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This paper describes the electricity generation characteristics of a new energy-harvesting system with piezoelectric elements. The
proposed system is composed of a rigid cylinder and thin plates at both ends.The piezoelectric elements are installed at the centers
of both plates, and one side of each plate is subjected to a harmonic point force. In this system, vibration energy is converted into
electrical energy via electromechanical coupling between the plate vibration and piezoelectric effect. In addition, the plate vibration
excited by the point force induces a self-sustained vibration at the other plate via mechanical-acoustic coupling between the plate
vibrations and an internal sound field into the cylindrical enclosure. Therefore, the electricity generation characteristics should be
considered as an electromechanical-acoustic coupling problem. The characteristics are estimated theoretically and experimentally
from the electric power in the electricity generation, the mechanical power supplied to the plate, and the electricity generation
efficiency that is derived from the ratio of both power. In particular, the electricity generation efficiency is one of the most
appropriate factors to evaluate a performance of electricity generation systems. Thus, the effect of mechanical-acoustic coupling
is principally evaluated by examining the electricity generation efficiency.

1. Introduction

To deal with depletion of fossil fuels and to materialize a
low-carbon society, not only the improvement of energy
saving technologies but also the creation of new energy
sources has been attempted in a lot of studies. Scavenging
untapped vibration energy and converting it into usable
electric energy via piezoelectric materials has attracted con-
siderable attention and has been regarded as one of new
energy sources [1]. Typical energy harvesters adopt a simple
cantilever configuration to generate electric energy via piezo-
electric materials, which are attached to or embedded in host
structures, and the behavior is governed by electromechanical
coupling phenomena.

In general, the flexural stiffness of a beam structure is
considerably intensified in comparison with that of a piezo-
electric element, so that most of the strain energy is stored in
the beam structure. To enhance the conversion efficiency, two
methods have been adopted in many cases: the optimization

of piezoelectric element placement and the use of a large
element ormany elements. To further improve the conversion
efficiency, mechanical impedance matching method, which
was derived from using spacers between the piezoelectric
element and beam structure and tuning for the size of the
piezoelectric element, was proposed [2]. These structural
vibrations are caused by vibrators and various power sources.
For instance, a self-sustained oscillation caused by placing a
plate into a flow whose critical velocity was overpassed (so-
called fluttering) is a well-known phenomenon. To utilize
such a fluttering phenomenon for energy-harvesting, the
plate on which the piezoelectric elements were arranged was
used, and the effect of their arrangement along the flow axis
was considered. Then an optimization of the arrangement
was performed among some positions and dimensions of
piezoelectric elements [3].

The authors have also been interested in a mechanical-
acoustic coupling problem. The representative example was
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Table 1: Mechanical and electrical properties of plate and piezoelectric element.

Density [kg/m3] Young’s modulus [GPa] Poisson’s ratio
Aluminum plate 2680 70.6 0.33
Electrode plate 6900 100 0.35

Piezoelectric material 8400 132 0.30𝛾𝜀 = 2.213 × 10−9 [F/m], 𝑑31 = −3.7 × 10−12 [m/V]

investigated as an architectural acoustic problem via a cou-
pled panel-cavity system consisting of a rectangular box with
slightly absorbing walls and a simply supported panel. The
effect of the panel characteristics on the decay behavior of the
sound field in the cavity was considered both theoretically
and experimentally [4, 5]. In an attempt to control noise
in an airplane, an analytical model for investigating the
coupling between the sound field in an aircraft cabin and the
vibrations of the rear pressure bulkhead was proposed [6, 7].
A cylindrical structure adopted as the analytical model, in
which the rear pressure bulkhead at one end of the cylinder
was assumed to be a circular plate, was examined under
various conditions. The plate was supported at its edges by
springs whose stiffness could be adjusted to simulate the
various support conditions. These investigations clarified the
influence of the support conditions on the sound pressure
of an internal sound field coupled with the vibration of the
end plate. We used the above-mentioned analytical model
[6, 7] of a cylindrical structure with plates at both ends to
investigate the effect of the excitation frequency, at which
the coupling system becomes nonperiodic owing to the
application of excitation forces of different frequencies to the
respective end plates, on the mechanical-acoustic coupling
[8]. Then the effect of the excitation position with respect to
the nodal lines on the appearance of vibration modes on the
plates was investigated [9]. Finally, because a phase difference
between both plate vibrations affects strongly mechanical-
acoustic coupling, this coupling was considered in the cases,
in which one end plate and both end plates were excited by a
harmonic point force, respectively [10, 11]. In particular, [10]
made reference to the electricity generationwith piezoelectric
elements using coupling, as well as this paper. However,
the effect of coupling was not clarified and has remained
unclear, because the theoretical considerationwas not carried
out and the effect was not compared between the electricity
generations using and not using coupling.

On the other hand, to suppress the above vibration and
acoustic energy that were amplified by mechanical-acoustic
coupling, an analytical model that included the installation
of passive devices on the vibration system was proposed as
the electromechanical-acoustic system. The effect was fully
validated in the numerical approach owing to the damping
technique using an RL shunt circuit, in which the piezoelec-
tric device was incorporated, to the frequency characteristics
of the coupling system [12]. Furthermore, this work was
developed by adopting a more complex coupling system
that comprised the plate equipped with shunted piezoelectric
elements and interior and exterior acoustic fields coupled
with plate vibration. This system was analyzed by means of a
coupled finite element/boundary element method to control

the noise radiation and sound transmission of the vibrating
plate by passive piezoelectric techniques [13].

To develop a new electricity generation system, we
adopt an analytical model similar to the above-mentioned
cylindrical structure with plates at both ends, because the
vibration area of the model on which piezoelectric elements
can be installed is twice as large as that in the case of
a single plate. The cylinder length is varied over a wide
range while changing the plate thickness, while the harmonic
point force is applied to one end plate and its frequency
is selected to cause the plate to vibrate in the fundamental
mode. The plate vibration induces electricity generation
via electromechanical coupling with the piezoelectric effect
of the surface-mounted piezoelectric element, while the
plate vibration of the excitation side oscillates the other
plate via mechanical-acoustic coupling. Consequently, the
electromechanical-acoustic coupling problem must be con-
sidered and is estimated theoretically and experimentally
from the electric power caused by the electricity generation,
themechanical power supplied to the plate, and the electricity
generation efficiency that is derived from the ratio of both
powers. In particular, by focusing on the electricity genera-
tion efficiency as the most significant characteristic, we verify
that the performance of the proposed system is improved
by using mechanical-acoustic coupling in comparison with
using only the plate vibration without coupling.These results
can be applied to power generation floors of roads, bridges,
and so on, which can ensure a space to cause coupling.
Recently, the monitoring system to grasp road surface infor-
mation and tire conditions is developed and the vibration
power generation is adopted as its power source. Since a tire
has an inside space, we expect that these results are also useful
at such a system design.

2. Analytical Method

2.1. Analytical Model. The analytical model consists of a
cavity with two circular end plates, as shown in Figure 1.
The plates are supported by translational and rotational
springs distributed at constant intervals and the support
conditions are determined by their respective spring stiffness𝑇 and stiffness 𝑅. The plates of radius 𝑟𝑐 and thickness ℎ𝑐
have Young’s modulus 𝐸𝑐 and Poisson’s ratio ]𝑐. On the
surfaces of both plates, piezoelectric elements are installed
at the centers of the plates and have radius 𝑟𝑝, thicknessℎ𝑝, Young’s modulus 𝐸𝑝, and Poisson’s ratio ]𝑝. Then an
electrode plate is sandwiched between the above plate and
piezoelectric element and has radius 𝑟𝑏, thickness ℎ𝑏, Young’s
modulus 𝐸𝑏, and Poisson’s ratio ]𝑏. The suffixes 𝑐, 𝑝, and 𝑏
herein indicate the circular plate, piezoelectric element, and
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Figure 1: Configuration of analytical model.

electrode plate. On the other hand, the sound field, which
is assumed to be cylindrical, has the same radius as that
of the plates and varying length 𝐿 because the resonance
frequency depends on the length. The boundary conditions
are considered structurally and acoustically rigid at the lateral
wall between the structure and sound field. The coordinates
used are radius 𝑟, angle 𝜙 between the planes of the plates and
the cross-sectional plane of the cavity, and distance 𝑧 along
the cylinder axis.The periodic point force𝐹 is applied to plate
1 at distance 𝑟1 and angle 𝜙1. The natural frequency of the
plates is employed as the excitation frequency.

To formulate the plate motion, Hamilton’s principle is
applied to the analytical model:

𝛿𝐻
= 𝛿∫𝑡1
𝑡0

(𝑇𝑐 + 𝑇𝑝 + 𝑇𝑏 − 𝑈𝑐 − 𝑈𝑝 − 𝑈𝑏 − 𝑈𝑠 +𝑊) d𝑡
= 0,

(1)

where 𝐻 is the Hamiltonian; 𝑇𝑐, 𝑇𝑝, and 𝑇𝑏 are the kinetic
energy of the circular plates, piezoelectric elements and
electrode plates, respectively; and 𝑈𝑐, 𝑈𝑝, and 𝑈𝑏 are their
respective potential energies. 𝑈𝑠 is the elastic energy stored
in the springs, and𝑊 is the total work done on plate 1 by the
point force and on both plates by the sound pressure inside
the cavity. Finally, 𝑡0 and 𝑡1 are two arbitrary times.𝑤𝑐1 and 𝑤𝑐2 are the flexural displacements of plates 1 and
2, and 𝑤𝑝1 and 𝑤𝑝2 are those of the piezoelectric elements
installed on the plates. Then suffixes 1 and 2 indicate plates 1
and 2, respectively. They are found by substituting 𝑋𝑠𝑐𝑛𝑚 of
(3) for the plate modes into (2) as suitable trial functions.
The flexural displacements of the piezoelectric elements are
identical to those of the plates, respectively, because it is
assumed that the piezoelectric elements adhere completely to
each circular plate through the electrode plate.

𝑤𝑐1 = 𝑤𝑝1 = 1∑
𝑠=0

∞∑
𝑛=0

∞∑
𝑚=0

𝑋𝑠𝑛𝑚𝐴𝑠1𝑛𝑚e𝑗(𝜔𝑡+𝛼1),

𝑤𝑐2 = 𝑤𝑝2 = 1∑
𝑠=0

∞∑
𝑛=0

∞∑
𝑚=0

𝑋𝑠𝑛𝑚𝐴𝑠2𝑛𝑚e𝑗(𝜔𝑡+𝛼2),
(2)

𝑋𝑠𝑛𝑚 = sin(𝑛𝜙 + 𝑠𝜋2 )( 𝑟𝑟𝑐)
𝑚 , (3)

where 𝑛,𝑚, and 𝑠 are, respectively, the circumferential order,
radial order, and symmetry index with respect to the plate
vibration. 𝐴𝑠1𝑛𝑚 and 𝐴𝑠2𝑛𝑚 are coefficients to be determined,𝜔 is the angular frequency of the harmonic point force acting
on the plate, and 𝑡 is the elapsed time. 𝛼1 and 𝛼2 are the phases
of the respective plate vibrations. In this analysis, 𝛼1 is set to
0∘, and 𝛼2 ranges from 0∘ to 180∘.

2.2. Modelling of Piezoelectric Part. Only the piezoelectric
part of plate 1 is used to explain its modelling in this
section. The relationships of stress 𝜎𝑝1, strain 𝜀𝑝1, electric
displacement𝐷1, and electric field 𝐸1 are as follows:

{𝜎𝑝1𝐷1} = [𝐸𝐸𝑝 −𝑒𝑇
𝑒 𝛾𝜀 ]{

𝜀𝑝1𝐸1} . (4)

𝐸𝐸𝑝 signifies Young’s modulus that was measured at a constant
electric field, and 𝛾𝜀 indicates the dielectric constant that
was measured at a constant strain. The above equation
expresses relationships between electrical and mechanical
characteristics of a piezoelectric element, and the stress is
concretely related to the electric field by the piezoelectric
coupling coefficient 𝑒. The piezoelectric coupling coefficient
is expressed as

𝑒 = 𝑑31𝐸𝐸𝑝 , (5)

where 𝑑31 is the piezoelectric strain constant, in which the
electric field occurs in the normal direction of the in-plane
strain.

If the first variation is carried out in terms of the
piezoelectric part on plate 1, we can obtain

𝛿∫𝑡1
𝑡0

(𝑇𝑝 − 𝑈𝑝) d𝑡 = 12 ∫
𝑡1

𝑡0

∫
𝑉𝑝1

{𝜌𝑝�̇�𝑝1𝛿�̇�𝑝1
− (𝐸𝐸𝑝𝜀𝑝1 − 𝑒𝐸1) 𝛿𝜀𝑝1
+ (𝑒𝜀𝑝1 + 𝛾𝜀𝐸1) 𝛿𝐸1} d𝑉𝑝1 d𝑡,

(6)
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where 𝑉𝑝1 is the volume of the piezoelectric element on plate
1. Here, the strain and electric charge are assumed as follows:

𝜀𝑝1 = −𝑧{𝜕2𝑤𝑝1𝜕𝑟2 + V(1𝑟
𝜕𝑤𝑝1𝜕𝑟 + 1𝑟2

𝜕2𝑤𝑝1𝜕𝜙2 )}
= −𝑧𝑋𝑠𝑛𝑚𝐴𝑠1𝑛𝑚e𝑗(𝜔𝑡+𝛼1),

(7)

𝑞1 = 𝐵𝑠1𝑛𝑚e𝑗(𝜔𝑡+𝛼1). (8)

𝐵𝑠1𝑛𝑚 is coefficient to be determined in this analysis as well
as 𝐴𝑠1𝑛𝑚. Then the electric field 𝐸1 is expressed by using its
electric charge:

𝐸1 = 𝑌𝑛𝑚V1 = −𝑅𝑝�̇�1, (9)

𝑌𝑛𝑚 =
{{{{{{{
− 1ℎ𝑝

ℎ𝑐2 < 𝑧 < ℎ𝑐2 + ℎ𝑏 + ℎ𝑝,
0 −ℎ𝑐2 < 𝑧 < ℎ𝑐2 + ℎ𝑏.

(10)

In this case, V1 is the voltage that occurs in the electric field.
We assume that the electric potential across the piezoelectric
element is constant, since it is in the field that is not applied
to the plate.Thus,𝑌𝑛𝑚 is defined as described above. 𝑅𝑝 is the
overall resistance value in an electricity generation circuit.

In order to easily express the electromechanical equation
that is induced from (6), the elements𝑀𝑠𝑝1𝑛𝑚𝑚 and 𝐾𝑠𝑝1𝑛𝑚𝑚
of the mass and stiffness matrices can be denoted as

𝑀𝑠𝑝1𝑛𝑚𝑚 = ∫
𝑉𝑝1

𝜌𝑝𝑋𝑠𝑛𝑚𝑋𝑠𝑛𝑚d𝑉𝑝1,
𝐾𝑠𝑝1𝑛𝑚𝑚 = ∫

𝑉𝑝1

𝑧2𝑋𝑠𝑛𝑚𝐸𝐸𝑝𝑋𝑠𝑛𝑚d𝑉𝑝1.
(11)

The index 𝑚 is also of a radial order and has a transposed
relation to𝑚. The elements 𝜃1 and 𝐶𝑝1 of the electromechan-
ical coupling and capacitance matrices are defined as

𝜃1 = −∫
𝑉𝑝1

𝑧𝜌𝑝𝑋𝑠𝑛𝑚𝑒𝑌𝑛𝑚d𝑉𝑝1,
𝐶𝑝1 = ∫

𝑉𝑝1

𝑌𝑛𝑚𝛾𝜀𝑌𝑛𝑚d𝑉𝑝1.
(12)

2.3. Governing Equations of Electromechanical Coupling.
Here, the governing equation of electromechanical coupling
with respect to plate 1 is determined. This equation defines
the mechanical motion and electrical characteristics of this
coupling system. The sound field inside the cavity or the
vibration of plate 2 is not taken into consideration. The
equation is obtained by applying the flexural displacement𝑤𝑐1 of (2) to the Hamiltonian𝐻 of (1) in the same manner as
(6) of the piezoelectric part that was derived in the previous
section.Then themotion of plate 1 having a piezoelectric part

and the electricity generation behavior of its piezoelectric
element are governed by the following, respectively:

∞∑
𝑚=0

[{𝐾𝑠𝑐1𝑛𝑚𝑚 (1 + 𝑗𝜂𝑐) + 𝐾𝑠𝑝1𝑛𝑚𝑚 (1 + 𝑗𝜂𝑝)
+ 𝐾𝑠𝑏1𝑛𝑚𝑚 (1 + 𝑗𝜂𝑏)
− 𝜔2 (𝑀𝑠𝑐1𝑛𝑚𝑚 +𝑀𝑠𝑝1𝑛𝑚𝑚 +𝑀𝑠𝑏1𝑛𝑚𝑚)}
+ 𝑟𝑐𝐹𝑠𝑛 {𝑇1 + (𝑚𝑟𝑐 )(

𝑚𝑟𝑐 )𝑅1}]𝐴𝑠1𝑛𝑚e𝑗(𝜔𝑡+𝛼1)

− ∞∑
𝑚=0

𝜃1V𝐵𝑠1𝑛𝑚e𝑗(𝜔𝑡+𝛼1) = F𝑠𝑛𝑚e
𝑗(𝜔𝑡+𝛼1),

(13)

∞∑
𝑚=0

𝐶−1𝑝1𝜃1𝐴𝑠1𝑛𝑚e𝑗(𝜔𝑡+𝛼1) =
∞∑
𝑚=0

(𝑗𝜔𝑅𝑝 + 𝐶−1𝑝1)
⋅ 𝐵𝑠1𝑛𝑚e𝑗(𝜔𝑡+𝛼1).

(14)

In (13),𝐾𝑠𝑐1𝑛𝑚𝑚 , 𝐾𝑠𝑏1𝑛𝑚𝑚 and𝑀𝑠𝑐1𝑛𝑚𝑚 ,𝑀𝑠𝑏1𝑛𝑚𝑚 are elements
of the symmetrical stiffness and mass matrices with respect
to the circular and electrode plates, respectively, because
the index 𝑚 has a transposed relation to 𝑚, as well as𝑀𝑠𝑝1𝑛𝑚𝑚 and 𝐾𝑠𝑝1𝑛𝑚𝑚 . 𝜂𝑐, 𝜂𝑝, and 𝜂𝑏 are the structural
damping factors of the circular plate, piezoelectric element,
and electrode plate, respectively. Moreover, 𝐹𝑠𝑛 is a coefficient
that is determined by the indices 𝑛 and 𝑠, and F𝑠𝑛𝑚 is a load
vector that expresses the point force. The details of 𝐹𝑠𝑛 and
the element 𝐹𝑠𝑛𝑚 of the load vector are as follows:

𝐹𝑠𝑛 =
{{{{{{{{{

𝜋, at 𝑛 ̸= 0,
0, at 𝑛 = 0, 𝑠 = 0,
2𝜋, at 𝑛 = 0, 𝑠 = 1,

𝐹𝑠𝑛𝑚 = ∫
𝐴1

𝐹𝛿 (𝑟 − 𝑟1) 𝛿 (𝜙 − 𝜙1)𝑋𝑠𝑛𝑚d𝐴1.
(15)

Here, 𝛿 is the delta function associated with the point force
on plate 1, whose area is denoted by 𝐴1.

Since 𝐴𝑠1𝑛𝑚 and 𝐵𝑠1𝑛𝑚 can be obtained simultaneously
from (13) and (14), the behavior of the plate vibration and the
electricity generation under electromechanical coupling can
be determined from (2) and (8). However, only the vibration
of plate 1 is an analysis object and the behavior is assumed to
be harmonic, so that exp{𝑗(𝜔𝑡+𝛼1)} can be eliminated in (13)
and (14).

2.4. Governing Equations of Electromechanical-Acoustic Cou-
pling. In this section, electromechanical-acoustic coupling
is determined by adding a sound field inside the cavity to
the electromechanical coupling introduced in the previous
section. Naturally, the vibration of plate 2 is also added on
the assumption that this coupling is phenomena based on the
analytical model in Figure 1. The variation of (1) is carried
out with respect to both plates. Consequently, the extremum
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of the Hamiltonian yields Euler’s equations, which are the
equations of motion of the respective plates.

∞∑
𝑚=0

[{𝐾𝑠𝑐1𝑛𝑚𝑚 (1 + 𝑗𝜂𝑐) + 𝐾𝑠𝑝1𝑛𝑚𝑚 (1 + 𝑗𝜂𝑝)
+ 𝐾𝑠𝑏1𝑛𝑚𝑚 (1 + 𝑗𝜂𝑏)
− 𝜔2 (𝑀𝑠𝑐1𝑛𝑚𝑚 +𝑀𝑠𝑝1𝑛𝑚𝑚 +𝑀𝑠𝑏1𝑛𝑚𝑚)}
+ 𝑟𝑐𝐹𝑠𝑛 {𝑇1 + (𝑚𝑟𝑐 )(

𝑚𝑟𝑐 )𝑅1}]𝐴𝑠1𝑛𝑚e𝑗𝛼1
− ∞∑
𝑚=0

𝜃1V𝐵𝑠1𝑛𝑚e𝑗𝛼1 = F𝑠𝑛𝑚e
𝑗𝛼1 − P𝑠1𝑛𝑚,

(16)

∞∑
𝑚=0

[{𝐾𝑠𝑐2𝑛𝑚𝑚 (1 + 𝑗𝜂𝑐) + 𝐾𝑠𝑝2𝑛𝑚𝑚 (1 + 𝑗𝜂𝑝)
+ 𝐾𝑠𝑏2𝑛𝑚𝑚 (1 + 𝑗𝜂𝑏)
− 𝜔2 (𝑀𝑠𝑐2𝑛𝑚𝑚 +𝑀𝑠𝑝2𝑛𝑚𝑚 +𝑀𝑠𝑏2𝑛𝑚𝑚)}
+ 𝑟𝑐𝐹𝑠𝑛 {𝑇2 + (𝑚𝑟𝑐 )(

𝑚𝑟𝑐 )𝑅2}]𝐴𝑠2𝑛𝑚e𝑗𝛼2

− ∞∑
𝑚=0

𝜃2V𝐵𝑠2𝑛𝑚e𝑗𝛼2 = P𝑠2𝑛𝑚.

(17)

Equations (16) and (17) are obviously the motion equations
of plates 1 and 2, respectively, from the subscripts of each
element constructing both equations, since the elements
correspond to them in (13). However, exp (𝑗𝛼1) and exp (𝑗𝛼2)
remained in (16) and (17), respectively, since both vibra-
tions have an effect on each other via mechanical-acoustic
coupling. Equation (16) has the point force and acoustic
excitation terms on the right-hand side, because plate 1 is
simultaneously subjected to both excitations. However, the
point force is not applied to plate 2, with the result that
(17) consists of only the acoustic term, which also functions
as the coupling term between each plate vibration and the
sound field. The elements of the acoustic excitation vectors
are expressed as

𝑃𝑠1𝑛𝑚 = ∫
𝐴1

𝑃𝑠𝑋𝑠𝑛𝑚d𝐴1,
𝑃𝑠2𝑛𝑚 = ∫

𝐴2

𝑃𝑠𝑋𝑠𝑛𝑚d𝐴2.
(18)

Here, 𝑃𝑠 is the sound pressure at an arbitrary point on the
boundary surface of the plates, and 𝐴2 signifies the area of
plate 2.

This procedure also derives the equations representing
electrical characteristics in this coupling system. They are as
follows:

∞∑
𝑚=0

𝐶−1𝑝1𝜃1𝐴𝑠1𝑛𝑚 =
∞∑
𝑚=0

(𝑗𝜔𝑅𝑝 + 𝐶−1𝑝1) 𝐵𝑠1𝑛𝑚 ,
∞∑
𝑚=0

𝐶−1𝑝2𝜃2𝐴𝑠2𝑛𝑚 =
∞∑
𝑚=0

(𝑗𝜔𝑅𝑝 + 𝐶−1𝑝2) 𝐵𝑠2𝑛𝑚 .
(19)

The above elements constructing the respective equations
correspond to those of (14), as well as (16) and (17).

In this investigation, the acoustic modal shape 𝑍𝑠𝑛𝑝𝑞 and
angular resonance frequency 𝜔𝑛𝑝𝑞 in the cavity (where the
indices 𝑛, 𝑝, and 𝑞 indicate the circumferential, radial, and
longitudinal orders, resp.) are defined as

𝑍𝑠𝑛𝑝𝑞 = sin(𝑛𝜙 + 𝑠𝜋2 ) 𝐽𝑛 (𝜆𝑛𝑝𝑟) cos {(𝑞𝜋𝐿 ) 𝑧} ,
𝜔𝑛𝑝𝑞 = 𝑐 {𝜆𝑛𝑝2 + (𝑞𝜋𝐿 )2}1/2 ,

(20)

where 𝐽𝑛 is the 𝑛th-order Bessel function, 𝑐 is the cavity speed
of sound, and𝜆𝑛𝑝 is the𝑝th solution of an eigenvalue problem
for a circular sound field having modes (𝑛, 𝑝) divided by the
plate radius 𝑟𝑐. The boundary conditions between the plate
vibrations and sound field on the respective plate surfaces are
found by assuming continuity of the velocities on the plates:

(𝜕𝑃𝑠𝜕u )𝑧=0 = 𝜌𝑠𝜔2𝑤𝑐1,
(𝜕𝑃𝑠𝜕u )𝑧=𝐿 = −𝜌𝑠𝜔2𝑤𝑐2,

(21)

where 𝑃𝑠 is the sound pressure within and on the surface
bounding the medium and u is the unit normal to the
boundary surface (positive towards the outside). However,𝜕𝑃𝑠/𝜕u is 0 on the lateral wall of the cylinder since the wall
remains rigid.

Because the analytical model has two boundary surfaces,
we can apply Green’s function 𝐺 to (21), so that the sound
pressure 𝑃𝑠 inside the cavity becomes

𝑃𝑠 = −∫
𝐴1

𝐺𝜌𝑠𝜔2𝑤𝑐1d𝐴1 + ∫
𝐴2

𝐺𝜌𝑠𝜔2𝑤𝑐2d𝐴2. (22)

In addition, 𝑃𝑠 can also be expressed as follows [6, 7]:

𝑃𝑠 = 𝜌𝑠𝑐2 ∞∑
𝑝=1

∞∑
𝑞=0

𝑃𝑠𝑛𝑝𝑞𝑍𝑠𝑛𝑝𝑞𝑀𝑠𝑛𝑝𝑞 , (23)

where 𝜌𝑠 is the fluid density in the cavity, 𝑃𝑠𝑛𝑝𝑞 is the pressure
coefficient to be determined, and 𝑀𝑠𝑛𝑝𝑞 is the mean value of
𝑍𝑠𝑛𝑝𝑞2 averaged over the sound field.

The equation relating (22) and (23) is obtained by
applying Green’s function [14] to an arbitrary acoustic mode
(𝑛, 𝑝, 𝑞) as

(𝜔2𝑛𝑝𝑞 − 𝜔2) 𝑃𝑠𝑛𝑝𝑞
= −𝜔2𝑉𝑠 (∫𝐴1 𝑍

𝑠
𝑛𝑝𝑞𝑤𝑐1d𝐴1 + ∫

𝐴2

𝑍𝑠𝑛𝑝𝑞𝑤𝑐2d𝐴2) .
(24)
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Substituting (2) for 𝑤𝑐1 and 𝑤𝑐2 and considering a modal
damping factor 𝜂𝑠, (24) can be rewritten as

(𝜔2𝑛𝑝𝑞 + 𝑗𝜂𝑠𝜔𝑛𝑝𝑞𝜔 − 𝜔2) 𝑃𝑠𝑛𝑝𝑞
= 𝐴𝜔2𝑉𝑠 (− ∞∑

𝑚=0

𝐼1𝐴𝑠1𝑛𝑚e𝑗𝛼1 +
∞∑
𝑚=0

𝐼2𝐴𝑠2𝑛𝑚e𝑗𝛼2) , (25)

𝐼1 = 1𝐴 ∫
𝐴1

𝑋𝑠𝑛𝑚𝑍𝑠𝑛𝑝𝑞d𝐴1,
𝐼2 = 1𝐴 ∫

𝐴2

𝑋𝑠𝑛𝑚𝑍𝑠𝑛𝑝𝑞d𝐴2,
(26)

where 𝐴 is the total surface area of the plates, 𝑉𝑠 is the
cavity volume, and then 𝐼1 and 𝐼2 are the spatial coupling
coefficients. Moreover, substituting (23) for 𝑃𝑠 and applying𝐼1 and 𝐼2 to the integrals in (18), the acoustic excitation terms𝑃𝑠1𝑛𝑚 and 𝑃𝑠2𝑛𝑚 can be expressed with respect to an arbitrary
vibration mode (𝑛,𝑚) as

𝑃𝑠1𝑛𝑚 = 𝜌𝑠𝑐2𝐴 ∞∑
𝑝=1

∞∑
𝑞=0

𝐼1𝑃𝑠𝑛𝑝𝑞𝑀𝑠𝑛𝑝𝑞 ,

𝑃𝑠2𝑛𝑚 = 𝜌𝑠𝑐2𝐴 ∞∑
𝑝=1

∞∑
𝑞=0

𝐼2𝑃𝑠𝑛𝑝𝑞𝑀𝑠𝑛𝑝𝑞 .
(27)

Finally, replacing 𝑃𝑠𝑛𝑝𝑞 in (27) with those in (25) and
then inserting them in (16) and (17), we can complete the
electromechanical-acoustic coupling equations in conjunc-
tion with (19). The details on the respective right-hand sides
of (16) and (17) are

F𝑠𝑛𝑚e
𝑗𝛼1 − P𝑠1𝑛𝑚 = F𝑠𝑛𝑚e

𝑗𝛼1 + 𝜌𝑠𝑐2𝜔2𝐴2𝑉𝑠
⋅ ∞∑
𝑚=0

∞∑
𝑝=1

∞∑
𝑞=0

𝐼1 (𝐼1𝐴𝑠1𝑛𝑚e𝑗𝛼1 − 𝐼2𝐴𝑠2𝑛𝑚e𝑗𝛼2)
𝑀𝑠𝑛𝑝𝑞 (𝜔2𝑛𝑝𝑞 + 𝑗𝜂𝑠𝜔𝑛𝑝𝑞𝜔 − 𝜔2) ,

P𝑠2𝑛𝑚 = 𝜌𝑠𝑐2𝜔2𝐴2𝑉𝑠
⋅ ∞∑
𝑚=0

∞∑
𝑝=1

∞∑
𝑞=0

𝐼2 (𝐼1𝐴𝑠1𝑛𝑚e𝑗𝛼1 − 𝐼2𝐴𝑠2𝑛𝑚e𝑗𝛼2)
𝑀𝑠𝑛𝑝𝑞 (𝜔2𝑛𝑝𝑞 + 𝑗𝜂𝑠𝜔𝑛𝑝𝑞𝜔 − 𝜔2) .

(28)

On the right-hand sides,P𝑠1𝑛𝑚 andP
𝑠
2𝑛𝑚 show the acoustic

excitation for plates 1 and 2, respectively. The acoustic
excitation terms have both 𝐼1 and 𝐼2 since the acoustic mode
of the sound field is coupled with the vibration modes of
the respective plates. In actual calculation, the relationships
between 𝐴𝑠1𝑛𝑚 and 𝐵𝑠1𝑛𝑚 and between 𝐴𝑠2𝑛𝑚 and 𝐵𝑠2𝑛𝑚 are
obtained from (19) and are applied to (16) and (17), respec-
tively, with the result that 𝐴𝑠1𝑛𝑚, 𝐴𝑠2𝑛𝑚, 𝐵𝑠1𝑛𝑚, and 𝐵𝑠2𝑛𝑚 can be
derived by solving the above simultaneous equations (16) and
(17).

The flexural displacements 𝑤𝑐1 and 𝑤𝑐2 of plates 1 and
2 are obtained from (2) by employing 𝐴𝑠1𝑛𝑚 and 𝐴𝑠2𝑛𝑚
determined above. The voltage v1 based on the vibration of

plate 1 is derived from (8) and (9) by employing the above𝐵𝑠1𝑛𝑚. Then the voltage V2 based on the vibration of plate
2 is also obtained in the same manner by employing the
above 𝐵𝑠2𝑛𝑚. However, the procedure to calculate 𝑃𝑠 involves
substituting𝑃𝑠𝑛𝑝𝑞 in (25) for that in (23). Solved from (29), into
which 𝑃𝑠 is inserted, over the entire volume of the cavity, the
sound pressure 𝑃V is estimated by the logarithmic value 𝐿𝑝V
relative to 𝑃0 = 4 × 10−10N2/m4, as shown in (30) as follows:

𝑃V = 12𝑉𝑠 ∫𝑉𝑠 𝑃𝑠𝑃
∗
𝑠 d𝑉𝑠, (29)

𝐿𝑝V = 10 log 𝑃V𝑃0 , (30)

where 𝑃∗𝑐 is the conjugate component.

3. Experimental Apparatus and Method

Figure 2 shows the configuration of the experimental appara-
tus used in this study.The structure consists of a steel cylinder
with circular aluminum end plates whose thickness ℎ𝑐 varies
at 2.0, 2.5, 3.0, and 4.0mm.The cylinder has an inner radius of
153mm, and the length 𝐿 can range from 500 to 2000mm to
emulate the analytical model. Plate 1 is subjected to the point
force, whose frequency makes the plate excite in the (0, 0)
mode; and amplitude 𝐹 is controlled to be 1N, excited by a
small vibrator.The position of the point force 𝑟1 is normalized
by radius 𝑟𝑐 and is set to 𝑟1/𝑟𝑐 = 0.4.

In the excitation experiment, to estimate the mechanical
power 𝑃𝑚 supplied to plate 1 by the small vibrator, an
acceleration sensor is installed near the position of the point
force on plate 1, and 𝑃𝑚 is predicted from the point force
and acceleration 𝑎1. The phase difference between the plate
vibrations is also measured owing to the installation of the
acceleration sensor at the same position on plate 2, resulting
in significant effects on the mechanical-acoustic coupling.
To estimate the internal acoustic characteristics, the sound
pressure level in the cavity is measured using condenser
microphones with a probe tube. The tips of the probe tubes
are located near the plates and the cylinder wall, which are
the approximate locations of the maximum sound pressure
level when the sound field becomes resonant.

To perform the electricity generation experiment, the
piezoelectric element is used. It is comprised of a piezo-
electric part constructed of ceramics and an electrode part
constructed of brass, which have radiuses 𝑟𝑝 and 𝑟𝑏 of 12.5
and 17.5mm and thicknesses ℎ𝑝 and ℎ𝑏 of 0.23 and 0.30mm,
respectively. The piezoelectric elements are installed at the
centers of both plates. The electric powers 𝑃𝑒1 and 𝑃𝑒2 gen-
erated by the expansion and contraction of the piezoelectric
elements on plates 1 and 2 are discharged through the
resistance circuit, which consists of three resistors having
resistances 𝑅V, 𝑅𝑖, and 𝑅𝑐, as shown in Figure 2(b). 𝑅V and 𝑅𝑖
are the resistances of the voltmeter and ammeter, which are
built into thewattmeter, and are 2MΩ and 2mΩ, respectively,
while𝑅𝑐 is the resistance of the resistor connected outside the
wattmeter and is 97.5 kΩ. To grasp the effect of mechanical-
acoustic coupling on energy-harvesting, the electric power



Advances in Acoustics and Vibration 7

(1)

(2)

(3) (3)

(4) (4)(5)(5) (5)

(6)

(7)

(8)

(9) (9)

(10)

(a)

(9)

(10)
Ri

R� Rc

(b)

Figure 2: Configuration of experimental apparatus: (a) measurement system and (b) electrical circuit of energy-harvesting device. (1)
Vibration generator, (2) load cell, (3) acceleration sensor, (4) condenser microphone, (5) amplifier, (6) multifunction generator, (7) power
supply, (8) FFT analyzer, (9) piezoelectric element, and (10) power meter.

and other data are also measured without the cylinder (i.e.,
in the electricity generation under the vibration of only plate
1) and are estimated in comparison with those with cylinder.
In such an estimation, electricity generation efficiency is used
and is derived from the electric power normalized by the
mechanical power 𝑃𝑚 supplied to plate 1 by the vibrator.
However, the electricity generation efficiencies, which are
obtained from 𝑃𝑒1, 𝑃𝑒2, and their total electric power 𝑃𝑒,
are denoted by 𝑃𝑒𝑚1, 𝑃𝑒𝑚2, and 𝑃𝑒𝑚, respectively, when
electromechanical coupling is taken into consideration.

4. Results and Discussion

4.1. Electricity Generation Characteristics Based on Plate
Vibration. Theelectricity generation caused by the piezoelec-
tric element, which adheres to the center of plate 1 excited
by the vibrator, is considered, so that the cavity and plate
2 are not assumed in the analytical model of Figure 1 and
are actually eliminated in the experimental apparatus of
Figure 2. The plate and piezoelectric element are the same as
the experimental apparatus in the respective dimensions and
havemechanical and electrical properties as shown in Table 1.
However, only ℎ𝑐 = 3mm is employed as the thickness of
plate 1 in this section.The support condition of plate 1, which
has flexural rigidity𝐷 [= 𝐸𝑐ℎ𝑐3/{12(1 − ]2𝑐)}], is expressed by
the nondimensional stiffness parameters 𝑇𝑛 (= 𝑇𝑐𝑟𝑐3/𝐷) and𝑅𝑛 (= 𝑅𝑐𝑟𝑐/𝐷). If 𝑅𝑛 ranges from 0 to 108 when 𝑇𝑛 is 108, the
support condition can be assumed, from a simple support to
a clamped support.

Figure 3 shows the theoretical and experimental acceler-
ations 𝑎1 at the excitation point as functions of the excitation
frequency 𝑓. Before obtaining these results, we carried out
experimentalmodal analysis andmade sure of the natural fre-
quency of plate 1. Then the actual condition adopts 𝑇𝑛 = 108
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Figure 3: Acceleration at excitation point as function of excitation
frequency.

and 𝑅𝑛 = 101 to get closer to the experimental support
condition. Because this support condition brings the natural
frequency to 280Hz, the corresponding 𝑎1 reaches the peak
at the natural frequency. However, the experimental 𝑎1 peaks
around 𝑓 = 230Hz and the actual natural frequency is
shifted to a lower frequency region than the above natural
frequency. Under a constraint of the experimental apparatus,
the load cell cannot be directly installed on plate 1, so that
the point force is applied to plate 1 via a stick from the
vibration generator. Therefore, an additional mass derived
from the stick contributes to shift the natural frequency to
the lower frequency region, not avoided in this experiment.
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Figure 4: Voltage with electricity generation as function of excita-
tion frequency.

Moreover, because the shift in the natural frequency cannot
be explained only by such an additional mass, characteristics
of the vibration generator are also considered as other factors.
The flexural deflection of plate 1 excited by the vibration gen-
erator is suppressed by the generator characteristics and the
excitation position in comparison with the free vibration. In
general, a vibration system receiving damping force becomes
lower in the natural frequency than a free vibration system.
Because of those, we suppose that such a shift in the natural
frequency is caused by some factors.

Since it is difficult to theoretically express the actual
situation at the moment, a theoretical consideration is
attempted by shifting the natural frequency of plate 1 to the
experimental peak frequency owing to substituting 100.5 for𝑅𝑛. By dealing with such an attempt, its behavior is similar
to the experimental 𝑎1. Figure 4 shows the voltage V1 with
electricity generation as functions of𝑓.The theoretical V1 has
peaks at 𝑓 = 234 and 278Hz that are derived from 𝑅𝑛 = 100.5
and 101, respectively, and the experimental V1 is maximized
around 𝑓 = 230Hz. These correspond to 𝑎1 very well.

In electricity generation by means of the plate vibration
with piezoelectric elements, coupling between the structural
vibration and electric field (i.e., electromechanical coupling)
should be considered to relate the in-plane stress to the
applied electric field. The electricity generation characteris-
tics are considered by the electric power 𝑃𝑒1 via the piezoelec-
tric element and the mechanical power 𝑃𝑚 supplied to plate
1 by the vibrator. Figure 5 shows the relationship between 𝑃𝑒1
and𝑃𝑚 at𝑓 = 234 and 280Hz of𝑅𝑏 = 100.5.The experimental
results corresponding to those are also shown. In this figure,
both axes are expressed logarithmically, because 𝑃𝑒1 at 𝑓 =280Hz is considerably smaller than that of 𝑓 = 234Hz
even if we can make sure of it from Figure 4 and is hardly
exhibited together with that at 𝑓 = 234Hz on the ordinary
axes. With respect to the relationship between 𝑃𝑒1 and 𝑃𝑚,
linear changes mean that 𝑃𝑒1 is directly proportional to 𝑃𝑚,
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Figure 5: Relationship between electric power caused by electricity
generation and mechanical power supplied from vibrator.
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Figure 6: Variations in electricity generation efficiency with excita-
tion frequency.

and the difference of 𝑃𝑒1 in the changes indicates that of the
rate of changes in 𝑃𝑒1 for 𝑃𝑚; that is, the difference is identical
to that of inclinations of changes in𝑃𝑒1 for𝑃𝑚 on the ordinary
axes.

The theoretical and experimental 𝑃𝑒1, which is derived
from the peak voltages in Figure 4, increases similarly to𝑃𝑚, while the theoretical 𝑃𝑒1 at 𝑓 = 280Hz is suppressed
in comparison with that at 𝑓 = 234Hz, and the difference
from the experimental 𝑃𝑒1 at 𝑓 = 280Hz is expanded.
The additional mass of the stick affects not only the natural
frequency but also themechanical power supplied to the plate
1 because a force derived from the additional mass is added
to the point force, so that 𝑃𝑒1 also increases in response to 𝑃𝑚.
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Since the effect is remarkable relatively at 𝑓 = 280Hz that
is far away from the peak frequency, we consider that these
experimental results are somewhat overestimated.

Figure 6 shows the electricity generation efficiency𝑃𝑒𝑚1 as
functions of 𝑓 and also the comparison between theoretical
and experimental results in Figures 3 and 4. The theoretical𝑃𝑒𝑚1 of 𝑅𝑛 = 100.5 and 101 peaks at 𝑓 = 234 and 280Hz,
respectively, and decreases as the natural frequency increases.
The experimental 𝑃𝑒𝑚1 varies similarly to the above 𝑃𝑒𝑚1 of𝑅𝑛 = 100.5, with the result that it demonstrates the theoretical
consideration and that such an electricity generation system
does not function effectively in any frequency range except
the natural frequency region.

4.2. Electricity Generation Characteristics Using Mechanical-
Acoustic Coupling. In this section, the cylinder and plate 2
are added to the above theoretical and experimental models
which were introduced in the previous section; that is, they
are models as shown in Figures 1 and 2(a). In the analytical
model, the dimensions and so on of plate 2 are identical to
those of plate 1, the support condition adopts 𝑇𝑛 = 108 and𝑅𝑛 = 101 in both plates, and the point force 𝐹 is set to 1N.The
cylinder has the same radius as that of plates 1 and 2, and its
length 𝐿 ranges from 100 to 2000mm.

Figure 7 shows the sound pressure level 𝐿𝑝V, which
is averaged over the entire volume of the cavity and is
maximized at each 𝐿 when ℎ𝑐 and 𝑓 are set to 3mm and
280Hz, respectively, and the phase 𝛼2 ranges from 0 to 180∘
as functions of 𝐿. The theoretical level 𝐿𝑝V peaks at 610,
1230, and 1840mm. The peaks are caused by the promotion
of mechanical-acoustic coupling between the plate vibration
and acoustic modes.Then the acoustic modes are the (0, 0, 1),(0, 0, 2), and (0, 0, 3) modes whose plane modal shape is
similar to that of plate vibrationmode (0, 0). To validate these
theoretical results, the sound pressure levels 𝐿𝑝1 and 𝐿𝑝2,
which are measured near plates 1 and 2, are also indicated.
The experimental peaks occur around the lengths where 𝐿𝑝V
peaks, whereas𝐿𝑝1 decreases remarkably around𝐿 = 950 and
1600mm in the process of shifting acoustic modes because of
changing 𝐿.

To consider the effect of mechanical-acoustic coupling
on electricity generation characteristics, Figure 8 shows the
experimental accelerations 𝑎1 and 𝑎2 of plates 1 and 2 as
functions of 𝐿 under the above coupling. Since plate 1 is
excited at 𝑓 = 280Hz via the stick connected with the
vibrator, 𝑎1 remains low and almost constant over the entire
range of 𝐿, having small increases at 𝐿 = 620, 1250, and
1880mm. These results can be also predicted from those
in Figure 3. On the other hand, the cylindrical sound field
connecting with plate 1 is formed via mechanical-acoustic
coupling, and plate 2 is excited by the sound field without
the point force. As a result, 𝑎2 of plate 2 has specific peaks at𝐿 = 620, 1250, and 1880mm, suppressed in the other ranges
of𝐿, because the natural frequency of plate 2 becomes 280Hz.
Figure 9 shows the voltages V1 and V2 based on the electricity
generations of plates 1 and 2 as functions of 𝐿. V1 and V2 are
directly proportional to 𝑎1 and 𝑎2, respectively, depending
on the in-plane strain of the plate that is determined by the
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Figure 7: Sound pressure level inside cavity as function of cylinder
length.
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Figure 8: Acceleration at both plates as function of cylinder length.

out-of-plane deflection of the plate. Therefore, V1 and V2 have
a tendency that is similar to that of 𝑎1 and 𝑎2; in particular,
V2 is much larger than V1 at 𝐿 = 620mm, at which coupling
with the (0, 0, 1)mode is promoted, as well as the behavior of𝑎1 and 𝑎2.

The electricity generation efficiencies 𝑃𝑒𝑚1, 𝑃𝑒𝑚2, and 𝑃𝑒𝑚
are calculated from the relationship between electric power
via the piezoelectric element and mechanical power supplied
to plate 1. They are shown with changing 𝐿 in Figure 10.
They are derived from the above results so that 𝑃𝑒𝑚1 of plate
1 remains almost constant over the entire range of 𝐿, and𝑃𝑒𝑚2 of plate 2 increases greatly at 𝐿 = 620, 1250, and
1880mm. It is natural that 𝑃𝑒𝑚 peaks at those lengths and
remains almost constant in the other ranges of 𝐿, calculated
from both electric power values of plates 1 and 2. Because
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Figure 9: Voltages with respective electricity generations at both
plates as function of cylinder length.
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Figure 10: Variations in electricity generation efficiency with cylin-
der length.

the above characteristics of the electricity generation effi-
ciency are affected by mechanical-acoustic coupling, whose
characteristics are influenced by the relationship between the
natural frequencies of the plate vibrations and internal sound
field, the other thicknesses are also employed in this study.
Figure 11 shows 𝑃𝑒𝑚 of ℎ𝑐 = 2 and 4mm, whose respective
natural frequencies are 190 and 390Hz, as functions of 𝐿. 𝑃𝑒𝑚
reaches the respective maximum values caused by coupling
with the (0, 0, 1) mode at 𝐿 = 850 and 455mm when ℎ𝑐 = 2
and 4mm. The promotion of mechanical-acoustic coupling
has been confirmed by theoretical and experimental acoustic
characteristics.

4.3. Variation in Electricity Generation Efficiency with Plate
Thickness. As described in the previous section, the electric-
ity generation characteristics are strongly affected by the shift
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Figure 11: Comparison between electricity generation efficiencies
when plate thicknesses are 2 and 4mm.

in the natural frequency of plates 1 and 2 as their thicknesses
change. Before discussing the effect of mechanical-acoustic
coupling on the electricity generation efficiency, we must
make sure of the efficiency𝑃𝑒𝑚1 under only the plate vibration
without coupling.

Figure 12 shows, theoretically and experimentally, such an
efficiency as functions of the thickness ℎ𝑐. In the theoretical
results, 𝑇𝑛 = 108 and 𝑅𝑛 = 101 are adopted as the
support condition. Since the electric power caused by the
electricity generation and the mechanical power supplied
to the plate (i.e., the input and output power) depend on
those of the flexural displacement and vibration velocity,
decreases in the flexural rigidity from thinning the plate
and increases in the natural frequency from thickening the
plate are factors to increase both powers. In general, the
flexural displacement is inversely proportional to ℎ𝑐3, and the
natural frequency is directly proportional to ℎ𝑐, so that 𝑃𝑒𝑚1
is inversely proportional to ℎ𝑐2 if the point force is constant
in the entire range of ℎ𝑐.

The same figure also indicates the total 𝑃𝑒𝑚 with
mechanical-acoustic coupling. 𝑃𝑒𝑚 increases greatly with ℎ𝑐
up to approximately ℎ𝑐 = 4mm, so that the efficiency
exceeds that in the electricity generation without coupling
and the difference between both efficiencies is expanded
with increasing ℎ𝑐. On the other hand, the theoretical 𝑃𝑒𝑚
decreases with increasing ℎ𝑐 in subsequent variations. The
maximum value reaches approximately 14%, which appears
at approximately ℎ𝑐 = 4mm. These results are derived from
specific conditions in this study such as the dimensions,
mechanical, and electric properties, and so on of the plate
and the piezoelectric element and its electrode, so that we
cannot conclude that those results are generalized. However,
it is remarkable that the experimental results demonstrate the
validity of the theoretical analysis and verify the usefulness of
this electricity generation system.
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5. Conclusion

We improved the electricity generation characteristics
derived from the vibration of a plate with a piezoelectric
element installed at its center. The cylinder had such plates at
both ends. One side of each plate was subjected to a harmonic
point force.We used amechanical-acoustic coupling between
the plate vibrations and internal sound field. In this study,
the effect of mechanical-acoustic coupling on energy-
harvesting was estimated theoretically and experimental-
ly from the electricity generation efficiency. In particular,
electromechanical-acoustic coupling was taken into consid-
eration in the theoretical study.

For electricity generation caused only by the plate
vibration without mechanical-acoustic coupling, the electric
power and electricity generation efficiency are maximized at
the natural frequency of the generation system and signif-
icantly exceed those in the frequency range except for the
natural frequency region. However, the natural frequency of
the system, in which the stick to apply the mechanical power
to the plate is contained, is somewhat lower than that of the
plate.

With respect to the electricity generation system using
mechanical-acoustic coupling, it is confirmed experimentally
that the electric power of the nonexcitation side increases
significantly in comparison with that of the excitation side,
in which the plate is excited by the point force of its natural
frequency. The theoretical and experimental studies reveal
that the electricity generation efficiency is improved by using
mechanical-acoustic coupling in comparison with that of
the electricity generation caused only by the plate vibration
without coupling.

Competing Interests

The authors declare that they have no competing interests.

Acknowledgments

This work was partially supported by JSPS KAKENHI Grant
no. 15K05874.

References

[1] S. R. Anton and H. A. Sodano, “A review of power harvesting
using piezoelectric materials (2003–2006),” Smart Materials
and Structures, vol. 16, no. 3, pp. R1–R21, 2007.

[2] K. Yamada, H. Matsuhisa, and H. Utsuno, “Improvement of
efficiency of piezoelectric element attached to beam based
on mechanical impedance matching,” Journal of Sound and
Vibration, vol. 333, no. 1, pp. 52–79, 2014.
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