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We investigate the harvesting of sound waves by exploiting a 3D-printed gradient-index phononic crystal lens.
The concept is demonstrated numerically and experimentally for focusing audio frequency range acoustic
waves in air to enhance sound energy harvesting. A finite-element model is developed to design the unit
cell dispersion properties and to construct the 3D lens for wave field simulations. Numerical simulations are
presented to confirm the focusing of incident plane waves and to study the sensitivity of the refractive index
profile to the direction of wave propagation. The theoretical predictions are validated experimentally using
a scanning microphone setup under speaker excitation, and a very good agreement is observed between the
experimental and numerical wave fields. A circular piezoelectric unimorph harvester is placed at the focal
position of the lens, and its performance is characterized with a resistor sweep in the absence and presence
of the lens, resulting in more than an order of magnitude enhancement in the harvested power with the
lens. The 3D-printed lens presented here substantially enhances the intensity of sound energy via focusing,
yielding micro-Watt level power output, which can find applications for wireless sensors and other low-power

electronic components.

Acoustic energy harvesting has received growing at-
tention as a potential way of powering small electronic
devices such as ultra low power sensors. Various trans-
duction mechanisms, such as electromagnetic and piezo-
electric techniques, have been used to convert acoustic
waves into usable electric power toward powering wireless
sensors by eliminating battery replacement'™. While
audio frequency acoustic waves, i.e. sound waves, are
abundantly available in everyday life, they exhibit a low
power density, which has limited the power harvested
from air-borne sound mostly to nano-Watt level®. To
efficiently harvest acoustic energy, sound needs to be fo-
cused and localized at the energy harvester location. For
example, Helmholtz resonators with harvesters built into
their cavity walls have been proposed to localize airflow
energy with various configurations* 7. Another body of
work also explored the harvesting of acoustic energy in
hydraulic systems (in the form of a pressure ripple)®, as
well as the use of Helmholtz resonators again to enhance
the pressure intensity®. Other forms of resonators, such
as tube and quarter wave resonators, have been also used
to harvest acoustic energy by combining them with piezo-
electric diaphragms!®1. Acoustic/elastic phononic crys-
tals (PCs) and metamaterials have been also proposed
to enhance the performance of energy harvesters by fo-
cusing or localizing acoustic/elastic wave energy at the
harvester location'? 2. Other effort includes the use of
metasurfaces by coiling up space for the confinement and
enhanced harvesting of acoustic energy'® as well as spa-
tial grading to trap and harvest elastic wave energy'”.

Gradient index phononic crystals (GRIN-PCs)!® have
been suggested to construct various devices to guide and
focus elastic waves for energy harvesting in plates!®2°.
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They are constructed by gradually varying the unit cell
properties in space to create a spatial refractive index
gradient. GRIN-PCs have been also used to focus acous-
tic waves. Climente et al.?! fabricated a 2D gradient
index sonic crystal lens based on the hyperbolic secant
profile to focus airborne sound. More recently, along
with advancements in 3D printing technology, Xie et al.??
succeeded in fabricating 2.5D and 3D Luneburg lenses
capable of focusing acoustic waves in air. The circu-
lar /spherical (in 2D/3D) profile of Luneburg lens allows
incident plane waves to be focused on the other side of the
lens regardless of their direction. This was exploited??
to enhance the performance of ultrasonic imaging using
a 2.5D lens operating around 40 kHz; however, no nu-
merical or experimental results were reported for the 3D
Luneburg lens. Hyun et al.2? designed a 2.5D GRIN-PC
lens made of 3D-printed ABS cylinders to focus acoustic
waves between 250 Hz and 1kHz on an energy harvester
with a peak enhancement observed in an acoustic duct
system. For the focusing of underwater acoustic waves,
Allam et al.?* designed and experimentally validated a
3D GRIN-PC lens made of 3D-printed polymer.

In the present work, we design, analyze, and fabricate
a GRIN-PC 3D lens to focus airborne audio frequency
acoustic waves at a piezoelectric energy harvester in or-
der to enhance the electrical power delivered to a resistive
load. In the following, first, the PC unit cell structure
and characteristics are discussed in detail highlighting
the sources of anisotropy that arise from the geometry
of the PC. A 3D GRIN-PC lens is then designed, sim-
ulated, 3D-printed, and experimentally validated. The
factors affecting the lens performance are discussed with
the aim of maximizing the amplitude of the acoustic pres-
sure intensity at the focal spot. A piezoelectric energy
harvester is then placed at the focal position of the lens
and power enhancement by the lens is analyzed.

A simple cubic unit cell consisting of a 3D-printed
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FIG. 1. (a) Dispersion plots of a unit cell in the main direc-
tion of wave propagation for different volume filling fraction
values (¢), i.e. different polymer to cubic unit cell volume ra-
tios. (b) Effective refractive index of the PC versus frequency
for different ¢ values. (c) Effective refractive index at the de-
sign frequency (18 kHz) versus ¢ for different directions. (d)
Analytical refractive index profile of an ideal Luneburg lens
versus the discretized profile used in the implementation of
the GRIN-PC lens for different directions. The effective re-
fractive index in the diagonal (110) and (111) directions are
also shown.

cross-shaped polymer structure in air is considered (in-
set of Fig. la) with a lattice size of ¢« = 3mm. The
unit cell is based on the structure proposed by Xie et
al.2?, but with tapered links to avoid sudden changes
in the link cross-section between two neighboring cells.
Comsol Multiphysics was used to construct an acous-
tic finite element model (FEM) for a single PC unit
cell in order to obtain the dispersion curves as shown
in Fig. la. Air was modeled as a periodic acoustic do-
main with a speed of sound cq; = 343m/s and mass
density pgir = 1.14kg/m3. Since the level of impedance
mismatch between the polymer and air is several orders
of magnitude, the polymer domain was assumed to be
rigid, and was modeled as internal hard acoustic bound-
aries. The volume filling fraction of the unit cell is defined
as ¢ = (3ah? — 2h?®) /a3, representing the volume of the
polymer to the total volume of the cubic cell. The effec-
tive speed of sound ce;; = 27f/k can be controlled by
changing the value of ¢ which changes the slope of the
dispersion relation as shown in Fig. 1a, where f is the fre-
quency in Hertz and k is the wavenumber. The effective
refractive index of the unit cell, defined as n = cqir/cesy,
is shown in Fig. 1b. For a constant filling fraction, the ef-
fective refractive index of the material becomes more fre-
quency dependent, i.e. less broadband, as the frequency
increases (approaches the Bragg bandgap). The refrac-
tive index also becomes more frequency dependent as the
filling fraction increases. A frequency of 18 kHz was se-

lected as a design frequency for the GRIN-PC lens, and
the effective refractive index was plotted against the fill-
ing fraction in Fig. lc. Note that, Fig. 1c is only valid
at 18 kHz, but since the refractive index curve below this
frequency is relatively flat for filling fractions of interest
(below 0.7), it could be used to design broadband de-
vices up to the design frequency. Fig. lc could be used
to construct a desired GRIN-PC refractive index pro-
file by choosing the filling fraction corresponding to the
desired refractive index value. To study the directional
dependence of the PC, its effective refractive index was
calculated in directions (100), (110), and (111) as shown
in Fig. 1c. The specified directions were chosen since they
represent extreme values with respect to the cubic sym-
metry of the lattice. As shown in Fig. 1c, the refractive
index of the PC is anisotropic (at the design frequency),
and the degree of anisotropy is proportional to the fill-
ing fraction. The anisotropy arises from the simple cubic
periodicity of the unit cell, as well as its geometry. As
the polymer volume in the unit cell increases, the geom-
etry becomes comparable to the effective wavelength of
the propagating acoustic waves, giving rise to increased
anisotropy as shown in Fig. lc.
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FIG. 2. Experimental setup (a) for measuring the acoustic
pressure field of the 3D-printed GRIN-PC lens (microphone
mounted on an XYZ stage scans the pressure field) and (b) for
measuring the electrical power enhancement of a piezoelectric
energy harvester placed at the focal spot of the GRIN-PC lens.

The refractive index profile in direction (100) was used
to construct a GRIN-PC lens with the Luneburg profile
given by n(r) = y/2 — (r/R)?, where r is the radial loca-
tion inside the lens and R is the radius of the lens. The
continuous analytical Luneburg profile as well as the dis-
cretized refractive index in the main lattice directions
are shown in Fig. 1d. The refractive index slightly devi-
ates from the analytical profile for the (110) and (111)
directions which reduces the performance of the lens in
these directions. The GRIN-PC lens is thus expected
to be omindirectional, however with a slight variation in
its performance depending on the direction. Moreover,
this anisotropy could be further reduced by operating at
lower frequencies or by using smaller unit cells.

The analytical profile was discretized for a unit cell of
size a = 3mm to construct a lens of radius R = 30 mm
with 10 unit cells along the radius as shown in Fig. 2.
The lens was constructed by using Fig. 1c to select the



required filling fraction at each unit cell, and the cross-
sections of the links between each two neighboring cells
were tapered to reduce the effect of discretization be-
tween the neighboring unit cells. On the wave propaga-
tion simulation side, a time domain acoustic FEM was
constructed to simulate incident plane waves on the lens.
The lens was modeled as hard boundary to an acoustic
domain discretized with 7 elements per wavelength. The
lens was ensonified with a plane Gaussian pulse centered
at 18 kHz with 6 kHz bandwidth (BW), and the acous-
tic domain was surrounded with radiation boundaries to
minimize wave reflections. A Courant-Friedrichs-Lewy
(CFL) condition of 0.2 was used.

The designed lens was 3D printed using a Formlabs
Form 2 stereolithography (SLA) 3D printer with a layer
height of 100 pm and clear Formlabs resin. The scanning
microphone setup, shown in Fig. 2a, was used to mea-
sure the pressure field behind the lens due to an incident
plane wave. A speaker with frequency range of 1 - 22 kHz
was excited with the same Gaussian pulse as in the nu-
merical simulations. A 1/4” free field Larson Davis 2520
microphone was mounted on an automated XYZ stage
to scan the pressure field at three perpendicular planes
behind the lens. The grid cover of the microphone was
removed to ensure that the pressure field could be mea-
sured as close as possible to the back surface of the lens.
The microphone signal was digitized with a Handyscope
HS3 oscilloscope, and a LABVIEW program was used to
synchronize the excitation of the speaker with data ac-
quisition. The received signal was time gated to avoid
including any wall or other hard surfaces reflections in
the measurement. The pressure field was measured once
with the lens present, then with the lens removed to ob-
tain the normalized pressure gain due to the presence
of the lens. Subsequently, the lens was rotated to simu-
late plane waves incident from a different angle and the
measurement was repeated.

The peak pressure field of the lens is shown in Fig. 3
at the focal spot of the lens with incident acoustic waves
traveling in the positive z-direction (shown in Fig. 2a).
A clear focal spot is observed behind the lens, and the
experimentally measured focal spot size and shape is in
good agreement with the numerical predictions. The
pressure field at the center of the focal plane is shown in
Fig. 4a. The experimental results show a narrower and
lower amplitude at the focal spot than that predicted by
the finite element simulations. The achieved gain is 6%
lower than the predicted gain of 4.5 which is attributed
to manufacturing tolerances of the 3D printing process
as well as the directional pattern of the speaker. The re-
sults for (110) wave incidence show a reduction of 15% in
the peak pressure amplitude compared to the (100). This
reduction is attributed to the inherent anisotropy in the
PC which caused a deviation from the exact Luneburg
profile in this direction as shown in Fig. 1d.

The effect of changing the center frequency of the ex-
citation was studied experimentally as shown in Fig. 4b.
The figure shows that the lens can be used to focus in-
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FIG. 3. Normalized peak pressure field behind the lens ob-
tained (a) numerically and (b) experimentally.

cident waves from frequencies lower than 10kHz to fre-
quencies higher than 20 kHz. However, more focusing is
observed at higher frequencies, since the lens is diffrac-
tion limited. Fig. 4c shows the experimental pressure
time series at the focal position of the lens compared to
the baseline case (in the absence of the lens). At the tar-
get design frequency (18 kHz), a pressure gain of 4.2 was
observed in both the peak and RMS pressures at the fo-
cal positions. This corresponds to an increase in acoustic
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FIG. 4. (a) Normalized pressure at the focal plane obtained numerically and experimentally. The experimental pressure fields
are shown for waves propagating in the directions (110) and (100) with respect to the PC lattice. (b) Normalized peak pressure
obtained experimentally for different Gaussian pulse center frequencies. The bandwidth was kept constant at 6 kHz. (¢) Time
series for the pressure at the focal position of the lens compared to its absence. The case shown is for a pulse with 18 kHz

center frequency.

intensity (power) at the focal spot by a factor of 17.6.
The pressure gain of the lens could be further improved
by increasing the lens aperture (size) allowing for more
energy to be directed toward the focal spot. However,
this is typically bounded by the size limitations of the
3D printing process as well as the space available for the
lens (to keep it compact in a given application).

To demonstrate the ability of the 3D GRIN-PC lens for
enhanced sound energy harvesting, a piezoelectric energy
harvester was placed at the focal spot of the lens as shown
in Fig. 2b. The harvester was selected to operate near
the center of the lens design frequency bandwidth around
15 kHz. It is a circular unimorph with an outer diameter
of 13.5 mm with a substrate layer of thickness 0.2 mm
made of stainless steel and a piezoelectric layer of thick-
ness 0.15mm and diameter 10 mm made of PZT-4. The
mechanical quality factor of the harvester is @,, = 50.
To predict the dynamics of the harvester, a frequency
domain piezoelectric FEM was constructed. An axisym-
metric FEM of the harvester was subjected to a uniform
harmonic pressure of 30 Pa (=~ 120 dB, reference pressure:
20Pa) and the output electrical power across different
load resistance values was obtained in Fig. 5. T'wo power
peaks at 14.5kHz and 15.5 kHz are observed representing
the short and open-circuit resonance frequencies of the
harvester. The output power is larger for resistance val-
ues closer to the open-circuit resonance (around 30k<);
however, the frequency bandwidth is narrower compared
to the bandwidth of resistor values between 1k and
10 k€.

The experimental setup shown in Fig. 2b was used
to measure the output power enhancement by the lens.
The lens-harvester system was excited with a modulated
Gaussian pulse generated through a loud speaker. Three
different pulses were used: the first pulse was centered
around 15kHz and had a bandwidth of 4kHz which is
much larger than the bandwidth of the harvester (around
500Hz as shown in Fig. 5). Additionally, two narrow

band pulses (500 Hz bandwidth) centered around 14.5
kHz and 15 kHz were chosen to target the bandwidth
of the harvester. The amplitude of the incident acous-
tic wave was kept constant for all pulses, and was set to
30Pa (~120dB) measured at the harvester location in
the absence of the lens. A variable load resistor was con-
nected to the harvester via two thin wires which were also
used to suspend the harvester to emulate free boundary
conditions. The voltage generated across the load resis-
tor was measured and used to calculate the output power
of the harvester at different resistance values. The lens
was then removed and the output power of the harvester
was measured again as a baseline to determine the power
enhancement due to the presence of the lens.

100
0.25
0.2
4
10 0.15
0.1
0.05
13 14 15 16 17

10° _
g Z
] =
2 z
Z 2
R 103 o=
7] =
S &
2 3

—_
o
S}

Frequency [kHz]

FIG. 5. Simulated output power of the harvester when sub-
jected to a uniform harmonic pressure of 30Pa (=120 dB).
The power is plotted vs excitation frequency and load resis-
tance.

The peak power generated for different resistor values
and pulses of different center frequency and bandwidth is
summarized in Fig. 6a. Clearly, the presence of the lens



increases the electrical power delivered to the load by an
order of magnitude as compared to the respective base-
line case without the lens. The electrical power gain is
slightly lower than the acoustic power gain [cf. Fig.4(b)
squared] since the dimensions of the energy harvester are
larger than the focal spot of the lens at these frequencies
(i.e. the harvester was not optimized). For all resistance
values, the electrical power output for the wideband pulse
was lower than the narrowband pulses, which is expected,
since the bandwidth of the harvester is limited to a nar-
row band of approximately 500 Hz as shown in Fig. 5.
A narrow-band pulse centered at 14.5 kHz (close to the
short-circuit resonance frequency) generated more elec-
trical power at lower resistor values (closer to optimal
short-circuit resonance load as expected?®) compared to
the 15kHz pulse. A maximum power output of 1.2 pW
was observed for the 15 kHz pulse at a load resistance of
6 k€2 which is close to the optimal resistance value for the
energy harvester. The voltage time series for this case is
shown in Fig. 6b. It should be noted that the bandwidth
of the lens-harvester system is mainly limited by that of
the harvester in this case, which can be further improved
by using an energy harvester with larger bandwidth, such
as those exploiting designed nonlinearities?®. Moreover,
the lens was designed for a peak performance near 18 kHz,
while the harvester was chosen to operate around 15 kHz.
It is possible to achieve a slightly better performance if
the lens was designed at the same center frequency as the
energy harvester (i.e. 15kHz), however at the expense of
reduced performance at higher frequencies.

To conclude, a gradient-index phononic crystal lens
was designed for audio frequency acoustic waves and em-
ployed to enhance the electrical power of a piezoelectric
energy harvester placed at its focal position. Pressure
field measurements of the designed lens revealed its abil-
ity to focus acoustic power over a broad frequency range
between 10-20kHz, with acoustic power gain levels as
high as 17.6 fold. As a result, the use of the lens in
sound energy harvesting enhanced the power delivered
to the load by more than an order of magnitude as com-
pared to the baseline case (without the lens). The lens-
harvester system was able to generate 1.2 W of electric
power from 120dB airborne sound, which is well above
most sound energy harvester designs with similar scale
that produce nano-Watt level power.
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tional Science Foundation CMMI Grant 1727951.
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available from the corresponding author upon reasonable
request.
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