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Abstract Vibration energy harvesters (VEHs) can transform ambient vibration energy
to electricity and have been widely investigated as promising self-powered devices for
wireless sensor networks, wearable sensors, and applications of a micro-electro-mechanical
system (MEMS). However, the ambient vibration is always too weak to hinder the high
energy conversion efficiency. In this paper, the integrated frame composed of piezoelectric
beams and mechanical amplifiers is proposed to improve the energy conversion efficiency
of a VEH. First, the initial structures of a piezoelectric frame (PF) and an amplification
frame (AF) are designed. The dynamic model is then established to analyze the influence
of key structural parameters on the mechanical amplification factor. Finite element
simulation is conducted to study the energy harvesting performance, where the stiffness
characteristics and power output in the cases of series and parallel load resistance are
discussed in detail. Furthermore, piezoelectric beams with variable cross-sections are
introduced to optimize and improve the energy harvesting efficiency. Advantages of the
PF with the AF are illustrated by comparison with conventional piezoelectric cantilever
beams. The results show that the proposed integrated VEH has a good mechanical
amplification capability and is more suitable for low-frequency vibration conditions.
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1 Introduction

Vibration is a ubiquitous phenomenon in daily life and industrial production. In recent
years, many researchers have tried to scavenge vibration energy for micro-power generation,
which can be applied to low-power electrical devices such as wireless sensors and detectors[1–4].
The conversion principles for the vibration energy harvesting mainly include the electrostatic
principle[5–7], the piezoelectric principle[8–15], the electromagnetic principle[16–18], and the
ferroelectric material[19–22]. The piezoelectric vibration energy harvesting technique has
received much attention because of its advantages of high energy density, fast response speed,
and simple structure.

The most commonly used structures for the vibration energy harvester (VEH) are cantilever
piezoelectric beams and plates. The critical challenge for such energy harvesters lies in the
limited power output due to the lower energy conversion efficiency of the structures. To
increase the output power density, one promising solution is the introduction of a force
amplifier, which can amplify displacements or forces and increase the load capacity of the
transducer. Piezoelectric energy harvesters with mechanical amplifiers have received extensive
attention from many scholars. Kim et al.[23–24] modeled a power generation from the cymbal
transducer and developed the theory for the Belleville spring earlier. Li et al.[25] designed a
flex-compressive-mode piezoelectric transducer with a cymbal for mechanical vibration energy
harvesting. Mo et al.[26] proposed a unimorph lead zirconate titanate cymbal harvester to
sustain higher mechanical loads by replacing the lead zirconate titanate monolayer with the
lead zirconate titanate/steel composite between metals end caps. Moure et al.[27] embedded
a piezoelectric cymbal on the road to scavenge the wasted and unused vibrational energy
from the rolling of the car. Wang et al.[28] designed a flex-compressive piezoelectric energy
harvesting cell with a large load capacity, and the force transfer coefficient can be adjusted.
Zhao et al.[29] designed a cymbal for harvesting energy from asphalt pavements. Ling et
al.[30] proposed an attenuated displacement amplification of multistage compliant mechanisms.
Cao et al.[31] designed an analytical model to describe the static displacement and force
interactions between generic serial-parallel compliant mechanisms and piezo-stacks. Evans
et al.[32] investigated a force-amplified piezoelectric stack device that was found to have a
maximum level of amplification at a low-frequency level. Multi-stage force amplification frames
(AFs) were proposed in Refs. [33]–[35] to achieve high power output for piezoelectric stack-based
energy harvesters. Cao et al.[36] designed a piezoelectric stack energy harvester with a force
amplifier to scavenge the vibration energy of pressure fluctuations in pipeline systems.

Prior studies show that various types of structures can be used as force AFs, such as
cymbal structures and compliant mechanisms. The working principle of all amplifiers is the
mutual conversion between forces and displacements. In this paper, the frame composed of
piezoelectric beams and a mechanical amplifier is proposed for vibration energy harvesting,
where a piezoelectric frame (PF) composed of multiple piezoelectric beams and an AF composed
of a link mechanism are designed. The proposed VEH can easily achieve resonance conditions
for low frequency excitations.

The rest of the paper is organized as follows. In Section 2, the integrated structure of
the harvester is introduced, and the mechanical amplification factor is analyzed. In Section
3, the dynamic analysis of the harvester is studied theoretically. In Section 4, the harvesting
performance is discussed in detail based on the finite element analysis. Finally, the conclusions
are summarized.
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2 Structure design

Figure 1 shows the schematic diagram of the proposed VEH, where the PF (see Fig. 1(b))
and the AF (see Fig. 1(c)) are two main components of integrated architectures. Piezoelectric
sheets are adhered at the position where the strain is relatively concentrated during the PF
deformation to improve its conversion efficiency. The structure design of double rotating beams
in the AF ensures that the holding part will not twist during the operating status. The sliding
pair moves up and down along the rail to bend the piezoelectric sheets pasted on the PF. The
strain distributions of the PF and the PF with the AF are shown in Fig. 2, respectively. The
strain on the PF mainly appears in the fixed place. Therefore, piezoelectric sheets should be
pasted in the fixed place. Up to eight piezoelectric sheets can be attached to one PF. The strain
distribution for each piezoelectric sheet in the PF is almost identical.
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Fig. 1 Schematic diagrams of proposed VEH (color online)
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Fig. 2 Strain distributions of energy harvester under static pressure (color online)

The conventional harvester structures are mostly cantilever beams with one end fixed and
the other end free. Here, the integrated architecture has four fixed ends of the piezo-beam in
the PF, making the strain concentrated in multiple locations during vibration. This means
that the utilization rate of piezoelectric materials will be higher than that of single piezoelectric
cantilever beams.

Except that the piezo-beams in the PF are elastic, the rest of the energy harvester is
considered to be rigid. Due to the symmetry of the structure, the simplified dynamic model of
the PF with the AF is shown in Fig. 3, where k is the stiffness of the PF when the piezoelectric
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beams are deformed. In the model, m1, m2, and m3 are the masses of the sliding pair, the
holding part, and the connected part, respectively. The lengths of the rotating beams and the
connected part are denoted by a and b, respectively. The angle between the rotating beam and
the horizontal plane is represented by θ.

The allowable motion range of the sliding pair is

0 < y1 < 2a sin θ, (1)

where y1 represents the displacement of m1 along the y-direction.
The tensile displacement of the PF determines the bending stress on the piezoelectric sheet.

Based on the geometric relationship, the maximum tensile displacement of the PF is

smax = a− b. (2)

To ensure that the deformation of the piezoelectric sheet is in the elastic stage, the bending
stress should be less than the bending yield strength of the material (450 MPa). The finite
element simulation is used for the static analysis of the PF with the AF. As shown in Fig. 4,
when the PF reaches the maximum tensile displacement, the bending strain distribution on
the piezoelectric sheet meets the requirements of working conditions. The key parameters are
shown in Table 1. Of course, the reasonable structure parameters must be designed to avoid
the damage of the PF.
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Fig. 3 Simplified dynamic model of PF with
AF
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Fig. 4 Strain distributions on piezoelectric
sheets under maximum tensile
displacement of PF (color online)

Table 1 Key parameters of PF with AF

Parameter Value Parameter Value

Length of rotating beam a/mm 35 Mass of connected part m3/kg 0.042

Length of connected part b/mm 28 Piezoelectric constant d31 −2.74× 10−10

Dielectric constant εT
33 3 100× 8.854× 10−12 Structural angle θ/rad 0.44

Length of piezo-beam L/mm 100 Area of piezoelectric sheet A3/mm2 1× 10−4

Mass of sliding pair m1/kg 0.064 Thickness of piezoelectric sheet d3/mm 1× 10−4

Mass of holding part m2/kg 0.048

The static analysis of the PF with the AF can be conducted with Newton’s method,

Fin cot θ = 2F cot θ = ks, (3)

where Fin is the force acting on the sliding pair. s is the displacement of the PF. k is the
stiffness of the PF.
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The ratio of the force acting on the PF to the external force is defined as the mechanical
amplification factor β, i.e.,

β =
|ks|
|Fin| , (4)

where |ks| is the amplitude of the force acting on the PF, and |Fin| is the amplitude of the force
acting on the sliding pair.

According to the principle of the mechanical amplifier, the amplification factor will sensibly
reflect the effect of the AF on energy harvesting. As shown in the table in Section 4, β = cot θ
is constant (θ is the angle after deformation) under static force. For dynamic conditions, the
mechanical amplification factor will be further discussed in the next section.

3 Dynamic analysis

Based on the model shown in Fig. 3, the schematic diagrams of the displacement can be
drawn for the rotating beam during its kinestate, as shown in Fig. 5.

The rotation angles of the rotating beam connected with the sliding part and the fixed block
are expressed as follows:

sin θ1 =
y2 − (y1 − a sin θ)

a
, cos θ1 =

x1 + a cos θ

a
, (5a)

sin θ2 =
a sin θ − y2

a
, cos θ2 =

x1 + a cos θ

a
, (5b)

where x1 is the displacement of m2 along the x-direction (equal to s), and y2 is the displacement
of m2 along the y-direction.

The displacements during the movement of the energy harvester can be obtained with the
trigonometric function relationship as follows:

θ2 = θ1, y1 = 2y2, x2
1 + y2

2 = 2a(y2 sin θ − x1 cos θ). (6)

Figure 6 shows the force analysis of the energy harvester. The dynamic equations can be
derived as follows:{

m1ÿ1 = F − F1 sin θ1, (m2 + m3)ÿ2 = F1 sin θ1 − F3 sin θ1,

(m2 + m3)ẍ1 = F1 cos θ1 + F3 cos θ1 − kx1.
(7)
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Combine Eq. (6) and Eq. (7). Then, the final forms of dynamic equations of the PF with
the AF can be written as{

x2
1 + y2

2 = 2a(y2 sin θ − x1 cos θ),

(m2 + m3)ẍ1 = (2F − (4m1 + m2 + m3)ÿ2) cot θ1 − kx1.
(8)
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In order to solve the dynamic equations conveniently, by considering x2
1 < y2

2 ¿ x1 < y2, x2
1

and y2
2 in the formula are ignored.

The stiffness k is an important parameter that needs to be identified. Here, the finite
element simulation is used to analyze the statics of the PF to get the stiffness. First, the strain
energy distribution can be obtained as shown in Fig. 7 for the PF with different numbers of
piezo-beams. Furthermore, the force-displacement curves are demonstrated in Fig. 8, where the
stiffness can be easily obtained. It is clear that the stiffness is linear. Substitute the stiffness
into Eq. (8). Then, the solutions to the dynamic equations are obtained and compared with the
finite element simulation results, as shown in Fig. 9. It needs to be mentioned that the effect of
damping is not considered in the simplified dynamic model, and the mechanical amplification
factor will approach infinity at resonance. The solution result is not very accurate, but it is
sufficient for the study on parameter characteristics.
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Fig. 7 Strain energy distributions for PF with different numbers of piezo-beams (color online)
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Fig. 8 Displacements of PF with different numbers of piezo-beams under static force (color online)

In order to facilitate the study on parameter characteristics, the initial parameters are
set as follows: m1 = m2 = m3 = 0.1 kg, F = sin(ωt), k = 1 × 106 N/m, a = 0.03 m,
θ = 0.44 rad. Based on the analysis of the influence of parameter characteristics on the
amplitude-frequency response, it is shown that the first-order natural frequency of the PF
with the AF has a positive correlation with k and θ, while a negative correlation with m1.
Under low-frequency non-resonant conditions, increasing k and m1 or decreasing θ is beneficial
to improving the mechanical amplification factor. Changing a will not affect the mechanical
amplification factor.
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4 Energy harvesting performance

4.1 Stiffness analysis
Under strong excitations or impacts, the PF with the AF will loss the normal working ability

as shown in Fig. 10(a). The structure will not automatically return to its normal state due to
self-locking. Increasing the number of piezo-beams in the PF or adding springs (see Fig. 10(b))
can effectively avoid structural failure.

Springs
Fixed to rail

(a) Structural failure in three-dimensional mode (b) Springs installed in PF with AF
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Fig. 10 Structural failure of energy harvester and spring installation method (color online)

The finite element simulation is used to analyze the load capacity of the PF with the AF.
It can be seen from Fig. 11 that, by increasing the number of piezo-beams in the PF or adding
springs, the load capacity of the PF with the AF is improved. The stiffness of the PF with
the AF is positively related to the number of piezo-beams on the PF. Furthermore, the overall
stiffness of the additional springs is 8 N/mm.

The energy harvester deforms during the static state, and the energy input caused by static
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Fig. 11 Stiffness characteristic analysis of energy harvester (color online)

forces can be expressed as
Win = FinX, (9)

where X denotes the displacement caused by static forces.
Since the energy harvesting of the piezoelectric sheet is related to the strain energy, the

energy conversion efficiency (µ) is then defined as the ratio of the strain energy generated by
piezoelectric sheets to the energy input (Win). Apply the same external force (12 N) to the PF
and the PF with the AF, respectively, to study the strain energy of piezoelectric sheets and the
energy conversion efficiency. It can be seen from Table 2 that adding the AF to the PF has
the same effect as increasing the strain energy of piezoelectric sheets, but the energy conversion
efficiency remains unchanged due to the simultaneous increase in the energy input. Increasing
the number of piezo-beams helps improve the energy conversion efficiency but reduces the strain
energy of a single-beam piezoelectric sheet. Adding springs to the energy harvester will cause
a significant decrease in the energy harvesting efficiency.

Table 2 Energy conversion efficiency of PF and PF with AF under the same force

Number of
piezo-beams

Win /J Strain energy/J µ/%
β

PF PF with AF PF PF with AF PF PF with AF

2 0.099 99 0.507 44 0.016 20 0.084 80 16.2 16.7 5.235
6 0.044 77 0.228 44 0.007 88 0.039 98 17.6 17.5 5.074
10 0.028 88 0.147 11 0.005 46 0.028 10 18.9 19.1 5.147

6, adding springs 0.044 77 0.028 23 0.007 88 0.000 26 17.6 0.93 0.033

The following piezoelectric equations are used to obtain the voltage output of the energy
harvester:

Sj = sE
ijTj + dijEj , Di = dijTj + εT

ijEj . (10)

Because the piezoelectric sheet is thin and mainly produces bending deformations, the
piezoelectric effects of d31 are considered (the influence of d33 during bending is much smaller
than that of d31). By ignoring the influence of the inverse piezoelectric effect, the open-circuit
voltage output of a single-beam piezoelectric sheet in the energy harvester is obtained, i.e.,

v0 = A3
d31T1

C3
, (11a)
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where T1 represents the stress of the piezoelectric sheet, A3 represents the surface area of the
piezoelectric sheet, and C3 represents the capacitance of the piezoelectric sheet, which can be
written as

C3 =
A3ε

T
33

d3
, (11b)

where d3 represents the thickness of the piezoelectric sheet.
The rotation and structural damping coefficients are 0.05 and 0.02, respectively. Finite

element simulation is used to analyze the harmonic response. As shown in Fig. 12, the frequency
responses of the amplitude of open-circuit voltage for a single-beam piezoelectric sheet in the
energy harvester under the given sinusoidal excitation of 0.5 N are obtained in conjunction with
Eqs. (11a) and (11b). From Fig. 12, the addition of the AF can reduce the natural frequency of
the energy harvester and help increase the voltage output under low-frequency vibration. The
PF with the AF can resonate under low-frequency vibration conditions.

Under the given sinusoidal acceleration excitation of 0.5 m/s2, the influence of the number
of piezo-beam and additional spring on the open-circuit voltage output of the PF with the
AF is studied, as shown in Fig. 13. It shows that an increase in the number of piezo-beams
will increase the first-order natural frequency of the energy harvester. For low-frequency
non-resonant conditions, an increase in the number of piezo-beams causes a decrease in the
open-circuit voltage output of a single-beam piezoelectric sheet. Adding a spring will cause the
decrease in the open-circuit voltage output of the energy harvester. In addition, there will be
no structural failure within the frequency range.
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4.2 Power output
The power output of the energy harvester is analyzed under the condition of external load

resistance. Ignore the influence of internal resistance, and consider that each piezoelectric sheet
is connected in parallel or in series.

Iz(t) =
N∑

i=1

Ii(t) =
v(t)
R

in parallel, Vz(t) =
N∑

i=1

Vi(t) = i(t)R in series, (12)

where Iz is the total current output for the piezoelectric sheet connected in parallel, Vz is the
total voltage output for the piezoelectric sheet connected in series, N represents the number of
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piezoelectric sheets, R represents the load resistance of the energy harvester, v represents the
voltage of parallel circuit, and i represents the current of series circuit.

Consider that the size and stress distribution of each piezoelectric sheet are exactly the
same. Then, Eq. (12) can be simplified as follows:

NA3
d
dt

D3(t) =
v(t)
R

in parallel, NE3(t)d1 = i(t)R in series, (13)

where D3 is the electric displacement of each piezoelectric sheet, and E3 is the electric field of
each piezoelectric sheet.

Combine Eq. (13) with Eq. (11) to obtain the voltage output, i.e.,

Cpv̇(t) +
v(t)
R

= Nd31Ṫ1(t)A3, Csv̇(t) +
v(t)
R

= d31Ṫ1(t)A3, (14)

where Cp is the equivalent capacitance for the piezoelectric sheet connected in parallel, and Cs

is the equivalent capacitance for the piezoelectric sheet connected in series, i.e.,

Cp =
NA3ε

T
33

d3
, Cs =

A3ε
T
33

Nd3
.

Consider that the stress is sinusoidal, and the numerical solution to Eq. (12) is obtained to
get the maximum instantaneous power output of the energy harvester, i.e.,

T1(t) = P1 sin(ωt), p =
v2

R
, (15)

where P1 represents the amplitude of stress, p is the maximum instantaneous power output,
and v is the amplitude of voltage output.

Take the PF with the AF (6 piezo-beams) to study the effects of load resistance and
frequency on the maximum instantaneous power output of the energy harvester, as shown
in Fig. 14. Under the condition of 0.5 m/s2 sinusoidal acceleration excitation (5 Hz), the
impedance matching research results show that the matching resistance required in parallel
is much lower than that in series. Without the consideration of the internal resistance, the
maximum instantaneous powers of the two wiring methods under the matched impedance are
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Fig. 14 Effects of load resistance and frequency on the maximum instantaneous power output of
energy harvester for piezoelectric sheets connected in parallel and in series (color online)
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the same. It can be seen from Fig. 14 that it is more advantageous to use the parallel connection
pattern under the condition of low-load resistance.

As shown in Fig. 15, the influence of the number of piezo-beams on the power output
is studied under the condition of piezoelectric sheets connected in parallel (load resistance
20 kΩ). Designing the structure of the PF with the AF in combination with specific electrical
appliances can maximize the output power.
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Fig. 15 Power output of energy harvesters with different numbers of piezo-beams (color online)

In short, the factors including the two connection patterns of the piezoelectric sheet,
frequency and amplitude of vibration, structure parameters of energy harvesters, and impedance
of load electrical appliances can affect the power of the energy harvester in the closed circuit.
It is simple and effective to use the open-circuit voltage output of a single-beam piezoelectric
sheet to measure the energy harvesting efficiency of the PF with the AF under the condition of
no-load electrical appliances.
4.3 Comparison of results

To demonstrate the advantages of the proposed energy harvester including the PF and the
AF, the results are compared with those of a conventional harvester made by only a cantilever
piezoelectric beam. Of course, the excitation condition, the laying area, the materials, and the
thickness of the piezoelectric sheet are guaranteed to be the same for both two kinds of energy
harvesters.

As shown in Fig. 16, adding the mass to the end of the piezoelectric cantilever reduces the
natural frequency of the system, but increases the inertial force generated due to acceleration
excitation. Piezoelectric sheets on the cantilever beam are laid from the fixed end because the
strain is mainly distributed here. The length, thickness, and material of cantilever beams and
piezo-beams are the same.

Additional mass

PZT-5H Copper Steel

Fig. 16 Schematic diagram of piezoelectric cantilever beam (color online)

By considering the low-frequency non-resonant vibration conditions, Fig. 17 demonstrates
that the voltage output of the piezoelectric cantilever beam increases with the increase in the
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additional mass, but it is difficult to exceed the voltage output of the PF with the AF. When
the piezoelectric cantilever beam resonates, its open-circuit voltage output may be higher than
that of the PF with the AF. Due to the difference in usage scenarios and excitation conditions,
it cannot be concluded that the energy harvesting effect of the PF with the AF must be
higher than that of the piezoelectric cantilever beam. Compared with piezoelectric cantilever
beams, the PF with the AF is more integrated and more suitable for collecting vibration energy
generated by a single excitation source.
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Fig. 17 Energy harvesting effects of PF with AF under acceleration excitation, where PCB denotes
piezoelectric cantilever beam (color online)

4.4 Beam optimization
As seen from Fig. 18, the stress for the variable cross-section piezoelectric sheet is more

uniformly-distributed than that for the equal cross-section one. The harvesting performance of
the VEH with varying cross-section piezoelectric beams has been studied, and its advantages are
verified[37–39]. In this paper, a variable cross-section piezoelectric beam is designed to improve
the energy conversion efficiency, as shown in Fig. 19. The variable cross-section coefficient is
defined as α = h/H. The ratio of the laying area of the piezoelectric sheet λ to the area of the
varying cross-section beam ζ is expressed as

γ =
λ

ζ
=

2(H + h1)l
(H + h)L1

. (16)

The effect of the variable cross-section piezo-beam on the energy conversion efficiency of the
energy harvester is studied, as shown in Fig. 20. The energy conversion efficiency of the energy
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Fig. 18 Stress distributions of piezoelectric sheet (color online)
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Fig. 19 Structure of varying cross-section beam (color online)
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Fig. 20 Effects of variable cross-section beams on energy harvesting with different α (color online)

harvester gradually increases with the increase in the laying area of the piezoelectric sheet.
Under the condition of large laying areas, the variable cross-section coefficient is inversely
related to the energy harvesting efficiency. The rate at which the energy conversion efficiency
increases with γ is defined as the material utilization rate, expressed as ξ = dµ

dγ . The utilization
rate of piezoelectric materials shows a trend of increasing first and then decreasing with the
increase in the laying area.

Table 3 shows the energy conversion efficiency when the material utilization rate is 0.25.
The use of varying cross-section piezo-beams is conducive to saving piezoelectric materials.
Moreover, for the energy harvesters with the same laying area but with different varying
cross-section coefficients, the voltage output is compared, as shown in Fig. 20(d). It is clear that
the lower the varying cross-section coefficient, the better the energy harvesting performance.
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Table 3 Energy conversion efficiency of varying cross-section piezoelectric sheet for ξ = 0.25

α λ/mm2 γ µ/%

1.0 113.88 0.506 14 18.51
0.8 111.40 0.550 13 18.55
0.6 109.20 0.606 67 18.65
0.4 108.17 0.686 82 19.00
0.2 117.69 0.871 75 21.59

5 Conclusions

In this paper, an original design of an integrated architecture with the PF and the AF for
the VEH is proposed and analyzed. The dynamic model of the proposed harvester is established
to study the influence of key parameters on the mechanical amplification factor. It is concluded
that the reasonable structural design of the AF can simultaneously increase the external force
acting on the PF and prevent the piezoelectric layer from being damaged. It can also reduce
the natural frequency of the energy harvester and increase the mechanical amplification factor
during the low-frequency vibration, if the parameters including the stiffness of the PF, the
length of beams, the structural angle, and the mass of sliding parts, are chosen properly.

The finite element simulation is also used to study the harvesting characteristics of the energy
harvester. Under the condition that the energy harvester is connected with a low resistance,
the piezoelectric sheets connected in parallel have a higher power output. The modal analysis
results show that the addition of the AF can reduce the first-order natural frequency of the
energy harvester. The number of piezoelectric sheets on the PF with the AF (6 piezo-beams)
is equivalent to that on four piezoelectric cantilever beams (24 piezo-beams). Compared with
piezoelectric cantilever beams, the PF with the AF is more suitable for collecting vibration
energy generated by the same excitation source. When piezoelectric sheets are laid over a
large area, the use of variable cross-section beams can improve the utilization of piezoelectric
materials.

The energy harvester designed in this paper can be used to collect vibration energy generated
under various environmental conditions such as road, bridge, and motor rotation. The PF with
the AF will have a higher energy output when the system resonates. By using the method
of collision (removing the spring in Fig. 10(b)) and bistable structure design (the self-locking
phenomenon in Fig. 10(a) is essentially that the system jumps to another steady state under
a large excitation force), the resonance bandwidth of the energy harvester can be broadened.
The following research will mainly focus on the practical application of the energy harvester
and the widening of the working bandwidth.
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