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The power generation efficiency of piezoelectric energy harvesters is dependent on the
coupling of their resonant frequency with that of the source vibration. The mechanical
design of the energy harvester plays an important role in defining the resonant frequency
characteristics of the system and therefore in order to maximize power density, it is
important for a designer to be able to model, simulate and optimize designs to match
new target applications. This paper gives a detailed calculation of piezoelectric energy
harvesters that is in the form of a bimorph-circular plate fixed in the contour in the
device frame by finite element (FE) analysis using the commercially available software
package ANSYS, ACELAN. The piezoelectric bimorph is assumed to be driven into
flexural vibration by an ambient acoustic source to convert the mechanical energies into
electric energies. The optimal design was based on matching the resonant frequency of the
device with the environmental exciting frequency, and balancing the output voltage. The
simplified models of the account of a proof mass are offered. On the basis of calculations,
the most effective construction of the device is offered that exhibit the targeted resonant
frequency response chosen by the designer.

Keywords: Finite element (FE); piezoelectric generator (PEG); optimization; bimorph;
circular plate; resonant frequency.
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1. Introduction

The energy from piezoelectric devices is an alternate power source, which allows
agglomerating energy from low radiant powers in a surrounding medium, for exam-
ple, vibration from oscillating bridges, vehicles, etc. [Ali and Adhikari, 2013; Bois-
seau et al., 2013; Xie et al., 2014]. The strain-rate dependent charge output of
piezoelectric materials has typically been used for sensor applications and can be
found in a variety of different devices including accelerometers, microphones, load
cells, etc. [Sodano et al., 2005; Kobayashi et al., 2010; Zhang et al., 2013b]. Recently,
energy storage devices in particular piezoelectric are widely studied. There are sev-
eral excellent and comprehensive survey papers and monographs, notably Sodano
et al. [2004b], Anton and Sodano [2007], Priya [2007], Tang et al. [2010], Priya
and Inman [2009] and Erturk and Inman [2011b], reviewing the state of the art in
different time phases of investigations related to piezoelectric energy harvesting.

Piezoelectric power generators have many advantages over other conversion
methods. Piezoelectric generators (PEGs) consist of piezoelectric ceramics, and elec-
trodes which cover them. Because of their simplicity, PEGs can even be made on the
scale of micro–electro–mechanical systems. Another advantage is that the lifetime
of the system is almost unlimited if the applied force and external temperature are
within the operational range. Unlike the power generation methods that rely on
heat conversion, a PEG presents no problems, such as heat isolation. For compre-
hensive reviews of its literature, we refer the reader to Erturk and Inman [2011a],
Stanton et al. [2012], Monri and Maruo [2013], Farnsworth et al. [2014], Gafforelli
et al. [2015], Jung et al. [2015].

Of the published results that focus on the piezoelectric effect as the transduction
method, almost all have focused on harvesting by using cantilever beams with one
piezoceramic layer or two piezoceramic layers [Litak et al., 2010; Staaf et al., 2015;
Fan et al., 2015]. The exceptions are, Kim et al. [2005a, 2005b] presented a theo-
retical analysis and experimental verification of a clamped unimorph piezoelectric
plate structure that was then used to study the effect of geometric parameters and
electrode configuration so that the factors that lead to maximum electrical energy
generation in relation to a given volume of material or applied mechanical force,
pressure, or stress are determined. Adhikari et al. [2009] developed a stack con-
figuration and harvesting broadband vibration energy, a more practically available
ambient source.

Ali and Adhikari [2013] analyzed the prospect of using a vibration absorber for
possible energy harvesting: a vibration absorber is supplemented with a piezoelectric
stack for both vibration confinement and energy harvesting. Mehmood et al. [2013]
investigated the concept of harvesting energy from a circular cylinder undergoing
vortex-induced vibrations. A thermal energy harvester using piezo-shaped memory
alloy composite, was designed by Namli and Taya [2011]. The main mechanism
of such a piezo-shaped memory alloy composite is the synergistic effect of piezo-
electrics and shape memory alloy, which are connected in series and subjected to
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fluctuating temperature. Boisseau et al. [2013] analyzed a resonance phenomenon
that enables an increase of vibration energy harvesters of output power (compared to
non-resonant systems), by using nonlinear springs. The influence on the plate’s over-
all properties resulted from the surface elasticity and piezoelectricity of piezoelectric
bimorph nano-actuators is modeled by a spring force exerting on the boundary of
the bulk core [Zhang et al., 2013a]. The free and forced vibration characteristics of a
functionally graded piezoelectric materials beam under thermo–electro–mechanical
loads using third-order shear deformation beam theory was presented by Doroushi
et al. [2011]. Lezgy-Nazargah et al. [2013] developed an FE modeling for static and
dynamic analyses of functionally graded piezoelectric beams. Experimental efforts
to validate analytically predicted energy generating performance of piezoelectric
circular diaphragms for use in a pressure-loaded system was presented by Mo et al.
[2010].

There have been many applications of piezoelectric energy harvesting [Anton and
Sodano, 2007; Kim et al., 2011], however the development of theoretical models to
predict the electromechanical response is equally important for advancement of this
field. The majority of the models have been based on a single-degree-of-freedom
spring mass [Dutoit et al., 2005; Jeon et al., 2005; Roundy et al., 2005; Twiefel
et al., 2008]. In this approach, the beam is modeled by a second-order ordinary
differential equation with the beam tip displacement as its dependent variable. For
increasing the accuracy of the solution, Sodano et al. [2004a] applied the Rayleigh–
Ritz method to describe the energy harvesting as a summation of continuous mode
shapes. Erturk and Inman [2008] later found a closed form solution for the energy
harvesting. More recently, Liao and Sodano [2008] modified the model of Sodano
et al. [2004a] to allow for an efficient study of the power harvesting system, and opti-
mal parameters could be identified. Vatanabe et al. [2013] used topology optimiza-
tion and homogenization to design functionally graded piezocomposite materials
for utilizing at energy harvesting applications. Amini et al. [2014] developed an FE
model for investigating homogenous piezoelectric energy harvesters. This model can
be used for varying cross-sectional area and also for different base excitations and
loads.

In this article, the investigations of circular plate elements are carried out to
analyze their suitability for piezoelectric energy generation. The structure has
a substrate, which is glued between two piezoceramic plates. The harvester is
equipped with a proof mass on the upper surface of the piezoelectric element,
which can be tuned so that the fundamental natural frequency of the PEG is
close to a dominant excitation frequency available in the ambient vibration-energy
spectrum. The cross-section of bimorph PEG circular plate is shown in Fig. 1.
The interest here is in determining the factors that lead to maximum electrical
energy generation in relation to a given volume of material or dimensions of the
PEG (Fig. 1). The ANSYS and ACELAN FE modeling software was used for this
task.
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Fig. 1. Cross-section of bimorph PEG circular plate.

2. Continual and Finite Element Problem Statements

2.1. Continual statement of problem of the electric elasticity

In finite-element packages ANSYS and ACELAN, the Rayleigh method is used as
a rule, to take account of the attenuation in composite, solid structures. We will
now extend the Rayleigh method for taking account of attenuation, which has been
described above, to structures containing elastic and piezoelectric media. In the case
of piezoelectric media Ωj = Ωpk, we shall assume that the mechanical stress tensor
σ and the electric induction vector D are related to the deformation tensor ε and
the electric field strength vector E by the equations

σ = cEj · (ε + βdj ε̇) − eTj · E; D + ςdḊ = ej · (ε + ςdε̇) + ���
S
j · E, (1)

where cEj are the components of the elastic constant tensor; ej is piezoelectric stress
coefficients; ���

S
j are the components of the dielectric permittivity tensor. (For elastic

media Ωj = Ωek the piezomodules ej are equal to zero).
We shall assume that a piezoelectric device is a solid Ω consisting of N homoge-

neous domains Ωj (j = 1, 2, . . . , N), generally speaking, with different piezoelectric
or elastic properties. We shall assume that, in the domains Ωj = Ωpk with piezo-
electric properties, the displacement vector u(x, t) and the electric potential φ(x, t)
satisfy the system of equations (fj is the mass force density vector)

ρjü + αdjρju̇−∇ · σ = fj ; ∇ · D = 0, (2)

for the governing relations (1.1), (1.2) and the formulae

ε = (∇u + ∇uT )/2, E = −∇φ, (3)

where ρj is the continuous function of coordinates (density); αdj, βdj , ζd are the non-
negative damping coefficients, and the other symbols are the standard designations
for theory of electroelasticity with the exception of index “j”, corresponding for
area Ωj .

For the media Ωj = Ωek with pure elastic properties, only stress fields would
be considered. Similarly Eqs. (1)–(3) and constitutive relationships are used with
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negative electric fields and piezoelectrical connectivity effects. Equations (1)–(3) are
added to the mechanical and electrical boundary conditions, as well as the initial
conditions in the case of non-stationary problem.

In particular, for electrode (Se) included in external circuit, besides a condi-
tion of constancy of the electric potential, which in this case is to be an unknown
function, it is added the condition defining electric current flowing through this
electrode: ∫

Se

Ḋnds = I, (4)

where I — the current of the circuit, which is in the case of free electrode, equals
zero; Dn — the normal component of the vector of the electric induction.

2.2. Finite element approach

We use FE modeling in classic Lagrangian formulation to solve dynamic problems
of acoustic electric elasticity. We choose coherent FE mesh specified in the areas
Ωhj , which approach area Ωj . There are unknown field functions u, φ and ψ in this
mesh. We approximate them as

u(x, t) = NT
u (x) · U(t), φ(x, t) = NT

φ · Φ(t), ψ(x, t) = NT
ψ(x) · Ψ(t); (5)

where Nu is the shape function matrix for displacement field u; Nϕ and Nψ are
the shape vector-functions for the electric potential fields φ and speed potential in
acoustic medium ψ, respectively; and U(t), Φ(t), Ψ(t) are the global vectors of the
corresponding nodal degrees of freedom.

FE modeling approximation (5) of the generalized formulations of dynamic prob-
lems (1) – (3), including principal and natural boundary conditions, results in the
following system of differential equations:

M · ä + C · ȧ + K · a = F. (6)

M =



Muu 0 R̃uψ

0 0 0

R̃T
uψ 0 −Mψψ


, C =




Cuu 0 Ruψ

ςdKT
uφ 0 0

RT
uψ 0 −Cψψ


,

K =



Kuu Kuφ 0

KT
uφ −Kφφ 0

0 0 −Kψψ


, F =




Fu
Fφ + ςdḞφ

0


 ,

(7)

relatively of the vector of unknown a = [U, Φ, Ψ]T. Here Cuu = Σj(αdjMuuj +
βdjKuuj), where Muuj and Kuuj are the structural FE of mass and stiffness
matrix. Other elements of the submatrix (6), (7) are described in Belokon et al.
[2002].
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The FE modeling equation system for eigenvalue (eigenfrequency) problems has
the following form:

−ω2M · a+ K · a = 0. (8)

M =

(
Muu 0

0 0

)
, K =

(
Kuu Kuφ

KT
uφ −Kφφ

)
. (9)

Steady-state vibration problems arise, when Fu= F̃u(x) exp(jω t),Fφ = F̃φ(x) exp
(jω t), a = ã(x) exp(jω t). It is easy to derive a system of linear algebraic equations
from (6), (7) relatively of the amplitude vector ã in the form:

Kc · ã = F̃c, F̃c =
[
F̃u, F̃φ, 0

]T
. (10)

Kc =



Kuuc Kuφ Kuψc

KT
uφ −Kφφc 0

KT
uψc 0 −Kψψc


. (11)

Kηηc = −ω2Mηη + iωCηη + Kηη, η = u, ψ. (12)

Kuψc = −ω2R̃uψ + iωRuψ, Kφφc =
1

(1 + iωζd)
Kφφ. (13)

3. Analytical Modeling and Optimization of the PEG

3.1. Axi-symmetric model

The device modeled is a bimorph with an internal steel substrate and two thin
layers of piezoceramic PZT-4 on either sides, a proof mass on the upper surface
of the piezoelectric element. Aluminum, Steel or Lead was used as the material of
the proof mass. Thus, it can easily realize low resonant frequency corresponding to
most vibration sources in our living environment as well as the vibration frequency
(for example, 100Hz), at which this research is aimed. Advocating for their outside
diameter substrate plate clamped along the contour of the base of the case. The
dimensions of the constituents are selected based on the approximate guideline of
PEG design. The thickness of the PZT-4 tp and the radius rp; the thickness of the
substrate plate ts and the radius rs = rp + l0(l0 = 2 mm — constant); the height of
proof mass hm and the radius rm (Fig. 1). The material properties of piezoceramic
PZT-4 are given in Table 1 [Berlincourt et al., 1964]; Aluminum, Steel and Lead
are given in Table 2.

The βdj parameter (Eqs. (1)–(13)) was calculated from the tabulated mechanical
quality factor Qm and the resonant frequency of the device: βdj = 1/ωQm.

The clamped edges of the PEG is subjected to a harmonic displacement:

y(t) = y0e
−i(2πf)t, (14)

where y0 = 0.1mm — is the amplitude oscillation, f is the oscillation frequency.

1650029-6

In
t. 

J.
 A

pp
l. 

M
ec

ha
ni

cs
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 N

A
N

Y
A

N
G

 T
E

C
H

N
O

L
O

G
IC

A
L

 U
N

IV
E

R
SI

T
Y

 o
n 

05
/1

5/
16

. F
or

 p
er

so
na

l u
se

 o
nl

y.



2nd Reading

May 5, 2016 12:46 WSPC-255-IJAM S1758-8251 1650029

Optimization for the Harvesting Structure

Table 1. Material properties of piezoceramic PZT-4 (used in the FE-calculation)a.

cE
11 cE

12 cE
13 cE

33 cE
44 e31 e33 e15 ε31/ε0 ε33/ε0

(GPa) (Gpa) (GPa) (GPa) (GPa) (C/m2) (C/m2) (C/m2)

139 77.8 77.4 115 25.6 −5.2 15.1 12.7 730 635

Note: aε0 = 8.85 × 10−12 C2/Nm2 — permittivity of free space, ρ = 7.5 × 103 kg/m3 — density,

Qm = 100 — quality factor.

Table 2. Properties of construction materials (used in the FE-calculation).

Density (kg/m3) Young’s modulus (GPa) Poisson’s ratio Quality factor, Qm

Steel 7800 210 0.3 2500

Lead 11340 16 0.42 2500

Aluminum 2700 68 0.36 2500

Because the PEG exhibits axi-symmetry about its central axis, it was modeled
as a two-dimensional axi-symmetric body. A two-dimensional axi-symmetric model
offers the advantage over the corresponding three-dimensional model in that the size
of the model is smaller and consequently calculation time is much lesser. In packages
ANSYS and ACELAN, the FE models of the considered devices are constructed by
using axi-symmetric FE PLANE13 and PLANE42 based on a precise statement of
the problems (1)–(13).

Next, we study the characteristics of the PEG at the influence harmonically
varying during vibration on it and discuss ways to optimize the construction. In
the paper, the achievement of the highest output voltage values is produced by
changing the height and the type of material of the proof mass, thickness tp, ts and
dimensions rm, rp.

3.2. Calculation model of the PEG

In this section, three models of the piezoelectric bimorph energy harvesters circu-
lar plate are investigated. The first harvester lacks bonding layer between the proof
mass and the piezoceramic layer (the model with the proof mass rigidly attached on
the piezoceramic layer), the second harvester considers the presence of the bonding
layer (the model that is between the proof mass and the piezoceramic layer contain-
ing with bonding layer without interfering greatly bending the bimorph (Fig. 1), in
the third harvester, the account of proof mass is constructed by using the boundary
condition on the front surface of the upper piezoelectric layer, which has the form:

σz = Mω2(uz + y0)/S, τzr = 0 at z = hm, (15)

where M is the inertial mass, ω is the circular frequency of vibrations, S is the
square of upper site of the piezoelement to which is fixed the proof mass.
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Fig. 2. The dependence of the output voltage on the radius of the proof mass rm. 1 — the first
harvester (ACELAN), 2 — the second harvester (ACELAN), 3 — the third harvester (ACELAN),
4 — the first harvester (ANSYS).

A PEG with tp = 0.5mm, rp = 8 mm, ts = 0.5mm, rs = 10mm, hm = 2 mm,
and rm was changing from 0 to 8mm, the material of the proof mass — lead is
modeled to comparing the efficiency of three models. We investigate the dependence
of the output voltage on the free electrode depending on the radius of the proof mass
for the three harvesters for frequency vibration 100Hz. The results are presented in
Fig. 2.

From Fig. 2, it is followed that the results for the first harvester in case using
packages ACELAN (curve 1) and ANSYS (curve 4) show good agreement for the
entire range of the radius of the proof mass.

In cases where the calculations were carried out in packages ACELAN for the
three harvesters (curve 1, 2 and 3) obviously, with the condition that the radius
of the proof mass rm ≤ 1.5mm, the value of the output voltage of the three har-
vesters are similar. If value of the radius of the proof mass 1.5mm≤ rm ≤ 3.5mm,
the value of the output voltage for the second harvester (curve 2) and the third
harvester (curve 3) are similar, but they are more than the value of the out-
put voltage for the first harvester (curve 1). If the value of the radius of the
proof mass rm ≥ 3.5mm, the value of the output voltage for the second har-
vester (curve 2) is higher than the output voltage for the first harvester (curve 1),
but lower than the output voltage of the third harvester (curve 3). The value
of the output voltage to the second harvester and the third harvester becomes
larger and continues to increase monotonically, whereas, for the first harvester with
rm = 5mm it reached the maximum (stiffness of the flywheel effect on the deflec-
tion of the bimorph). As it can be seen, by increasing the value of the radius of
the proof mass rm, we increase the value of the output voltage difference for the
second and the third harvester, due to the influence of the stiffness of the bonding
layer.

1650029-8

In
t. 

J.
 A

pp
l. 

M
ec

ha
ni

cs
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 N

A
N

Y
A

N
G

 T
E

C
H

N
O

L
O

G
IC

A
L

 U
N

IV
E

R
SI

T
Y

 o
n 

05
/1

5/
16

. F
or

 p
er

so
na

l u
se

 o
nl

y.



2nd Reading

May 5, 2016 12:46 WSPC-255-IJAM S1758-8251 1650029

Optimization for the Harvesting Structure

Our calculations show that the results from the second and third harvesters are
approximately coincided, especially, for the lower range of relative radius of proof
mass.

Thus, the model of PEG that is between the proof mass and the piezoceramic
layer containing with bonding layer without interfering greatly bending the bimorph
(the second harvester) is the most effective. Furthermore, they reduce the stress
concentration at connection surface of piezoelectric and non-piezoelectric layers.

3.3. Construction optimization

There are key factors that we need to consider during the optimization design of the
PEG — the resonant frequency, the output voltage density, which will be elaborated
in this section.

Following is the rational choice (output voltage attains maximum) of the param-
eter values rm, rp, tp, ts, hm, and the type of material of the proof mass for the
second harvester (Fig. 1), which has proof mass, is divided by the bonding layer
with a piezoceramic layer. We set the vibration frequency of the external load at
100Hz, typical for vibrating machinery.

3.3.1. Analysis on the resonant frequency of the PEG

The resonant frequency of the piezoelectric energy converter is one of the most
important factors influencing the converting efficiency of a device from mechani-
cal energy to electrical energy. It must be designed to match the environmental
vibration frequency, which is the prerequisite to maximize the output power.

The resonant frequency of the PEG was primarily analyzed to design the piezo-
electric power generator with the wanted resonant frequency, since the maximum
power (generated or converted) can only be achieved when the resonant frequency
of the generator is matching the frequency of the vibration source.

Parameter designs of PEG were considered to calculate the resonant frequencies
using FE package ANSYS, ACELAN. The targeted resonant frequency was attained
by changing the radius and thickness of the piezoelectric plate and the metal plate,
the height and radius of the proof mass and the type of material of the proof mass.

Let us consider the impact on the resonant frequency of the thickness ts and
tp, radius rm and rp, height hm and the type of material of the proof mass. The
obtained dependences are shown in Figs. 3–5.

For the first plot, Fig. 3, it shows the relationship between the resonant frequency
and the radius of the piezoelectric plate and the radius of the proof mass, where
rm was changing from 1mm to 25mm; lp = rp − rm was changing from 1 mm
to 30mm; the thickness of the substrate plate ts = 0.12mm; the thickness of the
PZT-4 tp = 0.127mm, which are the typical values measured from commercial PZT
plates and disks (Piezo System Co.); the height of the proof mass hm = 7 mm,
and the lead was selected as the proof mass because of its high density, which
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Fig. 3. The dependence of the resonant frequency on the dimensions rm and lp = rp − rm.
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Fig. 4. The dependence of the resonant frequency on the thickness ts, tp.

is ρm = 11340kg/m3. All parameter values were selected according to the wanted
resonant frequency, 100Hz. In the case, when the frequency of the forced vibration is
fixed (for example, 100Hz), the built surface to determine the range of the geometric
parameters rm, rp and in which the frequency is resonant.

For the second plot, Fig. 4, it shows the relationship between the resonant fre-
quency and the thickness of the piezoelectric plate tp and the thickness of the
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Fig. 5. The dependence of the resonant frequency on the height of the proof mass hm.

substrate plate ts, where rp = 38mm; rm = 18mm; tp was changing from 0.05mm
to 0.25mm, ts was changing from 0.05mm to 0.25mm; the height of the inertial
element hm = 7mm and the material of the proof mass — lead. All parameter
values were also selected according to the wanted resonant frequency, 100 Hz.

For the third plot, Fig. 5, it shows the relationship between the resonant fre-
quency and the height of the proof mass hm and the type of material of the proof
mass (aluminum, steel, lead), where rm = 18mm, rp = 38mm, tp = 0.127mm,
ts = 0.12mm; hm was changing from 1 mm to 10mm. All parameter values were
again selected according to the wanted resonant frequency, 100Hz.

From these three plots, it is verified that the resonant frequency decreases with
increasing both the radius of the piezoelectric plate and the proof mass, decreases
with decreasing both thicknesses of the piezoelectric plate and the substrate plate,
and decreases with increasing the height of the proof mass.

These simulations helped us to design the optimal dimensions of PEG with
wanted resonant frequency after considering together with the simulations of out-
put power and safety issues. According to data presented in Figs. 3–5, it may
be selected parameters of the device to work effectively in the frequency range
between 30Hz and 10000Hz, where lp = rp − rm, was changing from 1 mm to
30mm; rm was changing from 1mm to 25mm; ts was changing from 0.05mm to
0.25mm; tp was changing from 0.05 mm to 0.25mm; hm was changing from 1 mm
to 10mm.

Thus, the obtained results can select the optimum size of PEG with the necessary
resonant frequency. In particular, if the frequency of forced vibration is 100Hz,
the rational geometric dimensions of construction positioned in the range: rp was
changing from 38mm to 40mm, ts+ tp was changing from 0.23mm to 0.25mm, hm
was changing from 6 mm to 7 mm and the material of the proof mass — lead, the
PEG works effectively for the forced vibration frequency of 100Hz.
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3.3.2. Analysis on the output voltage of the PEG

In this section, we find the dependence of the output voltage on the free electrode
depending on the thickness ts and tp, the radius rm and rp, the height of the proof
mass hm and the type of material of the proof mass. The values rp = 38mm and
ts + tp = 0.24mm are constant; the values rm was changing from 5 mm to 37mm;
ts was changing from 0.05mm to 0.18mm; hm was changing from 1mm to 10mm.
We set the vibration frequency of the external load at 100Hz, typical for vibrating
machinery, the results presented in Figs. 6 and 7.

Thus, Fig. 6 shows the dependence of the values of the output voltage on the
free electrode depending on the radius of the proof mass rm and thickness of the
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Fig. 6. The dependence of the output voltage on the values rm and ts.

Fig. 7. The dependence of the output voltage on the height of the proof mass hm.

1650029-12

In
t. 

J.
 A

pp
l. 

M
ec

ha
ni

cs
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 N

A
N

Y
A

N
G

 T
E

C
H

N
O

L
O

G
IC

A
L

 U
N

IV
E

R
SI

T
Y

 o
n 

05
/1

5/
16

. F
or

 p
er

so
na

l u
se

 o
nl

y.



2nd Reading

May 5, 2016 12:46 WSPC-255-IJAM S1758-8251 1650029

Optimization for the Harvesting Structure

substrate plate ts, where rm was changing from 5 mm to 37mm; ts was changing
from 0.05mm to 0.18mm; the height of the proof mass hm = 7mm and the material
of the proof mass — lead.

From Fig. 6, it can be shown that when the values rm = 16mm, ts = 0.113mm,
the value of the output voltage attains the maximum.

Thus, Fig. 7 shows the dependence of the output voltage on the free electrode
depending on the heights of the proof mass hm, where hm was changing from 1 mm
to 10mm and the type of material of the proof mass (aluminum, steel or lead). The
values are rm = 16mm, rp = 38mm, tp = 0.127mm, ts = 0.113mm.

From Fig. 7, it can be shown that at the value hm = 7mm, the material of the
proof mass — lead, then the value of the output voltage attains the maximum.

Analysis of the results shows that the optimum parameters for a selected con-
straint on the dimensions of the array, the PEG has the value rm = 16mm;
rp = 38mm; ts = 0.113mm; tp = 0.127mm; hm = 7mm; and the material of
the proof mass — lead.

3.3.3. Analysis on the output power of the PEG

The analysis of output power was performed for the second harvester (Fig. 1),
where power harvesters (voltage source) connect into a resistor Rl (power harvester
with piezoelectric element connected in parallel). We investigate the dependence
of the output voltage and power on the load increases Rl, where tp = 0.127mm,
rp = 38mm, ts = 0.113mm, rs = 40mm, hm = 7 mm, rm = 16mm and the material
of the proof mass — lead. The results are presented in Figs. 8 and 9.

Figure 8 displays enlarged views of the voltage, the first vibration mode for these
10 different values of load resistance: 0.01, 0.1, 0.5, 1, 5, 8.7, 10, 50, 100, 1000kohm.
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Fig. 8. Enlarged views of the voltage for 10 different values of load resistance. 1−Rl = 0.01 kohm,
2 − Rl = 0.1 kohm, 3 − Rl = 0.5 kohm, 4 − Rl = 1kohm, 5 − Rl = 5kohm, 6 − Rl = 8.7 kohm,
7 − Rl = 10 kohm, 8 − Rl = 50 kohm, 9 − Rl = 100 kohm, 10 − Rl = 1000 kohm.
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(a) (b)

Fig. 9. Variations of the (a) voltage output and the (b) electrical power with resistive load for
excitations close to short circuit and open circuit resonance frequencies of the first vibration mode.

The direction of increasing load resistance is depicted by an arrow, and it is clear
from Fig. 8 that the voltage across the resistive load increases monotonically with
increasing load resistance at every excitation frequency. For the extreme values of
the load resistance, the frequency of maximum voltage output moves from the short
circuit resonance frequency to the open circuit resonance frequency. For a moderate
value of load resistance, the frequency of maximum voltage has a value in between
these two extreme frequencies (between 94Hz and 100Hz in this case).

Fundamental resonance frequency of the voltage response is of particular interest
for the extreme cases of load resistance and this frequency is 94 Hz (for Rl → 0) and
100Hz (for Rl → ∞). Variations of the voltage output with changing load resistance
for excitations at these two frequencies are given in Fig. 9(a). In both cases, voltage
increases monotonically with load resistance. The voltage output for excitation at
the short circuit resonance frequency is higher when the system is close to short
circuit conditions and vice versa. There is a certain resistive load (2.45 kohm) for
which the voltage response has the same amplitude (43 volts) for excitations at both
frequencies. The maximum voltage output in the limit Rl → ∞ is about 60 volts
for excitation at 94Hz and it is about 195 volts for excitation at 100Hz. Figure
9(b) shows the variations of the electrical power1 with changing load resistance for
excitations at these two frequencies. Expectedly, both cases have different optimum
resistive loads which give the highest power. The optimum resistive load for exci-
tation at 94Hz is 0.9 kohm, yielding a maximum electrical power of about 0.9 W
whereas the optimum resistive load for excitation at 100Hz is 8.7 kohm, yielding
a maximum electrical power of approximately the same value. As in the case of

1The electrical power amplitude shown in the figure is due to P = |V | 2/Rl; therefore, it is not the
average power. The average power can be obtained from Pave = | Vrms|2/Rl, where Vrms = V/

√
2

(thus, Pave = |V|2/2Rl = P/2).
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voltage output, the electrical power output for excitation at the short circuit reso-
nance frequency is higher when the system is close to short circuit conditions and
vice versa. Moreover, there exists a certain resistive load (2.45 kohm), which results
in the same electrical power (0.8 W) for excitations at both of these frequencies.

4. Conclusions

We have studied the effectiveness of the piezoelectric energy harvesters depending
on the geometric characteristics and material under certain limited conditions of
the dimensions of the device. PEG was studied to convert ambient vibration energy
of 100Hz. The construction is modeled by using the FE packages ANSYS and
ACELAN. A study in the FE modeling of the PEG with the use of piezoelectric
ceramics and the calculation on this basis shows the limits of applicability of the
simplified model taking into account the inertial mass and allows you to choose
the rational dimensions of the elements to achieve maximum efficiency. In addition,
this comparison of different models provides guidance to the constructor assembly
technology of device, namely on the effectiveness of certain intermediate layers with
low rigidity, which does not restrict the deformation of the bimorph. On the basis of
calculations, it can be used for fabricating the harvesters, which works at a specified
resonant frequency corresponding to the available vibrations.
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