Yuan M. et al., 2021). The standardization of TENG also
laid a good theoretical foundation for its application (Li et al.,
2018). What’s more, there is a wider range of materials available
for TENG (Wang et al., 2015; Zou et al., 2020), which makes
TENG more convenient to manufacture, lower cost, and broader
in the application.

In recent years, several studies have confirmed the
effectiveness and application potential of TENG in acoustic
energy harvesting. Yang et al. developed the original sound-
driven triboelectric nanogenerator based on organic film and a
Helmholtz resonator (Yang et al., 2014). Although the sound
wave is incident from the resonator backplate rather than the
neck, and the resonator is underutilized, this proposed device
inspired the successors to use TENG to gather sound energy.
Afterward, Zhao et al. designed a modified sound-driven TENG
based on a dual tubes parallel Helmholtz resonator to improve
electrical output performance and accessible frequency
bandwidth, while the SPL of the incident sound wave is
measured at the resonator backplate rather than the neck tube
(Zhao et al., 2019). Yuan et al. studied a conical cavity resonator
TENG to enhance the performance of acoustic energy harvesting
(Yuan H. et al., 2021). Results show that the generation
performance can be improved by adjusting the shape and size
of the cavity. These sound energy collection devices rely on typical
Helmholtz resonators and their improved structures, which can
enhance the excitation of sound waves. However, the typical
Helmholtz resonator only amplifies the acoustic pressure in a
narrow frequency range, which is not conducive to collecting
acoustic energy in the environment. Therefore, it is significant to
develop a new type of sound-driven TENG with a broadband
sound pressure amplification device.

Herein, we propose a multi-tube parallel Helmholtz resonator
TENG (MH-TENG), in which a four-tube Helmholtz resonator
and a thin-film TENG act as a sound pressure amplifier and an
energy transducer, respectively. Fluorinated ethylene propylene
(FEP) and aluminum are the friction materials of the TENG
transducer, while conductive ink (carbon) and aluminum are
used as electrodes. Driven by the sound pressure difference
inbetween the cavity, the FEP film alternately contacts and
separates from aluminum, and then alternating current is
generated. The acoustic characteristics of the multi-tube
Helmholtz resonator are systematically investigated.
Furthermore, the electricity generation performances of the

MH-TENG are also experimentally studied. Results confirm
that the electricity generation performances and accessible
bandwidth of the MH-TENG are significantly improved.
Compared with Helmholtz resonator TENGs of a single tube
and dual-tube, the working frequency bandwidth of MH-TENG
has been widened by 130 and 77%, respectively. What’s more, the
MH-TENG has a good capacitor charging performance, which
can supply power for a small electronic thermometer in noisy
environments.

RESULTS AND DISCUSSION

Component Design and Working Principle
of Multi-Tube Parallel Helmholtz
Resonator-Based Triboelectric
Nanogenerator
The designedMH-TENG is composed of an improved multi-tube
Helmholtz resonator and an energy transducer based on thin-film
TENG. Figure 1A displays the component design diagram of the
MH-TENG. The thin-film TENG is embedded on the backplate
of the resonator. The improved Helmholtz resonator is made by a
3D printer with the material of degradable polylactic acid (PLA).
The cavity size of the Helmholtz resonator is 72 * 72 * 40 mm, the
radius of the neck tube is 5 mm, and the length is 30 mm.
Figure 1B shows the component details and material selection
of the TENG transducer device. The bottom of the device adopts a
perforated square plate, which is printed by PLA material. The
50 μm thick perforated aluminum film is pasted on the PLA plate.
The middle part is an acrylic gasket, which ensures the effective
contact-separation space of the upper and lower friction layer
materials. The upper part is a 30 μm thick FEP film with
conductive ink printed on the back.

In general, the sound wave propagates through the acoustic
holes of the PLA-Al plate and excites the PEP film to vibrate. The
acoustic holes with 2 mm aperture are located at the edge of the
plate, and those with 1 mm aperture are distributed inside the
plate. Due to the film tension and gasket gap, the FEP film at the
edge of the plate does not contact the aluminum film, so the larger
acoustic holes are used to connect the air. While the size of the
acoustic hole in the middle area is small, which is conducive to
balancing the contact area and airflow. Relevant studies show that
a smaller acoustic hole size will increase acoustic viscosity loss
and thermoacoustic loss (Dukhin and Goetz, 2009). Specifically,
the thickness of the acoustic viscous boundary layer of 100 Hz
sound waves in air is 0.22 mm. And this thickness will increase to
0.5 mm as the acoustic frequency decreases to 20 Hz.
Consequently, it is necessary to set an appropriate acoustic
hole size.

In the light of the triboelectric series (Zou et al., 2019),
aluminum is a kind of good positive triboelectric material,
which is used as both a friction layer and an electrode in this
work. FEP is a good negative triboelectric material with a
powerful ability to capture electrons from other materials.
Therefore, FEP film is used as another friction layer. To
maintain the great flexibility of FEP film, conductive ink,
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which main conductive component is carbon, as another
electrode is prepared on the back of FEP film by the screen-
printing process. Furthermore, the microstructure of the friction
material interface can effectively enlarge the friction contact area
and contact stress of friction material, which is conducive to
generating more charges (Zou et al., 2021). In short, that is an
effective way to enhance TENG output, referring to the following
equation:

Voc � σx(t)
ε0

(1)

Where Voc , σ, x(t), and ε0 are the Open-circuit voltage of MH-
TENG, the charge density of the friction interfaces, the
displacement distance of the FEP film, and the permittivity of
vacuum. Hence, grinding the FEP friction surface with high mesh
sandpaper is beneficial for MH-TENG to harvest sound energy. It
is worth noting that sound-driven TENG is a contact-separation
TENG and Eq. 1 is based on a plate capacitor model. When it
comes to sliding TENGs, it can be explained by a new model,
which is edge approximation based equivalent capacitance (Li
et al., 2019).

The working principle diagram of the TENG transducer is
displayed in Figure 1C. The flexible FEP thin-film is forced to
vibrate driven by the enhanced sound pressure. The contact-
separation behavior between aluminum film and FEP film
produces alternating currents. Firstly, as FEP film contacts
with aluminum, the inner surfaces of FEP film and aluminum
film produce an equal amount of opposite static charges.
Specifically, the FEP friction surface is negatively charged and
the aluminum surface is positively charged (Figure 1Ci). With

the change of film tension and acoustic pressure, FEP film tends
to leave the aluminum film, and the interface separation of
positive and negative charges leads to the induced potential
difference of the two electrodes. This difference can push the
free electrons of the carbon electrode to flow to the aluminum
electrode. In this process, the potentials tend to balance and
positive charges are generated on the carbon electrode.
(Figure 1Cii). The charge flow process continues to the
maximum friction interface separation distance (Figure 1Ciii).
When the direction of sound pressure changes, FEP film is
pushed to aluminum film. The potential difference of the two
electrodes gradually decreases, so unbound electric charges are
transferred from the aluminum film to the carbon electrode
(Figure 1Civ). As the two friction interfaces contact again, the
charges distribution at the friction interface returns to the initial
state with the disappearance of the potential difference. The above
is a complete power generation cycle. Figure 1D shows the
simulation results of potential changes during the contact-
separation of FEP film and aluminum film by COMSOL
software, which is consistent with the working principle of
Figure1C. Obviously, MH-TENG produces AC output.

Acoustic Characteristics of Resonators
Helmholtz resonator is a typical acoustic resonator, which is used
to eliminate noise in the industry (Zhang et al., 2015; Cai et al.,
2017). However, when it comes to acoustic energy harvesting, the
Helmholtz resonator shows excellent sound pressure
amplification performance. An inflexible cavity and an open
neck tube constitute a typical Helmholtz resonator. In theory,
for low-frequency acoustics, the Helmholtz resonator is similar to

FIGURE 1 | (A) Component design of the MH-TENG (B) Component details diagram and material selection of TENG transducer device (C) Working principle
diagram of the TENG transducer in one working cycle (D) Potential simulations of two friction interfaces of a TENG transducer by COMSOL.
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a mass spring damping system (Pillai and Deenadayalan, 2014),
as shown in Figure 2A. To be specific, the air within the tube is
similar to a mass, the trapped air of the cavity becomes spring,
and the heat loss and sound radiation caused by the air vibration
of the tube come to be a damper. The characteristic frequency of
this typical resonator is related to the cavity volume and neck tube
parameters, and its equation is as follows:

f HR � C
2π

����
S

VLn

√
(2)

Where C is air sound velocity, S is the flow area of the neck tube,
Ln is the equivalent length of the neck tube, and V is the volume
of air inside the cavity. As displayed in Figure 2B, while sound
waves are incident from the open end of the tube, the resonator
can greatly increase the pressure of the sound waves and reach the
highest sound pressure near the resonant frequency. It is worth
noting that few low-frequency sound waves have powerful
penetration, which has a definite impact on the sound
pressure in the cavity, shown in subsequent experiments.
Inspired by the broadband resonator structure used in the
industrial noise elimination (Yu et al., 2008; Cai and Mak,
2018), an improved multi-tube parallel resonator is studied to
maintain the sound pressure amplification effect in a wide
frequency range. The acoustic characteristics of Helmholtz
resonators with a single tube, with dual tubes, and with multi
tubes are evaluated in this part. Figure 2C shows their structures.

To explore the acoustic characteristics of the improved multi-
tube parallel Helmholtz resonators, a low-frequency speaker
(woofer) is used to provide the sound power source. A digital
function signal generator can accurately adjust the frequency of
the sound wave and send out a sine wave. Besides, a power
amplifier is used to control the intensity of the sound source. A
sound level meter is installed at the opening of the tube to assess
the incident sound waves, and another meter is installed on the

side of the resonator cavity to monitor the amplified sound
pressure level (SPL). Figure 3 shows the responses of sound
pressure levels (SPLs) inside of modified resonators to sound
waves. This part studies the effect of different neck tube
parameters, including length, diameter, number of neck tubes,
and spacing of parallel neck tubes, on the acoustic performance of
the improved resonator.

Figure 3A reveals the SPLs inside of Helmholtz resonators
with different single tube lengths at the SPL of 94 dB. Not
surprisingly, the SPL in a typical Helmholtz resonator is
significantly amplified. With the increase of neck tube length,
the sound pressure amplification effect of the resonator is slightly
reduced, and the resonant frequency also decreases. The SPL of
the resonator cavity with a 10 mm long neck tube is amplified by
18 dB, and that resonant frequency is 215 Hz. While the tube
length extends to 30 mm, the resonant frequency decreases to
144 Hz, and that SPL is only amplified by 14 dB. As the incident
sound waves rise to 100 dB, shown in Figure 3B, the sound
pressure amplification of the resonator remains stable. To
maintain the good low-frequency characteristics of the
resonator, a 30 mm long neck tube is used in subsequent
experiments. More notably, with the continuously increasing
frequency of incident sound waves, the sound pressure
magnifier function of the resonator disappears quickly and
even plays a role in acoustic attenuation. As displayed in
Figure 3C, the SPLs and resonant frequency of resonators
have a positive correlation with the tube diameter, which is
consistent with Eq. 2. Figure 3D shows the SPLs inside of
dual-tube Helmholtz resonators with different neck tube
spacings at 100 dB incident sound waves. In a range of
approximately twice the resonant frequency, the dual-tube
resonator has two distinct sound pressure level peaks, where
the SPL can be amplified at both characteristic frequencies. The
SPL of the first characteristic frequency is significantly greater
than that of the second characteristic frequency. Results show that

FIGURE 2 | (A)Mass spring damping system of the typical Helmholtz resonator (B) Propagation process of acoustic wave excitation through Helmholtz resonator
(C) Structure diagrams of Helmholtz resonators with single tube, with dual tubes, and with four tubes.
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the neck tube spacing has a nonlinear effect on the characteristic
frequency of the resonator, especially at the second characteristic
frequency. When the spacing between two tubes is odd times of
the tube radius, these resonators have the same resonant
frequency, and the SPL of the resonator with a small spacing
is slightly higher. The regular pattern of the resonator with tube
spacing of even times radius is similar to the former, but the
resonance frequency is lower.

Compared with a single tube Helmholtz resonator, the sound
pressure amplification effect of a dual-tube Helmholtz resonator
is significantly improved. As shown in Figures 3B–D, the SPL of a
dual-tube resonator with a 25 mm tube spacing is amplified by
20 dB, while that of a single tube resonator is only amplified by
15 dB. In addition, the resonant frequency and bandwidth of the
dual-tube resonator are larger than that of a single tube resonator.
Figures 3E,F shows the SPLs inside of four-tube Helmholtz
resonators with different neck tube spacings at 100 dB. In
terms of the wide frequency range, the multi-tube Helmholtz
resonator maintains a good sound pressure amplification effect.
Within an acoustic frequency range of 480Hz, the SPL inside of a
four-tube Helmholtz resonator is higher than 100dB.
Interestingly, taking the amplified SPL of 6 dB as the standard,
the bandwidth of a multi-tube resonator is about 2.2 times that of
a single tube and 1.5 times that of dual tubes. The multi-tube
resonator has two significant resonant frequencies. At these
frequencies, two approximate high sound pressure levels are
achieved. With a tube spacing of 15mm, the two maximum
sound pressure levels of the multi-tube Helmholtz resonator
are 116 and 117 dB, respectively. However, when the tube

spacing is larger than 30 mm (3 times the tube diameter), the
sound pressure amplification effect of the resonator decreases,
and the resonant frequency changes. Therefore, a 20 mm tube
spacing resonator was used in subsequent experiments to
maintain a good sound pressure amplification effect and
frequency bandwidth. Besides that, as shown in Figures 3A–F,
some large sound pressure levels appear at sound wave
frequencies below 100 Hz. These low-frequency sound waves
have a strong penetration ability, illustrated in Figure 2B,
which makes the sound waves enter the cavity through the
front cover plate of the resonator and reflect in the cavity. In
general, it is conducive to sound waves collection.

Performance of the Multi-Tube Parallel
Helmholtz Resonator-Based Triboelectric
Nanogenerator
The electricity generation performance of sound-driven MH-
TENG is investigated in this part, as shown in Figure 4. The
influencing factors include acoustic frequency and sound
pressure. In addition, it also shows the dependence of MH-
TENG power generation performance on the sound pressure
amplification effect of the resonator. Figure 4A shows the
schematic diagram of power generation experiments. The
sinusoidal sound waves signal from the speaker (JBL) is
provided by a digital signal generator (UTG-2062B) and
magnified by a power amplifier (XY-200). The SPLs of the
incident and amplified sound waves are measured by two
GM1553 sound level meters. The electricity generation

FIGURE 3 | Responses of sound pressure levels (SPLs) inside of modified resonators to sound waves (A,B) SPLs inside of the single tube Helmholtz resonators
with different tube lengths under 94 and 100 dB incident sound waves, respectively (C) SPLs inside of the single tube Helmholtz resonators with different tube diameters
under 100 dB incident soundwaves (D)SPLs inside of dual-tube Helmholtz resonators with different tube spacings under 100 dB incident soundwave (E,F) SPLs inside
of four-tube Helmholtz resonators with different tube spacings under 100 dB incident sound waves.
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performances of MH-TENG, including open-circuit voltage (Voc)
signal, short-circuit current (Isc) signal, and transferred charges
(Qsc) signal are gathered by an accurate electrometer (Keithley
6514).

Figure 4B displays the schematic diagram of the TENGs with
single tube Helmholtz resonator, with dual-tube Helmholtz
resonator, with four-tube Helmholtz resonator, and without a
resonator. At a sound frequency of 100 Hz and a SPL of 106 dB,
the open-circuit voltage (Voc) of the above TENGs is shown in
Figure 4C. As expected, the improved Helmholtz resonators
effectively enhance the electricity generation performance of
the sound-driven TENGs. The maximum Voc of TENG
without a resonator is only 22 V, and the voltage of single-
tube resonator TENG is 100 V. Moreover, the maximum Voc

of the TENG with a dual-tube resonator increases to 110 V, and
this value of MH-TENG ascends to 130 V. Figure 4D shows the
peak Voc of sound-driven TENGs under a frequency range of
30–300 Hz. With a typical Helmholtz resonator, the Voc of TENG
is heightened in a narrow frequency range. The maximum Voc

and the optimum frequency of this sound-driven TENG are
110 V and 90 Hz, respectively. As the acoustic frequency
exceeds 90 Hz, the performance of TENG decreases rapidly.
With a dual-tube resonator, the sound-driven TENG achieves
the maximum voltage of 120 V under the incident sound waves of
110 Hz. Compared with a single-tube generation device, the dual-
tube Helmholtz resonator TENG has a larger electrical output
and a wider frequency range. Surprisingly, the peak of the second
characteristic frequency of the dual-tube resonator disappears.
This represents the influence of a flexible thin-film TENG

transducer on the sound energy collection device. In addition,
MH-TENG presents a unique electrical output characteristic,
which is similar to the acoustic characteristics of a four-tube
Helmholtz resonator. The open-circuit voltage of MH-TENG
reaches two peaks at the acoustic frequency of 100 and 150 Hz,
which are 130 and 105 V, respectively. Although the peak of the
second characteristic frequency is also reduced, this characteristic
significantly widens the frequency band of MH-TENG. The
experimental results show that MH-TENG can effectively
increase the generation performance of TENG within the
bandwidth of about 230 Hz. This frequency bandwidth
represents the bandwidth in which the power generation
performance of MH-TENG is superior to that of the TENG
transducer, shown in Supplementary Figure S1. Compared with
single-tube and dual-tube resonator TENGs, the working
bandwidth of MH-TENG is expanded by 130 and 77%
respectively. Referring to relevant literatures, MH-TENG has
the widest working frequency bandwidth (Supplementary
Table S1). More significantly, the application of thin-film
TENG has vastly changed the acoustic characteristics of the
resonator, and the optimal working frequency of TENGs based
on the resonator is reduced to about 100 Hz. The rigid structure
of the resonator is changed by the flexible thin-film TENG.

Figure 4E shows the MH-TENG voltage output driven by
different sound pressures. With the increase of sound pressure,
the electrical output of MH-TENG increases. This is because the
increase of sound pressure strengthens the contact stress and area
of the FEP film, which produces more charges. Figure 4F shows
the amplified sound pressure level difference and voltage output

FIGURE 4 | Electricity generation performance experiments of sound-driven MH-TENG (A) Schematic diagram of power generation experiments (B) Schematic
diagram of the TENGs without a resonator, with single-tube Helmholtz resonator, with dual-tube Helmholtz resonator, and with four-tube Helmholtz resonator. (C) Voc of
TENGs driven by the same incident sound waves (D) The peak Voc of TENGs under a frequency range of 30–300 Hz (E) Voc of the MH-TENG driven by the different
incident sound waves pressures (F) Amplified sound pressure level difference and Voc of the MH-TENG.
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of the MH-TENG, which maintain a similar trend. The sound
pressure level difference refers to the difference between the
amplified SPL in the cavity and the SPL of incident sound
waves. This trend clarifies that the performance of MH-TENG
obviously depends on the sound pressure amplification effect of
the resonator. However, at some frequencies, the output of MH-
TENG is greatly affected by the TENG transducer. As the acoustic
frequency is lower than 70 Hz, the penetration ability is puissant,
and more sound energy passes through the FEP film. In addition,
the low frequency (<50 Hz) is far from the optimal vibration
frequency of the FEP film. As a result, it is hard for the thin film of
the TENG transducer to vibrate well. Therefore, the design of a
sound energy harvesting device needs to consider the frequency
characteristics of the resonator and transducer at the same time.

The MH-TENG can be used as a low-frequency and
broadband sound energy harvesting device to provide energy
for small electronics. As shown in Figures 5A–C, under the
incident sound waves of 106 dB and 100 Hz, theVoc, Isc, andQsc of
MH-TENG can reach 135 V, 29 μA, 61 nC, respectively.
Figure 5D shows the charging performance of the MH-TENG
for different capacities. The alternating current produced byMH-
TENG is stored in capacitors via the elementary rectifier bridge
circuit. The results indicate that a 22 µF capacitor powered by the
MH-TENG can be charged to 3 V within 5 s. And the 220 uF
capacitor takes only 52 s to be charged from 0 to 3 V. Figure 5E
shows the MH-TENG load resistance matching experiment. The
MH-TENG achieves a maximum power of about 670 μWat
2 MΩ. In addition, Figure 5E and Supplementary Video S1
show that MH-TENG can directly supply energy to 110 LEDs.
What’s more, benefitting from the good capacitor charging

performance, the sound-driven MH-TENG can supply power
to low-power sensors. As illustrated in Figure 5F and
Supplementary Video S2, an electronic thermometer is
activated, when the MH-TENG charges a 220 μF capacitor to
about 1.6 V within 13 s.

CONCLUSION

In summary, the study has proposed a broadband sound-driven
TENG based on a multi-tube Helmholtz resonator to harvest
low-frequency sound energy. Before that, we clarified the effect
of neck tube parameters on the acoustic characteristics of
Helmholtz resonators. When the resonator cavity is fixed,
the resonant frequency and pressure amplification effect of
the resonator increase with the decrease of the tube length. In
addition, tube spacing also affects the resonator. For the dual-
tube Helmholtz resonator, when the tube spacing is odd times
of the neck tube radius, the resonator’s resonant frequency is
slightly less than that of even times, which is obvious at the
second resonant frequency. Besides, the SPL of the first
resonant frequency is significantly greater than that of the
second resonant frequency. As for a four-tube Helmholtz
resonator, the relationship between frequency and sound
pressure level presents two modes with approach peak
values, which significantly widens the working frequency
band of the resonator. However, this advantage disappears
when the tube spacing is too large (greater than 3 times tube
diameters). The application of a multi-tube Helmholtz
resonator makes the MH-TENG obtain a better output

FIGURE 5 | (A) The Voc (B) Isc, and (C)Qsc of MH-TENG driven by sound waves of 100 Hz and 106 dB (D) Charging performance of different capacitors powered
by MH-TENG (E) Resistance matching test experiment of MH-TENG (F) Demonstration of MH-TENG supplying power to an electronic thermometer.
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performance, which has a wide working frequency band. In
general, the MH-TENG can significantly improve the output
performance over the 230 Hz frequency bandwidth range.
Compared with the single tube resonator TENG and the
dual-tube resonator TENG, the power generation
performance of MH-TENG is significantly increased, and the
working frequency bandwidth is expanded by 130 and 77%,
respectively. Besides, the MH-TENG has a good capacitor
charging performance. It only takes 52 s for a 220 µF
capacitor to be charged from 0 to 3 V. The MH-TENG has
also demonstrated its capability of powering 110 LEDs and an
electronic thermometer. Therefore, the MH-TENG could be a
great addition to low power appliances in machinery factories,
railways, engine rooms, and other high noise environments.
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