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ABSTRACT

Acoustic energy harvesters (AEHSs) open up opportunities to recycle noise waste and generate electricity. They provide potential power
solutions to a wide range of sensors. However, the practicality of AEHs has long been limited by their narrow bandwidths and low
efficiencies. In this study, we present an ultra-broadband AEH and a highly efficient AEH that transforms sound energy into usable electrical
power. Our broadband device comprises an electrodynamic loudspeaker driver and an optimized acoustic metamaterial matching layer and
is capable of converting 7.6% to 15.1% of total incident sound energy from 50 to 228 Hz. Moreover, we demonstrate that by replacing the
loudspeaker surround with a lower-loss material such as PDMS, the energy conversion rate can be significantly increased to 67%. The pro-
posed broadband AEH has a fractional bandwidth eight times the state-of-the-art, while the proposed highly efficient AEH has a peak effi-
ciency three times the state-of-the-art. The outstanding performance makes our designs cost-effective and scalable solutions for noise

reduction and power generation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0158079

Noise pollution is a common issue in our daily lives, and a signifi-
cant portion of acoustic research focuses on reducing and controlling
it. However, noise contains acoustic energy that could be captured and
utilized for practical purposes. There is a growing interest in develop-
ing acoustic energy harvesters (AEHs)' to transform noise waste into
electricity. Recent studies have explored various sound-to-electric
energy conversion methods such as piezoelectric, electromagnetic, tri-
boelectric, and flexoelectric'* with most existing AEHs relying on a
single piezoelectric patch. However, this approach has two major
drawbacks. First, the high characteristic acoustic impedance of most
piezoelectric materials means most of the sound energy is reflected
instead of absorbed at the hard surface. Second, the high Q factor
intrinsic to typical piezoelectric units may enhance the energy conver-
sion efficiency at its resonant frequency but also reduces the broad-
band performance that is crucial in real-world applications. Some
AEHs claimed to be broadband using piezoelectric technology may
actually have “multiband™” performance due to their spiky frequency
response curves.”

The use of electromagnetic transduction offers a promising path
for sound energy harvesting. The process involves a thin membrane

layer that vibrates in response to sound, causing an attached coil to
move within a magnetic field and generate electricity.'”"* This is how
electrodynamic microphones and inverse loudspeakers work.'" Since
the membrane is usually made of lightweight materials, the acoustic
coupling can be significantly better than piezoelectric materials when
properly designed. The emergence of highly efficient neodymium
magnets in recent years also provides better electro-mechanical cou-
pling. Recently, there is a growing trend of using metamaterial imped-
ance matching layers to increase the bandwidth of acoustic devices."”
In this paper, we present an approach to sound energy harvesting
using an electrodynamic loudspeaker driver and a custom-designed
metamaterial impedance matching layer. The low mechanical loss of
the vibrating diaphragm ensures high transduction efficiency, while
the metamaterial facilitates broadband energy harvesting instead of
only at the resonant frequency of the driver. Our ultra-broadband
AEH in Fig. 1 has the ability to convert 7.6%-15.1% of incident sound
energy into usable electrical power within a fractional bandwidth of
128%. This represents a significant improvement over previous
AEHs that typically have fractional bandwidths of 15% or less."*
Furthermore, by carefully engineering the mechanical loss of the
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FIG. 1. Broadband AEH with metamaterials.

surround with the custom-made PDMS material, we have achieved a
single-frequency energy conversion rate of 67%, which is three times
the highest efficiency'” (23%) previously recorded in the literature.
Our AEHs are a great solution in environments with high levels of
environmental noise, thanks to their superior energy harvesting effi-
ciency and wider operating bandwidth.

Electrodynamic loudspeakers are the source of many of the artifi-
cial sounds we hear today. By leveraging the reciprocity of the electro-
mechanical transduction process, a commercially available
loudspeaker unit can be transformed into an acoustic energy harvester
(AEH) by immersing it in sound fields and connecting an electrical
load to its terminals. This concept is similar to an electric motor, which
can also function as a generator by reversing the direction of excita-
tion. Figure 1 shows the proposed broadband AEH, which includes an
electrodynamic loudspeaker and a metamaterial impedance matching
layer in the front.

To accurately predict the energy harvesting performance of our
device, an analytical theory taking into account various parameters is
considered. As we are mainly focused low frequencies, where the
wavelength is much longer than the size of the AEH, the lumped-
element circuit model as is illustrated in Fig. 2 will suffice.

In Fig. 2(a), we present the proposed AEH as an equivalent cir-
cuit diagram. The system is comprised of three parts, acoustical,
mechanical, and electrical, from left to right. In the acoustical section
(left), ps is the source sound pressure that we aim to reduce, and p;,, is
the incident sound pressure on the loudspeaker diaphragm after it has
passed through the transmission line T. The mechanical part (middle)

(a)
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and the electrical part (right) primarily consist of Theile-Small param-
eters'” of the loudspeaker unit, with the exception of the electrical load
resistance R; and the mechanical compliance of the back cavity
Co = Vip/ pocgsg, where p, and ¢, are the air density and sound
speed, respectively. u, represents the diaphragm’s vibration velocity, i,
is the current flowing in the loudspeaker coil, Vj, is the volume of the
back cavity, and S, is the surface area of the diaphragm.

To simplify the calculation, we reduce Fig. 2(a) to a unified
acoustic circuit as shown in Fig. 2(b). Here, Z,;, Z,, and Z,, are the
acoustic impedances of the moving cone, back cavity, and coil/load
resistor loop, respectively. We have

Zas = st/stzi = [Rms +jmed + l/ijmSVSi’ (1)
Zab = th/sczi = 1/]wc’”bs§’ (2)
Zaw = Zno/ S} = B2/ (R + joL, + R1)S), ©)

where o = 2nf is the angular frequency. Once the values of all param-
eters are determined, we can derive the volume velocity of the air mov-
ing with the loudspeaker cone

Us = pin/(Zas + Zab + Zue)7 (4)
and the velocity of the vibration cone itself
ug = Uy / Sa. (5)

With Faraday’s law, we get the current flow in the coil
i, = Blug/(R, + joL. + Ry) (6)
and the output power (RMS) of the AEH
Pyt = 2Ry /2. ?)
Meanwhile, the input acoustic power from the source is
P, = pfS,/Zpoco, (8)

where S, is the cross section area of the transmission line. This gives us
the power conversion efficiency 17 = Pyt /Piy. Also, if we assume the
transmission line to be lossless, the sound absorption coefficient o can
be calculated by

x=1—|T, ©9)
Za in ZO

r=——. 10
ZaTin +Z0 ( )

Here, the input acoustic impedance of the AEH is

Mpma Rps Chs R, L. Zas(W) Zap(w)
ie T Ud
lowe zm 2 T Zoelw)
acoustic mechanical electrical unified acoustic circuit

FIG. 2. Equivalent lumped-element circuit of the proposed AEH.
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Zu,in = Za: + Zab + Zae» (11)

and the characteristic acoustic impedance of air in the transmission
line is

ZO = poCO/St- (12)

Next, the validity of our theoretical model is verified through numeri-
cal simulations. We utilize COMSOL Multiphysics 5.6, a software that
employs the finite element method (FEM), to generate the correspond-
ing efficiency and sound absorption curves of the loudspeakers. The
pressure acoustic module and AC/DC module are coupled in the pro-
cess with only the lumped element parameters being entered. The soft-
ware setup follows the sample model provided by the company.'” Our
analytical and numerical results match each other closely, as demon-
strated in Fig. 5.

We now develop several design improvements to enhance the
bandwidth of the acoustic energy harvester (AEH) to make it more
efficient in collecting environmental noise. The design process of most
AEHs consists of two parts: first, incident acoustic energy is redirected
through a sound concentrator to amplify the amplitude, and then the
amplified sound drives the energy converter to produce electricity. For
piezoelectric-type AEHs, the operating frequency of the system is
determined by the resonant frequency of the sound concentra-
tor,"*'%* which is typically a Helmholtz resonator, a phononic crys-
tal, or a combination of both. It has been shown that it is possible to
design a sound concentrator with two or multiple closely positioned
resonant peaks that merge to create a wider resonant peak.” > Our
loudspeaker-based AEH already has the advantage of a built-in reso-
nant peak due to the oscillating diaphragm, making the sound concen-
trator redundant for single-frequency operation. However, the same

(a)

L/3

spiral unit cell, front

(b)

spiral unit cell, left
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approach can be used by incorporating a more complex transmission
line (T) in Fig. 2(b) to obtain several resonant features instead of one
in the n and o curves, potentially leading to a flatter frequency
response curve within the desired frequency band.

While combining multiple resonant peaks in the acoustic circuit
is straightforward in theory, its physical implementation is not trivial.
Hence, we have chosen to use a parameterized acoustic metamaterial
structure as a matching layer between the sound source and the loud-
speaker unit and optimize the geometry through a computerized algo-
rithm to produce the best sound energy harvesting performance
within the target frequency range.

We aim to measure the properties of the AEH within a cylindri-
cal impedance tube and have selected the spiral unit cell [shown in
Figs. 3(a) and 3(b)] as the building block for our metamaterial
matching layer. Spiral unit cells introduce phase delay and increased
acoustic impedance in the air channels and have been applied for
impedance matching previously.”* The inner and outer radii of the
unit cell are denoted by R;, and R,,;, respectively. The length of the
unit cell is represented by L, while the spiral angle is denoted by 0,
and the wall thickness is represented by f,,. To form a spiral segment,
we duplicate the spiral unit cell 360° to create a hollow cylinder.
This spiral segment has a higher effective refractive index and
impedance compared to plain air, which can be approximated using
the following equations:

1
"~ cos[tan! (3Rpia0./L)]’ (13)
Ryia = (Rin + Rout)/27 (14)
Z = pyCoh. (15)

back plate

g output sound

metamaterial matching layer, 3D model

FIG. 3. Metamaterial matching layer with spiral unit cells. (a) Front view of the spiral unit cell. (b) Left view of the spiral unit cell. (c) Schematic view of the metamaterial match-

ing layer. (d) 3D rendering of the metamaterial matching layer.
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By changing the spiral angle 0, we can tune the phase delay. Thus, we
can create multiple internal reflections in the transmission line by link-
ing spiral segments with different characteristic sound speeds and
impedances. To make optimal use of the space, we stack three spiral
segments to form a spiral channel, and then fold three spiral channels
into one cylindrical metamaterial matching layer, with the outer radius
of the inner channel matching the inner radius of the outer channel.
The metamaterial matching layer is sealed at both ends with front and
back plates, directing sound through a zig-zag path. The schematics
and sound path within the metamaterial matching layer are shown in
Fig. 3(c), and an exploded view of the 3D model and its components is
displayed in Fig. 3(d). Ry, R,, and R; are the inner radii of the three spi-
ral channels, while Ry = 5 cm is the inner radius of the impedance
tube, and L=9cm is the total length of the metamaterial matching
layer.

After establishing the geometric structure of the metamaterial
matching layer, we plug it into our existing transmission line model
using a 2 x 2 transfer matrix. The transfer matrix of the jth segment
in the ith spiral channel is'®

cos (kyL/3)  jZysin (kyL/3) 16)
T jsin (kiL/3) /2 cos (kiL/3) | (
where
kij = T’lij(JJ/Co, (17)

are the wavenumber and acoustic impedance inside the segment. The
total transfer matrix of the metamaterial matching layer can be derived
by

T = T1T12T13T21 T22T23T31 T3, T3s. (19)

In this manner, the impact of the metamaterial on the energy conver-
sion rate () and sound absorption coefficient («) is rigorously treated
in our theoretical model. To optimize the performance, all geometric
parameters, including the electrical load (R;), are fine-tuned with
genetic algorithm (GA).”” The goal of the optimization process is to
maximize the minimum energy conversion rate (#,,,;,,) within the tar-
geted frequency range of 50-250 Hz.

In addition to transfer matrix analysis, we also validate our theo-
retical findings using numerical simulations performed in COMSOL.
The optimized metamaterial structure is transformed into a full 3D

ARTICLE pubs.aip.org/aip/apl

geometry, which is then integrated into the original AEH model for
updated simulation results. As a more computationally efficient alter-
native, we also examine the results of a 2D axial-symmetric model that
considers effective refractive indices and impedances. As demonstrated
in Fig. 5, both the 3D and 2D models yield comparable results.

The final step is to experimentally assess the energy harvesting
capabilities of the metamaterial-enhanced AEH system inside a test
rig. As depicted in Fig. 4, the entire system is housed within an imped-
ance tube where both the sound absorption coefficient o and energy
conversion coefficient # can be accurately measured using the standard
two-microphone method. The audio signals p;, p,, and the electrical
voltage on the load resistor are recorded using data acquisition devices
and connected to a PC. The source loudspeaker is powered by a power
amplifier that is connected to the sound card output of the PC. The
spiral metamaterial matching layer in Fig. 3(d) is 3D printed using an
in-house FDM machine and placed between the microphones and the
receiving loudspeaker. The input pressure from the source speaker is
calculated by

D2
exp (joxa/co) + I'(w) exp (—jwxy /co)’

ps = (20)
where x; and x, represent the distances between p; and p, and the inlet
of the metamaterial sample, respectively. I" is the reflection coefficient
measured at the inlet of the metamaterial, and L, is the gap between
the metamaterial and the receiving loudspeaker. During the experi-
ments, we found that while it is possible to construct the mechanical
impedance of the loudspeaker cone Z,,; using the Theile-Small param-
eters provided by the manufacturer, better results were obtained by
taking a preliminary measurement of the loudspeaker with an open
circuit and substituting the numerical value of Z,,; throughout the the-
ory and simulations.

The results from the GA-optimized AEH, as shown in Fig. 5,
demonstrate an impressive energy conversion rate of 7.6%-15.1%
within the frequency range of 50-228 Hz, making this AEH a major
improvement compared to previous designs. This can be confirmed
by the comparison with previously recorded AEHs in Fig. 7.
Additionally, a sound absorption coefficient between 45% and 95%
also makes it a good sound absorber in general. It is the first AEH to
exceed a 100% fractional bandwidth Af/f. while maintaining an
n > 1%. The AEH is particularly effective in the low-frequency por-
tion of the absorption spectrum, where reducing noise is often the
most challenging and harvesting sound energy is often the most

electrodynamic transducer

back
cavity Ry %/}

DAQ |
input | data source loudspeaker
| acquisition
card
PC
power
sound amplifier
card
output

impedance tube

FIG. 4. Schematics of the broadband AEH experiments.
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meaningful. With the total length of the folded metamaterial measur-
ing less than 20cm, the AEH unit is in the deep sub-wavelength
regime at 50 Hz. The detailed parameters of the AEH can be found in
the supplementary material. The discrepancy between the experimen-
tal results and the theoretical/numerical ones is attributed to unmod-
eled losses within the spiral metamaterial channels.

In previous paragraphs, we have presented a broadband acoustic
energy harvester (AEH) based on metamaterial-enhanced loud-
speakers. Although we have broadened the bandwidth, there is still
room for improvement with regard to efficiency. An examination of
Fig. 2(b) provides insight into where the input energy is being directed
and how the system can be improved for higher efficiency.

Our previous assumption was that the transmission line T was
lossless. However, this is not necessarily the case for the tortuous meta-
material structure installed in front of the loudspeaker. The fact that
experimental values of 7(w) are generally lower than the theoretical
and numerical predictions in Fig. 5 suggests that a significant amount
of energy is being lost due to friction within the metamaterial chan-
nels. To minimize this loss, it may be beneficial to remove the meta-
material. The impedance Z,, is mostly imaginary, as it represents the
back cavity impedance, which leaves the remaining energy divided
between the mechanical load Z,, and the electrical load Z,,.

A significant portion of the incident sound is dissipated
through the diaphragm vibration, i.e., R[Zy] = Rus/S3, reducing
the amount of energy available for the electrical load Z,,.. Once elec-
trical current is generated in the coil, the wire resistance R, com-
petes with the load resistance R, for energy. This is why we chose
the 4Q Dayton Audio ND-91-4 over its more commonly used
8 Q counterpart ND-91-8.

The anatomy of the transducer reveals that the center of the cone
is mainly made of hard materials and that mechanical losses occur
mostly in the rubber surround. To improve the energy harvesting effi-
ciency of the AEH, we have implemented a surgical approach to
reduce these mechanical losses. This involved removing the original
lossy surround from the loudspeaker and replacing it with a silicone

ARTICLE pubs.aip.org/aip/apl

version. It is worth noting that the high Q-factor of the silicone sur-
round produces resonant spikes in the frequency response curve when
the modified transducer is used to generate sound. This is undesirable
from an audio engineering perspective. As a result, most commercially
available loudspeaker transducers feature fairly lossy surrounds.

The modified loudspeaker unit can be seen in Fig. 6(a), and the
corresponding energy conversion rate 1 and sound absorption coeffi-
cient o are plotted in Fig. 6(b). The results show that the modified
AEH reaches a peak energy conversion rate of 67% at 58 Hz, a three-
fold increase compared to the previous highest peak energy conversion
rate of 22%."

The aim of this section is to compare the performance of the two
AEHs proposed in this paper with those mentioned in other publica-
tions. The two most crucial metrics used to evaluate the performance
of AEHs are energy conversion efficiency and bandwidth. The energy
conversion efficiency is defined as the proportion of output electric
power in relation to the incident sound energy. Bandwidth, on the
other hand, is measured in terms of the —3 dB fractional bandwidth,
ie,

Afff = (fu = fi) /fe: (1)

The upper and lower frequencies, where the harvesting efficiency is
half of the peak efficiency, are represented by f,, and fj, respectively.
The center frequency, f,, is calculated as the average of f, and f;.

The comparison of the efficiencies and bandwidth of the AEHs
in this paper with previous publications is presented in Fig. 7. Our
results show that our AEHs have broken the records for both effi-
ciency and bandwidth. Moreover, we also demonstrate that it is possi-
ble to trade bandwidth for efficiency by simply increasing the electrical
load resistance of the broadband AEH.

In summary, we have designed and tested a highly effective and
ultra-broadband acoustic energy harvester (AEH) using subwave-
length metamaterials. Our device boasts high energy conversion
efficiency, a compact design relative to the wavelength, and broad low-
frequency capability. Additionally, we have demonstrated a plastic

O «, experiment
O 7, experiment
«, analytical
———m, analytical

- = —a, COMSOL 2D
- — —=n, COMSOL 2D
————— o, COMSOL 3D
————— 1, COMSOL 3D

FIG. 5. Sound absorption coefficient o
and energy conversion rate n of the
metamaterial-enhanced broadband AEH.
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FIG. 6. (a) Picture of the high-efficiency AEH with PDMS surround. (b) Sound absorption coefficient o and energy conversion rate # of the high-efficiency AEH with PDMS
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FIG. 7. Comparison of the efficiency 1 and fractional bandwidth A /f; of AEHS.

surgery approach that further increases the peak energy conversion
rate by replacing the original loudspeaker surround with a low-loss
PDMS surround. The use of a commercially available loudspeaker
driver makes the AEH suitable for large-scale deployment, making it a
cost-effective solution for energy generation and noise reduction in
various scenarios such as near factories, mass transit infrastructure,
and airport runways.

See the supplementary material for the detailed efficiency/band-
width comparison with previous AEHs and the geometrical parame-
ters of the spiral metamaterial.
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