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The choice of mechanical and electrical topologies can affect piezoelectric energy harvesting efficiency, but the problem of
achieving high-efficiency energy conversion in energy harvesters stacked as cantilevers has not been perfectly solved. This
study focuses on the topology of piezoelectric elements in a stacked vehicle suspension vibration energy harvesting device.
Through theoretical analysis, the stress expressions of the excited and driven elements are derived. The stress of the
piezoelectric elements is affected by the positions of the connection and excitation points. A stress model was established for a
four-piece piezoelectric element connected by a thin light rod in ANASYS. The simulation results show that the average stress
in the piezoelectric bending element model is maximum when the excitation and connection points are located at both ends of
the free end. Compared with the middle position of the free end of the piezoelectric element, the average stress of the model is
increased by 92.904%. Considering the difference in voltage generated by piezoelectric elements, four kinds of electrical
topology are designed and analyzed experimentally. When the driven elements are connected in parallel and then connected in
series with the excited element, the output power varied the least with the change of load resistance. The system produces a
high power and offers a wide selection of load resistors. When the load is 26 kΩ, a single set of four piezoelectric elements
produces 86.407mW of output power.

1. Introduction

Many countries are developing electric vehicle-related tech-
nologies and providing supportive policies [1]. To solve the
problems of the short driving range and low energy recov-
ery efficiency of electric vehicles, a number of energy recov-
ery technologies have been proposed [2]. In the energy
recovery and utilization of traditional vehicles, energy har-
vesting methods are mainly studied from three aspects:
waste heat [3], braking energy [4], and vibration energy
[5]. Vibration energy recovery technology has great applica-
tion potential in both fuel and electric vehicles. Realizing
the recovery and reuse of vehicle vibration energy is a prob-
lem worth addressing.

Vibration energy harvesters have been widely researched.
Currently, these technologies mainly use principles such as

electromagnetic [6], triboelectric [7], piezoelectric [8], and
electrostatic [9] effects to function. To apply vibration energy
harvesting technology to automobiles, researchers have inte-
grated vibration energy harvesters with suspension systems,
designing a new type of suspension with energy harvesting
effects, such as hydraulic, electromagnetic, and piezoelectric
suspension. The emergence of energy harvesting suspensions
allows the substantial energy lost in suspension systems to be
utilized [10–12]. Nazemian and Masih-Tehrani [13] pro-
posed an active interconnected air suspension system that
reduces energy consumption by utilizing external air pres-
sure. Fu et al. [14] reviewed and investigated the structural
forms, optimization methods, and control strategies of elec-
tromagnetic energy harvesting suspensions and prospected
them. Guo et al. [15] proposed a hydraulic-integrated inter-
connected regenerative suspension and demonstrated that
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this system could collect vibration energy while improving
vehicle dynamics. Studies have also been conducted on
energy harvesting in suspensions using the piezoelectric tech-
nology. Some of them use only piezoelectric technology for
energy recovery, whereas others use hybrid piezoelectric-
electromagnetic technology [16]. Piezoelectric energy har-
vesting technology has the advantages of low cost, high
power density, good scalability, and great application poten-
tial in suspension systems [17–19]. The piezoelectric energy
harvester installed in the suspension system can effectively
recover the vibration energy dissipated in the suspension.
To improve the recovery efficiency of piezoelectric suspen-
sion, various types of piezoelectric energy harvesters have
been designed [20–22].

Significant progress has been made in the study of pie-
zoelectric energy harvesting suspension. However, the issue
of low energy conversion efficiency remains unresolved
[23]. To enhance the efficiency of piezoelectric energy har-
vesting, some studies have focused on changing the size
[24, 25], structure [26], material composition [27], and pol-
ing conditions [28] of piezoelectric materials to improve
their recovery efficiency. Additionally, connecting multiple
piezoelectric cantilever beams can increase the efficiency
of piezoelectric harvesting. This is a common method for
connecting piezoelectric bending elements to springs.
Through theoretical analysis and experiments, the use of a
spring has been shown to increase the system bandwidth
and output power [29–31]. Although the effect of springs
on the system has been studied, the connection position
of the spring has not been considered. Researchers have
also used other methods to connect piezoelectric cantilever
beams. Hu et al. [32] designed a two-degree-of-freedom
galloping-based piezoelectric energy harvester by mounting
a secondary beam on a primary piezoelectric piece. Qin
et al. [33] used an origami paper to connect two piezoelec-
tric cantilever beams. These techniques effectively improved
the bandwidth of the harvester and increased power gener-
ation. In these studies, although the connection mode
between the piezoelectric pieces was considered, the influ-
ence of the mechanical topology on the output power was
ignored.

Some studies used an electrical topology to improve
energy harvesting efficiency. Khalili et al. [34] connected
stacked piezoelectric elements in parallel to harvest mechan-
ical energy from roads. However, there is a lack of discussion
on connection methods such as series and hybrid connec-
tions. Niasar et al. [35] used three harvesting circuits to
study the recovery efficiency of the proposed piezoelectric
harvester and determined the optimal collection circuit.
Cao et al. [36] studied the electrical connections between
piezoelectric pieces. The results showed that the optimal
resistance was affected by the series or parallel connections
between the piezoelectric pieces. The influence of the num-
ber of piezoelectric elements on the optimal resistance was
different for the different connection modes.

In our previous research, a stacked piezoelectric energy
harvester was designed, and the influence of excitation mode
and pavement grade on the energy conversion efficiency was
studied [37, 38]. The method of three-order excitation and

double-gear switching was proposed to harvest more electric
energy. In this study, the mechanical and electrical topolo-
gies between piezoelectric elements in a device were studied.
For the mechanical topology, the positions of the connec-
tions and excitation points between cantilever beams were
investigated. Due to it being difficult to show the stress
distribution of the cantilever beam experimentally, ANASYS
was used to observe the stress of the cantilever beam at dif-
ferent connection and excitation points. For the electrical
topology, multiple piezoelectric cantilever beams were con-
nected using different circuits. Load was connected at the
output end, and voltage was measured at both ends of the
load. Based on the experimental data, the influences of the
load and connection mode on the output power were ana-
lyzed to determine the best electrical topology mode.

2. Mechanical Topology

2.1. The Energy Harvesting Device. The energy harvesting
device generated electric power by using vehicle vibrations
as an excitation source, transmitting the vibrational energy
to the excitation gear through a gear-rack structure. As the
excitation gear rotates, it impacts the piezoelectric elements
which are arranged in the form of cantilever beams. The
application scenario of the energy harvesting device is shown
in Figure 1.

A stacked piezoelectric bending element structure is
carefully designed to enhance the output power and opti-
mize the spatial utilization efficiency of the mechanical
structure. It involves arranging the piezoelectric bending ele-
ments in a stacked manner around the gear to achieve higher
vibration energy harvesting power. In the arrangement of
the stacked groups, thin light rods are used to connect the
piezoelectric bending elements and eliminate the phase dif-
ferences. This ensures that the voltages between the elements
do not cancel each other. Owing to the torsional deforma-
tion generated by contact with the excitation gear, some
space is left between adjacent piezoelectric bending elements
to prevent the obstruction of excitation. For piezoelectric
bending elements that are not in direct contact with the gear,
a synchronous bending action is induced by connecting thin
light rods. Except for the wiring requirements, there is no
need to leave significant space between them. As shown in
Figure 2, four stacked structures are sequentially arranged
around the excitation gear to maximize efficiency when uti-
lizing the mechanical structure space.

In this study, the piezoelectric bending elements that are
directly affected by the excitation gear are referred to as the
“excited elements,” and the other bending elements as the
“driven elements.” Each bending element comprises two
layers of piezoelectric crystals and an intermediate copper
substrate. A single-group stacked structure is shown in
Figure 3.

During the bending process under force, piezoelectric
bending elements convert the external impact energy into
stored elastic potential energy. After the external excitation
disappears, the piezoelectric bending elements release the
stored energy. Part of this energy is dissipated as internal
energy, and the rest is converted into electrical energy and
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stored. The constitutive equation [39] for piezoelectric energy
harvesting is as follows:

Di = dijT j + εTikEk, 1

where Di is the electric displacement, dij is the piezoelectric

strain constant, T j is the stress, ε
T
ik is the dielectric constant,

and Ek is the electric field strength. The subscripts i, j, and k
denote different directions in the material coordinate system.

2.2. Model Stress Analysis. During the energy storage pro-
cess, the excited and driven elements experience different
forces. It is assumed that both the excitation and connection
points are positioned along the axis of the piezoelectric
bending element. The force analysis of the excited and
driven elements is shown in Figure 4.

After the excitation force F is applied to the excited ele-
ment, the thin light rod generates a force Fr in the opposite
direction. Moreover, the model is composed of N + 1 bend-
ing elements that are connected in series by one thin light
rod, which increases the bending section modulus of each
bending element in the x-direction. The stress generated in

the piezoelectric crystal of the excited element by bending
can be expressed as follows:

σE1 =
lp
0 F lm − x − Fr lm − xr − x dx

N + 1 Wxlp

= 1
N + 1 Wx

lp
2 Fr − F + lm F − Fr + Frxr

2

Throughout the motion process, the driven element is
affected only by force Fr generated by the thin light rod.
The average stress generated by the piezoelectric crystal in
the driven element is given by

σD1 =
lp
0 Fr lm − xr − x dx
N N + 1 Wxlp

= 1
N N + 1 Wx

−
Frlp
2 + Fr lm − xr

3

Comparing Equations (2) and (3), although the expres-
sions for stress are different between the excited and driven
elements, the same deformations are generated when they
are connected through a thin light rod. Therefore, the aver-
age stresses generated can be considered approximately
equal. The relationship between F and Fr is derived as fol-
lows:

Fr =
2lm − lp N

2lm − lp − 2xr 1 +N
F 4

When either the excitation point or the connection point
is not located on the central axis, the excitation force F act-
ing on the bending element not only causes bending in the x
-direction but also induces bending and twisting in the y
-direction (Figure 5). In this case, the stress generated in
the excited element comprises two normal stress compo-
nents and one shear force. The difference in the positions
of the connection and excitation points results in different
degrees of deformation, thereby affecting the open-circuit
voltage generated by the energy harvester.

For the driven elements, the thin light rod exerted a force
to induce twisting. The stiffness of the piezoelectric bending
element is improved when the thin light rod is applied. This
resulted in the minimal impact of the force on the driven ele-
ments. As a result, the torsion from driven elements can be
ignored. Therefore, the difference in the stress generation
between the excited and driven elements primarily reflects
the shear force and normal stress in the y-direction. The
stress induced by bending in the x-direction is analyzed in
the previous section. The normal and shear stresses owing
to bending in the y-direction can be expressed as follows:

σE2 =
w
0 F s − y − Frydy

N + 1 wWy
= 2Fs − Fw − Frw

2 N + 1 Wy
,

τE =
F − Fr s

2 N + 1 Wt

5

Energy harvesting device

This is connected to the axle support

This is connected to the car underbody

Figure 1: Application scenarios of energy harvester.

Thin light rod

Fixed box

Piezoelectric
bending
elements

Excitation
gear

Figure 2: Energy harvesting device. The device consists of four sets
of stacked piezoelectric bending elements and a gear. Gear is used
instead of mass blocks to achieve excitation.
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By combining Equations (3)–(5), the relationship between
the number of driven elements N and stress multiplication
factor nF for the excited and driven elements is as follows:

nF =
2sWt 2lm − lp − 2xr 1 +N + 2lm − lp − 2xr − 2xrN sWy −wWt Wx

2lm − lp − 2xr 2lm − lp WyWt

+ 1

6

In Equation (6), the shape of a single bending element is
fixed. It is clear that the stress multiplicative factor is affected
by the distance xr from the connection point to the free end,
vertical distance s between the two forces, and number of
driven elementsN. In addition, s and xr are subject to changes
in the mechanical topology.

As s increases, the excited element generates more tor-
sion, which in turn increases the resulting stress. As xr

PZT
Cu

 Light thin
rod

Excited
element

F

Driven
element

Fixed end

xr

lm

tPZT

lp

...

N

Figure 3: Stacked piezoelectric bending element structure. Each structure comprises an excited element, N-driven elements, and a thin light
rod. The rod allows simultaneous bending between bending elements.

Fr

F

z

x

Fr

Force on the excited element
Force on the driven element

Figure 4: Force analysis of the excited and driven elements along the x-axis.

Bending
displacement

Light thin rod

Initial positionTorsional
displacement

Post-loading
position

Force

Figure 5: Bending situation of the excited element at a noncentral axis position.
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decreases, the connection point gradually moves toward the
end of the cantilever beam, causing the larger cantilever to
bend. Therefore, the greater the distance between the con-
nection and excitation points and the closer the connection
point is to the free end of the cantilever beam, the greater
the nF . The parameter xr can be approximated as 0, and
Equation (6) can be simplified.

nF =
2sWt 1 +N + sWy −wWt Wx

2lm − lp WyWt
+ 1 7

3. Electrical Topology

In the previous section, we determined the mechanical
topology and analyzed stress generation within the bending
elements of the group. The stress in the excited element
under external excitation primarily consists of three compo-
nents, and the generated voltage is primarily in the 3-
directions. Therefore, the electrical displacements produced
by the excited and driven elements in the 3-directions are as
follows:

DE3 = d31 σE1 + σE2 + ε33EE3,

DD3 = d31σD1 + ε33ED3,
8

where DE3 and DD3 are the electric displacement of the
excited and driven elements in the 3-direction, respectively;
EE3 and ED3 are the electric field strength of the excited
and driven elements in the 3-direction, respectively; d31

is the piezoelectric strain constant; ε33 is the dielectric
constant.

The dielectric properties of piezoelectric crystals follow
the electrostatic law known as the dielectric relation, which
allows for the conversion between electric displacement D3
and electric field strength E3. E3 is also related to voltage V
[40], thus yielding the expression relating electric displace-
ment D3 and voltage V :

D3 =
ε33V
r

, 9

where r is the thickness of the dielectric layer.
Based on the above expression, when the excited element

bends and generates voltage, the presence of positive stresses
in 2-directions leads to differences in voltage between the
excited and driven elements. Therefore, the voltage multipli-
cation factor nV between the excited and driven elements
can be expressed as

nV = 1 + 2s 1 +N −w 1 + 2N Wx

Wy 2lm − lp
10

The connected harvesting device can be considered an
equivalent circuit model with an open-circuit voltage Ut
and internal capacitance Ct . When connected to a load resis-
tor R, the output power generated is as follows:

P = ω2RU2
t

2ω2R2 + 2/C2
t

11
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Figure 6: Simulation model.
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Ut and Ct are positively correlated with the output
power P. As the electrical topology of the piezoelectric bend-
ing elements within a device can influence Ut and Ct , it is
necessary to study the electrical topology to maximize the
output power.

Owing to the connection of all the bending elements
within each group through a thin light rod, the resonant fre-
quencies of the excited and driven elements are the same,
indicating that their impedances are equal. Let the open-
circuit voltage generated by each driven element be U . Then,

the open-circuit voltage generated by the excited element is
nVU , and the internal capacitance is denoted as C for all ele-
ments within each group. Each group of models consisted of
N + 1 piezoelectric bending elements. As shown in Figure 1,
four groups of models are placed in a single energy harvest-
ing device. Four different topology methods for the bending
element are analyzed.

(a) Topology 1: when all piezoelectric bending elements
are connected in series, the open-circuit voltage and

A: static structural
Figure
Type: total deformation
Unit: mm
Time: 1
2023/7/22 17:43

All elements bend in the same way
Connection
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2
1.8
1.7
1.6

1.4426 Max

1.3
1.2
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0.6
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Figure 2
Type: total deformation
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Figure 7: Model displacement. (a) Connection point and excitation point both at C. (b) Connection point at A and excitation point at E.
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internal capacitance of the energy harvesting device
can be expressed as follows:

Ut1 = nV +N U ,

Ct1 =
C

N + 1
12

(b) Topology 2: the driven elements are connected in paral-
lel. Subsequently, the parallel group of driven elements
is connected in series with the excited element. The
open-circuit voltage and internal capacitance of the
energy harvesting device can be expressed as follows:

Ut2 = nV + 1 U ,

Ct2 =
NC
N + 1

13

(c) Topology 3: when all piezoelectric bending elements
are connected in parallel, the open-circuit voltage
and internal capacitance of each group of models
can be expressed as follows:

Ut3 =
nV +N U
N + 1 ,

Ct3 = N + 1 C

14

(d) Topology 4: the driven elements are connected in series.
Subsequently, the series group of driven elements is
connected in parallel with the excited element. The
open-circuit voltage and internal capacitance of the
energy harvesting device can be expressed as follows:

Ut4 =
nV + 1 NU
N + 1 ,

Ct4 =
N + 1
N

C
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Figure 8: Plot of the average stress with respect to the position of the excitation point and the connection point. The positions of the
connection point include x and y. (a) y = 4mm. (b) y = 8mm. (c) y = 12mm. (d) y = 16 5mm.
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By substituting Equations (12)–(15) into equation (11)
individually, it can be observed that during the variation in
the load resistance, there is a resistance value for each con-
nection mode that maximizes the output power. Therefore,
the electrical topology must be selected in conjunction with
the load resistance. Hence, experimental investigations are
necessary to determine the optimal electrical topology based
on actual energy harvesting conditions.

4. Simulation and Experiment

4.1. Simulation Model Establishment and Result Analysis.
According to the piezoelectric energy harvesting constitutive
equation, the voltage generated by the piezoelectric bending
element is positively correlated with the induced stress.
Therefore, the generated voltage can be predicted by study-
ing the stress.

In this study, a set of stacked structures with four piezo-
electric bending elements is used as an example. The effects
of different mechanical topologies on the stress generated by
the excited and driven elements under external excitation
are studied. Each bending element is configured with a
three-layer structure (PZT-Cu-PZT), with tight fixation
between layers to ensure model stability under external
forces. After creating four identical piezoelectric bending
elements, a thin light rod is inserted into the substrate to
connect the layers. The rod is made of a material with high
stiffness to prevent excessive deformation when subjected
to external forces. To simulate the effect of forces on the side
of the substrate, point loads are applied as force points at five
locations spaced 12mm apart. During the simulation, one
side of the model connected to the rod served as the free
end, whereas the other side is fixed using a fixed support
boundary condition. The simulation model is shown in
Figure 6.

As shown in Figure 6, points A, B, C, D, and E are des-
ignated as the locations of the external excitation. The radius
of the rod is 1mm, and its center is positioned along the x
-axis within the range of 1–9mm, and along the y-axis
within the range of 0–33mm. Because of the symmetric
structure of the bending element along the central axis, the
variation of the center position along the y-axis in the simu-
lation ranges from 0 to 16.5mm.

In Section 2.2, the effects of the insertion and excitation
points on the central axis are discussed in terms of the bend-
ing form of the piezoelectric bending element. The displace-
ment of the piezoelectric bending elements in the model by
conducting simulations is observed. Figure 7(a) shows the
result when both the connection and excitation points are
located at point C, and Figure 7(b) shows the result when
the connection and excitation points are located at point A
and point E, respectively.

As shown in Figure 7(a), when both the connection and
excitation points are located on the central axis, the displace-
ment generated by each piezoelectric bending element is
uniformly distributed. As shown in Figure 7(b), when the
connection and excitation points are not on the central axis,
the displacement of the excited element exhibits a significant
attenuation trend from the force application point toward

the outer region. However, the displacement of the driven
elements tended to be more uniformly distributed. The aver-
age displacements of both elements are greater than what is
observed in Figure 7(a). Therefore, the positions of the exci-
tation and connection points result in significant differences
in the degree of bending.

To determine the mechanical topology, the positions of
the excitation points are fixed, and the variation in the
stress magnitude to the change in the connection point
is obtained by longitudinally or laterally moving the posi-
tion of the thin light rod. In addition, with the position of
the rod fixed, the same external force is applied at differ-
ent positions on the bending elements, and the stress mag-
nitude of each piezoelectric bending element at different
excitation point positions is determined. The mechanical
topology is determined when the maximum stress is
achieved. The average stresses generated by the model at
different excitation and connection point positions are
shown in Figure 8.

When the excitation point is at point E, the model gen-
erates a higher stress. By analyzing the data of curve F at
point E, when the rod was moved along the x-axis, the total
stress decreased by 35.625, 30.718, 17.844, and 1.043%. A
larger stress was generated when x = 2mm. By comparing
the data at x = 2mm in the stress curves for F at point E in
the four groups, it is evident that as the rod moved along
the y-axis from 4 to 16.5mm, the total stress in the model
gradually decreased by 27.098%, from 9.298MPa to
6.779MPa. Therefore, when the center coordinates of the
light thin rod are x = 2mm and y = 4mm, and the excitation
point is at point E, the model generates the highest total
stress.

After determining the mechanical topology, the stress
variations in each piezoelectric bending element within the
model are analyzed. This analysis facilitates the subsequent
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Figure 9: Average stress difference of each bending element in the
group at different excitation positions.
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study of the electrical topology. The same excitation is
applied at five loading points to obtain the magnitude of
the stress generated in each piezoelectric bending element,
as shown in Figure 9.

Based on the stress results shown in Figure 9, the excited
elements generated significantly higher stress than the
driven elements. With a change in the excitation point, the
average stress generated by the excited element increased
by 128.104%, and that of the driven elements increased by
23.654%. The average stress difference between the driven
elements is approximately 0.3%. Therefore, during energy
harvesting, it is feasible to consider a unified recovery
approach for the driven elements. To achieve maximum
power recovery, it is essential to consider the electrical topol-
ogy of the bending elements. This approach allows the elec-
trical energy generated by the excited and driven elements to
be harvested maximally.

4.2. Experimental Testing and Result Analysis. The experi-
mental platform for measuring the energy harvesting mech-

anism is illustrated in Figure 10. To evaluate the output
voltage, piezoelectric bending elements are connected to a
load resistor. In the experiment, the piezoelectric bending
elements are fixed, and gears are used for excitation. The
parameters of a single piezoelectric bending element are
shown in Table 1. The output end of the piezoelectric bend-
ing elements is connected to a load resistor for voltage divi-
sion, and data are collected using a DAQ card. The collected
data are transferred to LabVIEW for analysis. During the
excitation, the DAQ card captures the voltage signal across
the load resistor. Owing to the DAQ card having a voltage
range of -10V to 10V, a resistor is utilized for voltage divi-
sion in the test of the optimal load resistance. By collecting
the voltage data from the divider resistor, the output voltage
of the bending element model can be obtained by multiply-
ing it by the corresponding factor.

To assess the voltage disparity between the excited
and driven elements in the model, the voltages generated
by all four piezoelectric bending elements are measured
simultaneously.

When the excitation and connection points are in the
middle position of the piezoelectric elements, the voltage
curves produced by the four bending elements are shown
in Figure 11.

The peak-to-peak voltage Up in the first period is com-
pared for each dataset. The Up generated by the excited ele-
ment is 7.837V. The Up generated by the three driven
elements are 3.238, 3.184, and 3.101V, respectively. The
voltage generated by the excited element is higher than that
generated by the driven element, and the voltages generated
among the driven elements are almost the same. Analysis of
the vibration process of the piezoelectric bending elements
shows that the three driven elements are only affected by
the rod, and the stress is almost the same. Thus, the gener-
ated voltages are nearly the same. Since the vibration fre-
quencies of the excited and the driven elements are nearly
identical, the equivalent impedance of the piezoelectric ele-
ments is regarded as the same.

Excitation gear

Load resistance

Stacked piezoelectric
bending element

DAQ card

Software platform

Figure 10: Experimental platform for energy harvesting mechanism.

Table 1: Parameters of a piezoelectric bending element and gear
pitch.

Quality factor, Qm 70

Electromechanical coupling factor, Kp 0.65

Piezoelectric constant, D31 10
-12 (C/N) -186

Piezoelectric constant, D33 10
-12 (C/N) 670

Piezoelectric constant, D15 10
-12 (C/N) 660

Dielectric constant, ε11/ε0 3130

Dielectric constant, ε33/ε0 3400

Size of piezoelectric ceramic (mm) 60 × 31 × 0 2
Size of base plate (mm) 80 × 33 × 0 2
Gear pitch (mm) 7
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Figure 11: Voltage curves of the four elements in the model.
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Figure 12: Voltage curves of the excited and driven elements at different excitation positions. (a) F at point C. (b) F at point B. (c) F at point A.
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Testing revealed that a single piezoelectric element has
an equivalent resistance of approximately 100 kΩ. Based
on this, the calculated equivalent resistances for the piezo-
electric elements within the four topology configurations
are 400 kΩ, 133 kΩ, 25 kΩ, and 75 kΩ, respectively. Appro-
priate resistance values will be selected in subsequent exper-
iments to determine the maximum output power of each
configuration.

In energy harvesting processes, the excitation gear
impacts the bending elements multiple times in a short
period. Therefore, this study only considers several initial
small cycles of the vibration process for the bending ele-
ments. Voltage data for the excited and driven elements
are collected from three sets of different excitation positions.
The results are presented in Figure 12.

Based on the test data, the voltage phase difference
between the excited element and the drive element in the
energy harvester can be negligible in a large period. How-
ever, there is a significant difference in the voltage magni-
tude between the excited and driven elements during the
initial vibration. By comparing the three graphs, it is evi-
dent that an increase in the vertical distance between the
excitation and connection points results in higher voltages
generated by both the excited and driven elements and a
voltage difference for each small period in the voltage
curve. The Up of the first cycle is compared. Piezoelectricity

generated by the excited element increases by 44.348%, and
that by the driven element increases by 43.941%. Moreover,
as the excitation point moves to the edge, the excited ele-
ment produces lateral torsion, which increases the vibration
frequency and output voltage of the excited element. This
change reflects the direct relationship between the position
of excitation and the dynamic response of the system.

To study the electrical topology, the four connection
methods proposed in Section 3 are used to connect the pie-
zoelectric bending elements under the optimized mechanical
topology. In the experiment, four resistance values are
selected to investigate the output voltage under each connec-
tion method as the resistance increases. The corresponding
voltage curves are shown in Figure 13.

The Up in the first cycle of each dataset is calculated
(Table 2), and the Up

2/R is obtained. The output power for
each type of electrical topology is illustrated through the
value of Up

2/R.
The choice of electrical topology results in a difference in

the internal resistance of the device. In the optimized mechan-
ical topology, the vibration frequency of the excited element is
increased, and the impedance is reduced. This modification
alters the optimum load resistance of the device. From
Table 2, the choice of resistance will affect the output power
of the energy harvester. However, in practical application,
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Figure 13: Aggregate output voltage under four different connection configurations. (a) Topology 1. (b) Topology 2. (c) Topology 3. (d)
Topology 4.
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the output of the energy harvester is connected to an AC/DC
circuit. By optimizing topology, the equivalent resistance of
the AC/DC circuit can be adjusted. Comparing all values of
Up

2/R, topology 1 and topology 2 result in higher power com-
pared to other topologies. However, as the load resistance
increases, the power of topology 1 initially decreases signifi-
cantly before increasing. The power of topology 2 exhibits a
monotonic decrease with the increasing load resistance, with
a reduction rate that is less than that of topology 1 and topol-
ogy 3. For topology 4, the power remains lower than that of
topology 2. Consider that the output of the energy harvester
is connected to the AC/DC circuit. Although the equivalent
resistance of the load can be adjusted by optimizing the topol-
ogy of the back-end energy storage device of the AC/DC cir-
cuit, the equivalent resistance is not very accurate. The trend
in the power variation suggests that the maximum power
can be more readily obtained in topology 2, owing to its lower
sensitivity to changes in load resistance. The power of topol-
ogy 1 is almost equal to that of topology 2 and higher than that
of topology 3 and topology 4 when the load resistance is
26kΩ. However, when the load resistance is 75kΩ, the power
of topology 1 is only 25.964mW, and the power of topology 2
is the highest. A comprehensive assessment led to the conclu-
sion that topology 2 is the most suitable electrical topology.

5. Conclusions

The mechanical and electrical topologies of a stacked piezo-
electric energy harvesting device are investigated, and simu-
lation models and experimental platforms are designed.
Regarding the mechanical topology, the theoretical expres-
sions for the stress generated in excited and driven elements
during bending are derived. A stress model was established

for a four-piece piezoelectric element connected by a thin
light rod in ANASYS. It is found that the average stress in
the piezoelectric bending element model is maximum when
the excitation and connection points are located at both ends
of the free end. To verify the simulation results, test experi-
ments are carried out. The peak-to-peak voltage Up in the
first period is compared for each dataset. When the position
of the rod is fixed and the excitation point is moved from
point C to point A, the Up generated by the excited element
increases by 44.348%, and that by the driven element
increases by 43.941%.

Based on determining the mechanical topology, the elec-
trical topology is analyzed. From the equivalent circuit
power expression, it is evident that a larger open-circuit volt-
age and internal capacitance in the energy harvesting device
result in a higher power. Considering the difference in volt-
age between piezoelectric elements, four different circuit
configurations of bending elements are proposed, and the
electrical topology is determined by experiments. The exper-
imental results indicate that topology 1 and topology 2
achieve higher power than topologies 3 and 4. Topology 2
has higher output power and lower sensitivity to load resis-
tance changes than topology 1. Therefore, topology 2 is the
preferred electrical topology. When the load is 26 kΩ, a sin-
gle set of four piezoelectric elements produces 86.407mW of
output power.

Nomenclature

lm: The length of the substrate (mm)
lp: The length of the piezoelectric crystal (mm)
w: The width of the piezoelectric crystal (mm)
Wx : The flexural section modulus of the bending element

for the x-axis (mm3)
Wy : The flexural section modulus of the bending element

for the y-axis (mm3)
Wt : The torsional section modulus of the bending element

(mm3)
F: External excitation (N)
Fr : Excitation applied to the driven elements (N)
xr: Distance from the connecting rod to the free end (mm)
s: The vertical distance between F and Fr (mm)
N : The number of driven elements in a single-group

model
nF : The stress multiplication factor between the excited

element and the driven elements
nV : The voltage multiplication factor between the excited

element and the driven elements
U : The open-circuit voltage of a single piezoelectric

bending element (V)
C: The internal capacitance of a single piezoelectric

bending element (F)

Data Availability

The simulation and experiment data used to support the
findings of this study are available from the corresponding
author upon request.

Table 2: Electrical topology experimental data.

Topology method
(four piezoelectric
elements)

Load resistance
(kΩ)

Peak-to-peak
voltage (V)

Up
2/R

(mW)

Topology 1

26 47.686 87.459

75 44.128 25.964

130 76.947 45.545

410 110.166 29.601

Topology 2

26 47.398 86.407

75 54.859 40.127

130 68.341 35.927

410 55.35 7.472

Topology 3

26 27.433 28.945

75 22.204 6.574

130 21.389 3.519

410 23.657 1.365

Topology 4

26 40.301 62.468

75 52.504 36.756

130 39.905 12.249

410 36.889 3.319
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