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A B S T R A C T   

Acoustic energy harvesters are promising platforms for noise-to-electricity conversion in distributed environ
mental power supply and sound sensing in intuitive voice user interface. However, their efficacy in real-world 
applications is frustrated by the low electric output. We here report a multi-hole acoustic resonator enhanced 
triboelectric nanogenerator (MHAR-TENG) that couples a perforated plate resonator and a pressure differential 
acoustic receiver. It generated open-circuit voltage of 347 V, short-circuit current of 95 µA, and record-high 
power density of 8.9 W/m2. The numerical simulation confirmed the sound pressure amplification for 
enhanced output performance. Besides, the high signal-to-noise ratio and precise high-frequency response of 
electrical signals enabled the high-quality restoration of music and human speech. Assisted by machine learning, 
the MHAR-TENG realized self-powered voiceprint identification and emotion recognition with a remarkably 
improved accuracy over 90 %. Our MHAR-TENG holds great potential for efficient acoustic-to-electrical con
version in the fields of noise recycling, biometric authentication, and human-machine interaction.   

1. Introduction 

With the arrival of the Internet of Things (IoT) and artificial intelli
gence (AI), sound waves in the environment will play an important role 
[1]. On one hand, acoustic energy, as a clean mechanical energy, can be 
converted into electricity, not only to solve the harmful noise issue, but 
also to power various terminal microelectronic devices of IoT in 
distributed environments [2,3]. On the other hand, human voice, 
encoded with rich biological information, has great potential for bio
metric authentication and human-machine interaction to fuel future AI 
[4–7]. However, the ubiquitous sound wave energy (its power on the 
order of milliwatts to watts [8]) is often ignored and wasted due to its 

low energy density and lack of effective collection methods. Currently, 
among the conventional acoustic energy harvesters: piezoelectric har
vesters are limited by low electrical output performance and structural 
complexity; electromagnetic harvesters often require bulky components, 
such as coils and magnets, which deviates from the pursuit of light
weight [9–11]. Furthermore, the operating frequency of many devices 
usually falls within high levels around several kilohertz. Nonetheless, 
the sound sources in daily life are dominated by low-frequency ranges 
(20–200 Hz) from human speech, factory machines, site constructions 
and transportations [12,13], resulting in a low acoustic-to-electrical 
conversion efficiency. Therefore, a high-performance and widely 
deployable acoustic energy harvester that is suitable for low-frequency 
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bands is highly demanded. 
Triboelectric nanogenerators (TENG) is a feasible technology to 

convert low-frequency mechanical vibration into electrical energy [14]. 
Compared with piezoelectric and electromagnetic harvesters, TENG 
acoustic energy harvesters are usually much more cost-effective, simpler 
in structure, and exhibit superior energy-harvesting performance, 
making them promising in acoustic energy collection [15,16]. The 
TENGs for acoustic energy harvesting and sound wave sensing can be 
mainly divided into two types, i.e., non-resonant cavity and resonant 
cavity structures. Liu [17] developed a multi-layered structure of TENG, 
which can effectively improve the output performance through the 
parallel connection of multiple TENGs. Under the coordinated vibration 
of four units, its maximum short-circuit current can reach 2.1 mA. Qiu 
and coworkers [18] designed a sandwich-like sound-driven TENG based 
on Cu foam, polyvinylidene fluoride (PVDF) nanofibers and nylon fab
ric. The maximum current density of this sound-driven TENG is 25.01 
mA/m2 and the charging rate is 20.91 μC/s under 110 dB sound pressure 
level (SPL). However, due to the lack of resonant cavity to amplify the 
sound pressure, these sound-driven TENG devices have poor acoustic 
energy harvesting efficiency when there is a certain distance from the 
sound source. The sound wave propagating in the state of spherical wave 
will degrade rapidly in the air medium. With reference to Eq. (1), the 
intensity of spherical sound wave is inversely proportional to the square 
of the distance from the sound source. When the distance is doubled, the 
actual SPL is attenuated by 6 dB. 

Lp1 − Lp2 = 20lg
r1

r2
(1)  

Where r1 and r2 are the distances from position 1 and position 2 to the 
sound source, respectively. For this reason, Zhao et al. [19] investigated 
a dual-tube Helmholtz resonator-based triboelectric nanogenerator 
(HR-TENG). Under the optimal output frequency of 70 Hz and SPL of 
85.3 dB, its open circuit voltage and short circuit current can reach 
132 V and 32 µA, respectively. However, the HR-TENG has low output 
power and sensing performance when it comes to self-powered speech 
recognition. A quarter-wavelength acoustic resonator system was pro
posed for high performance acoustic energy scavenging [20]. None
theless, the bulky aluminum tube with a length of 0.94 m and a radius of 
50 mm for acoustic transmission limits its application scope. Xu suc
cessfully developed high-performance acoustic TENG devices with 
sound pressure enhancing effect based on multi-tube [21] or coniform 
tube [22] resonators. However, the convenient and accurate sound 
sensing, especially voice-related sensing, which demands high electric 
output with excellent signal-to-noise ratio, still needs to be addressed. In 
general, TENG device that combines efficient low-frequency sound en
ergy harvesting with superb sound sensing capability is still a formidable 
challenge. 

Herein, we report a multi-hole acoustic resonator enhanced tribo
electric nanogenerator (MHAR-TENG) that combines high power den
sity with intelligent sound signal sensing. The MHAR-TENG is designed 
by coupling the perforated plate resonator and the pressure differential 
acoustic receiver. It can produce high electrical output and exhibit 
excellent sound sensing ability through the combination of sound 
pressure amplification effect and proximity effect. The advantages of the 
MHAR-TENG are proved theoretically and experimentally. Under 
150 Hz and 104 dB sound wave excitation, the MHAR-TENG generates 
open-circuit voltage (VOC) of 347.3 V, short-circuit current (ISC) of 
95.8 µA and transfer charge (QSC) of 292.8 nC. Under the same excita
tion, the maximum charging rate of the MHAR-TENG is 31.9 µC/s and its 
instantaneous power density is 8.9 W/m2, which are higher than those 
of previously reported sound-driven TENG and PENG (Piezoelectric 
Nanogenerator) devices. In addition, the MHAR-TENG can not only 
power miniature electronic devices, but also work as a self-powered 
sound signal sensor. Assisted by machine learning analysis technology, 
MHAR-TENG realizes the recognition of individual voiceprint, and the 

classification of various voice emotions of a single person, which is not 
reported before to the best of our knowledge. The recognition accuracy 
of the MHAR-TENG is over 90 %, while that of the acoustic TENG 
without a muti holes resonator is only 26 %. In general, this work pro
vides a new model for the large-scale application of future acoustic-to- 
electrical conversion in the fields of noise recycling, military moni
toring, and acoustic human-machine interaction [23–25]. 

2. Results and discussion 

As shown in Fig. 1a, the MHAR-TENG consists of an acoustic reso
nant cavity based on a perforated plate and an acoustic TENG. The 
detailed layer-by-layer structural scheme of the acoustic TENG is shown 
in Fig. 1b. It is composed of a conductive fabric, a spacer with the 
thickness of 70 µm, PVDF nanofiber film, a commercial PE film and Al 
electrode. The SEM image of PVDF nanofibers is shown in the Fig. 1c. 
The PVDF nanofibers were fabricated by electrospinning, which is pro
pitious to the polarization of PVDF molecules (schematic of the elec
trospinning setup in Supplementary Fig. S1). The prepared nanofibers 
have a smooth surface without beads, and the average diameter is be
tween 400 and 900 nm. The fibrous microstructure of PVDF films can 
greatly increase the contact area with the conductive fabric in the con
tact mode, thereby facilitating the charge transfer [26]. The inherent 
air-permeable microporous structure of the fabric is beneficial to the 
transmission of sound waves, as shown in Fig. 1d. In order to transfer 
charges instantly to the external circuit, the Al electrode with a thickness 
of 90 nm is pre-deposited on one side of the PE film via magnetron 
Sputtering (Supplementary Fig. S2). The detailed device fabrication 
process is described in Experimental Section. Fig. 1e shows the front and 
back of the MHAR-TENG. The size of the acoustic TENG and the reso
nant cavity is well matched, which is beneficial to the full utilization of 
incident sound wave and the formation of internal and external sound 
pressure differences. 

The structural design of the MHAR-TENG combines the principle of 
perforated plate and the advantages of the pressure differential acoustic 
receiver model, which plays a vital role in the resonant absorption of 
low-frequency sound waves. A receiver based on the principle of the 
pressure difference between two adjacent points in the sound field is 
called a pressure differential receiver. The front and the back sides of the 
vibrating film are located at different positions within the sound field, 
which leads to a net sound pressure difference exerted on the film due to 
the varied sound pressure intensity at the two individual sides. Such 
desired pressure difference drives the vibration of the flexible film. On 
one hand, as a classical resonant sound absorption structure, perforated 
plate is actually composed of many parallel cavity resonators (Helm
holtz resonators), which can be used to concentrate acoustic energy and 
amplify sound pressure [27] (Fig. 1f). On the other hand, the pressure 
differential acoustic receiver almost only responds to the incident sound 
wave from the front hemisphere, so it is used as a sound signal sensor. 
Such proximity effect can eliminate noise interference from other di
rections, enabling reliable sound sensing applications [28]. 

After the acoustic TENG is placed inside the resonant cavity, the PE 
film would vibrate when the TENG is triggered by an external sound 
wave excitation. Fig. 1g schematically depicts the working mechanism 
of the acoustic TENG. At the beginning, the PVDF film with strong 
electronegativity would attract free electrons from the bottom conduc
tive fabric upon contact [29]. Subsequently, the vibrating film separates 
from the bottom electrode under the action of sound pressure, resulting 
in the separation of positive and negative triboelectric charges and a 
potential difference between the two electrodes. The negative charge, 
driven by the potential difference, flows from the aluminum electrode to 
the fabric electrode through an external circuit to balance the local 
electric field and generate a pulsed current. At the maximum separation 
displacement, the electrostatic equilibrium is established and the charge 
flowing stops. As the vibrating film approaches the bottom electrode, the 
potential difference gradually decreases and current of opposite 
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direction is generated. In order to further confirm the working principle 
of the acoustic TENG, Fig. 1g shows the simulation results of potential 
distribution of the MHAR-TENG. 

First, we compared the output performance difference of the MHAR- 
TENG and the acoustic TENG without a multi-hole resonator. The test 
frequency range is 50–170 Hz, and the sound pressure level ranges from 
54.8 to 100.1 dB. In this part, a loudspeaker is used to provide a sine 
wave, and the frequency or amplitude of the sound wave are adjusted by 
an audio signal generator. During the test, a foam plate is placed under 
the MHAR-TENG to prevent the vibration caused by the loudspeaker 
from being transmitted through the table, which will interfere with the 
test results (Supplementary Fig. S3). The VOC of the acoustic TENG and 
the MHAR-TENG under the same excitation of sound waves is displayed 
in Fig. 2a. The trend of their output performance with frequency is 
similar. The VOC of TENG and MHAR-TENG increases gradually with 
acoustic frequency and reaches peak value at 100 Hz and 150 Hz 
respectively, after which, the Voc of both devices decreases sharply and 
then stabilizes at a very low value. Although they show similar output 
trend with frequency, the output performance of the MHAR-TENG is 
much higher than that of acoustic TENG in the whole test frequency 
range. The peak Voc of the MHAR-TENG is 314 V, around 3 times higher 
than that of the acoustic TENG, which is only 77.4 V. Similarly, the peak 
Isc of MHAR-TENG is 95.54 µA, 4.6 times higher than that of the 
acoustic TENG, which is 17.02 µA, as shown in Supplementary Fig. S4. 
Under acoustic excitation of maximum amplitude, the resonance fre
quency band of the MHAR-TENG is notably broadened. For example, for 
the MHAR-TENG, the resonance frequency range for VOC higher than 
60 V, is 50–150 Hz. While the range is much smaller for the acoustic 
conventional TENG, being from 90 to 120 Hz. Also, we found that the 
TENG with a fully opened resonator (no holes) exhibited similar output 
performance to that of a single TENG device in air, which verified the 

acoustic energy enhancing effect of the perforated plate with designed 
holes. 

The superior output performance is attributed to the enhancement of 
the harvested acoustic energy in resonant cavity. Actually, the conven
tional perforated plate resonators can be regarded as a set of mass-spring 
resonance system [30]: The air vibrates with sound waves in the holes 
like a sound quality element; The pressure in the cavity changes with the 
expansion and contraction of the air like a spring. When the frequency of 
the incident sound wave matches the resonance frequency of the system, 
the air at the holes generates intense vibration and friction, which 
strengthens the resonant absorption effect, forms an absorption peak, 
and significantly increases the acoustic energy in the cavity. On the 
contrary, when it is far from the resonance frequency, the sound pres
sure amplification effect weakens gradually [31]. Based on ANSYS 
simulation modeling, two-dimensional cross-sectional view of sound 
pressure distribution map of the MHAR-TENG under an acoustic fre
quency of 150 Hz is obtained, as shown in Fig. 2b. The result shows that 
the maximum sound pressure is located at the sound source, and the 
sound pressure decreases rapidly as the sound wave propagates out
wards. While within the same radius, the sound pressure inside the 
resonator is obviously higher than that outside. 

By adjusting the structural parameters of the resonant cavity, we can 
broaden the acoustic resonance frequency band and enhance the sound 
absorption effect. The resonance frequency of the perforated plate is 
calculated as follow [32]: 

f0 =
c

2π

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
P

(t + 0.8d)L

√

(2)  

where L is the thickness of the air layer behind the plate, t the thickness 
of the plate, d the hole diameter, c the speed of sound, and P the 

Fig. 1. Structure and mechanism of the MHAR-TENG. a Structure scheme of the MHAR-TENG. b Schematic diagram of the acoustic TENG without the resonant 
cavity. c SEM image of the PVDF nanofibers. Scale bar, 2 µm. d SEM image of the conductive fabric. Scale bar, 200 µm. e Optical photograph of the MHAR-TENG. 
Scale bar, 2 cm. f Schematic diagram of sound pressure amplification of the MHAR-TENG. g Working mechanism of the acoustic TENG and the COMSOL simulation of 
periodic potential variation between two electrodes of the acoustic TENG. 
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perforation rate (perforation area/full area). From Eq. (2), P and d are 
the main influencing factors of the perforated panel resonance fre
quency. Therefore, we combined the acoustic TENG and the resonant 
cavities with different P and d to form NHAR-TENGs (N in “NHAR- 
TENGs” represents the number of holes), so as to investigate the impact 
of perforation rate on the output performance. The photos of resonant 
cavities with different perforation rates are shown in Supplementary 
Fig. S5. When other parameters such as volume and wall thickness are 
the same, the perforation rate of the resonant cavity increases from 4.81 
% (double holes acoustic resonator-TENG) to 9.6% (four holes acoustic 
resonator-TENG), 11.04 % (single hole acoustic resonator-TENG) and 
21.6 % (MHAR-TENG). The holes are arranged in an axisymmetric 
manner, and each resonant cavity is 3D printed with the same UV 
Curable Resin material. 

Sound pressure level (SPL) is a logarithmic measure of the effective 
pressure of a sound relative to a reference value, also the most used 
indicator of the acoustic wave strength. The SPL values within TENGs 
under the same excitation conditions can be adopted to assess the sound 
wave enhancing effect of the resonators. Further characterization 
examined the detailed relationship between SPLs of NHAR-TENGs and 

perforation rate, as shown in Fig. 2c. In the resonance frequency range of 
50–150 Hz, the SPL of the MHAR-TENG is slightly higher than that of 
other NHAR-TENGs under the same excitation, which proves that it has 
the strongest sound pressure amplification effect. The maximum SPL of 
the MHAR-TENG (104 dB,150 Hz) is higher than that of DHAR-TENG 
(101.5 dB,120 Hz), FHAR-TENG (101.3 dB,120 Hz), SHAR-TENG 
(103.3 dB,140 Hz). Above 200 Hz, the SPL difference of the NHAR- 
TENGs can be neglected since the resonance effect is very weak in this 
range. 

Fig. 2d-f shows the ISC, QSC, and VOC of NHAR-TENGs with different 
perforation rates and their effective acoustic resonance frequency is 
concentrated within 50–200 Hz. In this resonance frequency range, the 
overall output performance of the MHAR-TENG is higher than that of 
other NHAR-TENGs at each frequency under the same excitation of 
sound waves. Besides, each curve has a significant performance degra
dation beyond the optimal output frequency. The optimal output fre
quency of NHAR-TENGs changes from 120 to 150 Hz with the increase 
of the perforation rate, which accords with the law described in Eq. (2). 
In fact, according to Eq. (2), the theoretical resonance frequencies of 
NHAR-TENGs are 116.9 Hz for DHAR-TENGs, 165.2 Hz for FHAR- 

Fig. 2. Influence of the structural parameters on the output power performance of the MHAR-TENG. a VOC of the acoustic TENG and the MHAR-TENG under the 
same excitation of sound waves with frequencies ranging from 50 to 170 Hz. b Two-dimensional cross-sectional view of sound pressure distribution map of the 
MHAR-TENG under an acoustic frequency of 150 Hz. c The measured SPLs for several NHAR-TENGs under the excitation of sound waves with frequencies ranging 
from 50 to 400 Hz. d ISC, e QSC and f VOC of NHAR-TENGS vary with frequencies ranging from 50 to 400 Hz when changing perforation rate. Comparison of g ISC, h 
QSC and i VOC of NHAR-TENGS under an acoustic frequency of 150 Hz. 
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TENG, 126.3 Hz for SHAR-TENG and 247.8 Hz for MHAR-TENG, 
respectively. The insignificant deviation between the measured and 
theoretical resonance frequencies is because that NHAR-TENGs are not a 
completely perforated plate structure and the boundary consistency of 
the NHAR-TENGs is destroyed by the existence of the flexible film. As 
shown in Fig. 2g-i, the short-circuit current increases from 42.42 to 
95.84 µA, the transfer charge from 123.12 to 292.85 nC and the open- 
circuit voltage from 118.84 to 347.31 V, as the perforation rate in
creases from 4.81 % to 21.6 % under 150 Hz sound wave excitation. The 
increase is 55.74 %, 57.96 % and 65.78 %, respectively. It is worth 
noting that the output performance of FHAR-TENG and SHAR-TENG is 
basically the same in the frequency range from 50 to 400 Hz when the 
hole diameter is different but the perforation rate is similar, as shown in 
Fig. 2d-f and Fig. 2g-i. 

Hence, it can be concluded that the sound pressure amplification 
effect is stronger with a higher perforation rate. Specifically, when the 
sound wave propagates to the hole, the wave at the hole is regarded as a 
new independent wave source. The increase in the number of indepen
dent wave sources causes the superposition of the sound waves passing 
through different holes, which enhances the pressure in the cavity. 
Taking the superposition of two series of waves as an example, suppose 
that the sound wave emitted by the loudspeaker passes through the 
holes of the resonant cavity to form two series of sound waves of the 
same frequency. Their sound pressure is p1 and p2, respectively, and the 
sound pressure of their synthesized sound field is p, which all satisfies 
the basic wave equation: 

∇2p =
1
c2

0

∂2p
∂t2 ∇

2p1 =
1
c2

0

∂2p1

∂t2 ∇2p2 =
1
c2

0

∂2p2

∂t2 (3) 

Add the above two equations, since each equation is linear: 

(p1 + p2) =
1
c2

0

∂2
(p1 + p2)

∂t2 (4) 

Comparing Eqs. (3) and (4), and considering that the acoustic 
boundary conditions are also linear: 

p = p1 + p2 (5) 

Therefore, the sound pressure synthesized by two waves is equal to 
the sum of the sound pressure of each wave, which is called the principle 
of acoustic superposition. This conclusion can be extended to the 
simultaneous existence of multiple acoustic waves. In all, compared with 
other perforated resonators with less holes, the multi-hole acoustic 
resonator exhibited higher electrical output performance and broader 
half-peak width of the resonant band, which conforms to the principle of 
acoustic superposition. The MHAR-TENG was further systematically 
investigated for optimized performance. 

Frequency and amplitude are basic parameters to describe acoustic 
characteristics. To investigate the impact of the amplitude of the sound 
wave on the output performance of the MHAR-TENG, we fixed the fre
quency of the audio signal generator at 150 Hz, adjusted its output 
voltage amplitude to change the SPL of the sound wave, and collected 
the VOC and ISC of the MHAR-TENG as exhibited in Fig. 3a, b. As the SPL 
increases from 70 to 104 dB, the VOC and ISC increased evidently from 10 
to 340 V, and 2.7–95 µA, respectively. It is worth noting that the 
increment of voltage is not obvious when the SPL is in the range of 
70 dB~82 dB. However, when the SPL is in the range of 82 dB~104 dB, 
the voltage increments almost double for every 6 dB increment, and the 
growth trend of current is similar. According to previous reports [33, 
34], the open-circuit voltage of the MHAR-TENG can be calculated as 
following: 

VOC =
σx(t)

ε0
(6) 

Here σ is the charge density, x(t) the separation displacement of the 
PE film, and ε0the dielectric constant. Therefore, at same frequency, the 
increase in sound pressure makes the film vertical displacement and 

Fig. 3. Influence of the acoustic parameters on the output power performance of the MHAR-TENG. a VOC and b ISC of the MHAR-TENG under sound with 150 Hz and 
different SPLs ranging from 70 dB to 104 dB. c Enlarged view of the VOC of the MHAR-TENG under frequency of 150 Hz and SPL of 104 dB. d ISC and e QSC of the 
MHAR-TENG under different amplitude sound wave excitation with frequencies ranging from 50 to 400 Hz. f The MHAR-TENG is used as a sound wave sensor for 
distance detection of environmental sound sources. 
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contact area increase gradually, resulting in higher electrical output. In 
addition, as shown in Figure3c, the period between the voltage peaks is 
6.7 ms, which clearly matches the acoustic excitation frequency of 
150 Hz, indicating that the MHAR-TENG has precise frequency 
response, which is particularly important in audio signal sensing 
applications. 

At the same time, Fig. 3d and Fig. 3e depict the relationship between 
the ISC, QSC and frequency of the MHAR-TENG under different sound 
wave amplitudes, respectively. We used an audio signal generator to 
adjust the sound wave amplitude (input voltages of 3, 7, and 18 V to the 
generator for comparative testing), and the SPLs at the same frequency 
ranged from 57.2 dB to 94.2 dB, 71.6–100.1 dB, 87.2–103.9 dB, 
respectively. As the amplitude of the sound wave increases, the peak 
electrical output increases significantly. For example, the ISC increased 
from 25.8 to 95.8 µA. It is interesting that the optimal output frequency 
of the MHAR-TENG increases gradually as the amplitude increases. The 
optimal output frequencies are 100, 120, and 150 Hz at input voltages of 
3, 7, and 18 V, respectively. The main reason for this phenomenon is the 
change of sound wave energy. Sound intensity (I) is a characteristic 
parameter describing the energy passing through a unit area perpen
dicular to the direction of sound wave propagation, which is defined as: 

I =
1
2

ρcω2A2 (7)  

wherein ρ is the density of the medium, ω the angular frequency, c the 
speed of sound, and A the amplitude of the sound wave. Eq. (7) indicates 
that the sound intensity is proportional to the square of the amplitude. 
At the same frequency, the sound wave with small amplitude generates 
lower energy. As a result, the contact-separation process of the vibrating 
membrane driven by small amplitude acoustic wave is not sufficient. 
The displacement and contact area decrease, and the electrical output 
performance declines accordingly. In addition, the optimal output fre
quency decreases as the amplitude of the sound wave decreases. 
Therefore, it can be concluded that the optimal output frequency of the 
MHAR-TENG, also known as the resonance frequency, is determined by 
the external sound wave excitation and its structure. We further evalu
ated how the distance from the MHAR-TENG to the sound source affect 
the output signal. At a fixed frequency of 150 Hz, the electrical output is 
measured in Fig. 3f. The ISC decreased from 94.7 to 0.21 µA, VOC from 
350 to 2.59 V, when the distance increased from 1 to 20 cm. Through 
such a test, a quantitative model of the MHAR-TENG for distance 
detection of forward sound sources can be established. 

Power density is an important performance indicator for evaluating 
acoustic energy harvester. As shown in Fig. 4a, with the increase of the 

Fig. 4. The MHAR-TENG as a sustainable power source and for sound signal sensing. a Dependence of the output power on the external load resistance. b Output 
power density compared with reported works. c Charging of different capacitors by the MHAR-TENG electrical output under frequency of 150 Hz and SPL of 104 dB. 
d Photograph of “SICCAS” composed of LED lights are directly lit up by the MHAR-TENG and its circuit diagram. e Experimental graph of the power supply for a small 
electronic clock; after the 100 µF capacitor is charged to 3 V. f The MHAR-TENG and the acoustic TENG are used for simple human voice signal detection. g The time- 
domain sound wave signal (top) and spectrograms(bottom) of original voice and restored voice. 
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external loading resistance, the instantaneous output power first in
creases and then decreases under 150 Hz and 104 dB sound wave 
excitation. The instantaneous output power reaches the maximum value 
of 22.27 mW at optimal external resistance of 2 MΩ. Furthermore, 
Fig. 4b shows the output power density of the MHAR-TENG (8.9 W/m2) 
is not only much higher than those of the piezoelectric or piezo- 
triboelectric nanogenerators, but also superior to those of sound- 
driven TENGs with resonators reported previously [3,17,18,20, 
35–42]. The principle of acoustic superposition and the sound pressure 
amplification effect synergistically promote the concentration of 
acoustic energy in MHAR-TENG and improve the electrical output per
formance. The specific data of different works are shown in Supple
mentary Table 1. The higher power density achieved at lower SPL, fully 
endows the MHAR-TENG with huge advantage in acoustic-to-electricity 
conversion. 

The high output power density imparts good charging ability to the 
MHAR-TENG. Fig. 4c shows the charging curves of the MHAR-TENG for 
different capacitors under 150 Hz, 104 dB sound wave excitation. The 
47 µF capacitor is charged from 0 to 3 V within only approximately 
6.69 s, whereas about 86.85 s are required for a 1000 µF capacitor. 
Besides, charging curves of a 100 µF capacitor at different frequencies is 
shown in Supplementary Fig. S6a. The results indicate that the charging 
speed of 100 µF capacitor increases first and then decreases with the 
change of acoustic frequency. The actual measured charging rate is 
calculated from the charging curve and plotted in Supplementary 
Fig. S6b. Under the excitation of 150 Hz sound wave, a 100 µF capacitor 
can be charged to above 7 V in 22 s and the maximum charging rate of 
MHAR-TENG reaches 31.9 µC/s. Such a charging rate has a significant 
improvement compared to other sound-driven TENGs with the same 
effective working area [18,19,35]. 

In order to verify the actual power supply utility, we connected the 
MHAR-TENG to a full-wave rectifier bridge, and the output energy is 
directly supplied to the LEDs. Fig. 4d shows the digital photo and circuit 
diagram of lighting LEDs, and all the LEDs in the word “SICCAS” could 
be easily lit up driven by sound wave with the frequency of 150 Hz and 
SPL of 104 dB (Supplementary Movie S1). Under the same sound pres
sure level, the 100 μF capacitor was quickly charged to 3 V and suc
cessfully powered the electronic clock continuously, as depicted in 
Fig. 4e and Supplementary Movie S2. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.108237. 

In addition, due to the accurate frequency resolution and proximity 
effect, the MHAR-TENG can also be utilized as a self-powered sound 
sensor. On one hand, as shown in Fig. 4f, one volunteer spoke the letters 
"A", "B", "C" and "D" to the MHAR-TENG and the control acoustic TENG, 
using the same speech speed and volume. Compared with the acoustic 
TENG, the MHAR-TENG can amplify the received vocal signal strength 
significantly. The signal amplitude of "A", "B", "C" and "D" increased from 
20 nA to more than 100 nA. On the other hand, as the loudspeaker 
played a part of the pure music “summer”, the MHAR-TENG converted 
the music signal into current signal from the loudspeaker (distance of 
20 cm). Current signals with high signal-to-noise ratio and superb fi
delity can be easily obtained without the need of complicated signal 
post-processing. Subsequently, the current waveform was restored to 
music simply after filtering noise by MATLAB software. The restored 
music sounded almost the same as the original music (signal recording 
and restoration in Supplementary Movie S3). The time-domain sound 
wave signal, and spectrograms of original and restored music are shown 
in Supplementary Fig. S7, respectively. Program written in MATLAB is 
shown as Supplementary Note 1. Not only music, but a speech sentence 
“I love China” played by the loudspeaker can also be directly recorded 
and clearly restored by the MHAR-TENG. As show in Fig. 4g, the similar 
time-domain sound wave signal, and spectrograms of the original and 
restored voice, indicate that the MHAR-TENG has the potential to work 
as an efficient self-powered sound sensor. 

Supplementary material related to this article can be found online at 

doi:10.1016/j.nanoen.2023.108237. 
The above work shows that the proposed MHAR-TENG can accu

rately perceive and record human voice signals, suggesting a powerful 
tool for artificial intelligent speech interaction. Besides, machine 
learning technology can provide an effective method to automatically 
learn representative features from the collected original signals, and has 
made great achievements in audio analysis [4]. When the MHAR-TENG 
is combined with machine learning auxiliary signal analysis technology, 
an intelligent sound signal analysis platform can be developed for 
voiceprint identification and emotion recognition. The structure and 
data process flow of the MHAR-TENG for individual voice physiology 
recognition is shown in Fig. 5a. Upon the excitation of utterance, the 
generated charge, current, and voltage signals from the MHAR-TENG 
are acquired by the signal acquisition module in a real-time manner. 
Fig. 5b schematically shows the individual voiceprint identification 
through machine-learning assisted MHAR-TENG. Specifically, 60,000 
samples in charge, current, and voltage channels (marked as one group) 
were collected separately for each user when speaking a sentence “Open 
the door, please”. Then, a whole dataset was built from 8 different users 
(5 male and 3 female). There are 4 groups of data in total used for 
analysis: 3 groups for training, and 1 for prediction. The output raw 
signals for each user’s voice are shown in Supplementary Fig. S8, while 
the recorded voice for 8 different users is shown in Supplementary 
Movie S4. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.108237. 

In this study, the data training model used in the system were 
configured as follows: the principal component analysis (PCA) was used 
to implement the features for training, the Ensemble classifier (Bagged 
Trees) was used for data classification, and the confusion chart was 
obtained after training, as shown in Fig. 5c. It was observed that the 
trained model was able to distinguish the different voiceprint of eight 
users with accuracy of 92.7 %. For comparison, the same voiceprint 
recognition training procedure was performed to the conventional 
acoustic TENG as control group. The corresponding signal patterns of 8 
different users and the predicted results are shown in supplementary 
Fig. S9, showing a recognition accuracy of only 26 %. Fig. 5d provides 
the accuracy comparison of conventional TENG and MHAR-TENG for 8 
different users in voiceprint identification using the same processing 
protocol. The results confirm the accuracy of the individual voiceprint 
recognition can be improved considerably, which can be attributed to 
the sound pressure amplification capability and sound receiving struc
ture of the MHAR-TENG. 

Fig. 5e shows schematic process of the emotion recognition through 
machine-learning assisted MHAR-TENG. 60,000 samples in charge, 
current and voltage channels (marked as one group) were collected 
separately for one user when speaking a sentence “I feel good” in angry, 
happy, and sad moods. The user was required to express the emotional 
characteristics in the uttered words for effective classification. 4 groups 
of data in total were collected: 3 groups for training, and 1 for predic
tion. The output charge, current, and voltage signals collected when the 
user’s voice is played is shown in Fig. 5f, while the recorded voice of the 
user is shown in Supplementary Movie S5. The flow chart and classifier 
remained consistent with the voiceprint recognition. The prediction 
data analyzed with emotion trained model was used for accuracy 
calculation and plotting confusion map in Fig. 5g. The average recog
nition accuracy is 93.6 %, providing great potential for high-accuracy 
emotion recognition based on machine learning prediction. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.108237. 

Overall, in these intelligent voice sensing demonstrations, the unique 
voiceprint of different individuals and the emotional information con
tained in the speech can be successfully recognized, demonstrating the 
potential of the MHAR-TENG in the secure unlocking of voiceprints and 
intelligent human-computer interaction. 
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3. Conclusion 

In summary, we propose an acoustic energy harvester MHAR-TENG, 
which consists of an acoustic TENG and a 3D-printed muti-hole acoustic 
resonator. The MHAR-TENG based on the coupling of a perforated plate 
resonator and a pressure differential acoustic receiver exhibits excellent 
acoustic-to-electrical conversion and sound signal sensing capabilities. 
Compared with the acoustic TENG without the resonator, the MHAR- 
TENG has a much higher output performance, with the maximum 
output voltage and current increasing by 3and 4.6 times, respectively. 
Under the optimal frequency of 150 Hz and SPL of 104 dB, the open- 
circuit voltage and short-circuit current can reach 347.31 V and 
95.84 µA, respectively. Further, we found that, the increase of the 
perforation rate of the resonant cavity allows the sound waves passing 
through the different holes to be superimposed on each other to form a 
synthesized sound field, which can effectively improve the sound pres
sure in the cavity and the electrical output performance of the MHAR- 
TENG. The MHAR-TENG shows ultrahigh output performance and 
application potential in acoustic energy harvesting. The charging speed 
for capacitors can reach 31.9 µC/s, and the maximum instantaneous 
power density is 8.9 W/m2, which is higher than sound-driven TENG 
devices previously reported. Moreover, combined with machine 
learning technology, the MHAR-TENG can be used as a self-powered 

intelligent sound signal analysis platform for individual voiceprint 
identification and emotion recognition, with an accuracy of over 90%, 
much higher than a conventional sound-driven TENG. As an advanced 
acoustic energy harvester, the MHAR-TENG provides a new model for 
the large-scale utilization of acoustic energy and sound sensing in the 
future. 

4. Experimental section 

4.1. Fabrication of the PVDF nanofibers membrane 

First, 1.08 g PVDF, 2.82 g N, N-dimethylformamide (DMF) and 
5.10 g acetone were mixed in a 50 ml triangular flask. Then the homo
geneous PVDF solution was vigorously stirred at room temperature for 
4 h. Next, the solution was heat in oil bath for 30 min at 60 ◦C, which is 
favorable to avoid the generation of bead in the as-fabricated nanofibers. 
To begin with electrospinning, the uniform solution was added into a 
5 ml syringe with a 25-gauge stainless-steel needle. And the electro- 
spinning process was performed under the applied positive high 
voltage of 16 kV, spinning distance of 13 cm, and feed rate of 2.4 ml/h. 
The surface of the grounded rotating drum (250 rpm) was covered with 
a piece of PE film for collecting the PVDF nanofibers. Electrospinning 
time lasts for 15 min. Finally, the PVDF nanofibers were dried at 60 ◦C 

Fig. 5. Intelligent voice sensing via machine-learning assisted MHAR-TENG. a The structure and data process flow of the MHAR-TENG for individual voice phys
iology recognition. b Schematic diagram of the voiceprint identification process. c The confusion map of voiceprint recognition results. d Accuracy comparison of 
conventional TENG and MHAR-TENG in voiceprint identification. e Schematic diagram of the emotion recognition. f Charge, current and voltage plots for one user 
when speaking “I feel good” under different emotions of being angry, happy, and sad. g The confusion map of emotion recognition results. 
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for 6 h in a vacuum drying oven. 

4.2. Fabrication of the multi-hole acoustic resonator-triboelectric 
nanogenerator 

The fabrication process of the MHAR-TENG can be divided into 
printing of the acoustic resonant cavity, the preparation of the acoustic 
TENG, and assembly of devices. The volume of the resonant cavity is 
80 × 80 × 120 mm, and it was printed by a 3D printer with UV Curable 
Resin material. The printed shell with UV Curable Resin has a smooth 
surface, good toughness and high strength, which is also good for 
reflection and resonance of sound waves. The resonant cavity can be 
printed using a high-precision 3D printer to produce different acoustic 
hole structures for the convenience of comparison experiments. Typi
cally, a piece of 3 mm thick square ABS sheet, which has a hollow 
structure with an inner diameter of 50 mm and outer diameter of 
74 mm, was served as supporting substrate of the acoustic TENG. Then, 
A piece of conductive fabric (60 × 60 mm) was attached flat to the 
substrate along the four edges of the inner diameter to act as the bottom 
electrode. The conductive fabric (MF32D, purchased from Saintyear 
Electronic Technology Co., LTD.) was polyester mesh coated with 
copper-nickel metal layer on the surface, which has low surface resis
tance (≤0.1 Ω/sq), good light and air permeability. Next, a double-sided 
tape used as spacer layer was adhered to the four edges of the conductive 
fabric, and the PE film was chosen as the vibrating membrane of the 
device, whose one surface is deposited with Al layer and the other sur
face is covered with PVDF nanofiber film to work as the tribo-layer. The 
thickness of the spacer was tuned to be 70 µm for optimized vibration 
space. Thus, the acoustic TENG was fabricated. The effective working 
area of the TENG was about 25 cm2. Finally, the acoustic TENG was 
nested into the resonant cavity at a depth of 8 cm to form the MHAR- 
TENG. To ensure the maximum acoustic energy utilization, the TENG 
and the 3D resonator should be tightly assembled and the TENG needs to 
be parallel to the cavity perforation surface. 

4.3. Characterization and electrical output measurement 

The surface morphology of PVDF nanofiber and conductive fabric 
was characterized by SU8220 field emission scanning electron micro
scope. When measuring the electrical output, a loudspeaker driven by an 
audio signal generator (RK1212D) faced the MHAR-TENG. A sound level 
meter (GM1353) was used to record the sound wave pressure, which 
accuracy and resolution are 1.5 dB and 0.1 dB, respectively. Pure music 
and human voice were played through the loudspeaker connected to a 
power amplifier (SA-5016). The output signals, including the open- 
circuit voltage, short-circuit current, and transferred charges, were 
measured by a Keithley 6514 electrometer. 

4.4. Finite element analysis of triboelectrics 

The electrical potential profiles of MHAR-TENG were performed by 
the finite element method using COMSOL Multiphysics with an Elec
trostatic module. The measured TENG dimension and other parameters 
selected from the COMSOL materials library were utilized in the simu
lation. The triboelectric charge densities of PVDF thin film and 
conductive fabrics are fixed at − 10 μC/m2 and 10 μC/m2, receptively, 
followed by the law of conservation of charge. From a view of a solid- 
solid interface for contact-separation mode with triboelectrification 
and electrostatic induction, the proposed TENG is approximated to a 
typically parallel-plate capacitor, so the potential distribution across the 
dielectric (air) is governed by the dielectric thickness or the distance 
between two triboelectric layers (PVDF and conductive fabrics), under a 
constant charge density. To reveal how the mechanical deformation/ 
displacement (e.g., contact, separation, maximum-displacement, and 
approaching) impacts the triboelectric output, 2D cross-sectional ge
ometries are introduced and analyzed electrically under various 

scenarios. The ground is connected to the outer edge of the surrounding 
air, and the free potential is selected at the conductive fabrics (elec
trodes) surface. 

4.5. Data collection and ml models 

The generated charge, current, and voltage signals from the MHAR- 
TENG were acquired by an electrometer (6514, Keithley) in a real-time 
manner, respectively. The whole dataset with a total number of 480000 
samples built from 8 different users was used, and we divided it into 4 
groups of data to perform the machine learning (i.e., 120,000 samples 
for each group data, 3 groups of data for training, and 1 for prediction). 
Then, a whole dataset was built from 8 different users, with a total 
number of 480000 samples, in which 75 % of data was used for training 
and 25 % for prediction. Concerning the individual voice recognition, 
60,000 samples in charge, current, and voltage channels (marked as one 
group) were collected separately for each user when speaking a sentence 
“OPEN THE DOOR PLEASE.” The data training models used in the sys
tem were configured as follows: the principal component analysis (PCA) 
was used to implement the features for training, the Ensemble classifier 
(Bagged Trees) was used for data classification, and the confusion chart 
was obtained after training. Moreover, the prediction data processed 
with voice trained model was used for accuracy calculation and plotting 
confusion map. The training procedure for conventional TENG voice 
recognition remains consistent with the MHAR-TENG. Moreover, for the 
mode recognition, 60,000 samples in charge, current and voltage 
channels (marked as one group) were collected separately for one user 
when speaking a sentence “I FEEL SAD” in angry, happy, and sad modes. 
4 group data in total were collected, 3 group data for training, and 1 for 
prediction. The flow chart and classifier remained consistent with the 
afore-mentioned voice recognition. The prediction data analyzed with 
mode trained model was used for accuracy calculation and plotting 
confusion map. The prediction accuracy was generally used to evaluate 
the model training results. The training models were developed in 
MATLAB and Python. 
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