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A Self-Powered, Highly Sensitive, and Frequency-Tunable
Triboelectric Acoustic Sensor Inspired by the Human

Cochlea

Dong-hee Kang, Hyejin Lee, Minseop Song, Yun Goo Ro, Min Sub Kwak, Jinyoung Kim,
Geonyoung Jung, Jonghwa Park, Young-Ryul Kim, Jiin Lee, Jae Joon Kim,*

and Hyunhyub Ko*

Conventional acoustic sensors used in human—-machine interfaces often

face challenges such as power supply requirements, limited sensitivity, and
inability to tune their frequency response. A self-powered, highly sensitive, and
frequency-tunable triboelectric acoustic sensor inspired by the human cochlea
is introduced. By mimicking hair cells in the organ of Corti, a tapered microhair-
structured ferroelectric poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP) and barium titanate nanoparticle (BTNP) composite

film is proposed, which demonstrates a 16-fold increase in triboelectric output
voltage (1.3 V) compared to a planar one at 2.8 Pa. Furthermore, inspired by
the frequency selectivity of the basilar membrane with gradient structural vari-
ations, integrating a mass-beam diaphragm is proposed with varying kirigami
length and circular mass diameter that enables precise tuning of the resonance
frequency of the sensor, resulting in a 32 times improvement in sensitivity
(860 mV Pa~') compared to a nonbiomimetic sensor (28 mV Pa~') and an
expanded dynamic range. The proposed sensor differentiates between human
voices with different frequencies. A robotic hand integrated with the sensor re-
sponds to acoustic stimuli with programmed hand gestures, which highlights
its potential in acoustic human—machine interfaces. The biomimetic approach

1. Introduction

There is a growing trend toward the
utilization of acoustic devices as pivotal in-
terfaces facilitating the connection between
humans and machines. Representative
applications for acoustic human-machine
interfaces encompass various fields, in-
cluding virtual reality (VR) and augmented
reality (AR) devices, robotics, smart home
devices, and automotive interfaces.'™* In
these fields, the incorporation of acous-
tic devices has revolutionized the way
users interact with machines, offering
enhanced immersion, functionality, and
convenience. For instance, in VR and AR
devices, acoustic interfaces enable users
to experience immersive audio environ-
ments, adding depth and realism to virtual
experiences.>®l In robotics, these inter-
faces empower machines to perceive and
respond to auditory cues, facilitating more

to developing a self-powered, highly sensitive, and frequency-tunable acoustic
sensor offers new possibilities for intuitive and immersive human—-machine
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intuitive human-robot interaction and
enhancing collaborative capabilities.l’""]
Central to the effectiveness of these inter-
faces is the seamless integration of acoustic
devices, which necessitates the develop-
ment of lightweight, self-powered systems
capable of accurate voice recognition. However, conventional
acoustic devices designed for human-machine interfaces suffer
from several limitations, including the necessity for a constant
power source,!'"12] low sensitivity to acoustic stimuli,['*] and the
inability to selectively process signals.['*]

To address these challenges, extensive research has been
conducted by introducing composite materials!’>'7! and struc-
tural modification,['*-2°] employing various mechanisms, includ-
ing piezoresistive,[> 18] capacitive,['221?2] electromagnetic,>-%]
piezoelectric,1®2633] and triboelectric!®192934] methods. Piezore-
sistive acoustic sensors offer benefits such as noise insensitiv-
ity, easy integration, and direct signal translation.'*18] However,
they require an external power supply, nonflat frequency re-
sponse, narrow frequency bandwidth, and nonlinear output sig-
nals. Capacitive sensors are known for their linear output sig-
nals, durability, and stable sensitivity across a broad frequency
rangel?!22l but are hindered by low output signals in the presence

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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of surrounding noise and the requirement for a constant volt-
age source. For piezoresistive and capacitive sensors, the power
supply issue is still a main concern. In contrast, electromagnetic,
piezoelectric, and triboelectric sensors present a significant ad-
vantage in acoustic devices due to their self-powered operation.
This capability is particularly beneficial in overcoming the lim-
itations posed by bulky energy sources, which often restrict the
form factor of these devices. Despite these benefits, electromag-
netic sensors may suffer from surrounding electromagnetic in-
terference and low sensitivity.[**! Piezoelectric sensors may expe-
rience electric charge leakage and may need an external power
source to amplify the small amount of output signals.[2®! Tribo-
electric sensors are bound by the device’s inherent resonance fre-
quency due to their larger sensor dimension compared to other
mechanisms.(3%)

While triboelectric sensors offer the advantages of self-
powering, they may face challenges in achieving frequency se-
lectivity in a single device. Previous research concerning acoustic
devices that achieve frequency selectivity has involved the com-
plex process of fabricating array-type devices by modifying the
device’s dimensions.[®3*37] In addition, there is an optimal size
for triboelectric devices to maximize contact separation.?8391 Al-
tering the dimensions of a device can lead to variations in the
displacement of its layers, making it crucial to achieve frequency
tuning at an optimal device dimension. Frequency selectivity is
essential in acoustic devices as it allows for the differentiation and
isolation of specific frequencies or ranges of frequencies from
ambient noise.[#¥#°] In applications such as speech recognition
or acoustic human-machine interfaces, where accurate detection
and analysis of specific frequency components are essential, fre-
quency selectivity plays a pivotal role in ensuring the device’s ef-
ficacy and reliability. The ability to achieve frequency selectivity is
not only desirable but also indispensable for advancing the func-
tionality and performance of acoustic devices.

To address the limitations of conventional triboelectric acous-
tic sensors, we propose a system designed to fine-tune the fre-
quency response by modifying the diaphragm dimensions of
biomimetically inspired triboelectric acoustic sensors. By em-
ulating the architecture of the cochlea’s hair cells, we have
developed an acoustic sensor that exhibits exquisite sensitiv-
ity to auditory stimuli. Recent studies have highlighted the ef-
fective use of micropillars in a sensitive pressure-sensing ma-
trix, which benefits from pressure-induced deformation and
charge separation.['7#142] In our study, we utilize poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP), a ferroelectric
polymer, to create a unique structure known as a “microhair’—
a tapered micropillar with an extended aspect ratio. This inno-
vative design significantly enhances the negative charge genera-
tion on the microhair’s surfaces as well as the pressure-induced
deformation, owing to the inherent material properties of PVDEF-
HFP and the structural benefits of the tapered microhair design.
To circumvent the fixed resonance frequency limitation associ-
ated with the conventional triboelectric acoustic sensors, we have
engineered a microscale patterned diaphragm that can tune the
resonance frequency range of the acoustic sensor. Inspired by
the structural differences in the cochlea’s basilar membrane, this
diaphragm features a distinctive structure comprising a central
circle of mass connected to three kirigami-patterned beams. Ad-
justing the resonance frequency of our acoustic sensor is accom-
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plished by manipulating two aspects of the diaphragm: the radius
of the central circlel*¥] and the length of kirigami cut patterns.[*¥]
Altering the diameter of the circular mass changes the void space
of the diaphragm, thereby enabling tunable resonance frequency
of the sensors. Tuning the resonance frequency of the fabricated
sensor can offer a convenient acoustic platform for customized
human-machine interfaces.

2. Results and Discussion

2.1. Frequency Tunable Acoustic Sensor inspired by the Human
Cochlea

Acoustic signals from the external environment enter the hu-
man ear as waves and are converted into mechanical vibrations
by the tympanic membrane, or eardrum, in the outer ear. These
vibrations travel through the middle ear and reach the cochlea
in the inner ear, where a fluid called the lymph transmits the vi-
brations. Figure 1a illustrates the cochlea, which houses special-
ized regions for detecting different sound frequencies. Within
the cochlea lies the organ of Corti, which comprises three pri-
mary elements: the basilar membrane, outer/inner hair cells, and
tectorial membrane (Figure 1b; Figure S1a, Supporting informa-
tion). As the cochlear fluid vibrates, it stimulates the basilar mem-
brane, which varies in thickness, modulus, and width, allowing it
to resonate at specific frequencies. The outer hair cells play a cru-
cial role in amplifying these vibrations, enhancing the sensitivity
and frequency selectivity of the cochlea. This amplified mechani-
cal motion then causes the inner hair cells to deflect, opening ion
channels and converting mechanical energy into neural signals,
which are then transmitted to the brain (Figure S1b, Supporting
information).[*>*6] To emulate the complex structure of the organ
of Corti, we have engineered a microhair pattern that functions
as both a signal-amplifying and signal-sensing layer, a Kapton di-
aphragm as a frequency tuning layer, and substrates with a circu-
lar aperture for covering the thin parylene film (Figure 1c). The
fabrication of microhair pattern and Kapton diaphragm mimics
the sound sensing system and the frequency selectivity of the
human cochlea. The kinetic energy carried by sound frequen-
cies, in the form of dynamic pressure from acoustic stimuli, in-
duces contact separation in both the microhair pattern and a thin
aluminum electrode film. This interaction generates a triboelec-
tric effect, transforming acoustic energy into electrical signals
(Figure 1d).

In the human cochlea, the mechanical properties of the basilar
membrane differ along its length, facilitating the detection of a
range of resonance frequencies in different regions. This varia-
tion is due to the increasing width and thickness of the basilar
membrane as it extends deeper into the cochlea, resulting in a
lower resonance frequency.***’] Emulating this gradation, we
have created graded diaphragm structures by using laser-ablated
Kapton films with a central mass connected by three beams
(Figure 1le). By adjusting the diameter of the circular mass, we
can tune the sensitivity of our sensor to the specific resonance
frequency of the Kapton diaphragm, which decreases as the mass
diameter increases. The self-powered operation of the acoustic
sensor is detailed in Figure S2 (Supporting information). The
working mechanism of our sensor is based on the triboelectric
mechanism, which enables the sensing of mechanical stimuli
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Figure 1. Triboelectric acoustic sensor mimicking the cochlea’s hair cells. a) Schematic of the human cochlea. b) Organ of Corti inside the human cochlea.
c) Fabricated tapered microhair sensor with a Kapton diaphragm. d) Sensing matrix of the fabricated tapered microhair sensor. Applied acoustic energy
induces contact separation between the microhair structure and Al-coated Parylene-C film, resulting in a triboelectric signal. e) Schematic of the human
basilar membrane and the fabricated mass-beam structured Kapton diaphragm. f) Schematics of the applications as an acoustic human-machine

interface for the designed frequency tuning system.

through the interaction of two differently charged layers under-
going a contact-separation process. This triboelectric mechanism
allows for self-powered sensing of mechanical stimuli by generat-
ing electrical signals from the charge difference between the two
layers. When sound waves impinge upon the sensor, they induce
contact separation between the microhair medium and the thin
Parylene-C film. This contact-separation movement generates
triboelectric signals due to the potential difference between the
PVDF-HFP and aluminum layers. The few tens of micrometer-
sized microhair structures likely experience a complex defor-
mation pattern. Given the tapered shape of the microhairs, we
hypothesize that they undergo a combination of lateral bending,
particularly at the tips, and some degree of vertical compression.
This combined movement could enhance the contact-separation
process between the two different films, potentially increasing
the effective contact area during acoustic stimulation. However,
we acknowledge that the exact nature of this deformation re-
quires further investigation through detailed simulations and
high-resolution imaging studies. Such research could provide
valuable insights for optimizing sensitivity and efficiency of
our sensor. Importantly, this mechanism directly produces the
output signal of the sensor without requiring an external power
source, making it truly self-powered. The inclusion of a Kapton
diaphragm beneath the microhair structure allows the Kap-
ton to vibrate at its own resonance frequency, transferring these
vibrational responses at specific resonance frequencies to the mi-
crohair layer, which in turn resonates at different frequencies. By
tuning the resonance frequency region of the fabricated sensor,
selective sound recognition can be achieved with a single sensor
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device. To verify the frequency tuning system, we demonstrated
a machine-learning process and confirmed that the frequency
tuning system could be applied to the acoustic human-machine
interfaces by controlling a robotic hand (Figure 1f).

The pressure response of the sensor was significantly en-
hanced by incorporating a ferroelectric polymer, PVDF-HEFP,
blended with piezoelectric ceramic barium titanate nanoparticles
(BINPs). The use of a ferroelectric PVDF-HFP/BTNP compos-
ite allows for the exploitation of the material’s intrinsic ferro-
electric polarization during the triboelectrification process. When
subjected to mechanical stress, these materials undergo stress-
induced polarization, which contributes to charge redistribution
and increases the surface charge density on the triboelectric layer.
The high dielectric constant of BTNP further amplifies this ef-
fect by enhancing the overall capacitance of the composite. Addi-
tionally, the stress concentration at the interfaces between PVDF-
HFP and BTNP intensifies the piezoelectric response, result-
ing in a synergistic enhancement of the triboelectric output./®4®]
To further elucidate the mechanism of our self-powered acous-
tic sensor, we conducted comparative measurements of the out-
put current during the contact-separation process between an
Al film and a PVDF-HFP/BTNP film, as well as between two
identical PVDF-HFP/BTNP films (Figure S3, Supporting infor-
mation). The results show that the output current from the Al
film and PVDF-HFP/BTNP film combination is ten times higher
than that of two identical PVDF-HFP/BTNP films. This result
confirms that the triboelectric effect is the major working mech-
anism of our sensor, assisted by a minor piezoelectric effect.
Among various ferroelectric polymers, PVDF-HFP was chosen
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Figure 2. Acoustic performances of triboelectric sensors with different tapered microhair structures. a) Schematic of the fabricated tapered microhair
sensor with a planar diaphragm. b) SEM image of the fabricated tapered microhair pattern made of PVDF-HFP/BTNP composite (scale bar = 5 um).
) Voltage output at frequencies swept from 50 to 10 000 Hz. Inset: Fast-Fourier transform (FFT) data of the voltage output, showing a resonance
frequency peak ~150 Hz. d) Plot of voltage output with changing applied sound pressure levels at 150 Hz. The tapered microhair with an aspect ratio of
4 showed the highest sensitivity. e) Simulation of von Mises stress at a 2-micrometer displacement. f) Comparison of total harmonic distortion (THD)
between the fabricated acoustic sensor with the tapered microhair structure and a planar film.

for its relatively low modulus (4.7 + 0.5 MPa) compared to other
fluorine-based ferroelectric materials.*>*%! In addition, the incor-
poration of BTNP not only enhances the ferroelectric properties
of the composite but also concentrates the applied stress due to
the inherent rigidity of BTNPs.[8>!] There’s an optimum point
of the concentration of BTNPs in the composite film, showing
the best dielectric performance before dielectric breakdown.[52!
As shown in Figure S4 (Supporting information), films with
7 wt.% BTNP exhibited the highest relative permittivity (e,), indi-
cating enhanced electrical charge storage capabilities. Likewise,
PVDF-HFP with 7 wt.% BTNP shows the highest polarization
(Figure S5, Supporting information). Although polarization in-
creases with BINP contents, PVDF-HFP with 10 wt.% BTNP has
lower polarization than that with 7 wt.% BTNP because a large
amount of BTNP forms an electrical leakage path and induces
dielectric loss.

2.2. Acoustic Performances of Triboelectric Acoustic Sensors
with Different Microhair Structures

Figure 2a illustrates the constructed triboelectric acoustic sen-
sor, consisting of an upper aluminum layer and a lower PVDEF-
HFP/BTNP composite layer formed into microhair arrays, en-
veloped by a Kapton diaphragm, and supported by top and bot-
tom substrates with a circular aperture. This configuration en-
sures the sensor’s accurate response to specific sound frequen-
cies by stabilizing both the sensor and diaphragm. This design
is inspired by the human hair cell within the organ of Corti,
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characterized by a vertically standing, hair-like structure that
responds sensitively in response to vibrational signals in the
cochlea. The tapered design of the microhairs in our sensor
is a deliberate emulation of these human hair cells, aimed at
enhancing sensitivity to acoustic stimuli. For the fabrication of
PVDF-HFP/BTNP microhairs, we first fabricated silicon micro-
hair structures, as detailed in Figures S6 and S7 (Supporting in-
formation), with the resulting structures and their various aspect
ratios shown as SEM images in Figure S8 (Supporting informa-
tion). Then, we replicated the silicon microhair structures by us-
ing a replica molding process. Given the high aspect ratio of sili-
con microhairs, a self-assembly monolayer (SAM) of fluoro-octyl-
trichloro-silane (FOTS) was applied, followed by micro-molding
in poly(dimethylsiloxane) (PDMS), as illustrated in Figure S9a
(Supporting information). This SAM coating process is essential
to facilitate the release of the PDMS mold from the silicon micro-
hairs. The composite solution was then molded over this pattern
to form the PVDF-HFP/BTNP microhairs (Figure S9b, Support-
ing information). Figure 2b and Figure S10 (Supporting informa-
tion) display SEM images of these patterns with differing aspect
ratios.

The output voltage response of our sensor is illustrated in
Figure 2c showing peak-to-peak voltage (V) of 1.3 V at its
resonance frequency, during a frequency sweeping test covering
a range from 50 to 10 000 Hz. Figure S11 (Supporting infor-
mation) shows the STFT data of the frequency sweeping test in
Figure 2c. The colors in the STFT graph represent the intensity
of the frequency signal over time, which indicates the wideband
working frequency range from 50 to 10 000 Hz. The fabricated
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microhair structure exhibited an inherent resonance peak
~150 Hz, as shown in the inset of Figure 2c. The setup for the
detailed measurement is depicted in Figure S12 (Supporting
information). A commercial speaker connected to a frequency
oscillator was employed to generate sound, with the sensor’s
output voltage data captured by an oscilloscope. The ambient
noise in the anechoic chamber was %20 mV (Figure S13, Sup-
porting information). Figure 2d presents the voltage output of
sensors with varying aspect ratios at different sound pressures,
all at the same sound frequency of 150 Hz. It was observed that
the sensor structure with an aspect ratio of 4 demonstrated the
highest voltage output.

Further insights into the effect of microhair structure and its
aspect ratio on the sensor performance are provided by simu-
lations of von Mises stress depending on the deformation and
triboelectric potential difference (Figure S14, Supporting infor-
mation). By introducing microstructure on the film surface, the
stress levels and electrification between two different layers in-
crease dramatically.l>>] Hence, the sensor with microstructures
can sense minute pressure such as acoustic signals very sensi-
tively. Interestingly, stress levels increase as aspect ratios decrease
even though larger aspect ratios result in a greater triboelectric
potential difference, suggesting the existence of an optimal as-
pect ratio for maximized voltage output and sensitivity. Detailed
information about the simulation setup is available in Note S1
(Supporting information). The optimal point is determined to
be an aspect ratio of 4, as evidenced by the highest voltage out-
put of 1.3 V at 2.8 Pa and a sensitivity of 473 mV Pa~! (mea-
sured as the slope of the graph in mV Pa™!) in Figure 2d. The
impact of the microhair structure on the sensor performance
was further investigated by fabricating nontapered microhairs
with varying aspect ratios using the same composite material
(Figure S15, Supporting information). The results in Figure S16
(Supporting information) show that the peak voltage output for
these nontapered structures also occurred at an aspect ratio of
4. Tapered microhair structures exhibited a higher output volt-
age of 1.3 V at an applied sound pressure of 2.8 Pa, which is
more than twice the value compared to nontapered structures,
0.7 V. When compared to the planar structure (0.081 V), the ta-
pered microhair structure showed a 16 times higher output volt-
age at the sound pressure of 2.8 Pa. For quantitative compari-
son of sensitivity among different patterns, we have calculated
the sensitivity of 3 different patterns. The sensitivity is calculated
by calculating the slope of the graph. Tapered microhair with
an aspect ratio of 4 showed 473 mV Pa!, nontapered structure
with an aspect ratio of 4 showed 237, and 28 mV Pa~! for pla-
nar structure, which has no pattern. This result exhibits the su-
perior sensitivity of the tapered microhair structure to acoustic
stimuli, highlighting the effectiveness of our biomimetic design
approach.

In Figure 2e, the simulated von Mises stress for the microhairs
before and after a displacement of 2 um is displayed. The tapered
structure, compared to its nontapered counterpart, exhibits sig-
nificantly higher maximum stress (Figure S17, Supporting infor-
mation). In addition, we calculated the total harmonic distortion
(THD), which indicates the distortion level of the original sound.
The lower the THD, the more accurate the sound response within
the sensing matrix. The performance of the microphone can be
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quantified by the THD value, calculated using the following for-
mula.

\/A22 + AL +A+ AL+

THD (%) = "
1

x 100 (1)

In this equation, A, represents the amplitude at the x* har-
monic frequency. By applying the fast Fourier transform (FFT) to
the voltage readings at specific frequencies, we obtain amplitude
values for the harmonic frequencies. The THD value is then de-
rived by dividing the sum of these harmonics by the original am-
plitude. Microphones with a THD of less than 10% are generally
considered to be high-performing, characterized by their clear
sound reproduction capabilities.l?l Moreover, the sound pressure
level (SPL) range within which the THD remains below 10% de-
fines the dynamic range of the acoustic sensor. This range indi-
cates the SPL levels that the acoustic sensor can accurately cap-
ture without significant distortion. As shown in Figure 2f, the cal-
culated dynamic range for the microhair acoustic sensor spans
from 68.5 to 86.7 dB for a 150 Hz sound stimulus. Compared
to the planar PVDF-HFP/BTNP film, the acoustic sensor fabri-
cated with the microhair structured film showed a lower THD
value due to the enhanced charge potential and surface polariza-
tion. This result indicates that the microhair sensor operates ac-
curately within the mentioned sound pressure level range. Com-
pared to the capacitive acoustic sensor, showing a dynamic range
of 50-80 dB,?!] our triboelectric sensor exhibits limitations in
detecting lower sound pressure levels but shows advantages at
higher levels.

2.3. Acoustic Performances of Triboelectric Acoustic Sensors
with Different Diaphragm Structures

To enhance the response to the acoustic stimuli of the micro-
hair structure, we employed laser ablation on Kapton films to cre-
ate a mass suspended by three different beams. Drawing inspi-
ration from structures such as the tri-leaf formation** and the
use of an additional annular membrane for frequency-tunable
acoustic devices,"] the diaphragm’s architecture can be finely
adjusted to control the resonance frequency using a single film.
The incorporation of a kirigami pattern within the mass-beam
structure introduces variations in the rigidity of the suspended
mass, thereby increasing the structure’s responsiveness to vibra-
tory stimuli.’*>°! Figure 3a presents schematics of the various
diaphragm designs, including planar, mass-beam, and kirigami-
patterned mass-beam structures. As the design evolves from a
planar diaphragm to a kirigami-patterned mass-beam configura-
tion, there is a noticeable increase in sensitivity by a factor of 1.8,
from 473 to 860 mV Pa™', as evidenced in Figure 3b. The sensi-
tivity (860 mV Pa™) of the triboelectric sensor with the tapered
microhair and the kirigami-patterned mass-beam structures is 31
times higher than that (28 mV Pa™!) of the sensor without these
biomimetic structures. This refined approach to sensor and di-
aphragm structures marks a significant advancement in the pre-
cision and reliability of acoustic sensors, making them suitable
for high-fidelity sound detection and analysis.
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Figure 3. Acoustic performances of triboelectric sensors with different diaphragm structures. a) Schematic of the Kapton diaphragm introducing a mass-
beam structure and a kirigami structure. b) Plot of the output voltage as a function of changing sound pressure at 150 Hz. The Kapton diaphragm with the
kirigami structure shows the highest sensitivity of 860 mV Pa~". c) Total harmonic distortion (THD) of the fabricated sensor with different diaphragms.
d) Schematics of the frequency tuning system using the Kapton diaphragm by changing the radius of the mass-beam structure. e) Fast-Fourier transform
results of the sensors after the frequency sweeping test on the Kapton diaphragms with different radius. f) Dynamic range at the resonance frequency
of each kirigami-structured mass-beam Kapton diaphragm with different radius compared to the planar diaphragm. g) Short-time Fourier transform
(STFT) of the fabricated sensor with tuning of the resonance frequency. The resonance frequency of each Kapton diaphragm with different radius

(R=28 mm to R =3 mm) is indicated by higher intensities (red).

Utilizing the voltage output data from Figure 3b, we can cal-
culate the signal-to-noise ratio (SNR) using the formula below,
thereby quantifying the sensor’s performance.

Vsi al 2
) @

noise

SNR;; = 10X logw(

As shown in Equation (2), the SNR is expressed as the ra-
tio of the signal power to the background noise power, often on
a logarithmic decibel scale for practical comparison of acoustic
signals. From the data in Figure 3b, the maximum voltage out-
put was 2.4 V in response to a sound pressure of 2.8 Pa, with
ambient noise at 7 mV, yielding a calculated SNR of 41.6 dB.
This SNR value is higher than that reported for previous tribo-
electric devices,!® but lower than for external power-supplied re-
sistive sensors.[®! A detailed comparison of our acoustic device
with those in previous reports is presented in Table S1 (Sup-
porting Information). Moreover, the incorporation of a kirigami-
patterned mass beam into the diaphragm has demonstrated a
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reduction in THD across a wider range of SPLs. As depicted
in Figure 3c, the dynamic range of the sensor expanded from
68.5 to 86.7 dB in a planar diaphragm structure to 67.7-98.8 dB
with the kirigami-patterned mass-beam structure. To verify the
acoustic sensing frequency lower limit of the sensor, we mea-
sured THD values at acoustic frequencies below 100 Hz (50,
70, and 100 Hz), as shown in Figure S18 (Supporting informa-
tion). The results demonstrate a reasonable dynamic range at
each of these frequencies, confirming the ability of our sensor to
operate effectively below 100 Hz. In addition, the performance
of microhair acoustic sensor was evaluated by increasing the
distance between the incident speaker and the fabricated sen-
sor. Compared to planar and mass-beam structured diaphragms,
the kirigami-patterned mass-beam structure showed excellent
performance in increasing the distance. When positioned 5 cm
away from the speaker, the voltage output of the sensor reached
120 mV (Figure S19, Supporting information), confirming the
high sensitivity of the microhair sensor to minute acoustic
signals.
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In the human cochlea, frequency recognition capabilities are
primarily determined by the basilar membrane located beneath
the hair cells within the organ of Corti.l* Variations in the
width and stiffness of the basilar membrane result in changes
in its resonance frequency, thereby enabling neural signal gen-
eration across a spectrum of frequencies. To mimic this biologi-
cal mechanism, we adjusted the radius of the mass-beam struc-
ture and the length of kirigami ablation in our sensor design, ef-
fectively tuning the resonance frequency of the diaphragm film
(Figure 3d). Further structural details of the diaphragm are illus-
trated in Figure S20 (Supporting information). Adjusting these
parameters allows the diaphragm to oscillate at different fre-
quencies, becoming stiffer and vibrating at higher frequencies
with reduced radius and ablation length, and at lower frequen-
cies when they are increased. Our sensor demonstrates wideband
frequency sensing capabilities (Figure S11, Supporting informa-
tion), similar to the cochlea. The key innovation lies in our fre-
quency tuning system, similar to the frequency selectivity func-
tion of the basilar membrane. Adjusting the diaphragm parame-
ters allows it to oscillate at different frequencies, becoming stiffer
and vibrating at higher frequencies with reduced radius and ab-
lation length, and at lower frequencies when these dimensions
are increased. This tuning system acts as a spatial filter, allow-
ing us to selectively amplify specific signals within the wideband
frequency stimuli. By combining broad-spectrum sensitivity with
targeted frequency amplification, our sensor achieves a balance
between the wide frequency response of the cochlea and the spe-
cific frequency tuning necessary for practical applications. This
feature enables user-selective responses in acoustic HMI sys-
tems, making it particularly advantageous for applications such
as personalized voice assistant systems and other user-selective
devices.'->19]

Simulations on the kirigami-patterned mass-beam Kapton
film (Figure S21, Supporting information) show that as the ra-
dius of the mass-beam structure decreases to 4 mm, the reso-
nance frequency of the Kapton film increases to 1366.5 Hz. This
demonstrates how adjusting the dimensional features of the Kap-
ton film allows us to target specific resonance frequency regions,
enabling more precise acoustic sensing and potential noise re-
duction in specific frequency ranges. The simulation is calculated
based on the dimensional features of the Kapton film. Detailed
information about the resonance frequency of Kapton film is pro-
vided in Note S2 (Supporting Information). Figure 3e presents
amplitude values obtained from FFT data following frequency
sweeps from 50 to 10 000 Hz. The magnified graph image is
shown in Figure S22a,b (Supporting information). To clarify the
sensor signal, we plotted the output voltage of our sensor over
time (Figure S22¢, Supporting information). These figures illus-
trate the emergence of an additional resonance frequency peak,
apart from the sensor’s inherent resonance at ~150 Hz, as the
radius is reduced from 8 to 3 mm, validating the effectiveness of
frequency tuning across the 400-900 Hz range.

The acoustic performance at the diaphragm’s resonance fre-
quency was further evaluated by calculating the THD for each
film (Figure S23, Supporting information). Compared to the pla-
nar diaphragm, the laser-ablated, kirigami-patterned mass-beam
diaphragm exhibited a wider dynamic range at its resonance
frequencies (Figure 3f). In Figure 3g, frequency sweeping tests
were conducted to examine the effect of the diaphragm struc-
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ture on the resonance frequency. Acoustic frequencies ranging
from 50 to 10 000 Hz were applied to the sensors with dif-
ferent diaphragm structures. The short-time Fourier transform
(STFT) was conducted based on the voltage output data from the
frequency sweeping tests. The STFT analysis on the frequency
sweep data for different diaphragms reveals intensity variations
corresponding to the resonance frequency of each diaphragm
structure. As the sweeping frequency of sound stimuli is applied,
the response of the fabricated micro hair sensor is recorded as
color variation in the STFT graphs, which are expressed in a color
map that varies from red to green. Red regions in the STFT graph
indicate areas of high intensity. In one sensor, there are two dis-
tinct red regions: the inherent resonance frequency at 150 Hz
and the tuned frequency region by the kirigami-patterned mass-
beam diaphragm, marked by a red dotted box. This box shifts
to a higher frequency region, indicating the tuning effect. The
experimental results demonstrate that as the radius within the
mass-beam structure decreases, the corresponding resonance
frequency of the diaphragm increases, which is consistent with
the simulation results in Figure S21b (Supporting information).
In the STFT graph, the line at the lowest position in the graph
represents the sweeping output result, while the other lines rep-
resent the harmonic output results, which clarifies the analysis of
resonance frequencies and their harmonic effects in the sensor’s
response. To verify the stability of our acoustic sensor, the output
voltage was measured for 1000 s (Figure S24, Supporting infor-
mation). The output voltage was well maintained throughout this
period without noticeable degradation.

2.4. Frequency Tunability of Triboelectric Acoustic Sensors with
Different Diaphragm Radius

Our sensor can differentiate between human voices with dif-
ferent frequencies. Figure 4a shows the schematics of apply-
ing male and female voices to the triboelectric acoustic sensor.
Figure 4b shows the STFT results, visualizing distinct patterns
for a male and female voice saying “Frequency tunable triboelec-
tric sensor”. In particular, it is worth noting that the sensor’s di-
aphragm size plays a critical role in determining its frequency
response characteristics. Specifically, a smaller diaphragm radius
leads to a sensitivity peak at higher frequencies, whereas a larger
diaphragm radius results in a peak sensitivity at lower frequen-
cies. In Figure 4b, the sensor with a 4 mm radius diaphragm
showed an enhanced response at higher frequencies, particu-
larly ~800-1000 Hz. Conversely, the sensor with an 8 mm ra-
dius diaphragm exhibited an enhanced response at lower fre-
quencies, ~300-600 Hz. This tunability enables the sensor to
be customized for specific applications requiring sensitivity to
particular frequency ranges, thereby demonstrating its versatility
in detecting and distinguishing sounds with varying frequency
components.

To verify the reliability of our sensor, diaphragms with dif-
ferent radii were fabricated and attached to the microhair sen-
sors. Figure 4c shows the methodology for performing a machine
learning analysis. Diaphragms with four different radii were uti-
lized to explore the frequency tunability of the sensors. For the
qualitative comparison of the resonance frequencies of the sen-
sors, we employed an artificial neural network (ANN) model. The
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Figure 4. Frequency tunability of the triboelectric sensor with different diaphragm radius. a) Schematic of female and male voices applied to the fabricated
sensors with Kapton diaphragms having different radius. b) Short-time Fourier transform (STFT) data of fabricated sensors having different diaphragm
radius (R =4 mm and R = 8 mm) after applying male and female voice profiles. The red dotted boxes indicate the signal enhancement in the tuned
resonance frequency regions. c) Flow chart of the machine learning process for verifying the sensor’s reliability in frequency tunability. d) Confusion
matrix result of the frequency tuning system for 4 different Kapton diaphragm configurations.

ANN model is able to decipher complex and nonlinear patterns
inherent in frequency-tuning data. The ANN model can qualita-
tively analyze the data by learning the relationships among non-
linear patterns and data from sensors in various situations, in-
cluding images, acoustic sensing, and signal processing. This ap-
proach enables the evaluation of the varied frequency tuning sys-
tem of our sensor, facilitating a comprehensive understanding of
its diverse frequency components. Further details about the ANN
model are provided in Note S3 (Supporting Information).

Our sensors exhibit a resonance frequency ~150 Hz, stem-
ming from the dimensional characteristics of sensors, and re-
spond to different frequencies by tuning the frequency of the
sensors. For sensor evaluation, the voltage response to sweep-
ing acoustic stimuli frequencies was recorded. The acquired data
were swept across a frequency range of 50-10 000 Hz. The ap-
plied sound stimuli were generated by a commercial speaker
connected to a frequency oscillator. A voltage of 1 V. was ap-
plied to the speaker, and the response of the microhair sensor
was recorded using an oscilloscope. The data collected for ver-
ification were subjected to data slicing pre-processing for ma-
chine learning and labeled according to the sensors with different
diaphragm radii. Figure 4d presents a confusion matrix, an es-
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sential tool for performance measurement in machine-learning
processes, visually showing the classification proficiency of the
model. The confusion matrix is shown in table format, with rows
representing the true classes and columns indicating the pre-
dicted classes. The diagonal elements represent correct classifi-
cations for each class, while off-diagonal elements indicate incor-
rect classifications. By comparing the results between true and
predicted classes, the accuracy of the ANN model in classifying
various classes can be assessed. In Figure 4d and Figure S25
(Supporting information), the fabricated sensor demonstrates a
high accuracy range from 91% to 99%. This result implies that
the ANN model is highly effective at recognizing and classify-
ing the different frequency elements of the fabricated sensor,
thereby confirming the excellent capability in distinguishing dif-
ferent frequency elements.

2.5. Application of the Triboelectric Acoustic Sensor to Acoustic
Human—Machine Interfaces (HMls)

To realize the acoustic human-machine interface system, the
microhair sensor is connected to a robotic hand, enabling it to

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

25U80 17 SUOLLILIOD) BATTER.D) 3|t fdde 3 Aq pouBA0B a1 a1 YO 98N J0'SaINJ o ATIgITBUIIUO ABI UO (SUOIPUOD-PUE-SULBYLIOD" A3 |1 AReJc][BUI[U0//:SdNY) SUONIPUOD) PUB SWLS | 3U1 89S [1Z0Z/0T/80] UO AReiq I 8UIIUO AB]IA *JO @IMIISU] [eUOIIEN UES|N AQ ¥YE80VZ02 WIPR/Z00T OT/I0p/LC0" 8|1 ATRIqI PUIUO//'SANY WoJ) POPROIUMOQ ‘0 ‘8Z089TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
UNCTIONAL
MATERIALS

T

www.advancedsciencenews.com

ol ... b Steady All

2 —

|/ e\
- Sgund-dnven :
motion control

RS n

state

www.afm-journal.de

Fingers
Fingers 3,4

Fingers
1,4,5

Sensor Board Diagram . d
Vaos: Biasing Vokage R,
B i) (i (iii)
{ )
: 3
R e S8
Actuator Board Diagram < & Digital e
7 c Bluetootn | ; : [ Frocessing 2
Bits Module =
<90> | Actuator| cpio T Amplitude g‘
] Driver | Bits i Monitoring <
<9:0> 3t
MCu i User
: Device 1 < 1 . 1 i
..................................................................................... - o _— ol
Frequency (Hz)

Figure 5. Application of the triboelectric acoustic sensor to acoustic human—machine interfaces (HMls). a) Photograph of the demonstration setup of
acoustic HMIs using the triboelectric sensor. b) Programmed robotic hand gestures at different frequencies. c) Circuit diagram showing connections
between the fabricated sensors with two different diaphragms and the robotic hand. d) Plotted resonance frequencies and corresponding pictures of the

programmed robotic hand gestures at different resonance frequencies.

respond to acoustic stimuli with programmed hand gestures.
Figure 5a shows the fabricated sensor connected to the robotic
hand. By modifying the diaphragm structure, the sensor can pro-
duce a reinforced output voltage at different resonance frequen-
cies. This capability enables four different motion controls in the
robotic hand, corresponding to different diaphragm structures
and applied frequencies. Figure 5D illustrates the schematics of
the programmed hand gestures (steady state, all fingers folded,
fingers 3,4 folded, and fingers 1,4,5 folded) for the robotic hand
in response to specific sound stimuli at each frequency region.
For the control of the robotic hand, the entire system consists of
two boards (modules) and a PC program (MATLAB) for signal
processing and controlling the system (Figure 5c). The system
includes a “Sensor” board, which reads the output from the fabri-
cated sensor and sends signals to the control system, and an “Ac-
tuator” board, which interprets the control system’s signals to op-
erate the robotic hand. The sensor board reads signals amplified
by a signal conditioning circuit and transmits them via UART as
a wired output. The actuator board receives the data processed
in MATLAB and controls five actuators to simulate various hand
movements. A detailed description of the electric circuits can be
found in Note S4 (Supporting Information). Video S1 (Support-
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ing Information) demonstrates the implementation of the HMI
electronic interface introduced above by mimicking a frequency-
tunable TAS using a power supply. With our frequency tuning
system, application in acoustic HMIs can be achieved (Figure 5d).
We prepared two different diaphragms with two different reso-
nance frequencies. Starting from the steady state, when the ap-
plied sound frequency reaches 150 Hz, i) all fingers of a robotic
hand are folded. As we increase the applied frequency to the fab-
ricated sensor, a diaphragm with an 8 mm radius shows a res-
onance frequency peak ~400 Hz. Responding to the resonance
frequency peak, ii) fingers 3,4 are folded. After changing the di-
aphragm to a 6 mm radius, a resonance frequency peak is ob-
served ~600 Hz, resulting in iii) fingers 1,4,5 being folded as
a response to the tuned resonance peak. In Video S2 (Support-
ing Information), the control of the robotic hand with two differ-
ent robotic hand gestures by tuning the resonance frequency by
changing the diaphragm is demonstrated.

3. Conclusion

In this study, we have successfully developed a highly sensi-
tive, self-powered, and frequency-tunable triboelectric acoustic
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sensor inspired by the structure and function of the human
cochlea. By mimicking the tapered hair cells found in the or-
gan of Corti, we engineered a unique microhair structure us-
ing a ferroelectric PVDF-HFP/BTNP composite. This biomimetic
design significantly enhanced the sensitivity to acoustic stimuli,
with the tapered microhair structure demonstrating a 16-fold in-
crease in output voltage compared to the planar structure. Fur-
thermore, we addressed the limitation of fixed resonance fre-
quency in conventional triboelectric acoustic sensors by introduc-
ing a microscale patterned diaphragm. Drawing inspiration from
the structural variations of the basilar membrane, we designed a
mass-beam diaphragm with kirigami cut patterns, enabling pre-
cise tuning of the sensor’s resonance frequency through modifi-
cation of the radius of the mass-beam diaphragm and the length
of the kirigami pattern, covering a range from 400 to 900 Hz.
The triboelectric sensor with the tapered microhair and the
kirigami-patterned mass-beam structures exhibited a sensitivity
of 860 mV Pa~!, which is 31 times higher than that (28 mV Pa™!)
of the sensor without these biomimetic structures. This feature
enables the sensor to differentiate human voices with different
frequencies, highlighting its potential for speech recognition ap-
plications. Moreover, the reliability of our sensor was verified
using an artificial neural network (ANN) model, which exhib-
ited high accuracy in classifying the different frequency elements
of the fabricated sensor. To showcase the practical application
of our sensor in acoustic human-machine interfaces, we inte-
grated it with a robotic hand capable of responding to acoustic
stimuli with programmed hand gestures. By modifying the di-
aphragm structure, we achieved four different motion controls in
the robotic hand, corresponding to specific sound stimuli at each
frequency region. This demonstration underscores the poten-
tial of our frequency-tunable triboelectric acoustic sensor in ad-
vancing the field of intuitive and user-friendly human-machine
interfaces.

4. Experimental Section

Fabrication of Tapered Microhair Pattern on Si Wafer:  Negative photore-
sist (AZ nLOF 5510) is spin-coated on a Si wafer. A photomask with a 4 pm
diameter, and 4 um spacing hole pattern was used for the UV irradiation
process of photolithography. The negatively hole-patterned Si wafer un-
derwent Cr deposition by the evaporation method. The photoresist was
subsequently removed with a piranha solution. To create a microhair pat-
tern, a deep reactive ion etching (DRIE) process was performed using SFg
and C4Fg gases for etching and passivation processes (process step — SFg
500 sccm at 40 W for 2 s and at 10 W for 7 s, C4Fg 300 sccm at 10 W
for 6 s). Etching time differs for the fabrication of different aspect ratios
(A.R. 3-7 min, A.R. 4-10 min, A.R. 5-11 min 30 s). After the microhair
patterns were made, the top Cr layer was etched by Cr etchant to create
a tapered pattern. The pattern surface was cleaned with piranha solution
(H,SO, added with H,0, at 3:1 volume ratio), and the surface SiO, was
etched by buffered oxide etchant (Transene Company, Inc.) for isotropic
etching of Si. After that, isotropic etching was performed with RSE-100 so-
lution (Transene Company, Inc.), which contains hydrofluoric acid, nitric
acid, and acetic acid. After immersing in RSE-100 for 10-15 s, the tapered
microhair pattern (1.75 cm x 1.75 cm) was achieved.

Fabrication of Bottom Layer—Replica Molding Process: The fabricated ta-
pered microhair Si pattern was SAM-coated with FOTS solution (Sigma-
Aldrich). O, plasma treatment (5 W, 25 sccm, Tergeo) was applied to the
fabricated pattern for 5 min and 200 ul of FOTS solution was placed inside
of a vacuum oven. The vacuum was turned on for 30 min to create a FOTS
atmosphere inside the oven, which was then heated to 85 °C. After 30 min,
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the Si wafer was loaded for 90 min. After the SAM coating process, 8 g of
PDMS (10:1, SYLGARD 184, DOW CORNING) was poured into a petri
dish containing the microhair pattern. After 5 min of vacuum treatment
to remove pores, the PDMS was heated at 80 °C for 3 h. The PDMS mold
was gently peeled off.

Fabrication of Ferroelectric PVDF-HFP/BTNP Films: The 1 g of PVDF-
HFP (427187, Sigma-Aldrich) was mixed with 7 g of DMF (DAEJUNG), and
7 wt.% of BTNP (US Research Nanomaterials Inc.) relative to the PVDF-
HFP amount. The mixture was stirred for 5 h and 300 pL of the solution
was cast on the fabricated PDMS mold. The cast mold underwent vacuum
treatment for 5 min, and the PDMS mold was gently tapped to remove
pores inside the mold. The casted solution was annealed at 140 °C for 2 h.
The fabricated film was gently peeled off from the mold. A 3 nm Cr layer
and a 100 nm Au layer were evaporated on the back of the fabricated film
by a thermal evaporator (GV Tech). A Ni-Cu electrode was connected to
the Au-evaporated film using Ag paste (ELCOAT, SANS).

Fabrication of Top Layer: A parylene layer was coated on a2 cm X 2 cm
glass substrate covered with a MICRO-90 sacrificial layer (surfactant). Af-
ter coating the parylene-C to a thickness of ~2 pm, a 100 nm thick Al layer
was sputtered on the surface of the parylene-C film by RF sputtering. The
side of the parylene-C-covered glass was cut with a razor blade, and a Ni-Cu
electrode was connected to the Al-sputtered side of the parylene-C using
Ag paste (ELCOAT, CANS). A 15 um-thick double-sided tape was cut into a
2 cm X 2 cm outer square and a 1.25 cm X 1.25 cm inner square. The hol-
low square-shaped double-sided tape was attached to the surface of the
parylene-C. A 90 nm thick double-sided Pl tape was cutinto 3 mm x 20 mm
and attached at each end of the hollow-shaped double-sided tape. The
MICRO-90 sacrificial layer was eliminated by immersing the glass in DI
water.

Fabrication of Diaphragm: A 125 pm thick Kapton film was laser-
printed into a uniquely patterned mass-beam structure using a laser cut-
ter. The fabricated diaphragm had dimensions of 20 mm x 25 mm with
three different 2.4 mm x 1 mm sized beams. A 90 nm thick double-
sided Pl tape was cut into 3 mm x 20 mm strips and attached at
each end.

Kirigami Structure: One cycle of the kirigami pattern was 0.6 mm,
composed of 3 cut patterns and 2 cut patterns. The 3 cut patterns had
two short parts and one long part (1:3 ratio), while the 2 cut patterns had
two long parts. The length of the kirigami structure indicated in Figure S20
(Supporting information) was the long part of the kirigami cut patterns.
The cycle of the kirigami pattern was fixed at 3. As the diaphragm radius
decreased from 8 to 3 mm, the long part of the kirigami cut patterns de-
creased from 0.9 to 0.4 mm.

Measurement of Polarization-Electric Field Hysteresis Loop: The PVDF-
HFP/BTNP solution was prepared under the conditions described in the
fabrication method. A 3 nm Cr layer and 100 nm Au layer were evaporated
onto glass. Then, the PVDF-HFP/BTNP solution was spin-coated twice at
1000 rpm for 60 s. Finally, the same condition of Au/Cr was evaporated
onto the fabricated film. The obtained PYDF-HFP/BTNP film was ~1 um
thick. The Polarization-Electric filed hysteresis loop was measured by Pre-
cision LC Il ferroelectric tester (Radiant Technologies Inc.).

Measurement of Microphone Performance: A frequency oscillator was
connected to the incident speaker. The top layer, bottom layer, and di-
aphragm were attached to each other. The attached sensor and the in-
cident speaker were placed inside an anechoic chamber. The fabricated
microphone was fixed to a clamp with a width of 7.5 cm and a height of
10.5 cm in front of the incident speaker, maintaining a distance of 0.5 cm
between the speaker and the microphone. A sound level meter was placed
at the same distance (0.5 cm) to calibrate the decibel signals from the in-
cident speaker. The dB, value was converted into dBgp; and calculated to
pressure values based on auditory threshold (2 x 107> Pa). By using the
frequency oscillator connected to the incident speaker, a frequency sweep-
ing test (frequency range 50-10 000 Hz) was performed, and the output
voltage test at different sound pressures was achieved by changing the
applied V., of the frequency oscillator. The fabricated microphone was
connected to an oscilloscope to read the self-powered signals generated
by triboelectrification between Al layer and PVDF-HFP/BTNP tapered mi-
crohair film.

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Verification of Sensor Reliability by Artificial Neural Network (ANN) Sys-
tem: The ANN network used for sensor verification is composed of three
different layers: an input layer, a hidden layer, and an output layer. The in-
put layer for loading 5000 different pre-processed input data consisted
of 1024 nodes. Two different hidden layers contain 512 and 64 nodes
each. The output layer is composed of four different nodes, allowing the
machine-learned data to predict one sensor with one specific diaphragm
that matches the sweeping data and diaphragm information. Nonlinearity
was introduced to the neural network of the input layer and hidden lay-
ers, which is crucial for learning the complicated pattern within the given
data during the learning processes. In addition, the rectified linear unit
(ReLU) activation function was used for the approximation and handling
of the nonlinear relations within the data by the ANN model. For the out-
put layer, the sigmoid activation function was used to take advantage of
its direct connection between the artificial neural network output and the
proper class’s probability within the binary classification process. Through
the sigmoid activation function, the machine-learning data was acquired
at the output layer.

Characterization: ~ The structures and morphologies of the hierarchical
ferroelectric structure were characterized using field-emission SEM (SU-
8220, Hitachi, Japan). The self-powered acoustic signals were read by an
oscilloscope (Tektronix, DPO2024B), and an incident speaker (PILLAR, CS-
5100) was connected to a frequency oscillator (SG-3428B, Sigma eltech).
A sound level meter (TENMARS, TM-102) was used as a calibrated mi-
crophone for THD evaluation. Photolithography was performed using a
mask aligner (Suss Microtec, MA/BA 6-8). The relative permittivity was
measured by an impedance analyzer (IM3570, HIOKI). ANN models were
realized using Python 3.11.4 with related packages such as NumPy 1.24.3,
pandas 1.5.3, and Keras 2.14.0. This model was run on a computer with a
2.10 GHz 12th Gen Intel(R) Core(TM) i7-12700 CPU, 32GB RAM, and an
Inter(R) UHD Graphics 770 GPU.

Finite Element Calculation: Theoretical simulations of stress distri-
bution, electrical potential during triboelectrification, and resonance fre-
quency analysis were performed using COMSOL 5.4 Multiphysics.

Supporting Information

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