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Abstract
Aiming to simultaneously realize acoustic energy harvesting (AEH) and noise suppression, this study
proposes a novel deep subwavelength acoustic device. The proposed device is composed of an
acoustic resonator with a compliant bottom. At the acoustic resonance frequency of the device, sound
pressure difference will excite the compliant part and generate substantial strain energy within the
substrate. The electrical energy is then generated from the bonded piezoelectric patch on the substrate.
Specifically, an embedded logarithmic spiral neck is adopted to make the device compact. Moreover,
compared to the uniform neck configuration, the proposed spiral configuration is able to improve
sound pressure amplification performance, which is demonstrated via numerical simulation and
experimental studies. For the single AEH unit performance, experimental results show 8.1μW
electrical power can be harvested at 100 dB sound pressure level (SPL) excitation. At the acoustic
resonant frequency, the proposed device is deep subwavelength, which is only 1/76 of the interested
wavelength. Furthermore, when the AEH array configuration is adopted, simultaneous noise and
energy harvesting functions can be realized. Experimental results show that the acoustic energy can be
converted into electrical power, which is able to power a pedometer device. Meanwhile, the noise
reduction performances concerning different excitation cases are notable. The proposed AEH system
saves space and is multifunctional, which can be applied to the industrial application in the near future.

Keywords: acoustic energy harvesting, deep-subwavelength acoustic device, low frequency
noise, noise suppression

(Some figures may appear in colour only in the online journal)

1. Introduction

The internet of things (IoT) helps in making devices smarter,
allowing devices to be able to realize one or multiple func-
tions related to sensing, triggering, communication, and
control. These autotomized or supervised actions require
electrical energy, but the distributed nature and low power

consumption properties of IoT make the energy supply dif-
ferent from the classical power supply via grid [1–3].

Frequently, the IoT devices are powered with the help of
chemical batteries with limited capacity. If no external power
supply is available, the deployed devices will be shut down
when the battery is exhausted. This will increase the main-
tenance cost and the discarded batteries will also increase the
ecological burden. To solve this issue, environmental energy
harvesting technologies have become essential approaches,
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converting renewable environmental energies into electrical
energy for consumption by the IoT devices.

There are multiple environmental energy sources, such as
wind energy, solar energy, thermal energy, and vibrational
energy. Following these energy types and their specific
characteristics, many efforts have been made to develop dif-
ferent energy harvesting technologies, where substantial
advances have been achieved [4–6].

Moreover, in recent years, another environmental energy
harvesting technique, referred to as acoustic energy harvest-
ing (AEH), has increasingly attracted the interest of scientists
[7–9]. The AEH technique aims to convert environmental
acoustic energy into electrical energy via specially designed
devices, providing electrical power to IoT devices.

As shown in figure 1, the AEH technique has potential
applications for expressways, airports, acoustic liners, noise
barriers, ducts, and industrial fields, where these areas share
the same feature of having fluent acoustic energy [10, 11].

For the noise measurement, dBA means the sound
pressure level (SPL) is weighted by A-weighting filter.
Attributable to the fact that the human ear is insensitive to low
frequencies, A-weighting has been widely applied in the
sound level measurement to simulate the perception of the
human ear [12]. The low frequency (0–500 Hz) response
curves of A-, C-, and Z-weighting filters are presented in
figure 2.

According to figure 2, the A-weighting filter remarkably
suppresses sound signals in the low frequency range. This
signifies that, when the measurement is carried out through
the A-weighting in the low frequency, the physical sound
pressure is much larger than the perception of human beings.

In further step, if the noise spectrum is examined from
the commonly seen noise sources, the low frequency noise
will usually occupy the dominant role in the measured
spectrum, which has apparent harmonic characteristics
[13–16]. Usually, the harmonic components are closely linked
to the blade pass frequency or the electrical excitation fre-
quency of the rotor. Meanwhile, the noise sources contribute
to structural acoustics, making the equipped plate structure
adequately excited, and efficiently radiates in the low fre-
quency range [17]. In addition, noise can be hardly absorbed
or insulated in the low frequency band, which propagates
across long distances.

Figure 1. Potential applications of the AEH system.

Figure 2. Frequency response curves of different weighting filters.
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These above low frequency noise characteristics indicate
that the low frequency acoustic waves can be utilized as an
energy source, and electrical energy can be obtained with a
proper energy conversion mechanism.

Owing to the fact that the sound wave excitation is weak,
a specially designed structure is often applied to augment the
sound pressure. To transform the acoustic energy into elec-
trical energy, piezoelectric, electromagnetic, and triboelectric
approaches can then be employed.

In previous studies, the Helmholtz acoustic resonator is
adopted to amplify the incident sound pressure [18–24], as
well as the fluid ripple pressure [25, 26]. The quarter-wave-
length acoustic resonator has also been investigated, revealing
that substantial electrical power can be generated [27].
However, these two configurations suffer from large bulk size
and high fabrication cost in the low frequency range [28],
hindering the deployment and application of the AEH system.
Therefore, the development of a deep subwavelength AEH
device is pressing in the interested low frequency range.

Recently, the development of metamaterial structures
further inspired the development of AEH [29–34], which
helps the AEH device become more compact and efficient.
For instance, Wang proposed layered acoustic metamaterial
to increase the output voltage level and realize AEH at
318 Hz with the optimal load condition [35]. Yuan proposed
a helix structure to realize low frequency AEH at 175 Hz
[36]. Nguyen obtained the best design in terms of AEH
harvesting efficiency in low-frequency noise (198 Hz)
through a numerical study [37]. Sun proposed a coiled
acoustic metamaterial structure to confine the sound energy
and realize AEH at 600 Hz [38]. Qi utilized acoustic mul-
tilateral metasurfaces and a piezoelectric bimorph to realize
AEH at 3430 Hz [39]. An ultrathin planar metasurface-
based AEH device was proposed, which exhibits a flat
shape and advantages in mechanical rigidity [40]. Recently,
the AEH device has been demonstrated in an airport for
practical demonstrations, which can realize broadband AEH
capability [41].

Meanwhile, the AEH device is anticipated to be multi-
functional, and joint AEH and noise suppression are antici-
pated in nature, which are analogous to the simultaneous
vibrational energy harvesting and structure vibration sup-
pression [42–45].

However, the investigations of joint AEH and noise
suppression investigation are still insufficient. For limited
cases, an acoustic metasurface with hybrid resonances was
proposed, which can realize perfect sound absorption and
excellent acoustic-electrical energy conversion [46]. Pre-
stressed local resonant metamaterial was proposed, which
can realize more than 20 dB sound transmission loss while
maintaining the acoustical-electrical ability at 432 Hz [47].
A Helmholtz resonator with a built-in decorated membrane
has a maximum power output at 453 Hz and prohibits noise
transmission around 364 and 453 Hz [48]. A metawall noise
barrier was proposed to harvest the incident noise.

Simulation results revealed that the AEH performance is
promising, though the experimental work is still being
undertaken [49].

According to these previous findings, most of the
research focuses on the performance of one single AEH unit,
while the AEH array, which is essential for the AEH engi-
neering application, is being given less attention. Addition-
ally, previous studies disable air ventilation to simultaneously
realize noise reduction and AEH. However, this is not feasible
for the duct noise application since it requires air ventilation.
Finally, the power supply of AEH to a realistic electronic
device has not been shown, and the harvested power value is
usually obtained under the impedance matching condition via
a resistance box.

In this study, a novel deep-subwavelength acoustic
device that can be deployed into array and simultaneously
realize AEH and noise suppression is proposed. In section 2,
the construction of the proposed AEH device is illustrated. In
section 3, modeling and numerical simulations are conducted,
demonstrating the advantages of the proposed structure. In
section 4, the acoustic properties and AEH performance of a
single unit are investigated via experimental study. In
section 5, the proposed AEH units are assembled into array
form, which is mounted on a duct. The experimental findings
are presented to demonstrate the performances of AEH and
noise reduction.

2. Proposed deep-subwavelength AEH device

The schematic diagram of the proposed deep-subwavelength
device is presented in figure 3. At one side of the incident cap,
an acoustic inlet enables the external air fluid to enter into a
spiral neck, which is bonded onto the cap and aligned to the
acoustic inlet. This spiral neck configuration forms a sound
passage path within the structure. The opening outlet of the
neck is linked to a sound cavity, which is formed by a
cylinder. At the end of the cylinder, a metallic substrate is
bonded with the cylinder, serving as the back panel. A
piezoelectric patch is attached at the center of the metallic
substrate.

In the proposed structure, the thickness of the cap and
cylinder wall is 2 mm, the height of the internal cylinder is
30 mm, and the internal radius of cylinder is 38 mm. The ratio
of piezoelectric patch diameter and metallic substrate has a
preferred range to generate sufficient electric charge and
avoid charge cancellation. According to the previous findings
[50, 51], the optimum radio is between 0.42 and 0.707. For
the case presented in the present study, the radius ratio is 0.46.

The radius of acoustic inlet is 5 mm and the average
length of the spiral neck is 115 mm.

Compared to the classical Helmholtz resonator, which is
shown in figure 4, three major differences should be men-
tioned for the proposed structure. Firstly, the extended
straight neck of classical Helmholtz resonator is modified into
a spiral form, which can be embedded within the sound
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cavity. Secondly, the back panel of the cavity becomes flex-
ible rather than rigid. Finally, the cross sectional area of the
neck gradually increases (from 78.5 to 214.4 mm2) rather than
remaining as a fixed number.

Interestingly enough, the logarithmic spiral can be found in
a number of diverse places, such as from the nautilus shell to
galaxy formations. In polar coordinates ( )qr, , the distance of
this kind of spiral obeys the accompanying law, which can be
written as follows:

( )= qr ae . 1b

The schematic diagram of this kind of spiral (a=0.0013,
b=0.1667, final q p= 19.55 ) is presented in figure 5.

As the curve grows, the distance between the successive
turns increases. When the logarithmic spiral is extruded into a
3D neck structure, its cross sectional area will be increased as
a consequence. The benefits of such design will be enumer-
ated in sections 3 and 4.

At a specific frequency, the proposed structure can
generate acoustic resonance phenomenon, and the sound
pressure in the cavity can be greatly amplified. This will
introduce significant sound pressure differences between the

Figure 3. Schematic diagram of the proposed device. (a) Structure view from the incident side. (b) Structure view from the other side. (c)
Spiral neck is bonded to the cap. (d) Spiral configuration of the neck.

Figure 4. Schematic diagram of the classical Helmholtz resonator.

Figure 5. Schematic diagram of logarithmic spiral.
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two sides of the back panel, exciting the structure.
Accordingly, the strain energy is accumulated in the back
panel and, owing to the piezoelectric effect, the attached
piezoelectric patch converts the strain energy into electrical
energy.

3. Modeling and numerical simulation

3.1. Acoustic resonator with logarithmic neck

The numerical model is built up in the COMSOLTM

environment and the schematic diagram is shown in figure 6.
Here, a background pressure field (1 Pa) is used to excite the
proposed resonator. For simplicity and to lower the com-
putational burden, the back panel is treated as rigid in the
model. Perfect match layer is added to the background
pressure field, which can absorb the reflected sound wave.
Thermoviscous acoustic domain is adopted to characterize
the proposed acoustic resonator, which incorporates the air
fluid losses. In general, the thermoviscous effect should be
considered in the narrow spaces because of the boundary
layer effect. Especially when the thickness of boundary
layer is relatively thick.

To make a comparison, besides the proposed structure
with logarithmic neck, the acoustic resonator with uniform
neck is calculated, and the obtained SPL values in the cavity
are plotted in figure 7.

It is shown that the proposed acoustic structure has
higher SPL gain than the acoustic resonator with uniform
neck, whereas the acoustic resonant frequency occurs with a
higher value. Since the sectional area of the neck becomes
gradually larger, this kind of structure behaves like an
acoustic horn, which is an effective approach to realize
impedance transformation and increase energy flow into the
cavity.

3.2. Acoustic resonator with flexible back panel

When the rigid wall at the back is changed into a flexible
wall, the resonant frequency will also be changed. Here, the
influence of the compliant back plate on the acoustic resonant
frequency is illustrated.

To simplify the analysis, the classical Helmholtz reso-
nator assumes that the walls are rigid and the friction losses
are neglected. The air in the neck can be represented as an
acoustic mass element. In addition, the air in the cavity
behaves like a spring element, which can be represented as an
acoustic compliance element.

When the back panel becomes flexible, it can be treated
as an appended compliance for the acoustic system. The
electrical analogy circuit is displayed in figure 8. The incident
voltage behaves like a voltage source pinc and the fluid in the
neck is acoustic mass L ,1 the fluid in the sound cavity is
referred to as acoustic compliance C .1

For a clamped plate, its acoustic compliance can be
approximately [52]:

( ) ( )p
=

-
C

r v

Eh

1

16
, 22

6 2

3

where r is the radius of plate, n is Poisson’s ratio, E is
Young’s modulus, and h is the thickness of plate.

When the thickness of plate is gradually decreased, the
back panel will become more flexible, and the value of C2

becomes larger. Therefore, the total compliance value
= +C C CT 1 2 is increased.
The resonant frequency occurs at the frequency under the

condition:

( )
p

=f
L C

1

2
. 3

T1

Accordingly, when the compliance is increased, the resonant
frequency will also be decreased.

Figure 6. Schematic diagram of the numerical calculation.
Figure 7. Sound pressure amplification comparison.
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In summary, the flexible back panel will lower the
acoustic resonant frequency. This prediction agrees with the
experimental results provided in section 4 and [52, 53].

4. Single AEH unit experimental investigations

4.1. AEH unit fabrication

To fabricate the proposed device, 3D printing additive man-
ufacturing is utilized to offer the spiral neck, cylinder, and
cap. A piezoelectric patch (PZT-5H) is bonded at the center of
a metallic substrate (structural steel), which converts struc-
tural strain energy into electrical energy. The thickness of
substrate and piezoelectric patch equals 0.2 mm, respectively.
These decentralized components, which are shown in
figure 9, will be bonded into an integrated AEH unit with the
help of super glue.

The photograph of an AEH unit after fabrication is
shown in figure 10, and the geometrical properties of the unit
are provided in table 1.

4.2. Sound pressure amplification ratio

In addition to the logarithmic neck configuration, the uniform
neck (formed by Archimedes spiral) configuration is fabri-
cated for comparison to evaluate the realistic sound pressure
amplification. In the AEH study, the pressure difference
(AEH unit’s internal pressure and ambient pressure) is
essential and a larger difference value is favorable. The
pressure difference serves as the excitation source to the
metallic substrate and the piezoelectric patch, the acoustic
energy will be converted into strain energy, then being con-
verted into electrical energy with the help of piezoelectric
effect.

Figure 11 shows the two different configurations.

Three cases are considered:

Case 1. Uniform neck is mounted in the cylinder, which is
covered with rigid back panel (thickness 2mm, 3D printed cap).

Case 2. Logarithmic neck is mounted in the cylinder, which is
covered with rigid back panel (thickness 2mm, 3D printed cap).

Case 3. Logarithmic neck is mounted in the cylinder, which
is covered with flexible panel (substrate 0.2 mm structural
steel, PZT-5H patch 0.2 mm).

To monitor the internal sound pressure, a hole (Φ=7mm)
is built on the cylinder for microphone mounting. Two micro-
phone sensors (G.R.A.S. 40PP) are adopted, where one is placed

Figure 8. Acoustical-electrical analogy. (a) Classical Helmholtz resonator. (b) Modified acoustic resonator with compliant back panel.

Figure 9. Photograph of the necessary components of one unit.
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near the incident surface and the other is placed within the
cylinder.

The photograph of the experimental test is shown in
figure 12.

The interesting frequency range is 100–200 Hz. A sweep
sine signal is used to excite the loudspeaker and sound
pressure signals from the two microphone channels, and they

are simultaneously acquired via the PXI-4461 module. The
measured results are plotted in figure 13.

Following the experimental data, the acoustic resonant
frequencies are examined first. As shown in figure 13, for
Cases 1 and 2, the test results show that the resonant fre-
quencies of numerical predictions (section 3.1) are in agree-
ment with the experimental test results (Case 1: numerical
123 Hz, experimental 120 Hz; Case 2: numerical 162 Hz,
experimental 158 Hz). The resonant frequency of Case 3 is
140 Hz, which is lower than the resonant frequency of Case 2
because of the flexible bottom influence, which is in agree-
ment with the analytical conclusions provided in section 3.2.

Figure 10. Photograph of the fabricated AEH sample.

Table 1. Geometrical properties of a single unit.

Parameter Value (mm)

Height 32.4
Outer diameter 40
Wall thickness 2
Radius of inlet 5
Radius of substrate 40
Thickness of substrate 0.2
Radius of PZT patch 17.5
Thickness of PZT patch 0.2

Figure 11. Test samples with different neck configurations.

Figure 12. Sound pressure amplification ratio evaluation.
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Secondly, the test results show that the configuration of
Case 1 has a more superior sound pressure amplification
performance than Case 2. The former sound pressure ampli-
fication ratio is 18.72, whereas the latter is only 13.47. The
SPL value is smaller than the simulation result. One important
reason for this is that in the simulation the walls are treated as
perfectly rigid. However, in realistic situations, the plastic
wall is not perfectly rigid, and the material damping will also
lower the amplification gain [54].

Meanwhile, when the back panel is changed from rigid to
flexible, the sound pressure amplification ratio of Case 3 is
reduced from 18.72 (Case 2 value) to 13.07. However, the
pressure amplification with flexible bottom is almost equal to
that of Case 1 with rigid bottom, which demonstrates the
superiority of such design.

Furthermore, the voltage signal generated from piezo-
electric patch is evaluated. Band-limited white noise
(50–600 Hz) is adopted to excite the fabricated sample of
Case 3. The generated electrical signal is measured using
PXI-4070 DMM (Digital Multi Meter) module, and the
obtained voltage spectrum is shown in figure 14.

It is evident that there are two resonant peaks within the
interested frequency range. The first resonant frequency

corresponds to the previously mentioned acoustic resonant
frequency. The second resonant frequency, which occurs at
400 Hz, corresponds to the substrate mechanical resonant
frequency, which can be verified through finite element
analysis.

Owing to the strong sound excitation at acoustic resonant
frequency, the measured voltage signal is 10 dB larger than
the voltage signal at the mechanical resonant frequency,
indicating that the proposed acoustic device is suitable for the
low frequency AEH application.

4.3. Energy harvesting performance

The harvested power is evaluated under 140 Hz, 100 dB SPL
(zero weighting) excitation. Attributable to the fact that the
maximum power is achieved under the impedance matching
condition, a decade box is linked to the piezoelectric patch,
which can alter the external load resistance value.The har-
vested power is calculated according to the equation:

( )/=P V R8 , 4PP
2

where VPP is peak-peak voltage and R is the external resist-
ance value. The measured power with different external
resistance is shown in figure 15.

Therefore, the harvested power can reach up to 8.1 μW,
which is obtained when the impedance is equal to 10.5 kΩ.

At the interested frequency 140 Hz, the acoustic wave-
length is 2.45 m. With respect to the proposed device, the
total height is 0.0322 m, which is only 1/76 of the interested
wavelength. Therefore, the proposed AEH structure is deep
subwavelength.

5. AEH array experimental investigations

5.1. AEH array fabrication and energy harvesting performance

As shown in section 4, one AEH unit can generate 8.1 μW
under 100 dB SPL excitation. When the excitation strength is
increased, the harvested power will be increased as a con-
sequence. For instance, the output power can be up to

Figure 13. Sound pressure amplification ratio with different
configurations.

Figure 14. Voltage spectrum of the piezoelectric patch.

Figure 15. AEH performance of a single unit.
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200 μW when the excitation strength is increased to 114 dB.
However, it should be noted that, for most circumstances,
high level SPL excitation is rare. Therefore, to increase the
output power of the AEH device, a practical solution is to
adopt the AEH array configuration, which contains multiple
AEH units.

According to the design of the present study, the pro-
posed units can be easily assembled into an AEH array. To
fulfill this task, a large aluminum plate will replace incident
cap of the units. The thickness of the wall is 2 mm and cir-
cular holes (radius 5 mm) are manufactured through the plate
using CNC (Computer Numerical Control) machines. The 3D
printed necks are then bonded to the aluminum plate, which is
shown in figure 16. Meanwhile, the cylinders are bonded to

the aluminum plate. Finally, the metallic substrates (with
piezoelectric patch) are bonded to the cylinder.

Since the acoustic resonant state occurs within each AEH
unit, the coupling between the units can be neglected, making
the resonant frequency a constant value. This decoupling
property is very important for the AEH array deployment.
The strong charge cancellation will not occur if multiple units
are wired in series or in parallel, and the interface circuit can
be simplified.

To demonstrate the practical AEH array application, a
waveguide was fabricated with a thickness of 10 mm acrylic
material. The inner cross-sectional dimension of the wave-
guide is 175 mm×175 mm. A five-inch loudspeaker is
mounted at one side of the waveguide and the fabricated array
is mounted at the middle part of the waveguide. At the open
end of the waveguide, one 1/4 inch microphone sensor (G.R.
A.S. 40PP) is utilized to monitor the sound pressure variation.
The photograph of the experimental system is shown in
figure 17.

The harvested power with external load variation is
shown in figure 18. The four units are wired in series and the
measured maximum power is 28.5 μW under 43.0 kΩ.

5.2. Power management and supply

AEH array can also be extended. Another four units are
mounted adjacent to the previous array and wired in series. To
demonstrate power supply ability to a low power electronic
device, an electrical power management module EH-300 is
utilized, continuously collecting the generated electrical
energy packets and accumulating them into a 1000 μF capa-
citor on board.

At the initial condition, the voltage of the capacitor is
zero and the internal voltage needs to build up. When the
voltage of the capacitor is higher than 3.5 V, the power
management will enable the energy supply, which allows the
output voltage to be maintained in a certain range (1.9–3.5 V).
In general, the power consumption of the load is larger than
the power output from the AEH device, and when the voltage

Figure 16. Fabrication of AEH array with four units.

Figure 17. Experimental system for AEH array study.

Figure 18. AEH performance of four units in array and electric
circuit linked in series.
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of the capacitor is lower than 1.9 V, the power supply will be
closed until the voltage of the capacitor is once again higher
than 3.5 V [55].

The schematic diagram of AEH array with the EH-300
module is shown in figure 19. A pedometer (Polygon PD-03)
is used as the power consumption target. The internally
installed CR2032 cell was removed from the cabin, and
electrodes are instead connected to the output terminals of the
EH-300 module. Moreover, to observe the charging property,
a PXI-4070 module is used to monitor the voltage level.

The recorded charging curve of the EH-300 module from
the initial condition to the power enable state is presented in
figure 20.

After the power output is enabled, the pedometer can
continuously work for approximately 90 s, and then the EH-
300 module goes into sleep mode for energy accumulation.
Figure 21 shows the working state of the pedometer with the
power obtained from the AEH system and the measured SPL
level (100.5 dB, without weighting) is demonstrated by a
sound level meter (type: AWA-5636).

5.3. Noise reduction performance

The noise reduction performance of the AEH system is
investigated and a microphone sensor is adopted to monitor
the noise reduction performance. Two cases are compared:
one where the waveguide is built by 10 mm acrylic material
alone, and the other is where part of the acrylic wall on the top
side is replaced by the fabricated AEH array. Figure 22
demonstrates the two working cases.

The excitation signal is band limited white noise
(80–200 Hz). Figures 23 and 24 correspondingly show the
sound signal comparison in the time domain and in the fre-
quency domain. Under such excitation, the measured SPL is
97.1 dB without the AEH system, and when the AEH system
is adopted, the measured SPL reduced to 95 dB. Therefore,
2.1 dB noise reduction is achieved. At some frequencies, the
SPL reduction can reach up to 10 dB, indicating that up to
70% noise reduction can be achieved.

Owing to the fact that the energy harvesting capability is
not influenced by the noise reduction execution, the proposed
system can realize both joint AEH and noise suppression.
Meanwhile, the air ventilation function is well retained.

6. Conclusions

In this paper, a deep subwavelength AEH device is proposed,
which is designed, verified, and applied from theory to
practice. The AEH device contains an embedded spiral neck
and a cavity that is able to provide improved sound amplifi-
cation in the low frequency range. Piezoelectric patch is
bonded to the compliant bottom of the cavities, which con-
verts the incident acoustic energy into electrical energy. At
140 Hz, for one AEH unit, 8.1 μW of electrical power can be
harvested at the incident SPL of 100 dB.

The proposed AEH device can be extended into array,
which is fabricated and mounted on a duct with a sectional area
of 306 cm2. The decoupled property of the AEH unit simplifies
the circuit design and the units are linked in series. It is
demonstrated that, with the help of a power management
module, the AEH array is able to provide electrical power to a
pedometer. In further step, more efficient power management

Figure 19. AEH array with the external EH-300 module.

Figure 20. EH-300 charging curve from initial condition to power
enable state.
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Figure 21.AEH supply electrical power to a pedometer. (a) Pedometer works properly using the harvested acoustic power. (b) Backside view
of the pedometer.

Figure 22. Noise suppression performance of AEH array.

Figure 23. Sound pressure reduction in time domain under
80–200 Hz white noise excitation.

Figure 24. SPL reduction in frequency domain under 80–200 Hz
white noise excitation.
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scheme will be developed in future studies conducted by the
authors.

Meanwhile, the proposed AEH array is able to realize
noise reduction. Up to 70% noise can be eliminated when the
excitation signal is band limited white noise. In addition,
the air ventilation function in the duct is well preserved. For
the next procedure, the authors hope to collaborate with
industrial partners and deploy the proposed apparatus into
suitable places and evaluate its multi-functionalities. This
relayed work will be carried out in the near future.
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