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Bioinspired PVDF Piezoelectric Generator for Harvesting
Multi-Frequency Sound Energy

Bangyan Duan, Kefan Wu, Xiaoyang Chen,* Jinyan Ni, Xin Ma, Weishuai Meng,
Kwok-ho Lam,* and Ping Yu*

With the rapid development of micro-energy harvesting technology, noise has
great potential as a new type of micro-energy source by developing a
high-performance acoustic energy harvester (AEH). Nevertheless, the
challenges of harvesting energy from noise are low acoustic energy density,
multi-frequency mixed sound, and unstable sound pressure.
Piezoelectric-based AEHs are proposed as a solution, but most reported
devices need to work at a certain frequency and very high sound pressure, and
exhibit the disadvantages of being bulky and heavy when using an extra
sound-pressure amplifier. Here, the eardrum and cochlea bioinspired
polyvinylidene fluoride (PVDF) piezoelectric generator which is lightweight,
compact, has a simple structure and is low-cost, harvests multi-frequency
sound energy. Although using the commercial pure PVDF membrane, the
prepared AEH still presents a high acoustoelectric conversion performance
with an output power of 8.45 μW and an acoustic sensitivity of 1 V Pa−1 at
200 Hz and 100 dB without using any sound-pressure amplifier through
optimizing the structure–vibration–frequency relationship. More importantly,
the bioinspired AEHs do not only exhibit the ability of acoustic energy
harvesting function but also have the abilities of frequency recognition and
acoustic sensing, which show great potential in the application of
self-powered acoustic sensors.

1. Introduction

Nowadays, micro-energy harvesting technology has been one
of the very important branches of energy technology.[1–3]
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Different from the conventional large-
scale and high-power generation tech-
nology, the micro-energy harvesting
technique generally has no special
requirement for installation and use
such as sites, equipment, weather,
etc, and mainly focuses on the micro-
energy sources around our life and
environment.[4,5] The main features
of these micro-energy harvesters are
compact, portable/wearable, and easy
to implement with good environmental
adaptability. Among the micro-energy
sources, noise is a mechanical wave
that propagates in the air and carries
mechanical vibration energy.[6] Com-
mon noise sources include airplanes,
vehicles, high-speed trains, factories,
loudspeakers, machines, and express-
ways, which almost cover all aspects
of our life and environment.[7] Noise
has become a serious social problem,
which is considered as pollution to
imperil people’s health, for instance,
causing irreparable damage to hearing,
cardiovascular and neuroendocrine
systems especially when the noise level

is above 90 dB.[8] Nevertheless, on the other hand, noise is
a long-neglected, growing, widespread, and ubiquitous micro-
energy source.[9] Therefore, exploring how to make use of the
noise would not only identify alternate micro-energy sources
but also help reduce noise pollution. More importantly, the
lower electrical-power consumption of modern electronic com-
ponents and the rapid development of wireless portable charg-
ing technology opens up unprecedented opportunities and great
possibilities for developing noise-based micro-energy harvesting
technology.[10]

The most ubiquitous noise is primarily low-frequency
(<500 Hz) and high-pressure acoustic waves (>80 dB).[11] As the
noise is a multi-frequency acoustic wave while the acoustic pres-
sure is often changed rapidly, its energy input is inefficient, un-
stable, and intermittent.[12] To harvest this long-neglected energy,
a high-performance acoustic energy harvester (AEH) with a high
acoustoelectric conversion capability at low frequency and low
sound pressure level (SPL) and a wide bandwidth in the noise
frequency range is desired.

The state-of-the-art AEHs can be classified into three
types based on the working principle: piezoelectric generator,
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triboelectric nanogenerator (TENG), and electromagnetic gener-
ator (EMG).[13,14] Due to the low acoustic energy density and the
rapid change in sound pressure, the EMG cannot work effectively
by using the conductor to cut the magnetic field lines.[15] TENG
could produce remarkable electrical output by coupling the
triboelectric effect with the electrostatic induction. However, due
to the nature of the electrostatic phenomenon, the electrostatic
charges can be severely affected by humidity and temperature.
Moreover, triboelectric devices generally work through a cycled
process of contact and separation between two different materi-
als in the triboelectric series. Thus, the operation of triboelectric
devices usually requires precise distance control between the
triboelectric components that largely increases the fabrication
difficulty and cost of AEHs and the risk of device damage under
harsh vibrations and shocks.[16] So far, the most reported AEHs
are based on piezoelectricity due to the merits of high sensitivity
to slight disturbances, simple structure (capacitor structure),
easy fabrication, low fabrication cost, and high environmental
stability. Piezoelectric generator generally works through the
intrinsic piezoelectric effect of piezoelectric materials to generate
charges due to the mechanical deformation of oriented molecular
dipoles.[17] As the acoustic energy density of sound is small, the
resonant working mode is required to generate as much electrical
output as possible in the piezoelectric-based AEHs.[18] However,
the major challenge of the piezoelectric generator is the narrow
frequency bandwidth. Once the frequency of an acoustic wave
is different from the designated resonant frequency of AEH, the
performance of the generator would degrade significantly.

In the reported research work on piezoelectric generator-based
AEHs, most research focus on improving the electrical outputs
by amplifying the incident sound pressure which is one of the
effective methods. For example, Bin et al. employed multiple
PVDF beam arrays in a quarter-wavelength acoustic resonator to
harvest the low-frequency acoustic energy.[19] With the incident
sound pressure level (SPL) of 110 dB at 146 Hz, the response
voltage of 1.48 V corresponding to the volume power density of
0.002 μW cm−3 was measured. By adopting this method, rigid
piezoelectric materials, like the lead zirconate titanate (PZT) ce-
ramics, could vibrate at low frequency as the piezoelectric el-
ement in the AEH. There are three categories of sound pres-
sure amplification: Helmholtz resonator, half-wave/quarter-wave
tube resonator, and acoustic metamaterial.[20] Yang et al. utilized
a compliant-top-plate Helmholtz resonator and dual PZT can-
tilever beams to obtain a stronger vibration of beams for achiev-
ing high acoustoelectric conversion through a strong multi-
mode coupling between the resonator and PZT beams.[21] Conse-
quently, the AEH exhibited the output power of 0.137–1.430 mW
(0.035–0.36 μW cm−3) at 170–206 Hz and 100 dB SPL. Li et al.
placed multiple PZT piezoelectric cantilever plates into a quarter-
wavelength tube resonator to obtain a low-frequency AEH.[22]

The results showed that the maximum total output voltage har-
vested was 5.089 V (1.367 μW cm−3) at 199 Hz and 100 dB SPL.
Yuan et al. utilized a PZT patch and a metallic substrate with
proof mass to form a local resonant acoustic metamaterial to con-
vert the incident sound energy to electrical energy.[23] It demon-
strated that an electrical power of 210 μW (0.011 μW cm−3) was
harvested at 114 dB SPL and 155 Hz. As seen from the reported
work, although Helmholtz or tube resonator could largely am-
plify the SPL of the incident sound in the resonator, there were

still disadvantages of heavy weight, big volume, complicated de-
vice structure, and fabrication process. Besides, the piezoelectric-
type AEHs with high power still work under a certain resonant
frequency and very high SPL, which is more suitable for use in
high SPL, single, and specific-frequency sound sources. There-
fore, for a high-efficiency acoustoelectric conversion in the actual
noise environment, harvesting muti-frequency acoustic energy
under the lowest possible SPL is an important development di-
rection for the piezoelectric generator-based AEHs.

Compared with rigid piezoelectric ceramics, the piezoelectric
polymer presents the merits of lightweight, flexible, low acous-
tic velocity, easy fabrication, and processing (cutting to shape or
size), which is more easy to realize the vibration or deforma-
tion under such a low-frequency acoustic wave,[24] and greater
potential for the large-scale implementation in the actual envi-
ronment. However, due to the low electromechanical coupling
factor, it is difficult to employ the piezoelectric polymer directly
for the application of high-power AEH. Recently, the synthe-
sis of piezoelectric organic polymer into nanofibers could in-
crease the electrical outputs. Mahanty et al. used poly(vinylidene
fluoride)-Mg (PVDF-Mg) nanofibers as an active layer to con-
vert acoustic energy into electrical power with the highest power
density of 8.36 μW (0.28 μW cm−2) at an open-circuit reso-
nant frequency of 126 Hz and 120 dB SPL.[25] Two-dimensional
MOF modulated PVDF nanofiber was prepared to fabricate a
flexible and sensitive nanogenerator based on the piezoelectric
composite, exhibiting an improved power density and acous-
tic sensitivity of 6.25 μW (1.04 μW cm−2) and 0.95 V Pa−1

at the incident SPL of 110 dB and 120 Hz, respectively.[26]

Hao Shao et al. reported a very high power of 210.3 μW
(17.53 μW cm−2) at 230 Hz and 117 dB using polyacryloni-
trile (PAN) nanofibers.[27] Most piezoelectric organic polymer
nanofibers-based acoustic AEHs are not resonant systems, in
which the high acoustoelectric conversion efficiency mainly
comes from these slender nanofibers that easily vibrate or deform
under a certain level of sound pressure. It was also noticed that
such a high power was measured at a very low frequency, and gen-
erally decreased quickly with increasing frequency. Although the
power of most piezoelectric polymer nanofiber-based AEHs still
cannot be comparable to the piezoelectric AEHs using the res-
onator and PZT ceramics, the piezoelectric polymer nanofiber-
based AEHs exhibit the merits of lower-volume, lightweight,
and simpler device structure and fabrication process. In the re-
ported work of piezoelectric polymer-based AEHs, much effort
was made to improve the piezoelectric performance of the poly-
mer with less attention on the device structure and correspond-
ing vibration mode. To our knowledge, a proper structural de-
sign could significantly help to further promote the acoustoelec-
tric conversion performance of AEHs. PVDF and its copolymers
are suitable candidates due to their excellent chemical stabil-
ity, flexibility, lightweight, bio-compatibility, and environmental
compatibility.[28,29]

In this work, the human eardrum and cochlea bioinspired
structural design was utilized to realize the high acoustoelectric
conversion and harvest the multi-frequency sound energy at
100 dB by creating more independent resonant frequencies in
a narrow frequency range. Commercial PVDF membrane was
chosen and fabricated as the piezoelectric elements. The pre-
pared AEHs are characteristic in muti-frequency acoustic energy

Adv. Electron. Mater. 2023, 9, 2300348 2300348 (2 of 13) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

 2199160x, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202300348 by U
niversity O

f G
lasgow

, W
iley O

nline L
ibrary on [27/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advelectronicmat.de

Figure 1. Structure and working principle of the human eardrum and cochlea bioinspired AEHs. a) The structure of the human eardrum and cochlea,
as well as the working mechanism of collecting multi-frequency sound by the ear; b) the biomimetic piezoelectric type AEHs with different resonant
frequencies in series to harvest the multi-frequency acoustic energy; c) the device structure and the photo of an eardrum bioinspired AEH.

harvesting and no sound-pressure amplifier or extra resonator
needed, as well as high acoustoelectric conversion and high
acoustic sensitivity. The vibration mode of this AEH was simu-
lated. The effect of structure parameters on the acoustoelectric
conversion performance was fully investigated.

2. Results

2.1. Biomimetic Piezoelectric Type AEHs

In this work, the resonant mode is required to improve the elec-
trical outputs by making the resonant frequency of the PVDF
element consistent with the frequency of the received sound
wave. To maximize the acoustoelectric conversion and solve the
narrow frequency bandwidth, a much more effective vibration
mode and structural design are desired. The human eardrum
and cochlea give inspiration, as shown in Figure 1. The human
eardrum has a thickness of ≈100 μm, but can effectively collect
sound waves even with weak vibration in a wide frequency range
of 20–20 000 Hz. The human eardrum is a circular diaphragm
with the load on the back side of the center of the membrane.[30]

The mechanical energy of the vibration was then further focused
and transmitted to the cochlea through the ossicular chain. The
cochlea can be treated as acoustic sensors with different reso-
nant frequencies corresponding to be sensitive to vibrations at

certain frequencies, and these sensors are connected in series
in the cochlea.[31,32] Consequently, the vibration with a certain
frequency would transmit along the cochlea until reaching its
corresponding resonant region. The structure and working prin-
ciple of the human eardrum and cochlea could be used to de-
sign the piezoelectric type AEHs for harvesting multi-frequency
sound waves. Figure 1b shows the proposed biomimetic piezo-
electric type AEHs. In this design, a single AEH with a cer-
tain resonant frequency is fabricated by a circular diaphragm
structure with the load in the center of the backside. By ar-
ranging the AEHs with various resonant frequencies in series,
the multi-frequency sound waves could be effectively and selec-
tively absorbed through the resonant and non-resonant working
mode of the AEH. Since the PVDF membrane has a very low
acoustic impedance, the incident sound can pass through the
AEH with low attenuation when the sound frequency is incon-
sistent with the resonance frequency of the AEH. With multi-
ple AEHs of different resonant frequencies, the multi-frequency
sound wave could be fully absorbed, which each AEH could re-
alize an acoustoelectric energy conversion efficiency as high as
possible by optimizing the vibration at the resonant frequency.
Consequently, a high-performance piezoelectric type AEH for the
multi-frequency sound could be realized. Figure 1c shows the de-
vice structure and the optical image of the eardrum bioinspired
AEH.
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Figure 2. a) Simulated model of a PVDF diaphragm vibrated under the sound; b) the displacement of the PVDF diaphragm with different geometries
but identical area at the fundamental resonant frequency under the same SPL; c) the simulated response voltage of circular and rectangular diaphragms
with different length-width ratios as a function of frequency; d) the simulated response voltage of circular and elliptical diaphragms with different long
axis-short axis ratios as a function of frequency; e) the frequency dependence of simulated response voltage of circular diaphragms as a function of
diameter, and the diameter dependences of the fundamental resonant frequency and simulated response voltage (inset).

2.2. Vibration Mode of AEH

To understand the relationship between the geometrical struc-
ture and vibration modes of the PVDF diaphragm, the displace-
ment and response voltage of the PVDF diaphragm with differ-
ent structures are simulated. The simulated mode is constructed
as shown in Figure 2a (see the supporting information for more
details). The PVDF diaphragm vibrates under different single-
frequency sounds with an SPL of 100 dB (2 Pa). According to the
sweep frequency tests, the resonant frequency, displacement, and
response voltage are obtained. As the maximum response volt-
age generally is obtained at the fundamental frequency, the fun-
damental frequency vibration mode is the major concern in this
work. As shown in Figure 2b, although all the PVDF diaphragms
have an identical area, the displacement of the PVDF diaphragm
could reach the maximum at the fundamental frequency when
adapting a circular geometrical structure. Moreover, the geome-
try and size of the deformation or vibration region are strongly in-
fluenced by the structure of diaphragms. Therefore, the geomet-
rical structure has a significant effect on the resonant frequency,
response voltage, and bandwidth.

Compared with the rectangular (Figure 2c) and elliptical
(Figure 2d) diaphragms, the circular PVDF diaphragm exhibits
the lowest resonant frequency and highest response voltage. The
resonance frequency increases with the length-width ratio in the
rectangular diaphragms and the ratio of long-axis to short-axis
in the elliptical diaphragms. Moreover, the bandwidth obviously
increases when the geometry is changed from circle to square
and rectangle (Figure 2c) as well as circle to ellipse (Figure 2d).
The difference in the geometric structure can be described by the
shape asymmetry. The higher shape asymmetry would lead to
the formation of a more irregular and unsymmetrical vibration
region, in which extra vibrations near the resonant frequency
are generated, leading to the enhancement of bandwidth. Since
the extra vibrations would disperse the total input mechanical
energy, the maximum displacement of the diaphragms and the
response voltage at the resonant frequency decrease. Therefore,
among the geometries, the circular diaphragm would have the
highest response voltage, the lowest resonant frequency, and
the narrowest bandwidth due to its highest symmetry. Besides
the geometry, the circular diaphragm with different diameters is
simulated as shown in Figure 2e. Due to the enlarged vibration
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Figure 3. a) Schematic illustration of a testing platform setup; photo of the testing platform b) before opening the loudspeaker and c) opening the
loudspeaker; the laptop on the left presents the real-time SPL measured by the microphone, while the laptop on the right shows the electrical signals
from the AEH fixed with a distance of 10 cm from the loudspeaker; d–g) the results of acoustoelectric conversion by the AEHs with the diameters of d)
82.1 mm, e) 72.7 mm, f) 60.3 mm, and 52.5 mm at their respective resonant frequencies under a SPL of 100 dB; h) the frequency-dependent response-
voltage of four AEHs at 100–600 Hz through the frequency sweep test; i) the resonant frequency, response voltage and the corresponding bandwidth at
−10 dB (10%) of AEHs as a function of the PVDF membrane diameter.

region and better flexibility, the resonant frequency drops while
the response voltage increases along with the increasing diame-
ter of the circular diaphragm. It is envisaged that the frequency
dependence of vibration mode and acoustoelectric conversion
performance could be effectively modulated by modifying the
geometric structure of the PVDF diaphragm.

2.3. Structural Parameters of AEH

In the design of the eardrum-inspired AEH, the diameter of
the PVDF membrane and the backload are two critical parame-
ters that determine the acoustoelectric conversion performance,
which are investigated by an open testing platform as shown in
Figure 3a–c. The platform is built to mimic the practical envi-
ronment. Initially, the SPL of the quiet environment is about
50.1 dB when the loudspeaker is off, and the electrical signal

measured by the oscilloscope is very weak. After turning on the
loudspeaker, the SPL of the incident sound near the AEH is kept
precisely at 100 dB, while obvious electrical signals can be seen
from the oscilloscope, indicating a high electrical output from
the AEH. Firstly, the effect of the PVDF membrane diameter
(82.1, 72.7, 60.3, and 52.5 mm) on the acoustoelectric conver-
sion performance is investigated. Figure 3d–g exhibits the results
of the acoustoelectric conversion of four AEHs with different
PVDF membrane diameters at frequencies near their resonant
frequencies with the SPL excitation of 100 dB. It can be seen that
the 82.1 mm-diameter AEH has the highest peak-to-peak voltage
of 3.44 V and the lowest resonant frequency of 196 Hz, while
the 52.5 mm-diameter AEH has the lowest peak-to-peak voltage
(1.73 V) and the highest resonant frequency (574 Hz). Figure 3h
exhibits the response voltage as a function of the frequency of
four AEHs in the frequency range of 100–600 Hz. A very high
and sharp voltage-response peak is shown in the wide frequency
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Figure 4. The results of acoustoelectric conversion of AEHs with back loads of a) 0.005 g, b) 0.035 g, c) 0.080 g, and d) 0.095 g at their respective
resonant frequencies under an SPL of 100 dB; e) the frequency-dependent response voltage of AEHs with different load weights at 100–220 Hz; h) the
resonant frequency, response voltage and the bandwidth at -10 dB of AEH as a function of backload weight.

range without any spurious peak in the AEH samples with diam-
eters of 82.1, 72.7, and 60.3 mm, respectively, which indicates a
very clear and single-vibration mode. This also can explain why
relatively high response-voltage outputs can be realized in these
devices. As shown in Figure 3i, the resonant frequency almost in-
creases linearly with the reducing membrane diameter and could
be effectively adjusted in the low-frequency range. Besides, as the
diameter of the PVDF membrane is proportional to the effec-
tive area for absorbing acoustic energy, the smaller membrane
would offer a lower response voltage. The measured results are
almost in accord with the above-simulated results. Besides, the
bandwidth at -10 dB increases slowly for the AEHs with diam-
eters from 52.5 to 72.7 mm, while the 82.1 mm-diameter AEH
shows the highest bandwidth of 17.2% among the devices. The
improved bandwidth mainly comes from the contribution of the
increased weak electrical output (highlighted as a purple rectan-
gle in Figure 3h).

Besides the diameter of the PVDF membrane, the effect of
backload is investigated. Figure 4a–d shows that the resonant
frequency decreased as a function of the load. The results of
the acoustoelectric conversion of AEHs with other load weights
are shown in Supporting Information (Figure S1, Supporting In-
formation). Figure 4e exhibits the frequency sweep test results
of AEHs with different weights in the frequency range of 100–
220 Hz, showing that the load weight can decrease the resonant
frequency until reaching 0.08 g. Figure 4i shows the resonant fre-
quency, response voltage, and bandwidth of AEHs as a function
of the load. Compared to the diameter of the PVDF membrane,
it is more suitable to use the load to fine-tune the resonant fre-
quency within 50 Hz. Besides, the appropriate small increment

of load weight (0.005 g → 0.020 g) can improve the response volt-
age and bandwidth. Further improving the load weight would
cause a reduction in the response voltage. When the load weight
is further increased, the variations of frequency-dependent band-
width and response voltage are opposite. When the load weight
is increased from 0.02 to 0.05 g, the bandwidth improves from
20.0% to 36.4% but the response voltage decreases. The improve-
ment of the bandwidth mainly comes from the increased elec-
trical output near the maximum response voltage as shown in
Figure S1b-e (Supporting Information), which is attributed to
the extra oscillation generated by the load at around the reso-
nant frequency.[33] The further increment of load weight would
lead to a decrease in the bandwidth and a slight increase in the
response voltage. It can be seen that the load can be employed
to fine-tune the resonant frequency and improve the bandwidth
without changing the size of AEH. Another merit of this param-
eter is that the input acoustic energy loss can be reduced by re-
taining the same receiving area when the AEHs with different
resonant frequencies are arranged in series (Figure 1b).

2.4. Acoustoelectric Conversion and Application

The acoustoelectric sensitivity (Sa) of AEH with the resonant fre-
quency of 200 Hz is calculated by the ratio of the open-circuit out-
put voltage to the incident sound pressure.[34] As shown in Figure
5a, the maximum acoustoelectric sensitivity of AEH (PVDF di-
ameter: 82.1 mm, the load: 0.005 g) can be calculated by:

Sensitivity = V∕P = V∕
(
P0 × 10Lp∕20) (1)

Adv. Electron. Mater. 2023, 9, 2300348 2300348 (6 of 13) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 5. a) Variations of output voltage and current and b) power with external load resistance; c) Capacitor (1000 μF) charging performance of the
AEH by harvesting acoustic energy from the sound wave at 200 Hz and 100 dB SPL; d) a schematic diagram of the circuit for lighting LED; e) a circuit
layout for lighting the SCU logo composed of 21 LEDs. f) Photos of lighting LEDs by the AEH in the bright and dark ambient conditions, respectively
(see Movie S2, Supporting Information).

where V is the output voltage under a monochromatic sound
wave input, P0 is the reference sound pressure whose value is
0.00002 Pa, and Lp is the SPL in dB. The sensitivity is 1 V Pa−1 at
100 dB (or 2 Pa). Furthermore, the output power of AEH at the
SPL of 100 dB is quantified by measuring the piezoelectric output
voltage as a function of external load resistance (RL) from 1 kΩ
to 10 MΩ. The output voltage increases gradually with the incre-
ment of RL and gets saturated at high resistance. In contrast, the
output current exhibits the opposite behavior as the load resis-
tance increases (Figure 5a). Thus, the instantaneous maximum
output power of AEH is ≈16.9 μW at an external load resistance of
0.17 MΩ (Figure 5b), which is higher than those reported PVDF-
based AEH.[19] The electrical output power generated by the AEH
can be calculated by:

Pdevice =
V2

2R
= 8.45𝜇W (2)

To demonstrate the practical application of the device, the
AEH is connected to a 1000-μF capacitor through a full wave
bridge rectifier circuit to provide the charging process as shown
in Figure 5c. The AEH is able to sufficiently charge up the capac-
itor under the SPL of 100 dB SPL and the excitation frequency of
200 Hz and attain a steady state of 2.165 V within 690 s. Based
on the capacitor charging process, the average power (Pout) stored
inside the capacitor delivered by the AEH was ≈2.39 μW. The en-

ergy conversion efficiency factor can be calculated using the fol-
lowing equations:[27]

Pin = AP2

𝜌c
cos 𝜃 = 12.04𝜇W (3)

𝜂 = Pout∕Pin × 100% = 19.85% (4)

where Pin is the input sound power, P is the sound pressure, and
c is the sound velocity, A is the active/working area of the device,
𝜌 is the mass density of air, and 𝜃 is the angle between the di-
rections of the sound propagation and the normal of the active
part.

Furthermore, the power generated by AEH can be used directly
to light up the LEDs. To convert the AC outputs into DC, a full
wave bridge rectifier is integrated into the circuit (Figure 5d,e).
The Supporting Movies show the LED lighting process through
the AEH and the rectification circuit. To ensure the reliability of
results, the electrolytic capacitor is fully discharged and cannot
light up the LED before turning on the speaker. The verification
process is conducted before harvesting sound energy and can be
observed in the Supporting Information Movies. With the SPL
of 100 dB, the AEH works for five minutes and eight minutes
to charge 1 and 3 1000-μF electrolytic capacitors (connected in
parallel), respectively. Then the electrolytic capacitor can light
up 1 LED (see Movie S1, Supporting Information) and the SCU
logo that is composed of 21 LEDs (see Movie S2, Supporting

Adv. Electron. Mater. 2023, 9, 2300348 2300348 (7 of 13) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Information). It should be noted that the lighting is realized
without involving any external storage system.

Table 1 shows the comparisons of the acoustoelectric conver-
sion performance of the proposed AEHs and some representa-
tive ones in the literature. It can be seen that the AEH exhibits a
very high response voltage (≈2 V) and output power (≈8.45 μW)
among the reported work, more importantly, the performance is
achieved under the low acoustic frequency and sound pressure
level without employing extra sound-pressure amplification de-
vices. The excellent performance is mainly attributed to the spe-
cial device structure. Due to the small size, the corresponding
area and volume power densities are high as 0.132 μW cm−2 and
0.066 μW cm−3, respectively. Since the incident acoustic energy is
in quadratic proportion to the sound pressure, the metric is used
to make further performance comparison. This metric is the har-
vested power normalized by the square of the sound pressure and
volume or area.[20] Our bioinspired AEH exhibits a high metric
of 0.0168 μW Pa−2 cm−3 or 0.0333 μW Pa−2 cm−2) that are compa-
rable to the bulk AEHs fabricated using the multiple piezoelec-
tric ceramics and resonator as well as the complex AEHs fabri-
cated using piezoelectric polymer nanofiber. The promising per-
formance of the bioinspired AEH can be realized using only a
single commercial polymer membrane. Besides the very simple
structure, the AEH is light with a weight of only ≈95 g that is
mainly come from the copper housing. The weight can be fur-
ther reduced if using a lighter material such as polymer. Over-
all, the bioinspired PVDF membrane exhibits excellent prop-
erties of compactness, lightweight, simple structure, and high
metric.

To harvest the multi-frequency sound, the AEHs with differ-
ent resonant frequencies are arranged in series as shown in
Figure 1b. To keep the receiving area identical, the resonant fre-
quencies of AEHs are adjusted mainly through the load weight
rather than the membrane diameter. Here, the multi-frequency
sound wave is formed by overlapping three single-frequency
(216, 257, and 297 Hz) sound signals with the same SPL. To
fully harvest the multi-frequency sound energy, the resonant fre-
quencies of the three AEHs are set as the same as those of
single-frequency sound signals. The schematic and photo of a
multi-frequency test experiment are shown in Figure 6a,b, re-
spectively. The three AEHs are placed in order along with the
increasing frequency (AEH 1 (216 Hz), AEH 2 (257 Hz), and
AEH 3 (297 Hz)), and physically separated with a distance of
2 cm so that the microphone can be inserted between the AEHs
to measure the incident and outgoing sound signals. The dis-
tance between the first AEH (AEH 1) and sound source (I) is
set as 6 cm.

Figure 6c shows the electrical signal acquired by the three AEH
under the excitation of single-frequency sound waves of 216, 257,
and 297 Hz (from top to bottom) with the same SPL, respectively.
The three AEHs produce a very high voltage response only at
their resonant frequencies, otherwise the response voltage is very
low if the sound frequency is away from the resonant frequency.
Since the AEH 3 is further away from the sound source, the re-
sponse voltage is lower than the AEH 1 due to the energy dissipa-
tion of sound during the propagation process in the air. From the
other point of view, the AEH is capable of recognizing the sound
frequency. To further verify the frequency recognition capability,
three different single-frequency sound waves are overlapped se-

lectively to form three different dual-frequency incident sounds
but with the same SPL. As shown in Figure 6d, before the sound
waves approach the AEHs, two very narrow peaks with the same
amplitude of near 100 dB are shown in the frequency spectra of
incident sound measured by Microphone 1 (black line), corre-
sponding to the frequencies of i) 216 Hz + 257 Hz, ii) 216 Hz
+ 297 Hz, and iii) 257 Hz + 297 Hz, respectively. When the
sound waves approach the AEHs, the SPL drops (>12.5 dB) that
correspond to the >86% decline in the acoustic energy. It indi-
cates that the incident sound can pass through the AEHs with
a low attenuation of SPL unless the resonant frequency of AEH
is the same as the frequency of the sound wave, which shows
the selective acoustic energy absorption in the AEHs. Moreover,
only by comparing the response voltage of each AEH, the AEHs
are capable of recognizing frequencies from the multi-frequency
sound. Besides, the frequency spectrum of the signal acquired
by the AEH in a non-resonant mode is very similar to that mea-
sured by the microphone, which means that the AEH can be
used as the acoustic sensor when operated in the non-resonant
mode. Finally, the triple-frequency sound (105 dB) is formed by
mixing the three single-frequency sound waves (216, 257, and
297 Hz) to further investigate the performance of bioinspired
AEH. Same phenomena are observed that the AEHs exhibit the
selective strong absorption of the acoustic energy at the resonant
frequency and the SPL of sound drops to a very low level (green
line) after passing through the three AEHs. Figure 6e shows the
electrical signal converted by the three AEHs, in which the peak-
to-peak output voltages (Vp-p) of AEH 1, AEH 2, and AEH 3 are
3.15, 1.03, and 0.74 V, respectively. According to the frequency
spectra of electrical signals, the AEHs are capable of convert-
ing the sound with different frequencies into electrical power
though the conversion is much more efficient at the resonant
frequency.

To show the practicability, the electrical energy converted by
the AEHs from the multi-frequency sound was used to light up
LEDs by using full bridge rectifier circuit. In our experiment, it
was found that the LED can be lit up only when the Vp-p of AEH
is higher than 1 V. Therefore, in order to obtain high voltage out-
put, the three AEHs with different resonant frequencies (158,
186, and 210 Hz) were chosen and arranged tightly to reduce the
acoustic energy dissipation in the gap. Each AEH can generate a
very high Vp-p (3.92, 3.24, and 2.28 V) under the multi-frequency
sound wave (Figure S2, Supporting Information). By using this
circuit to charge a 50 μF capacitor, each AEH can independently
light up a commercial red LED (see Movie S3, Supporting In-
formation). The result shows that the bioinspired AEHs could
effectively harvest the energy from the multi-frequency sound.
With the ability of frequency recognition, the AEH could be used
as a self-powered acoustic sensor. To validate the possibility of
the self-powered acoustic sensor, two AEHs with different res-
onant frequencies (216 and 257 Hz) are arranged in series and
connected with the independent rectifier circuits and LED, re-
spectively. Based on the on or off status of LED powered by a
single-frequency sound, the frequency recognition can be con-
ducted directly using the AEH without using an oscilloscope
and FFT treatment (see Movie S4, Supporting Information). In
short, the bioinspired piezoelectric type AEH can achieve mul-
tiple functions including acoustic energy harvesting, sound fre-
quency recognition, and acoustic sensing.

Adv. Electron. Mater. 2023, 9, 2300348 2300348 (8 of 13) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Table 1. Comparison of acoustoelectric conversion performance of the proposed AEHs and reported representative AEHs (<500 Hz). (ϕ: diameter).

Materials and Structure Device dimension Sound Pressure
level (SPL)

Sound
frequency

Response
Voltage

Power
output

sensitivity Area power
densities

Metric

Volume power
densities

Metric

[dB] [Pa] [Hz] [V] [μW] [mV Pa−1] [μW Pa−2

cm−2]
[μW Pa−2

cm−3]

Piezoelectric element+ resonator

Multiple PZT Cantilever
Plate+tube resonator[22]

40 mm × 50 mm × 420 mm 100 2 199 5.089 1148 2544.5 — 0.3418

Two PZT Cantilever +
Helmholtz resonator[21]

176 mm × 176 mm × 120 mm 100 2 201 — 1430 — — 0.09

PZT patch + Helmholtz
resonator[35]

ϕ80 mm × 35
mm

100 2 217 0.522 27.2 261 — 0.034

100 2 341 0.622 64.4 311 — 0.0805

Multiple PZT bimorph
piezoelectric plates + Tube
resonator[36]

40 mm × 50 mm × 420 mm 112 8 199 5 796 625 — 0.0148

PZT patch + Resonator[37] ϕ40 mm × 32.4 mm 100 2 140 3.5 8.1 1750 — 0.0498

Multiple KNN cantilever
bimorph plates + Tube
resonator[38]

40 mm × 50 mm × 420 mm 94 1 194 3.8 2 3800 — 0.002

Piezoelectric transducer +
Helmholtz resonator[39]

60 mm × 80 mm × 450 mm 110 6.3 95 4.5 115.2 2250 — 0.0013

Piezoelectric patch +
Helmholtz resonator[40]

ϕ25 mm × 55 mm 100 2 332 0.23 3.49 115 — 0.002

PZT patch + Metamaterial
structure [23]

ϕ154 mm × 20 mm 114 10 155 1.304 210 130.4 — 0.0001

PVDF membrane + Helmholtz
resonator [41]

ϕ60 mm × 50 mm 94 1 453 0.413 0.244 413 — 0.0016

Multiple PVDF Cantilever +
Tube resonator[19]

40 mm × 50 mm × 580 mm 110 6.3 146 1.48 2.2 234.9 — 5×10−5

Piezoelectric polymer nanofiber

(PVDF–Mg) nanofibers [25] 36 mm × 20 mm × 3.4 μm 120 20 130 6 8.5 150 0.0007 —

Electrospun PVDF nanofiber
web [34]

120mm2×40 μm 115 11.25 220 3.1 — 266 — —

Electrospun PAN nanofiber
web [27]

30 mm × 40 mm × 30 μm 117 14.2 230 58 210.3 — 0.0869 —

P(VDF-TrFE) nanofiber [42] 120 mm2× 20 μm 115 11.25 210 14.5 141.3 — 0.0931 —

PVDF–ZnO acoustoelectric
nanogenerator[43]

— 116 12.62 140 1.12 1.792 88.75 0.0013 —

PVDF/ TiO2 nanofiber
membrane[44]

600 mm2 × 250 μm 90 0.63 — 8.8 108 26 000 4.0312 —

PVDF nano-micro fibers[45] 2.5 mm × 50mm × 2 mm 120 20 — 0.25 1.2×10−3 12.5 — —

PVDF nanofiber membrane[46] 280 mm2 × 260 μm — — — 1 51 — — —

PVDF/MAPbBr nanofiber
membrane[47]

— 85 0.36 — — 22.61 — 2.16049 —

PVDF nanofiber membrane[48] 200 mm × 300 mm × 25mm 86∼

89
0.4∼

0.56
— 0.1 — 250 — —

PVDF/ZnS composite fiber
membrane[49]

— 100 2 86 6 9.6 3000 0.0375 —

PVDF nanofiber membrane[50] 40 mm × 40mm 105 3.56 220 5.24 4.8 1472 0.0237 —

PVDF/silver nanoparticles
composite nanofiber
membrane[51]

— 100 2 — 0.0592 700 — — —

(Continued)
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Table 1. (Continued).

Materials and Structure Device dimension Sound Pressure
level (SPL)

Sound
frequency

Response
Voltage

Power
output

sensitivity Area power
densities

Metric

Volume power
densities

Metric

[dB] [Pa] [Hz] [V] [μW] [mV Pa−1] [μW Pa−2

cm−2]
[μW Pa−2

cm−3]

Electrospun PVDF nanofiber
membrane[52]

— — — 4000 0.33 — — — —

P(VDF-TrFE) nanofiber
mesh[53]

18 mm2 × 307 nm 95 1.12 250 0.2 — — — —

PAN nanofiber membrane[54] 30 mm × 40 mm × 30 μm 95 1.12 230 2.6 — 1990 — —

PAN nanofiber membrane[55] 30 mm × 40 mm × 30 μm 95 1.12 200 0.39 — 351.9 — —

PVDF composites
nanofibers[26]

50 mm × 20 mm × 60 μm 110 6.3 120 6 6.25 950 0.0262 —

Eardrum bioinspired PVDF
membrane (this work)

ϕ90 mm × 20 mm 100 2 200 4 8.45 1000 0.0333 0.0168

3. Discussion

Multi-frequency vibration and different vibration modes coex-
ist in a single piezoelectric element, which is closely related to
the geometry of the piezoelectric element.[56,57] Different vibra-
tion modes would share the input mechanical energy, which also
influences the energy distribution in the modes. To maximize
the electrical output, one of the common approaches is to en-
hance a certain vibration mode while restraining other vibration
modes or extra vibrations near the resonant frequency, which can
be realized by specifically designing the geometric structure of
the piezoelectric element. For example, assume using the same
piezoelectric material, the bar has a higher electromechanical
conversion efficiency than the circular disc because the lateral
vibration mode is fully restrained in the bar geometry. The de-
velopment of a trapezoidal diaphragm is an example of produc-
ing multi-frequency vibrations or different resonant modes in
the desired frequency range by intelligently designing the geo-
metric structure to achieve wide bandwidth for acoustic sensing
applications.[58,59] These works demonstrate the great potential of
geometry structural design on the modulation of the frequency
dependence of vibration and electromechanical conversion per-
formance in piezoelectric devices. Nevertheless, the major draw-
back of most reported approaches is that the actual electrical out-
put may likely be decreased due to the trade-off relationship be-
tween the maximum electrical output and the bandwidth.

In this work, the geometry of the diaphragm can effectively
modulate the response voltage, resonant frequency, and band-
width, in which the structural parameters including the PVDF
membrane diameter and the load weight are very easy to adjust in
the fabrication process. The circular PVDF membrane can be eas-
ily tailored into different diameters by mechanical cutting. The
assembling process of AEH is also very simple without involv-
ing any expensive equipment (see the Experimental Section). Be-
sides, the cost of AEH is low, in which the commercial pure PVDF
film is the most expensive component. Benefiting from these ad-
vantages, the bioinspired AEHs have great potential to achieve
large-area implementation in some application scenarios such as
highways, airports, high-speed trains, and factories.

Recently, the wireless sensor network (WSN) with thousands
of sensor nodes shows promising in various areas including
health monitoring, environmental monitoring, public safety and
other fields.[60,61] The sensors are usually powered by batteries,
so the replacement of batteries is needed to conduct from time
to time. However, as the number of sensors is huge and sensors
may not be easily accessible, the replacement of batteries could
be time-consuming and high cost. The further increasing num-
ber and type of sensors would exacerbate the energy consump-
tion such that the power supply of sensor nodes has become
the core factor restricting the service life and running costs of
WSNs. The ideal solution is to develop the self-powered sensors
or micro-energy harvesters to power those sensors. The proposed
bioinspired piezoelectric type AEH could offer a potential solu-
tion to achieve multi functions simultaneously including acous-
tic energy harvesting, sound frequency recognition, and acoustic
sensing. Besides, the sound is almost everywhere especially at
surveyed areas (traffic and public areas) where the sensors are
usually placed. Though the energy density may be low, the sup-
ply of sound energy is abundant. Therefore, the proposed low-
cost, lightweight, high-power metric, and multifunctional AEH
could be an alternative solution to deal with the energy issue of
the WSN.

4. Conclusion

In this work, we present the eardrum and cochlea bioinspired
PVDF piezoelectric generators to harvest the multi-frequency
acoustic energy at a relatively low sound pressure level. A com-
mercial pure PVDF membrane with a circular diaphragm and
the backload design was used to form an AEH with a certain
resonant frequency. By controlling the diameter of PVDF mem-
brane and the load weight, the resonant frequency can be accu-
rately adjusted in the wide sound range of 100–500 Hz. Moreover,
the AEH presents a high acoustoelectric conversion performance
with power and acoustic sensitivity of 8.45 μW and 1 V Pa−1

at 100 dB and 200 Hz without using an extra sound-pressure
amplifier or resonator. Due to its special structural design, a
high metric of 0.0168 μW Pa−2 cm−3 or 0.0333 μW Pa−2 cm−2

Adv. Electron. Mater. 2023, 9, 2300348 2300348 (10 of 13) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 6. The a) schematic diagram and b) photo of a multi-frequency acoustic energy harvesting experimental platform; c) the electrical signal acquired
by the three AEHs under the excitation of single-frequency sound (i) 216 Hz, ii) 257 Hz and iii) 297 Hz) and the SPL of 105 dB; d) the frequency spectra
of the dual-frequency sound measured by four microphones, and the electrical signal acquired by the three AEHs under the excitation of dual-frequency
sound (i) 216 Hz + 257 Hz, ii) 216 Hz + 297 Hz and iii) 257 Hz + 297 Hz) and the SPL of 105 dB, and the frequency spectra acquired from the AEH
under the non-resonant working mode (red line) and the microphone (Black line); e) the frequency spectra of the triple-frequency sound measured by
four microphones, and the electrical signal converted by the three AEHs under the excitation of the triple-frequency sound (216 Hz + 257 Hz + 297 Hz)
and the SPL of 105 dB.

was measured, which is comparable to the reported AEHs fab-
ricated using the multiple piezoelectric ceramics and resonator
as well as the piezoelectric polymer nanofibers. Moreover, the
bioinspired AEH cannot only harvest the acoustic energy of the
multi-frequency sound to light up the LEDs, but also could rec-
ognize the sound with different frequencies even without us-
ing an oscilloscope and fast Fourier transform (FFT) process-
ing. This low-cost, lightweight, high-power metric and multi-

functional AEH could help to deal with the energy issue of
the WSN.

5. Experimental Section
Fabrication of Bioinspired AEH: The bioinspired AEH was mainly com-

posed of a copper-ring housing, an Ag-coated PVDF thick film, a back load,

Adv. Electron. Mater. 2023, 9, 2300348 2300348 (11 of 13) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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conductive wires, and an SMA connector, as shown in Figure 1c. The Ag-
coated PVDF thick films were composed of a 100 ± 5 μm-thick PVDF thick
film and a 12 μm-thick Ag electrode layer. The piezoelectric performance
of the PVDF thick film is shown in Table S1 (Supporting Information).
First, the PVDF was cut into a circular shape, then fixed into a copper-ring
housing and followed by filling the gap between the PVDF thick film and
housing using epoxy (Epotek-301, Epoxy Technology Inc., Billerica, MA).
After curing the epoxy in a dry environment for 24 h at 40 °C, a conductive
Ag/polymer was subsequently cast on the surface of the epoxy gap to serve
as the ground. Next, E-solder 3022 (Von Roll Isola Inc., New Haven, CT)
as the back load with accurate weight was cast on the center of the back
surface of the PVDF membrane. Finally, the AEH was assembled with an
SMA connector and electric wires.

Electrical Output Measurements: A commercial speaker (S1-6, SAST,
Ningbo, China), a power amplifier (SA-9010, SAST, Ningbo, China), and
a computer were connected as the sound source, and the sound wave-
form and frequency were controlled by a computer software REW (Room
EQ Wizard). To keep the same distance between the AEH and the loud-
speaker, the AEH was fixed by a flask clamp and iron support at a distance
of 10 cm from the loudspeaker. The front surface of AEH was arranged par-
allel to that of the loudspeaker, and these two devices were kept in line. The
AEH was connected to an oscilloscope (TBS1102C, Tektronix, Beaverton,
OR, USA) by a radio frequency cable (BNC male connector to SMA male
connector conversion cable). The USB measurement microphone (UMM-
6, Dayton Audio, Pleasant Valley, OH, USA) was placed near the surface of
the AEH to monitor the frequency and SPL of the incident acoustic wave.
The SPL of the incident sound was kept at 100 dB. The microphone and
oscilloscope were connected to a computer to record sound signals and
electrical signals. The testing platform setup is shown in Figure 3a-c.

Numerical Simulations: COMSOL Multiphysics was used for the sim-
ulation calculation. The biomimetic human-eardrum structure (a circular
diaphragm with the load on the center of the back side) was generated,
and then the acoustoelectric conversion performance was simulated us-
ing the multi-physics interfaces in the software: solid-mechanics interface,
electrostatic interface, and acoustic-piezoelectric interaction interface. The
geometric structure and structural parameters of PVDF diaphragms were
designed and adjusted in the solid-mechanics interface. The built PVDF
diaphragm model was meshed into the finite element using the free Tetra-
hedral geometry. By using the sweep frequency test method, the frequency-
dependent vibration amplitude, stress distribution, resonant frequency,
and response voltage of PVDF diaphragms were obtained.

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