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Based on the unique capacitance model of triboelectric technology, here, a novel self-powered triboelectric
acoustic sensor (T-MIC) was fabricated, which is capable of simultaneously sensing acoustic waves not only
covering the full frequency range of human hearing from 20 to 20,000 Hz, but also possessing higher frequency
resolution (accuracy 1 Hz) and higher sensitivity (21.50 times) than the best reported triboelectric acoustic
sensor. The T-MIC is faultless competent for commercial applications in high-quality music recording, wireless
video communication, voice content inputting and human-robot interaction. Furthermore, based on the principle
of acoustics, a theoretical model of T-MIC is proposed. Considering a broad selection of materials and the simpler
preparation process of T-MIC, it has great advantages than that of many commercial acoustic wave sensors in
performance and cost. So, the T-MIC can provide a feasible low-cost option for perception and detection of the
acoustic waves in the commercial applications.

1. Introduction
With the fast development of science and technology, it is inevitable
that the super smart digital city [1–3] must be formed for human society.
However, the foundation of building a super intelligent and digital
economy needs a cluster of Internet of Things (IoTs) [4–6] based on
cloud computing that requires a very large number of sensors. Sound, as
the most effective and straightforward communication channel, is an
indispensable link in mobile devices, music recording, human-robot
interaction and so on, which has played an essential role in building a
smart city. Since the first acoustic sensor appeared in the 19th century
(Carbon microphone was invented by Thomas Edison), the various
acoustic sensors have been fabricated and their performances have been
improved gradually as well. Among them, the electret microphone is one

of the typical acoustic sensors used widely in all kinds of acoustic
detection. The polarized electret materials lead to the finite selection of
the vibrating film materials, moreover, the complex fabrication process
brings out the higher cost of the electret microphone. Therefore, it is
necessary that the acoustic sensor need to explored further to overrides
the traditional microphones. Not only that, the accurate detection of the
acoustic wave is difficult, because of the wide frequency range of human
hearing (from 20 to 20,000 Hz) and the low pressure in most ambient
environments. Thus, the performance of the acoustic sensor needs to
continue to optimize, and the higher signal-to-noise ratio, higher
sensitivity, and wider frequency response of the acoustic wave sensor
urgently need to be proposed to meet high-sensitivity information
analysis and exchange effectively of the acoustic waves in practical IoTs
application (such as wireless voice communication, real-time recording,
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human-computer interaction, etc.). At the same time, the simple
manufacturing technology (cost optimization) and diversity of materials
need to be considerate that is one of the key elements for realization of
the huge commercial competitive advantage.
Recently, triboelectric nanogenerator (TENG) has been developed as
a new electromechanical conversion technology [7–13], and its basic
principle is the coupling of triboelectrification and electrostatic [14–16].
TENG has been exhibited very wide applications in mechanical sensing
[17–20] and energy harvesting [21–25] due to simple structures, low
cost and general materials. In particular, many acoustic wave sensors
have been proposed to detect and collect the energy of the acoustic
waves based on the capacitance model of TENG, such as the triboelectric
acoustic energy-harvesting device [26–29] and the 3D-printed acoustic
triboelectric nanogenerator [30], and the self-powered triboelectric
auditory sensor based on TENG for social robotics and hearing aids
(frequency range is 100–5,000 Hertz) [31] and the ultrathin
eardrum-inspired self-powered acoustic sensor (frequency range is
20–5,000 Hertz) [32] and transparent and conductive nanomembranes
with orthogonal silver nanowire arrays (frequency range is 100–10,000
Hertz) [33] with the best frequency response in ancient TENG work.
Besides, the single fiber enables acoustic fabrics via nanometer-scale
vibrations (frequency range is 20–10,000 Hertz) [34]. Although there
are so many works to detect acoustic waves based on TENG, the re
quirements of full human hearing are still very limited thanks to the
range of frequency response and the range of sound pressure level (SPL)
response (most devices obtain a good output when SPL more than 100
dB). Therefore, it is urgently necessary to further develop and explore
the acoustic sensors with wider frequency response and ultra-high
sensitivity to detect acoustic waves accurately and achieve to meet the
performance of commercial application.
To realize the full frequency response range (20–20,000 Hz) of
human hearing and ultra-high sensitivity for an acoustic sensor based on
TENG. Herein, the theoretical model of acoustic sensor based TENG is
established and a wide frequency and high accuracy of the self-powered
acoustic wave sensor based on the triboelectric capacitance of TENG (TMIC) was demonstrated. In this self-powered sensor, the capacitance is
composed of triboelectric film and metal electrode plate. The capability
of this triboelectric film can be performed the integrated real-time
sensing-transforming-logical response between the external acoustic
waves and electrical responsivity. When it is driven by the acoustic
waves, the electrical signals can be attained. Importantly, a circuit board
with a triode is used to amplify the initial electrical signal of triboelectric
capacitance, and an external circuit is employed to amplify and accu
rately detect the acoustic signals. Therefore, T-MIC can detect the full
frequency range of human hearing (20–20,000 Hz) and 2.00 times than
that of the best existing report [33]. Its output performance of full fre
quency range is much higher, especially, at a lower SPL (70 dB), the
output is 21.50 times than the work [33], and its sensitivity is two times
of one commercial electret microphone (sensitivity is − 30 ± 3 dB).
What’s more, T-MIC has the potential for detecting wider frequency
range (more than 20–20,000 Hz) and frequency resolution of more than
1 Hz. Moreover, not only the high output performance can be attained,
but also the different materials such as FEP, PI, PET and PTFE as
triboelectric films in the T-MIC can detect acoustic waves with
high-sensitivity sensing and high-precision monitoring as well, while
their detection sensitivity is affected by the thickness and electronega
tivity of the triboelectric films. These excellent properties enable T-MIC
to be a highly reliable and self-powered reconfigurable in the scenes of
acoustic sensor capable in high-quality music recording, real-time
wireless video communication, human-robot interaction, and voice
content inputting. This T-MIC can faultlessly competent the integrated
real-time sensing-transforming-logic response. Beyond that, with
extensive material selection and simplified process flow, T-MIC has great
advantages in cost, which could provide a feasible option to reduce the
cost of acoustic detection on the IoTs as well.

2. Results
2.1. Theoretical model, structure and performance of T-MIC
Figure 1A displays the simulation structure and one of the applica
tion scenarios of T-MIC. The height of T-MIC is 6 mm, the section
diameter is 14 mm. A capacitance is formed of the triboelectric film and
the back-metal plate under the isolation of the plastic ring. The tribo
electric film is deformed by acoustic waves and the capacitance is
changed, then the initial electrical signals can be generated based on the
triboelectric effect. The tail structure forms a cavity which is conducive
to the vibration of the film. Last, the initial electrical signals are
amplified by the circuit board due to implanted a triode in T-MIC. The
photograph of the detail structure is shown in fig. S1(a). Fig. 1B(I-III)
show the schematic diagram of the reciprocating vibration of the film
under the acoustic waves. To explore the theoretical process of elec
tromechanical conversion for T-MIC, based on the principle of acoustic
vibration and the capacitance structure of T-MIC, the movement process
of the vibrated film is analyzed theoretically. First, the corresponding
formula of the small amplitude wave equation in ideal fluid medium
(air) is obtained
∇2 p =

1 ∂2 p
c2 ∂t2

(1)

Where ∇2 is Laplace operator, p represents the sound pressure, c is the
sound velocity. Get the solution of wave equation in polar coordinate
system
p=

A
exp[j(ωt − kr)]
r

(2)

Where r is the distance from source point, k is the wave number (equal to

ω/r), A represents the sound pressure of sound source. The detailed

discussion is shown in notes S1 [35]. The sound pressure of spherical
waves is diffused and varied with the increase of propagation distance.
Therefore, the vibration motion state of thin film can be analyzed under
the acoustic wave. The displacement variation formula of the membrane
is obtained
(
)
] ( )
[
p0 J0 (kr1 )
u r1 , t = 2
(3)
− 1 exp jωt
k T J0 (ka)

Where p0 is the peak sound pressure, T is the stretching force, J0 presents
the Bessel function, r1 is the distance from membrane center and a is the
radius of film. According to the Eq. (3), the position state diagram of the
film can be obtained by programming simulation. Here, the radius of
film is 5.5 mm, taking the pressure of acoustic wave (1,000 Hz) as
0.02 Pa and the stretching force as 50 N. Fig. 1B(i-iii) display the
different displacement distribution in the different vibration conditions.
The forward maximum displacement distribution is shown in Fig. 1B(i).
The equilibrium displacement distribution is exhibited in Fig. 1B(ii), and
reverse maximum unique distribution is demonstrated in Fig. 1B(iii).
Fig. 1C(i) shows the distribution curve of the maximum displacement of
the film. The average displacement of the film can be obtained by
integration.
]
( )
∫a
∫ a[
1
2πp0
J0 (kr)
u(t) = 2
2πu(r, t)rdr = 2 2
(4)
− 1 rdrexp jωt
πa 0
πa k T 0 J0 (ka)
So, the relationship between the average displacement of the film
and time is got.
( )
p0 J2 ωca
( ) exp(jωt)
u(t) = 2
(5)
k T J0 ωca
Where J2 is the Bessel function. The detailed discussion is shown in notes
S2. According to Eq. (5), the insert of Fig. 1C(ii) shows the simulate of
the relationship between the average displacement of the film with time
2
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Fig. 1. Structure and mechanism of the T-MIC. (A) Structure diagram of T-MIC and the simulation scenario. (B) Charge distribution and the displacement change
under the film vibration. (C) i) The maximum displacement distribution curve and ii) the relationship between displacement with SPL in simulate condition. (D) i)
The equivalent circuit diagram of T-MIC, ii) and iii) the waveforms at frequencies of 20 and 20,000 Hz detected by FEP film. (E) The comparison for reported TENG
acoustic sensors with T-MIC.
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in simulate condition. From the simulation results, the frequency of the
average changed displacement is 1000 Hz. The calculation formula of
SPL with sound pressure is
SPL = 20lg

Pe
Prfe

waves and the capacitance of the T-MIC is changed, so the original
signals are generated in external circuit and amplified by the triode. The
amplification curves of the whole circuit with different frequency signals
are shown in fig. S2(e). Fig. 1D(ii, iii) plot the waveforms of 20 and
20,000 Hz acoustic waves detected by T-MIC (FEP film, 30 µm), which
shows a great wide frequency response range. Fig. 1E shows the com
parison of T-MIC with the representative previous works of acoustic
sensors based on TENG. As from results, this work is much higher than
the previous works in detecting the frequency range of acoustic waves.

(6)

Where pe is the measured effective value of the sound pressure. prfe is the
reference sound pressure and prfe = 2 × 10− 5 Pa in the air. The rela
tionship between SPL and sound pressure is shown in Fig. S1(b). Based
on Eqs. (5) and (6), therefore, the relationship between average
displacement u(t) and SPL can be simulated as shown in Fig. 1C(ii), and
the displacement increase exponentially with SPL. Under extreme SPL or
other interference, the film can contact the metal plate (fig. S2(a)). Due
to the difference of electron affinity, it also can generate triboelectric
charges. Fig. S2(b) displays schematic diagram of triboelectric charge
generating for four states. When atoms are close to each other, electron
clouds are overlap, and the electrons move from the high-energy to lowenergy levels, and generate stable transferred charges. Two sides of FEP
film after evaporating in fig. S2(c) and the simulation curve for output
voltage of higher SPL in fig. S2(d). Fig. 1D(i) illustrates the equivalent
circuit diagram of the T-MIC. Triboelectric film is deformed by acoustic

2.2. Performance with materials and thickness
The property of the different materials as triboelectric film materials
and the different thicknesses for the same triboelectric material is
investigated. Fig. 2 presents the high-accuracy output performance of
the FEP triboelectric film (Unless otherwise specified, the applied
triboelectric film thickness is 30 µm.) under the different SPL and
different frequency acoustic waves. fig. S2(c) shows the photographs of
the front and back of the FEP film after being stuck with metal ring. A
layer of copper (400 Å) has evaporated on the surface. The size scheme
after evaporation is illustrated in Fig. 2A(i), where D (11 mm) is the
effective diameter of the film, d1 (30 µm) is the thickness of film, d2

Fig. 2. The output of FEP film under different frequency acoustic waves. (A) i) Schematic illustration for film size, ii) SEM pictures of FEP film before and after
evaporating copper (scale bar, 10 µm). (B) Schematic illustration of measure process. (C) The theoretical simulation relationship between output voltage with time in
simulate condition. (D) The simulation curve for output voltage and SPL. (E) The SPL of different frequency acoustic waves in the same test position. (F) Output
voltage with different frequency acoustic waves. (G) Detected frequency accuracy of T-MIC with FEP film (30 µm). (H) The output voltage of T-MIC under different
SPL (1000 Hz). (I) Output voltage of different triboelectric films under low frequency acoustic waves (50, 60, 70 and 80 Hz).
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(400 Å) is the thickness of copper layer. The SEM pictures also show the
surface before and after evaporating copper (Fig. 2A(ii)). The schematic
diagram of measure process is shown in Fig. 2B. Unless otherwise
specified, the applied acoustic waves are generated by a mobile phone
(50–20,000 Hz), then the signal of device is transmitted to the amplifi
cation circuit board and displayed in the computer by an oscilloscope.
When the film is vibrated by acoustic waves, the output voltage gener
ated by the average displacement is
e=

4π k0 σ

εr

u(t)

triboelectric film, this T-MIC faultless competent to detect the acoustic
waves with ultra-high precision and ultra-wide frequency response
range as well. Such good performance of this T-MIC may benefit from
commercia applications.
To illustrate the universality of triboelectric films can be used in this
T-MIC, PI, PET and PTFE films also are employed as triboelectric films of
T-MIC, and the corresponding properties were also investigated. Fig. S7
presents Fourier infrared spectrum of FEP, PI, PET and PTFE film
respectively. Fig. S8 exhibits the output performance of PI film. Fig. S8
(a) plots the SPL of the testing position (50–20,000 Hz). Fig. S8(b) shows
the output voltage of PI triboelectric film under the different frequency
acoustic waves (50–20,000 Hz), and the range of output voltage is
66.5–3210 mV. The output waveforms of different frequency acoustic
waves are shown in Fig. S9. Figures S9(a-c) exhibit the waveforms of
acoustic waves (20, 30 and 40 Hz), other frequency waveforms are
displayed in figs. S9(d-o). As a result, PI film as triboelectric material of
T-MIC can be well realizing the goal of the wider frequency and high
sensitivity. Similar characteristics can be attained for PET and PTFE
film. Figure S10 exhibits the output performance of PET film. Figure S10
(a) displays the SPL at testing position. The output voltage
(98–3400 mV) of PET triboelectric film is shown in fig. S10(b).
Figure S11 exhibits the output waveforms of PET triboelectric film
(including the waveforms of 20, 30 and 40 Hz). As a result, PET film also
can be well realizing the goal of the wider frequency and high sensi
tivity. Figure S12 shows the SPL of testing position and the output of
PTFE triboelectric film, and the range of output voltage is 50–3080 mV.
The output waveforms are displayed in fig. S13 (including the wave
forms of 20, 30 and 40 Hz). In addition, the comparison of the output
performance for the different triboelectric materials are observed under
low frequencies (50–80 Hz) with the same SPL (Fig. 2I), which is
consistent with the output of the triboelectric electronegativity sequence
table except for PTFE. The roughness and flatness of PTFE triboelectric
film, i.e., dents on the surface, result in the output fluctuation, further
confirming by the SEM image of PTFE triboelectric film shown in fig.
S14. Thus, Fig. 2I indicates the output performance is larger with higher
electronegativity (equal to surface charge density), which the results
further verify Eq. (8). These materials all as triboelectric material for TMIC exhibit high sensitivity and high precision, thus satisfying the
requirement of detection acoustic waves. So many organic thin-films can
be employed as triboelectric materials of this T-MIC. Compared with
electret materials of electret acoustic sensors, triboelectric materials are
cheaper and simpler in process requirements (especially without highvoltage polarization equipment). Therefore, it uses the general tribo
electric materials as the vibration film of acoustic sensors instead, which
can further lower the cost consumption.
In addition, given the excellent property of the device, the applied
different thickness influence for thin-film is worthy of investigation for
acoustic wave detection. Theoretically, the more thickness film is ob
tained the more stretching force. Thus, the thickness of film is propor
tional to the stretching force, while the output property is inversely
proportional to the stretching force, according to Eq. (8). The thick
nesses of PI triboelectric films are selected with 9 µm, 12.5 µm, 30 µm,
50 µm and 75 µm. A layer of the copper electrode (400 Å) was fabricated
on the surface of each film by evaporation respectively. Figures S15(a-e)
show the SPL with the testing position in different thickness films
(50–20,000 Hz) respectively. Figures S16(a-e) show the output voltage
of PI triboelectric films with different thicknesses respectively.
Figure S16(f) plots the comparison of the output at the frequencies from
50 to 80 Hz with the same SPL. From the results, it can be concluded that
the increased the output voltage with the decreased the stretching force
gradually, conforming to Eq. (8). Meanwhile, the thinner material pos
sesses the better output property.

(7)

Where k0 is the Electrostatic constant, σ is the change density of
triboelectric change, εr is the relative dielectric constant. According to
the Eq. (5), the output voltage of capacity of film with metal plate is
⎛ ⎞
( )
4π k0 σ p0 J2 ωca
⎟
( ) exp⎜
e=
(8)
⎝jωt⎠
εr k2 T J0 ωca
The detailed discussion is shown in notes S3. The relative dielectric
constant of air εr = 1 and the density of triboelectric charge σ= 50 μC/
m2 were taken in the simulation conditions of Fig. 1C. The theoretical
simulation relationship between output voltage and time is shown in
Fig. 2C. From the theoretical simulation, the output frequency is the
same as that of the input acoustic wave. According to Eqs. (6) and (8),
the simulation relationship curve between output voltage with SPL is
obtained and the output voltage increase exponentially with SPL, as
displayed in Fig. 2D, indicating that it’s easy to had an output in higher
SPL. Fig. 2E plots the SPL of testing position. It shows that under the
same setting conditions of loudspeaker, the changed frequency of the
input electrical signal, thus, the loudspeaker emits sound waves of cor
responding frequencies respectively. A certain location is selected to
measure the SPL with a decibel meter and the performance of T-MIC.
Therefore, each data in Fig. 2E represents the SPL with different emitted
frequencies by the loudspeaker at the same location. The frequencies are
from 50 to 20,000 Hz and the range of SPL is from 43.5 dB to 113 dB.
Fig. 2F presents the voltage signals of the FEP triboelectric film with
different frequencies at the testing position, and the inset shows the
waveform of acoustic wave of 10,000 Hz. In particular, the range of
output voltage is 69–3400 mV, indicating that the output characteristics
shows each frequency acoustic waves can be detected by T-MIC. Figs. S3
(a, b) and 1D(ii) also display the waveforms of acoustic waves with the
frequencies of 30, 40 and 20 Hz under the high-power loudspeaker.
Unless otherwise specified, the applied acoustic waves are 20, 30 and
40 Hz under the high-power loudspeaker. Figs. S3(c-o) and fig. S4(a-f)
show the waveforms of other frequency acoustic waves. Indicating
that this T-MIC simultaneously possesses the full frequency range of
human hearing and high sensitivity and the great stability. This device
can still maintain 95.4% of the output performance after 60 days (Fig. S4
(g)). The comparison of bottom noise signal and standard acoustic signal
(1000 Hz, 90 dB) are shown in Fig. S4(h). The output performance for
continuous working 48 h is displayed in Fig. S4(i), which shows the
output property is little attenuation. The frequency accuracy is one of
important parameter for acoustic sensor. Therefore, the detected fre
quency accuracy of T-MIC was explored as well (Fig. 2G). An interval of
1 Hz with the acoustic waveforms of 50–60 Hz (generated by the highpower loudspeaker) can be distinguished accurately by FEP film TMIC, the error ratio is less than 1.64‰ and the waveforms are shown in
Figs. S5(a-k). Meanwhile, Figure S6 displays the smooth response curve
of T-MIC at range of frequencies 20–22,000 Hz. These results show TMIC possesses the potential for being up to wider frequency detection
range and frequency resolution of more than 1 Hz. The output voltage of
the device with 1000 Hz at different SPL is shown in Fig. 2H. As seen
from Fig. 2H, when increasing the SPL, the output voltage is increased
exponentially. The results are according with the theoretical model re
sults of the Fig. 2D and Eq. (8). According to the results of FEP

2.3. Comparison of triboelectric charge with traditional electret charge
The electret polymer film is widely used in traditional electret
5
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acoustic sensors, and the charges on the surface of electret polymer film
can be generated from the polarization of the materials, that is say, the
charge on the surface is polarized charge for the electret polymer film.
During the manufacturing and working electret polymer film, however,
the fiction and vibration are inevitable, and the triboelectric charge may
be generated if the electret polymer film as the triboelectric film. It
should confirm whether the surface charges of electret film could
contain the triboelectric charges, so two experiments are designed in
Fig. 3A. Based on the electrostatic induction, the output voltages under
three conditions (static, vibrated by air flow and rub with metal) were
detected to verify the triboelectric effect in piezoelectric electret PVDF
film shown in Fig. 3A(i). The second experiment was designed to
confirm whether the triboelectric changes can be ignored in different
acoustic sensors in Fig. 3A(ii). The first verified method is used noncontact model (Fig. 3B). The electret PVDF film (diameter, 50 mm) is
fixed at position x1 and the metal electrode is driven by the linear motor
to make a reciprocating motion between x2 and x3 (d1 = 3.7 mm, d2 =
40 mm). To eliminate the electrostatic induced charges and other small
particles, the original piezoelectric electret film was cleaned by alcohol.
Fig. 3C shows the output voltage of the original electret PVDF film,
which is almost 0 V and makes almost no charge in the non-contact

model for device. As from seen Fig. 3D, when the electret PVDF film
was vibrated by air gun (supplementary movies 1), the output voltage is
about 0.7 V in the same model for device. While the electret PVDF film
was rubbed with a metal, the output voltage is about 15 V under the
same model, as displayed in Fig. 3E. As a result, the output voltage of the
rubbed piezoelectric electret PVDF film makes noticeable improvement
and is much higher than others obviously. It is proved that triboelectric
changes can be generated by a piezoelectric electret PVDF film. To
further verify it, A pure PVDF film (8 µm, unpolarized) and an electret
PVDF film were applied for comparison with a commercial electret
microphone (diameter, 14 mm; thickness, 7 mm). Fig. 3(F-H) exhibit the
voltage output of T-MIC (pure PVDF film and piezoelectric electret PVDF
film) and a commercial piezoelectric electret microphone possessing
same size of device in 50–20,000 Hz frequencies, the corresponding SPL
are shown in figs. S17 (a-c), respectively. As from results, the output
voltage of polarized electret PVDF film is the largest among three de
vices, likewise, the output voltage of rubbed pure PVDF film cannot be
ignored. Fig. 3I shows the output comparison of three sensors from 50 to
80 Hz, indicating further that the triboelectric charges are possessed
when the working polymer film was rubbed after. In addition, supple
mentary movies 2 shows the working of T-MIC that triboelectric charge

Fig. 3. The influence of triboelectric effect on traditional polymer electret acoustic sensor. (A) Schematic illustration of two verifying methods. (B) Schematic
measurement illustration of non-contact model. (C) Output voltage of the original piezoelectric electret PVDF film. (D) Output voltage of piezoelectric electret PVDF
film vibrated by high-pressure air flow. (E) Output voltage of piezoelectric electret PVDF film after rubbing with metal. (F) Output voltage of T-MIC with a pure PVDF
film. (G) Output voltage of T-MIC with a piezoelectric electret PVDF film. (H) Output voltage of a commercial electret microphone. (I) Comparison the output voltage
of three devices (pure PVDF film, piezoelectric electret PVDF film and commercial device) under the same acoustic waves (50–80 Hz).
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signal was attained on the surface of the PI film after being cleaned with
alcohol. In a word, it can be concluded that the electret polymer film also
has the triboelectric effect and the influence of triboelectric charge need
to be considered in the traditional electret acoustic sensors.
Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.107932.

film (supplementary audio 1), commercial electret microphone (sup
plementary audio 2) and PI film (supplementary audio 3), respectively.
It can be found that the output of T-MIC (the upper part of Fig. 4(D-F) is
better than that of the commercial electret microphone. Especially, the
output signals of FEP film are twice higher than the commercial electret
microphone. The acoustic spectrum diagram of three devices are shown
in the bottom of Fig. 4(D-F). Two corresponding frequency bands are
marked by white dash lines (10,000 Hz and 20,000 Hz), confirming that
our T-MIC can retain more details than that of the commercial electret
microphone. Especially, in the frame area of the dashed line, our T-MIC
has a better capability to record high-frequency acoustic waves
(10,000–20,000 Hz). In the quality of hearing, the recorded music of TMIC is also better than this commercial electret microphone. The sup
plementary audio (4, 5) are recorded by PET and PTFE film of the T-MIC.
To demonstrate the excellent performance of T-MIC further, the same
song is recorded with lower SPL (FEP film, supplementary audio 6) in
Fig. 4(G, H). The SPL is distributed in 40–60 dB mainly, and the spec
trum diagram shows T-MIC also has a great performance with low SPL.
Besides, if have a better loudspeaker and recording environment, the
recording quality of T-MIC might be much better. Therefore, our T-MIC
has excellent performance so that it is further applied to implement the
real-time sound sensing-transforming-logical response processing func
tionalities for many work scenarios. Not only that, our T-MIC (FEP film)
is applied for a wireless video communication system directly shown in
Fig. 4I. The realistic scene picture shows two users taking real-time
wireless video communication on the computer through T-MIC, as
shown in supplementary movies 3.

2.4. Excellent acoustic detection and human-robot interaction system
Driven by the rapidly increasing demand of global markets, acoustic
sensors are widely used for music recording, wireless communication,
human-robot interaction, and so on. Benefiting from the working
mechanism and structure, our T-MIC simultaneously possesses high
sensitivity and wide broadband response covering the full range of
human hearing (20–20,000 Hz). Our T-MIC with high performance
promises as a superior acoustic sensor. To demonstrate it, the T-MIC and
a commercial electret microphone (sensitivity, − 30 ± 3 dB, fig. S18)
were used to record the same music, respectively. Fig. 4A shows the
schematic diagram of the recording process. The T-MIC is installed in a
metal shielding shell to reduce the environmental electromagnetic
interference, the signal is recorded on computer by an audio circuit
board which is disassembled from the same commercial electret
microphone (fig. S19). Fig. 4B shows the photograph of recording music
with T-MIC and the scale bar is 10 cm. Fig. 4C plots the curve of realtime SPL at the position when recording a famous classic music (Sere
nade-Wolfgang Amadeus Mozart). The SPL distributes in 50–70 dB
mainly. Fig. 4(D-F) show the output acoustic spectrum diagram of FEP

Fig. 4. Practical applications of T-MIC in high-quality music recording and wireless video communication. (A) Schematic illustration of music recording process. (B)
The photograph of music recording with T-MIC. (C) The SPL curve of music at the recording position. The recorded music spectrum diagram by PET film T-MIC
(30 µm) (D), a commercial microphone (E) and PI film T-MIC (30 µm) (F), respectively. (G) The SPL curve at music recording position (lower SPL). (H) The recorded
music spectrum diagram for FEP film T-MIC under lower SPL. (I) FEP film T-MIC for a wireless video communication system.
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Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.107932.
In addition, the integrated real-time sensing-transforming-logic
response functionalities of our T-MIC can be realized. Fig. 5 presents the
application of voice control of robot and voice inputting based on our TMIC. The schematic illustrations of human-robot interaction were pro
posed in Fig. 5A. Prior to realization it, the original commercial
microphone of the robot is removed and replaced by our T-MIC. As
photograph shown in Fig. 5B, our T-MIC was employed as voice controls
in the practical application, and T-MIC (FEP, 30 µm) is installed on the
back of the robot (top of Fig. 5B) and electromagnetic and other envi
ronmental interference is shielded by a metal shell. Fig. 5C shows the
voice recorded from a person saying “Go forward”, realizing humanrobot interaction of voice control between a robot and T-MIC and the
integrated real-time sensing-transforming-logic response functionalities
of T-MIC. More voice commands and robot responses are also shown in
the supplementary movies 4 and 5, confirming further the integrated
real-time sensing-transforming-logic response functionalities of T-MIC
as well. Not only that, the photograph of conversion of voice content to
text is realized on the computer using T-MIC, as illustrated in Fig. 5D.
Fig. 5(E, F) also reveal the original voice signals and spectrum diagram
of the master’s speech whose content is “Hello, it’s a nice day” (sup
plementary movies 6). The experimental results indicate that T-MIC can
always record the content of people’s voices completely and correctly,
indicating that our can meet with the integrated real-time sensingtransforming-logic response functionalities. So, this T-MIC can fault
lessly competent the integrated real-time sensing-transforming-logic
response functionalities. Moreover, the high sensitivity and wide spec
trum and zero energy consumption are prospected for T-MIC. In
conclusion, T-MIC with excellent performance and lower comprehensive
cost, underscoring its potential in the acoustic sensor industry.
Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.107932.

3. Discussion
In summary, we demonstrate an integrated of sensing-transforminglogic response and high property T-MIC acoustic wave sensor. Benefit
ting from the excellent designed, this T-MIC is the best TENG-based
acoustic sensor so far, and it not only possesses the wider frequency
response range with the full frequency of human beings (20–20,000 Hz),
but also the output voltage is much higher, especially, at a lower SPL
70 dB, 21.5 times than that of other acoustic sensors based TENG. Some
common triboelectric materials can be used in triboelectric materials of
T-MIC acoustic waves as well, as the results, the thinner material has the
better output property. Meanwhile, the triboelectric charges can be
generated in the rubbed electret film of the traditional electret acoustic
wave sensors. Using the T-MIC as acoustic wave sensor, the T-MIC
exhibited the capability to perform in high-quality music recording. The
T-MIC was further demonstrated with an integrated of sensingtransforming-logic response, including wireless video communication,
constructing an electronic auditory system and voice input. Moreover,
T-MIC has the potential for detecting wider frequency range and fre
quency resolution of more than 1 Hz. With these capabilities, this study
might bring a way for the technical, process and cost optimization for
the acoustic sensor industry and a feasible option to reduce the cost of
acoustic detection in the IoTs.
4. Materials and methods
4.1. T-MIC fabrication
T-MIC is mainly divided into ten parts. First, to shield electromag
netic interference, a metal shell (diameter, 14 mm; inner diameter,
13 mm; height, 6 mm) is employed as Faraday cage, and several chan
nels in cross-section send the acoustic wave. Metal mesh (diameter,
13 mm; thickness, 0.5 mm) also regard as shielding interference layer.

Fig. 5. Applications of T-MIC in human-robot interaction and voice content inputting. (A) Schematic illustration of human-robot interaction. (B) The real photograph
of a master gives voice commands to the robot. (C) Acoustic wave information of a voice command. (D) The real photograph of voice content inputting. (E) The
original voice signals. (F) Detail information of voice signals.
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One side is plated with copper (400 Å) of the triboelectric film (diam
eter, 13 mm; thickness, varied) which sticks on a metal ring (outer
diameter, 13 mm; inner diameter, 11 mm; thickness, 1 mm). So, the
effective diameter of the triboelectric film is 11 mm. Plastic ring (outer
diameter, 13 mm; inner diameter, 11 mm; thickness, 150 µm) is used
the gap between film and metal plate. The metal plate (diameter,
12 mm; thickness, 0.75 mm) with several channels are used as the part
of capacitor. So, when the triboelectric film is driven by the acoustic
wave and the electrical signals can be attained. Under the electrode
metal plate, there is a metal ring (outer diameter, 12 mm; inner diam
eter, 11 mm; thickness, 1.2 mm). The metal plate (diameter, 12 mm;
thickness, 0.48 mm) with a channel and another metal ring (outer
diameter, 12 mm; inner diameter, 11 mm; thickness, 1.5 mm) are
formed the rear cavity. These two metal plates and two metal rings are
wrapped by a plastic ring (outer diameter, 13 mm; inner diameter,
12 mm; height, 4 mm) in order to prevent causing a short circuit with
the metal shell. The last one is a circuit board (diameter, 13 mm;
thickness, 1 mm) which integrated with a triode to amplify the electrode
signal of the capacitor and two output electrodes are led out on the back.
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