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Abstract. We report theoretically on a sub-wavelength acoustic energy harvesting (AEH)
using a thin acoustic metamaterial (AM) made of spring-mass resonators attached to the
surface of a homogeneous elastic thin plate. Considering an incident acoustic wave hitting
the AM plate, tunable and high efficient AEH is achieved by introducing a sub-wavelength
defect inside the AM structure to confine the elastic energy into a spot which is then
electromechanically converted into electrical power using a ceramic PZT patch. Several
types of sub-wavelength cavities capable of confining acoustic energy at the sonic regime
are extensively investigated for the optimization of AEH. Three analytical approaches,
band structure, sound transmission loss and electrical-to-mechanical energy conversion, are
proposed to fully describe the system interaction with the acoustic wave and quantify the AEH
performance. Computed results show that an average power of 18 µW can be harvested using
a specific cavity design of only 3× 3 cm2 size from an incident acoustic wave with a sound
pressure level of 100 dB at 520 Hz. Such system can open a way through the design of effective
tunable sub-wavelength acoustic energy harvesters based on AM applied to scavenge energy
from sound.
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1. Introduction

Nowadays, sensors and actuators oil the wheels of our daily life and change our life style. We
are witnessing an incredible development of sensing technologies motivated by the increasing
demand and the industrial competition. Powering these devices is of essence and it is mostly
done by mean of batteries which struggle to follow up the sensors development. In fact, not
only electrical batteries are cumbersome and constrain miniaturization, but their power supply
is limited and have a short lifetime relative to sensors. Meanwhile, one of the advantages
of MEMS based sensors is their low energy consumption as their operating power is less
than 100 µW for a device size less than 1 cm3. Thus, it is essential to continuously adapt
the power supply to the micro-devices which are permanently active, as batteries are to be
frequently recharged, replaced and cleared out, not to mention the environmental chemical
risks. It becomes now vital to promote other electrical powering technologies and the most
attractive solution is energy harvesting. There are numerous sources providing available and
free energy in our environment, either electromagnetic, thermal, mechanical or biochemical.
Scientific researchers work actively to come up with new efficient technologies to exploit
these sustainable but permanently lost energies.

In the last decade, there has been active research on harvesting energy from ambient
vibrations using direct piezoelectric (PE) effect [1, 2, 3, 4]. PE materials are now a key for
mechanical-to-electrical energy conversion as they perform good electro-mechanical coupling
mechanism. Many works have been devoted to come up with solutions for acoustic energy
harvesting (AEH) in the sonic frequency range from the sound pressure level (SPL) of
discomfort to the loudest possible threshold (194 dB). The earliest works used acoustic energy
harvesters based on Helmholtz resonator. Hotowitz et al [1] proposed a micro-scale energy
harvester composed of a Helmholtz resonator where the small aperture or neck is connected
to the environment and the back wall of the cavity is made of a flexural diaphragm. They
attached a PE ring into the diaphragm and connected it electrically into a load resistor for
the purpose of electrical impedance matching. At the Helmholtz resonance frequency, the
high amplitude of the diaphragms mechanical vibration induces strain into the PE ring which
generates electrical voltage by direct PE effect. A maximum output power density of 100
µW.cm−2 was obtained at the resonant frequency for 980 Ω load resistance and 149 dB of the
acoustic pressure. In another work, Noh et al [2] combined a Helmholtz resonator and a PE
cantilever to perform AEH. The high sound acoustic pressure inside the resonant cavity causes
the composite PE cantilever to vibrate and produce electrical power. A maximum power of
0.1 µW was reached at 860 Hz. Another approach was proposed by Li et al [3, 4] who placed
an array of PE beam inside a long tube Helmholtz resonator in order to increase the efficiency
of the AEH. By testing multiple configurations regarding the PE beam number and spacing,
they were able to obtain, both theoretically and experimentally, a maximum output power of
approximately 0.31 mW collected by 4 PE beams at 190 Hz from 100 dB of SPL inside a 20
m tube.

As an alternative to Helmholtz resonators approach, sonic crystals (SC) were introduced
in some few works to perform acoustic energy confinement for the purpose of AEH. SC is a
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periodic composite structure which has the ability of creating band gaps where acoustic wave
propagation is prohibited [5, 6, 7, 8]. This property opened the way to perform acoustic wave
manipulation: confinement and wave-guiding for instance. In fact, by creating a point or a line
defect inside the SC, acoustic modes can be created at frequencies inside the band gap and the
acoustic wave can be trapped inside the defect or along the waveguide [9, 10, 11]. In 2009, Wu
et al [12] proposed an acoustic energy harvester based on a SC made of cylindrical rods in air
with 4.9 cm period, in which they created a point defect by removing a single rod. An acoustic
confined cavity mode is created inside the defect at 4.02 kHz in the band gap. By placing a
piezoelectric PVDF film inside the defect, they were able to get a maximum power output
of approximately 35 nW generated by an acoustic wave with a SPL of 80 ∼ 100 dB [13].
Recently, Yang et al [14] presented an enhancement of AEH by placing an electromechanical
Helmholtz resonator inside a SC defect center. By combining the coupled Helmholtz and
cavity resonances, they were able to generate 429 µW of maximum power with an optimal
load resonance of 4.4 kΩ for an incident acoustic wave pressure of 110 dB. In all these works,
the size of the sonic crystal super-cell is at least 17×17 cm2 and the rods length is of 10
cm, which constraints the objective of small size AEH. This limitation is due to the large
acoustic wavelength at the sonic frequency range, as the band gap creation is based on the
Bragg scattering mechanism. The crystals lattice constant is constrained as it is to be in
the same order as the targeted acoustic wavelength. To overcome this limitation, Liu et al
[15] introduced the concept of acoustic metamaterial (AM) capable of band gap creation at
wavelengths much larger than periodicity of the system [16, 17]. The band gap opening
is based on local resonance mechanism and becomes independent of the periodicity of the
structure. AM are composite structures capable of demonstrating unusual physical properties
for acoustic and elastic waves [17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31].
One of these properties is the possibility to perform divergent and even negative effective
mass density for acoustic waves by considering the homogenization approach at wavelengths
higher than the AM structuration. The infinite behavior of the effective mass density paved
the way through the design of artificial systems capable of breaking the mass density law
limitation and achieving low frequency sound mitigation with smile size structure compared
to the wavelength [16, 32, 33, 34, 35]. Regarding AEH application, Ma et al [33] proposed a
membrane-type system composed of a decorated membrane and a back cavity. The incident
energy around 152 Hz is totally absorbed by creating the resonant state of the system
with deep-subwavelength thickness of 17 mm. By employing magnet wires carried by the
membrane and four pairs of neodymium magnets along the magnet wires, high acoustic-
electric energy conversion efficiency of 23% is realized by the up-and-down oscillation of the
membrane. Recently, we have proposed an AM plate made of periodic distribution of rubber
pillars over an aluminum plate of thickness 0.5 mm, where the lattice constant is 1 cm [23].
The AEH approach was performed using a cavity created inside the AM plate by removing 4
pillars and a PE thin cylindrical layer was attached to the plate in the cavity. Considering the
airborne sound configuration, we have demonstrated theoretically the possibility of harvesting
a maximum power of 8.8 µW at 2257 Hz from 100 dB SPL with only 6×6 cm2 for the
surface size area and 5.5 mm for the total AM plate system thickness. However, for such
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system, the cavity size remains constraining if one is looking for the same cavity mode at
lower frequencies where the wavelength is larger than the cavity size. It is therefore highly
desired to achieve a tunable AEH at low frequency with high efficiency, which is not realized
by previous works.

In this study we will introduce a different method to create a cavity mode with small size
(less than 3 cm) inside an AM plate. This method overcomes the cavity size limitation and
allows us to perform AEH at frequency range around 500 Hz where the wavelength in air is
about 70 cm and at least 10 cm in the bare aluminum plate. An efficient analytical approach is
presented in this paper to perform the band structures, transmission loss of the proposed AM
plates and estimate the amount of power harvested from acoustic incident wave. Tunable AEH
is successfully realized in low frequency range with subwavelength cavity size, providing a
feasible way to harvest low frequency acoustic energy. The paper is organized as follows: in
section II, we introduce the AM plate system considered for the analytical model and present
the acoustical, the mechanical and the electrical formulas for the calculation of the sound
transmission loss, the band structure and the harvested electrical power. In section III, we
apply the model to two kinds of cavity systems and discuss the obtained results.

2. Metamaterial plate system for energy harvesting

The simplified model considered for the metamaterial system is a thin infinite plate in which
the surface is decorated with a square array of spring mass resonators as shown in figure 1(a).
This representation is one of the simplest and most used models for analytical studies
regarding AM plates. The figure presents the system in the airborne sound configuration
where the incident sound wave comes from the air region denoted Air1 and hits the plate
surface. The amount of the sound pressure transmitted through the plate into the air region
denoted Air2 gives the sound transmission loss (STL). The periodicity of the AM structure
and the plate thickness are denoted a and e respectively, which are fixed in the whole study
into 1 cm and 0.5 mm respectively. The incident SPL is considered to be at 100 dB which
corresponds to 2 Pa for the pressure amplitude.

Based on the Kirchhoff plate theory, Xiao et al [35] presented an analytical model for
the band structure and STL calculation for any kind of periodic distribution of spring mass
resonators over a thin plate. Their model can be used for supercell systems containing
different geometrical defect structures. We apply the model to study the confinement of
the elastic waves inside a cavity in the AM plate in the airborne sound configuration. The
cavity is designed to create a defect mode within the band gap where acoustic energy can be
confined into a spot inside the structure (figure 1(b)). Circular PE patch device can be then
used to convert the mechanical vibration into electrical power. The purpose of this study is to
evaluate how much acoustic energy can be harvested using a confined cavity mode inside the
metamaterial system.
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Figure 1. (a) Metamaterial structure in the airborne sound configuration and the unit cell
associated to the system. The inset represents the unit cell of the structure (b) Examples of
Supercells where the cavity is created by removing several resonators. The red circle presents
the PE patch placement for AEH.

2.1. Band structure calculation

The band structure calculation is essential to understand the mechanical vibrational motion
of the elastic plate system when it interacts with the sound wave coming from air [36].
For the analytical band structure calculation, we start from the governing equation of wave
propagation in the plate, based on the Kirchhoff plate theory:

D∇
4w(r)−ρhω

2w(r) =
N

∑
j=1

∑
R

f j
(
r j +R

)
δ
[
r−
(
r j +R

)]
, (1)

where w(r) is the transverse displacement field of the plate, r = (x,y) is the in-plan position
in the plate and D = Eh3/12(1−ν2) is the plate bending stiffness, E, ν and ρ are the Youngs
modulus, Poissons ratio and mass density of the plate material respectively. As we assume
that we have N resonators distributed in the surface of the plate, f j is the force applied to
the plate by the resonator located at r j +R where r j =

(
x j,y j

)
represents the location of the

jth resonator in the supercell depicted in figure 1, and R = (maN ,naN) where m and n are
integers and aN = Na is the super-lattice constant of the square periodic structure. Due to the
periodicity of the system, the transverse displacement w(r) can be written as:

w(r) = ∑
G

wGe−i(k+G).r, (2)

where the G = 2π (m′,n′)
/

aN is the reciprocal super-lattice vector, and k = (kx,ky) the wave
vector. In another hand, we have also:

f j
(
r j +R

)
= f j

(
r j
)

e−ik.R. (3)
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Then, one can obtain:

∑
R

f j
(
r j +R

)
δ
[
r−
(
r j +R

)]
= f j

(
r j
)

e−ik.(r−r j)∑
R

δ
[
r−
(
r j +R

)]
. (4)

Furthermore, one can write:

∑
R

δ
[
r−
(
r j +R

)]
= ∑

G

1
S

e−iG.(r−r j), (5)

where S = a2
N is the surface of the super-cell. Then from equations (4) and (5):

∑
R

f j
(
r j +R

)
δ
[
r−
(
r j +R

)]
= f j

(
r j
)

e−ik.(r−r j)∑
G

1
S

e−iG.(r−r j). (6)

Regarding the force applied by each resonator in the super-cell, we have:

f j
(
r j
)
=−K j

(
u j−w

(
r j
))

=−ω
2m ju j, (7)

where u j is the displacement of the resonators mass and K j and m j are the stiffness and the
mass of the spring-mass resonator located in position r j. By inserting equations (2) and (6)
into equations (1) and (7), one can come up with the following equations:

SD
[
(kx +Gx)

2 +(ky +Gy)
2
]2

wG +
N
∑
j=1

K j

(
∑
G′

wG′e−i(k+G′)r j −u j

)
ei(k+G)r j

= Sρhω2wG,

−K j

(
∑
G′

wG′e−i(k+G′)r j −u j

)
= m jω

2u j.

(8)

From equations (8) one can construct an eigenvalue problem to calculate the eigenfrequencies
and get the band structure of the AM plate system.

2.2. STL calculation

For the STL calculation, we assume an incident plane wave pressure Pi in air region Air1
hitting the plate with an elevation and azimuth angles θ and ϕ respectively (figure 1(a)). If
the waves pressure amplitude is denoted P0, then,

Pi (r,z) = P0e−i(kr.r+kzz), (9)

where kr = (kx,ky), kx = k0 sinθ cosφ , ky = k0 sinθ sinφ , kz = k0 cosθand k0 = ω/c0. c0

is the sound velocity in air.Based on the Kirchhoff plate theory, we start from the governing
equations of wave propagation in thin plate in the airborne sound configuration by considering
the plate along the XY plane located in position z = 0 and considering the air wave pressures:

D∇4w(r)−ρhω2w(r) = pi(r,z)z=0 + pre f (r,z)z=0− ptr(r,z)z=0

+
N
∑
j=1

∑
R

f j
(
r j +R

)
δ
[
r−
(
r j +R

)]
,

(10)
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where pm(r,z)z=0 with m = i,re f ,tr are the incident, reflected and transmitted waves
respectively. Using the plane wave expansion, the reflected and the transmitted sound
pressures can be expressed as:

Pre f = ∑
G

Pre f ,Ge−i(kr+G).r+ikz,Gz,

Ptr = ∑
G

Ptr,Ge−i(kr+G).r−ikz,Gz,
(11)

where

kz,G =


√

k2
0−|kr +G|2 k2

0 ≥ |kr +G|2

−i
√
|kr +G|2− k2

0 k2
0 < |kr +G|2

. (12)

Meanwhile, from equation (7), one can deduce the relationship between f j
(
r j
)

and w
(
r j
)

for
each resonator j:

f j
(
r j
)
=−D jw

(
r j
)

(13)

where

D j =
−ω2m j

1−ω2
/

ω2
j (1+ iη j)

, (14)

ω j =
√

K j
/

m j and η j are respectively the angular resonance frequency and the loss factor
for the spring-mass resonator j. To calculate the unknown reflected and transmitted pressure
as well as the displacement field of the plate, the boundary conditions are expressed in the
air-plate contact interfaces. Thus, the boundary conditions expressing the normal velocity
continuity at the air-plate interface are:

∂(pi(r,z)+pre f (r,z))
∂ t

∣∣∣∣
z=0

= ρ0ω2w(r) ,

∂ ptr(r,z)
∂ t

∣∣∣
z=0

= ρ0ω2w(r) .
(15)

By inserting equations (2) and (11) into equations (15), and considering that the sum is for
any possible r, we can drive two relationships between the sound pressures and the plate
displacement coefficients:

pre f ,G = P0δG−0− iρ0ω2

kz,G
wG,

ptr,G = iρ0ω2

kz,G
wG.

(16)

Furthermore, substituting equations (2), (6), (9), (11) and (13) into equation (10), one can
have a third relationship:{

SD
[
(kx +Gx)

2 +(ky +Gy)
2
]2

+ω2 [2ρ0i
/

kz,G−ρe
]

S
}

wG

+
N
∑
j=1

D j

(
∑
G′

wG′e−i(G′−G)r j

)
= 2P0SδG−0

(17)

By choosing finite number of reciprocal lattice, one can use the linear equations (16) and
(17) to get the plane waves components wG, pre f ,G and ptr,G. Then, using equation (11), the
transmitted sound pressure can be calculated and used to calculate the STL:

STL(dB) = 20log10 (|Ptr/Pi|) . (18)
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2.3. Electrical model

We consider a ceramic PE PZT thin cylindrical transducer patch attached into the plate surface
empty of resonators. The PZT is placed at the center of the cavity as it is indicated by red
circle in figure 1(b). In this whole study, the thickness of the PZT layer is fixed to 0.1 mm. In
our approximation, we consider that the effect of the piezo-mechanical coupling on the cavity
mode shape and its frequency is neglected. Based on the elastic theory of thin beams, the
strain along x and y direction are:

Sx =−z
∂ 2w
∂x2 ; Sy =−z

∂ 2w
∂y2 ; and Sxy =−z

∂ 2w
∂x∂y

. (19)

We assume that the PZT thin layer added to the surface does not change the deformed
shape of the mode and only increases the equivalent bending stiffness of the plate.
Consequently, the amplitude of the vibration under the same excitation is slightly reduced
in comparison to the same system without the PZT. The linear PE theory is used in this study.
As the PE layer thickness is very small compared to the plate dimensions, we assume that the
stress in z direction within the PZT equals to zero. Consequently, the electrical displacement
along x and y directions are: Dx = Dy = 0. The electrical displacement along the z-direction
within the PZT is expressed as function of the strain in the x and y directions and the electric
field:

Dz = ε33Ez + e31Sx + e32Sy + e36Sxy, (20)

where (e3m)m=1,2,6 are the PE constants along the 3m coupling direction, ε33 is the dielectric
permittivity along the third direction and Ez is the electric field along the z direction within
the PZT layer. In this study we consider that e31 = e32 = −6.62281 C/m2, e36 = 0 and
ε33 = 1433.6ε0.

Let us assume that the PZT face in contact with the plate is connected to the ground and
the other free surface is covered by an electrode layer which is connected to a resistor to form
a closed electrical circuit. In this way, the electrical potential on the PZT surface is the same.
The charge Q collected on the electrode surface can be expressed as:

Q =
∫
A

DzdA =
∫
A

(ε33Ez + e31Sx + e32Sy)dA, (21)

where the integral is over the electrode surface denoted A of the PZT layer. Assuming that the
electrical potential between the PZT surfaces having normal z-direction is denoted V, under
the uniform electrical field assumption, the electrical voltage can be approximately expressed
as:

V ≈−tPZTEz, (22)

where tPZT is the thickness of the PZT layer. From equations (19), (21) and (22), one can have
the following expression for the collected charge:

Q = Φ−πr2
PZT

V
tPZT

, (23)
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where rPZT is the radius of the PZT patch and Φ has the following expression:

Φ =−e
2

∫
A

(
e31

∂ 2w
∂x2 + e32

∂ 2w
∂y2

)
dA. (24)

Using the PWE decomposition (equation (2)) for the out-of-plane displacement, one can
evaluate Φ as

Φ =
e
2 ∑

G

[
e31 (k+G)2

x + e32 (k+G)2
y

]
wG

∫
A

e−i(k+G).rdA. (25)

The current, the charge and the voltage are dependent upon the mechanical vibrations. The
relationship between the current amplitude and that of the charge is

I = ωQ. (26)

For the electrical circuit with pure resistance denoted R, we have also the relationship between
the voltage and the current

I =
V
R

(27)

The voltage has the same phase as the current. Combining equations (23), (26) and (27), one
can have the following expression for the amplitude of the current

I =
ωΦ(

1+ωε33Rπr2
PZT

tPZT

) . (28)

For the AC electrical circuit, the time average of the output power is as below,

P̄ =
V√

2
I√
2
= R

I2

2
=

Rω2Φ2

2
(

1+ωε33Rπr2
PZT

tPZT

)2 . (29)

Using this expression, one can estimate the collected power as function of the load resistance
and the PZT surface geometry. Despite its efficiency for theoretical studies regarding realistic
structures, FEM as we employed in [23] is time consuming especially for bigger size systems
with small size structuration. Analytical formulation for the same problem, whenever it is
possible using approximation technics, can give good results in a very short time.

Throughout the calculations, the material parameters of the AM plate are E = 70E9 Pa,
ν = 0.33, and ρ = 2700 kg/m3, where E, ν and ρ represent the Young’s Modulus, poison’s
ratio and density. The density and velocity used for air is 1.21 kg/m3 and 343 m/s. The effect
of the resonators is treated as an effective force on the AM plate.

3. Results and Discussions

3.1. Empty defect system

In this section, we apply the model to a square supercell made of 11x11 unit cells in which we
remove a specific number of unit resonators to create a cavity defect mode. Our study holds
for two systems: the first structure is presented in figure 2(a) where the central resonator
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Figure 2. (a) Supercell of the AM Plate structure where the defect is created by removing the
five central resonators. (b) The band structure calculation for the supercell. (c) STL for loss
factor η = 0.01 (red solid bold line) and η = 0.005 (blue solid line). The inset is a zoom in the
STL dip around 2.25 kHz. (d) The displacement field of the plate at the cavity mode frequency.
The table is the maximum value of the displacement for field for η = 0.01and η = 0.005.

was removed as well as the first closest resonators to the center: a total of five resonators are
removed.

Figure 2(b) presents the band structure calculation for the periodic super-cell system in
both ΓX and ΓM directions of the first Brillouin zone. The sound line is plotted in green
color in both directions and the shaded region under this line indicates the modes that cannot
be excited by the incident acoustic wave in the airborne sound configuration [36]. From
figure 2(b), one can easily deduce the band gap region where a flat mode exists which
corresponds to the cavity mode located at approximately 2285 Hz. In this case the mass
of the resonators is 184 µg and the resonance frequency is fixed to be 1.8 kHz. These
properties will allow the creation of a band gap between 1.8kHz and 2.76 kHz for flexural
waves. The resonators mechanical properties were chosen so that the frequency of the created
cavity mode will be localized in the middle of the band gap, which will increase the elastic
energy confinement inside the defect space.

We plot in figure 2(c) the STL we can get by the supercell for an acoustic wave with
normal incidence. The calculations were performed for two values of the loss factor η

considered for the resonators: 0.01 and 0.005, plotted in bold red line and thin blue line
respectively. From the STL figure, we find that at least 70 dB can be generated at the
resonance frequency 1.8 kHz using the AM plate if we consider the sound mitigation purpose
[36]. Furthermore, one can point out the dip at 2285 Hz located exactly at the cavity
modes frequency. At this frequency, we plotted in figure 2(d) the norm of the out-of-plane



11

Figure 3. ) Output average power in color map as function of the PZT radius and the load
resistance for η = 0.005 at the cavity mode frequency 2285 Hz. (b) Out-put power (solid
lines) and voltage (dashed lines) for PZT radius 11.5 mm performed for both η = 0.01 and
η = 0.005. The table summarizes the maximum power harvested with the optimal PZT radius
and load resistance.

displacement w in the plate to get the cavity mode shape. We can deduce the elastic wave
confinement within the defect space created inside the AM plate. Meanwhile, in figure 2(c),
the STL dip matching the cavity mode corresponds to high transmission of the acoustic wave
through the AM plate supercell as the cavity mode plays the role of a point source emitting an
acoustic wave into the Air2 region. The STL of the dip is found to be at 9.84 dB for η = 0.005
and 14.24 dB for η = 0.01 (see inset in figure 2(c)). This can be easily understood as for high
η values, an amount of the elastic energy in the plate is lost by the viscoelastic effect in the
resonators and the amplitude of the cavity modes out-of-plane vibration becomes smaller in
the case of η = 0.01 compared to the case η = 0.005 (see table in figure 2).

For AEH application, we used equation (29) to estimate the average power that can be
scavenged from the system using a PZT circular patch placed in the center of the defect in the
plate surface without resonators. From the expression, one can see that the power depends
on the load resistance and the PZT radius. It is important to look for the optimized resistance
for the purpose of electrical impedance matching as well as the optimized PZT radius for
maximum power output.

In figure 3(a), we plot the output average power in color map as function of the PZT
radius and the load resistance for η = 0.005 at the cavity mode frequency 2285 Hz. We
can deduce that, a maximum power of 12.46W is obtained in this case for and load resistance
R=1258.9 Ω. Figure 3(b) shows the profiles of the average power (solid curves) and the output
voltage (dashed curves) as function of the load resistance R at the cavity mode frequency and
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Figure 4. (a) Supercell of the AM Plate structure where the defect is created by removing the
nine central resonators. (b) The band structure calculation for the supercell. (c) STL for loss
factor η = 0.005. (d) The displacement field of the plate at the cavity mode frequency.

for PZT radius of 11.5 mm. The calculation were performed for both η = 0.01 and η = 0.005.
As expected, the voltage increases and stabilizes at a constant value starting from R = 10 kΩ,
and the electrical power is maximum at the optimized load resistance. The table in figure 3
summarizes the obtained results for maximum power output. One can see that the collected
power is 12.46 µW for η = 0.005, and decreases to 4.35 for η = 0.01 because of the energy
loss by the viscoelastic effect in the resonators. In the following studies we will consider the
loss factor η = 0.005 for all the resonators.

The second system considered in this study is presented in figure 4(a) where the closest
nine resonators from the center of the supercell are removed. In this system, in order to get
a cavity mode which has the displacement field profile close to the one of the first system
(figure 4(d)), the resonance frequency of the resonators is chosen to be 950 Hz. This choice
will not only lower the band gap frequency edges to 950 Hz and 1456 Hz, but also make
the cavity mode frequency located in the middle of the gap for the purpose of increasing
the elastic energy confinement inside the created defect. figures 4(b) and 4(c) present the
band structure as well as the STL for the system. The cavity mode is located at 1.2 kHz
and the corresponding STL dip (high acoustic transmission) is at 4.04 dB which is much
lower than the previous cavity system case (9.84 dB). Furthermore, we plot in figure 4(d) the
displacement field profile of the cavity mode where the maximum of the vibration amplitude
is 3 µm which is higher than the value found for the first structure (see table in figure 2).
This is expected as the elastic vibration amplitude of the cavity mode is directly linked to
the acoustic transmission of the acoustic wave. We expect then to harvest more energy in
this case compared to the case of the first structure. figure 5presents the output power and
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the voltage calculations for the system of figure 4(a) at the resonance frequency of the cavity
mode. In this case, with the optimized load resistance R=1258.9 Ω and PZT radius of 16 mm,
a maximum power of 15µW is obtained.

Figure 5. (Left) Output average power in color map as function of the PZT radius and the load
resistance for =0.005 at the cavity mode frequency 1.2kHz. (Right) Out-put power (solid line)
and voltage (dashed line) for PZT radius 16mm. The table summarizes the maximum power
harvested with the optimal PZT radius and load resistance.

From these results, it becomes clear that the defect created by removing 9 resonators
allows not only collecting more acoustic energy than the case of removing 5 resonators, but
also open the possibility to reach a lower frequency as the AEH is performed at 1.2 kHz
where the wavelength is larger than in the case of the first cavity (2.2 kHz). This can be
understood by the fact that removing more resonators will offer more space to this kind of
zero-order cavity mode to shape itself into the space defect at a specific wavelength in some
way proportional to the defect space created. Thus, if we plan to lower the frequency to 500
Hz for example for the purpose of AEH, the wavelength of the flexural wave become larger
so that we need to remove even more resonators to create enough space for the cavity mode
to be created. This solution is unwelcome because of the necessity of large AM structure, not
to mention the PZT patch dimension which will also be needed to be increased for maximum
mechanical-to-electrical energy conversion. To overcome this limitation we propose another
kind of defect in which we change the properties of the central resonators instead of removing
them.

3.2. Small size defect system

In order to create a band gap in the frequency region around 500 Hz, we fix the resonant
frequency of the resonators into fR = 400Hz and their mass to mR = 368 µ g. The band gap
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Figure 6. (a) Supercell of the AM Plate structure where the defect is created by changing the
mechanical properties of the central resonator indicated by blue color. (b) The band structure
calculation for the supercell. (c) STL for loss factor =0.005. (d) The displacement field of the
plate at the cavity mode frequency.

lower and upper edges will be then 400 Hz and 771 Hz. In this section, we will study AEH
by three super-cell systems having different type of defects introduced in the center. The first
one is made of 11× 11 unit cells in which we change the properties of the central resonator
indicated by blue color in figure 6(a). The mass of the central resonator is kept the same as the
other resonators while its resonance frequency is fixed to f ′R = 640Hz. This choice is based
on putting the cavity modes frequency in the middle of the new band gap.

The band structure in figure 6(b) shows the cavity mode created in the middle of the band
gap at 589Hz and the corresponding STL dip at 12.66 dB (figure 6(c)). figure 6(d) shows the
out-of-plane displacement field of the plate at the cavity mode frequency. It can be deduced
that the shape of the wave field is similar to the one of the previous cases where the defect
is created by removing the resonators. Regarding the acoustic energy that can be harvested
by the system where the PZT patch can be fixed at the center of the super-cells plate surface
containing no resonators, figure 7 summarizes the results for the output power and voltage
calculations.

In this case, the maximum power is 3.45 µW at the cavity mode frequency 589 Hz for
the optimized load resistance of 6309.9 Ω and PZT radius of 10 mm. This value of the power
is much lower than the previous cases. To increase the collected power, we thought about
increasing the inertia of the cavity by increasing the mass of the central resonator to 736 µg
which is twice the mass of the surrounding resonators, and at the same time we adjust the
resonance frequency of the central resonator to f ′R = 700Hz so as to have the cavity mode in
the middle of the bad gap at exactly the same frequency 589 Hz. Figure 8 shows the obtained
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Figure 7. (a) Output average power in color map as function of the PZT radius and the load
resistance for η = 0.005 at the cavity mode frequency 589 Hz. (b) Out-put power (solid line)
and voltage (dashed line) for PZT radius 10 mm. The table summarizes the maximum power
harvested with the optimal PZT radius and load resistance.

results for the output power and the voltage at the cavity mode frequency, i.e. 589 Hz, for
an optimized PZT patch radius of 9.5 mm. The maximum power obtained is 7.54 µW for
7943.3 Ω which is higher than the previous case of figure 7. It is convincing that increasing
the mass of the central resonator will introduce more inertia to the system in the center so that
the amplitude of the out-of-plane displacement of the plate will be increased as well. This
aspect can be deduced when comparing the wave field amplitude in figures 6 and 8.

Although these results are of interest, the power collected remains limited and one
cannot indefinitely increase the mass of the central resonator especially when considering
the lightweight criterion for the system. To increase the harvested power without changing
the masses of the resonators, we chose to change the resonance frequency (i.e. the stiffness)
of multiple resonators close to the super-cell center. We fix the masses of all the resonators
in the super-cell to have the same value of 368 µg. We propose two systems presented in
figures 9 and 10 in which the resonators indicated in blue have their resonance frequency
changed. For the case of figure 9(a), the stiffness of the 5 central resonators is changed so
that the resonance frequency is fixed to f ′R = 1.5kHz. This allows the creation of a cavity
mode in the middle of the band gap at 589Hz. The displacement field profile of the mode
plotted in figure 9(b) is similar to the one of the previous cases. Furthermore, as we can see
in figure 9(c), the maximum power harvested in this case is 12.7 µW for 2511.9 Ω and 16mm
for the PTZ radius. This value of the electrical power is in the same order of the power we
got in the case of removing the 5 central resonators where the cavity mode is created at 2285
Hz (see figures 2 and 3). Thus, the main advantage of changing the resonators mechanical
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Figure 8. (Left) Out-put power (solid line) and voltage (dashed line) for PZT radius 9.5 mm at
the cavity mode frequency 589 Hz. (Right) Displacement field of the plate at the cavity mode
frequency. The table summarizes the maximum power harvested with the optimal PZT radius
and load resistance.

properties is the possibility to control the frequency of the created cavity mode and be able to
tune lower it down to 500 Hz, which is not the case of removing the resonators.

We pushed further our investigation by considering the system presented in figure 10
where the stiffness of 9 closest resonators to the super-cells center (indicated by blue in
figure 10(a)) is considered to be infinite. Its like we consider the springs are rigid and only
the mass effect on the plate is considered for these resonators. In this case, the cavity mode
is found at 519 Hz and its wave displacement field shape is similar to the one of the previous
cases as we can see in figure 10(b). For AEH, the calculations show that this kind of mode
allows reaching a maximum power of 18.1 µW (see figure 10(c)) which is higher than the
case of removing the 9 central resonators (figures 4 and 5). Furthermore, in the case of open
cavity presented in figure 4, at the frequency 1.2 kHz, the wavelength is 28.3 cm in air and
6.38 cm for the flexural wave of the bare plate (without resonator) which is in the same order
of the defect size. However, in the case of figure 10, the wavelength is larger at 519 Hz: 65.5
cm in air and 9.7 cm for the flexural wave of the bare plate while the defect size introduced in
the supercell is the same as the one of the case of open cavity of figure 4. One can then deduce
the sub-wavelength functionality of the designed cavity for the purpose of AEH. Regarding
the energy density, its evaluation depends on the resonators design and space occupation and
cannot be evaluated precisely in this study since we only consider their force applied to the
plate surface in the analytical model. If we consider resonators with a pillar design having the
same dimension considered in our previous work [23], the expected energy density provided
by the system would almost be 0.78 µW/cm3 which is higher than what was produced by
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Figure 9. (a) Supercell of the AM plate structure where the defect is created by changing
the stiffness of the 5 central resonators indicated by blue color. (b) Displacement field of the
plate at the cavity mode frequency. (c) Output power (solid line) and voltage (dashed line) for
PZT radius 16mm at the cavity mode frequency 589 Hz. The table summarizes the maximum
power harvested with the optimal PZT radius and load resistance.

sonic crystals (0.14 µW/cm3) [14] or Helmholtz resonator based system (µW/cm3) [3].
Furthermore, in the case of open cavity presented in Fig. 4, at the frequency 1.2 kHz,

the wavelength is 28.3 cm in air and 6.38 cm for the flexural wave of the bare plate (without
resonator) which is in the same order of the defect size. However, in the case of Fig. 10, the
wavelength is larger at 519 Hz: 65.5 cm in air and 9.7 cm for the flexural wave of the bare
plate while the defect size introduced in the supercell is the same as the one of the case of
open cavity of Fig. 4. One can then deduce the sub-wavelength functionality of the designed
cavity for the purpose of AEH.

From these studies, it is clear that the stiffness and the mass of the resonators are of great
importance for the design of such structure. In practical point of view, one kind of resonator
that can be proposed is a composite pillar made of rigid mass over a low stiffness material such
as rubber [11, 37]. The materials and the geometry of the pillars must be chosen carefully to
insure a good mechanical response.

4. Conclusion

In summary, we developed a feasible yet high effective analytical method to describe the
AEH with an AM plate. By taking advantage of AM special acoustic properties, we proposed
a simple way of introducing a small size defect to achieve sub-wavelength acoustic energy
confinement for the purpose of AEH. With a sub-wavelength cavity mode located at 519
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Figure 10. (a) Supercell of the AM plate structure where the defect is created by changing
the stiffness of 9 central resonators indicated by blue color. (b) Displacement field of the plate
at the cavity mode frequency. (c) Output power (solid line) and voltage (dashed line) for PZT
radius 16mm at the cavity mode frequency 519 Hz. The table summarizes the maximum power
harvested with the optimal PZT radius and load resistance.

Hz, we were able to harvest 18.1 µW of acoustic energy for an incident plate wave of 100
dB SPL. The frequency of the cavity mode can be easily tuned by changing the properties
of the resonators. It is noteworthy pointing out that the analytical model doesnt take into
account the mass and stiffness effects of the PZT. To analyze this aspect, we performed a FEM
simulation based on the model developed for our recent work [23] where the stiffness and the
mass of the circular PTZ patch are considered as well as the electromechanical coupling.
The simulation was done for the last system presented in the work. We found out that the
defect mode frequency is located at 530 Hz where a maximum power of 2 µW is collected.
Comparing these results with the ones provided by the analytical model, the shift of the
defect frequency is expected as it will be lower if the stiffness of the PZT is not considered.
Furthermore, the power collected value of 22 µW is higher than the one estimated by the
analytical model because of the cavity inertia which is higher when considering the mass of
the PZT. Although the analytical and FEM results are slightly different, the analytical model
offers good estimation of the collected power because of the small thickness of the PZT. The
idea here is to present a simple analytical model to estimate the energy that can be harvested
from the mechanical strain introduced by the cavity mode inside the created defect in the
AM super-cell. The results are obtained in few minutes compared to FEM which is time
consuming when applied to this kind of system.
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