
TECHNICAL PAPER

A piezoelectric cantilever-beam energy harvester (PCEH)
with a rectangular hole in the metal substrate

Yuzhong Xiong1 • Fang Song1,2 • Xinghuan Leng2

Received: 26 May 2019 / Accepted: 23 August 2019 / Published online: 6 September 2019
� Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
In order to improve the energy conversion performance of a piezoelectric cantilever-beam energy harvester (PCEH), a

novel PCEH is developed and designed according to the typical PCEH. Its middle layer is a metal substrate with a

rectangular hole. The mathematical model of the PCEH is analyzed, and the mathematical expressions of the eigenfre-

quency, the displacement of the proof mass and the output voltage and power are derived. In order to verify the validity of

the model, the eigenfrequency and frequency domain are analyzed by using COMSOL and Matlab, and the influence of

frequency, load resistance and acceleration on voltage and power is studied. Finally, the experimental verification was

carried out to further confirm. The results show that the first-order eigenfrequency of the novel PCEH is 43.7 Hz, the

optimal output power is 10.69 mW. Therefore, the novel PCEH has a lower frequency, a wider frequency band, and higher

output voltage and power, and improves energy conversion performance.

1 Introduction

With the development of low-energy, low-power and

independent working systems such as micromechanical

technology, embedded devices and wireless sensor net-

works, the demand for independent power supply becomes

more and more urgent (Mitcheson et al. 2004a). Nowadays,

most devices are powered by the traditional way of a bat-

tery, which has a series of problems such as short life and

frequent replacement. To solve these problems, people

carry out long-term research, using energy in the envi-

ronment into electricity. Therefore, energy harvesting

technology has become one of the hot spots in current

research.

Energy harvesting is a technology that converts the

energy existing in the surrounding environment into elec-

tric energy and stores it in energy storage devices. The

energy sources may come from available but unutilized

energy in nature, including sound energy, thermal energy,

kinetic energy, light energy, wind energy, tidal energy and

so on (Manjunath et al. 2012; Feng et al. 2013). Vibration

is ubiquitous in the living environment. Cars, trains, sub-

ways, airplanes, and other equipment all vibrate when they

operate. And thus, mechanical vibration energy is a uni-

versal energy source. Therefore, the research of energy

harvesting mainly focuses on mechanical vibration energy

acquisition.

Mechanical vibration energy acquisition mainly uses

vibration energy harvesters to convert mechanical energyin

the environment into electrical energy. Vibration energy

harvesters are classified as electromagnetic (Hussam et al.

2009; Chiu and Tseng 2008; Mitcheson et al. 2004b;

Daniel et al. 2009), electrostatic (Williams et al. 2001;

Williams and Yates 1996; Shearwood and Yates 1997),

piezoelectric (Mikio et al. 1996; Umeda et al. 1997; Antaki

et al. 1995; Kim et al. 2004; Li et al. 2018a) and magne-

tostrictive (Flatau and Staley 2005; Huang et al. 2003;

Bayrashev et al. 2004; Wang and Yuan 2008). Piezoelec-

tric energy harvesters convert mechanical vibrational

energy into electrical energy through the positive piezo-

electric effect of piezoelectric materials. Compared with
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other energy harvesters, piezoelectric energy harvesters

have many advantages such as simple structure, high

energy density, free from electromagnetic interference,

small size, low cost and so on. Therefore, the research on

piezoelectric energy harvesters is the most extensive.

With the continuous research on piezoelectric energy

harvesters, piezoelectric energy harvesting technology has

been greatly improved. Huicong Liu et al. (2011) proposed

a piezoelectric energy harvesting cantilever beam inte-

grated with silicon proof mass material. It can obtain

energy from low-frequency ambient vibration. Six series–

parallel PZT modes were studied to optimize the output

power. Salem and Othman (2015) proposed a MEMS-

based array energy harvester model and simulated it under

ambient vibration excitation using the Coventorware

method. This model can achieve a lower frequency

response, resulting in greater voltage and power. Usharani

et al. (2017) designed a piezoelectric cantilever beam

energy harvester with a step section. The harvester, which

the cantilever beam is piezoelectric-patched, achieved

higher power in a broadband operating frequency. Li et al.

(2018a) designed a wearable energy harvester that converts

low-frequency motion into high-frequency motion to

improve energy conversion. In order to improve the energy

conversion performance of a PCEH, this paper will intro-

duce a PCEH with a rectangular hole in the metal substrate.

We know that the power of PZT is generated by defor-

mation, and the larger the deformation, the more power is

generated. Therefore, I tried to make the PZT produce a

larger deformation by changing the structure of the PCEH.

Eventually, I designed a substrate with a rectangular hole

to make the strain around the rectangular hole larger and to

make the PCEH more strained and more power generated.

In addition, this structure also reduces the structural vol-

ume and overall quality of the device. The next section will

introduce the theoretical model of the energy harvester and

perform geometric analysis and theoretical analysis. In the

third section, the numerical solution and simulation anal-

ysis will be carried out, and the results will be analyzed and

compared to verify the validity of the model. The fourth

and fifth sections will conduct experiments, and analyze

and discuss the experimental results to further validate the

results of the third section. The sixth section is the con-

clusion of this paper.

2 Theoretical model of PCEH

2.1 Geometric structure

Figure 1a shows the structure of a typical PCEH, which is

composed of a fixed base, a cantilever beam, and a proof

mass. One end of the cantilever beam is fixed in the base

and the other end is free. The upper and lower layers of the

cantilever beam are piezoelectric layers, and the middle

layer is a metal substrate. The proof mass is placed at the

free end of the cantilever beam.

Fixed base 

Fixed base 

Piezo layer 

Piezo layer 

Metal substrate 

Metal substrate 

Proof mass 

Proof mass 

Rectangular 
hole 

(a) 

(b)

Fig. 1 Structure diagram of PCEH a without a rectangular hole,

b with a rectangular hole

Fig. 2 Simplified structure diagram. The picture a is a front view of

the novel PCEH, the figure b shows a metal substrate with a

rectangular hole
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Figure 1b shows the PCEH with a rectangular hole in

the metal substrate. The difference with Fig. 1a is that the

metal substrate has a rectangular hole structure.

2.2 Theoretical analysis

The performance of PCEH is related to the structural

parameters of the device. The performance of the device

we care about mainly includes eigenfrequency, output

voltage, and power. In order to improve the output per-

formance of the device, the structural parameters of the

energy harvester which affect the output performance are

optimized, and the relationship between the structural

parameters and the output performance is obtained. Note

that we neglect in this analysis the dielectric and piezo-

electric losses which can occur in the structure.

In this paper, the geometric structure shown in Fig. 1b is

simplified, and the structure diagram is shown in Fig. 2. In

the diagram, the x-direction is the axial direction of the

cantilever beam, and the displacement of the proof mass at

the free end is uL(t) under the action of the external basic

acceleration with the size of ü(t). The total length of the

cantilever beam is l, and the horizontal distance between

the fixed base and the proof mass is lb. The length of the

proof mass is lm, the thickness is hm, and the mass is m. In

the middle layer of the cantilever beam, the length of the

metal substrate is l, the thickness is hb, and the length of

the rectangular hole is lr. The length of the upper and lower

piezoelectric layers is lc, the thickness is hc. Except for the

rectangular hole with the width of wr, the other all struc-

tures are wb.

As can be seen from the diagram, the piezoelectric

cantilever beam is composed of the upper and lower

piezoelectric layers and the metal substrate located in the

middle layer. The stiffness of the entire piezoelectric can-

tilever beam can be equivalent to that of the piezoelectric

cantilever which all layers are seen as piezoelectric layers.

Therefore, the overall equivalent stiffness of the piezo-

electric cantilever beam can be expressed as:

EcI ¼ EbIbþ 2EcIc ð1Þ

Hence Eq. (1) can be written as:

I ¼ 2Icþ Eb

Ec
Ib ð2Þ

Where Ec and Eb represent Young’s modulus of the

piezoelectric layer and metal substrate respectively, Ic and

Ib represent the moment of inertia of the piezoelectric layer

and the substrate layer respectively.

Then the bending moment of the PCEH is solved. Since

the bending moment of the piezoelectric cantilever beam is

different at different positions along the x-axis when it

vibrates, we can use the section method to solve the

problem. According to the moment balance principle of

mechanics, the bending moment of piezoelectric cantilever

beam at x from the fixed base can be obtained as:

MðxÞ ¼ FmðtÞ l� 1

2
lm� x

� �
ð3Þ

Where FmðtÞ ¼ m€uLðtÞ.
Therefore, the average stress of the piezoelectric layer

on the cross-section of the piezoelectric cantilever beam

can be expressed as:

rðxÞ ¼ MðxÞhcb
I

ð4Þ

Where hcb ¼ hcþhb

2
,is the distance between the neutral

layer of the piezoelectric layer and the neutral layer of the

metal substrate.

According to the piezoelectric layer with the length of

lc,the Eq. (4) is integrated and averaged to obtain the

average effective stress formula of the piezoelectric

layer,as shown in Eq. (5).

r ¼ 1

lc

Z lc

0

MðxÞhcb
I

dx ð5Þ

Then, substituting Eq. (3) into Eq. (5):

r ¼ FmðtÞ ð2l� lc� lmÞhcb
2I

ð6Þ

Equation (6) shows the relationship between the stress

of the piezoelectric layer and the force of the proof mass.

This relationship is expressed by the coefficient k1:

k1 ¼ ð2l� lc� lmÞhcb
2I

ð7Þ

The standard equation for the Euler–Bernoulli beam is

expressed as (Zhang et al. 2017):

d2uðxÞ
dx2

¼ MðxÞ
EcI

ð8Þ

Where u(x) is the relative displacement in the vertical

direction at x from the fixed base.

Substituting Eq. (3) into Eq. (8), and then integrating it

twice. If _uð0Þ ¼ uð0Þ ¼ 0;x ¼ l� lm, the following equa-

tion can be obtained:

u ¼ FmðtÞðl� lmÞ2

12EcI
ð4l� lmÞ ð9Þ

The stress–strain formula can be written as:

r ¼ Ece ð10Þ

In combination with Eqs. (6), (9) and (10), the rela-

tionship, expressed by the coefficient k2, between the strain
of piezoelectric cantilever beam and the relative displace-

ment of the proof mass in the vertical direction can be

obtained:
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k2 ¼ e
u
¼ ðl� lmÞ2ð4l� lmÞ

6ð2l� lc� lmÞhcb
ð11Þ

So, by combining Eqs. (6), (7), (10) and (11), the

equivalent spring coefficient of piezoelectric cantilever

beam can be obtained:

k¼ Ec

k1k2
ð12Þ

Regarding the proof mass at the free end as a small

point, the eigenfrequency of the cantilever beam can be

expressed as (Yi et al. 2002):

fn ¼ g02n
2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k

meþ m

r
ð13Þ

Where n is the mode index, g02n ¼ g2n

ffiffiffiffiffiffiffiffi
0:236
3

q
, gn is the

frequency coefficient. The equivalent mass of piezoelectric

cantilever beam is me ¼ 0:236 ð2mcþ mbÞ ,where mc and

mb are the mass of the piezoelectric layer and the mass of

metal substrate respectively.

Therefore, by substituting Eq. (12) into Eq. (13), the

eigenfrequency can be expressed as:

fn ¼ g2n
2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:236Ec

3½0:236ð2mcþ mbÞ þ m�k1k2

s
ð14Þ

The electromechanical coupled dynamic equation and

Kirchhoff’s law of the circuit loop can be used to establish

an equivalent circuit model as (Li et al. 2018b):

m€uLðtÞ þ D _uLðtÞ þ kuLðtÞ þ hVðtÞ ¼ m€uðtÞ ð15Þ

Cce _VðtÞ þ VðtÞ
R

� h _uLðtÞ ¼ 0 ð16Þ

Where uLðtÞ, D,h,Cce and R are the displacement,

damping coefficient, piezoelectric coupling coefficient, the

capacitance of the piezoelectric layer and load resistance,

respectively. D and k can be obtained by D ¼ 2fmxnm and

k¼ Ec
k1k2 ¼ x2

nm respectively, where fm and xn are the

mechanical damping ratio and natural frequency of the

system respectively. Cce can be obtained by Cce ¼ kes
33
wblc

2hc
,

where k = 1 represents two piezoelectric layers in series;

k = 2 represents two piezoelectric layers in parallel.

The Laplace transform is performed for Eqs. (15) and

(16), and then replace the variable s with jx to get the

expression of voltage and power:

Vj j ¼
2xEcd31hc
kes

33
k2

Oinffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

RCce
x2

n � 1
RCce

þ 2fmxn

� �
x2

h i2
þx2 x2

nð1þ c2Þ þ 2fmxn

RCce
� x2

h i2r

ð17Þ

P ¼ Vj j2

R
ð18Þ

where c2 ¼ d2
31
Ec

es
33

;Oin is the Laplace transform of the input

acceleration. The analysis of Eq. (17), (18) shows that the

maximum output voltage and power of the device are

inversely proportional to eigenfrequency, proportional to

acceleration and piezoelectric strain constant, and related

to its structural parameters.

3 Numerical calculation and simulation
analysis

This section briefly introduces the details of finite element

simulation analysis, including the geometric model, load-

ing and boundary conditions, etc. Moreover, the numerical

calculation of the analysis model in the second section is

carried out, and the comparison between the calculation

results and the simulation results verifies the reliability of

the analysis model.

3.1 Geometric model

In order to compare the power generation performance of

the PCEH with or without a rectangular hole, the finite

element simulation analysis of the two types of energy

harvesters was carried out. Figure 1a and b are their

structures, established by Solidworks, respectively. The

same materials are used for each part of the two types of

PCEHs. The proof mass and fixed base are made of

structural steel, the metal substrate is made of aluminum,

and the piezoelectric layers are made of PZT-5H. Table 1

shows the dimensional parameters of the two energy har-

vesters, and Table 2 shows the performance parameters of

various materials.

3.2 Modal analysis and results

Modal analysis was performed by COMSOL Multiphysics.

In the select physics tree of COMSOL, the eigenfrequency

study is selected. A fixed constraint boundary condition is

applied to the bottom of the fixed base of the energy har-

vester, and then conventional meshing is performed.

Table 1 Dimensional parameters of the two PCEHs

Name Length (mm) Width (mm) Thickness (mm)

Metal substrate 80 20 0.6

Rectangular hole 30 12 0.6

Piezo layer 40 20 0.2

Proof mass 10 20 5

Fixed base 15 20 20
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Through the simulation, the 6 mode eigenfrequencies of the

two types of energy harvesters are obtained, as shown in

Table 3.

According to Eq. (14) and the various parameters of

PCEH, the first-order eigenfrequency of the two types of

energy harvesters are obtained by Matlab, which are

52.78 Hz and 48.83 Hz, respectively. Compared with the

first-order eigenfrequency in Table 3, the error is 1.3% and

3.9%, respectively.

It can be seen that the eigenfrequencies of the novel

PCEH are lower than those of the typical in Table 3.

Therefore, the novel PCEH has a wider frequency range

and can exhibit better power generation performance under

low-frequency vibration environment.

3.3 Frequency domain analysis

3.3.1 Frequency response: voltage and power

In COMSOL, frequency domain study is added, and then

frequency domain analysis is carried out for two kinds of

PCEHs. The parameters are set in the global definition:

acceleration and load resistance. Where acceleration is

acc = 1 g, g is the unit and represents the acceleration

constant of gravity, the load resistance is R_load = 12 kX,
and the mechanical damping ratio is 0.01. The relationship

between frequency and voltage & power of the two types

of PCEHs is measured under the conditions that a unit-

body load of size -solid.rho*g_const*acc is applied to the

PCEHs, a fixed constraint is applied to the bottom of the

fixed base, and the load resistance is R_load in the circuit.

Figure 3a and b show the relationship graphs.

It can be seen from Fig. 3a that the typical PCEH

reaches a peak voltage of 12.8 V at 54.5 Hz, and that the

output power is 13.65 mW. It can be seen from Fig. 3b that

the PCEH, with a rectangular hole, reaches a peak voltage

of 14.04 V at 53 Hz, and that the output power is 16.43

mW. By comparison, it can be found that the output volt-

age and power of the novel PCEH are higher than the

Table 2 Material performance parameters

PZT-5H Aluminum Structural steel

Density (kg/m3) 7500 2700 7850

Young’s modulus (GPa) 61 70 200

d31(10
-10 m/V) 2.74

es33(10
-8 F/m) 3.009

e0(10
-12 F/m) 8.85

Poisson’s ratio 0.289 0.33 0.30

Table 3 First six eigenfrequencies of the two PCEHs

Modal The typical (Hz) The novel (Hz)

1 53.475 50.831

2 340.98 330.33

3 460.68 460. 37

4 1120.9 1056.3

5 1251.2 1248.5

6 1908.7 1765.8

Fig. 3 PCEHs power harvested (in mW) and the peak voltage

induced across the piezoelectric bimorph (in V) vs. excitation

frequency. a the typical and b the novel
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typical under the excitation of the first-order

eigenfrequency.

In order to verify the reliability of the analytical model

in Sect. 2, the numerical results were obtained by calcu-

lations for Eqs. (17), (18), and the results are shown in

Fig. 4a and b. As can be seen from the figure, the peak

voltage and power of the typical are 14.7 V and 18.03 mW,

and the novel are 16.69 V and 23.23 mW, respectively.

According to Figs. 3, 4, Table 3 and the first-order

eigenfrequency obtained by calculation, it is found that the

numerical calculation results are basically consistent with

the simulation results. Therefore, the correctness of the

second section of the model has been verified. Next, only

the simulation analysis will be performed, and no numer-

ical calculation will be performed.

3.3.2 Load dependence: voltage and power

R_load = 10^range(2,0.1,6) is typed in the Study Exten-

sions of the frequency domain study. The acceleration is

1 g oscillating at 54.5 Hz and 53 Hz respectively. The

relationship between frequency and voltage and power of

the two types of PCEHs can be obtained by changes in load

resistance.

According to Fig. 5a, when the excitation frequency of

the typical PCEH is 54.5 Hz, the voltage increases with the

increase of the load, and finally reaches the maximum

Fig. 4 The output power and voltage obtained by numerical calcu-

lation under different frequencies. a The typical and b the novel

Fig. 5 Energy harvested from the device as a function of the

electrical load resistance at an acceleration of 1 g oscillating at

a 54.5 Hz and b 53 Hz, respectively. a The typical and b the novel
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value, that is, the open-circuit voltage. It can be seen from

the figure that the open-circuit voltage is 22.86 V. The

power increases first and then decreases with the increase

of the load. The maximum power is 13.71 mW. According

to Fig. 5b, when the excitation frequency of the novel

PCEH is 53 Hz, the voltage also increases with the increase

of the applied load until the maximum value is reached.

The open-circuit voltage value is 33.75 V. Similarly, the

change of power is the same as that of the typical PCEH,

the maximum power is 17 mW. The comparison found that

the open-circuit voltage of the novel is 1.48 times that of

the typical under the excitation of the respective first-order

eigenfrequency. The power is 3.29 mW higher than the

typical.

3.3.3 Acceleration dependence: voltage and power

acc = range (0.25,0.25,1.25) is typed in the Study Exten-

sions of the frequency domain study. The applied load

resistance is the optimal impedance of the two PCEHs.

Figure 5 shows that the optimal impedance is 10 kX and

15.85 kX, respectively. The relationship between fre-

quency and voltage & power of the two types of PCEHs

can be obtained by change of acceleration.

According to Fig. 6a and b, both voltage and power

increase as the acceleration increases. It is apparent from

the figures that the novel PCEH grows much faster than the

typical one. Thus, the novel PCEH has better piezoelectric

properties.

4 Experiment

The PCEH was fabricated according to the dimensions and

materials of Tables 1 and 2. The PZT-5H was attached to

the substrate using SINWE 6529 epoxy conductive adhe-

sive and then cured for 24 h. The conductive adhesive is a

two-component epoxy adhesive with copper powder as a

conductive material and has the characteristics of high

bonding strength, good electrical conductivity, low elec-

trical resistance, high and low temperature resistance. For

the novel PCEH, the substrate has a rectangular hole that

needs to be machined. The laser cutting is used to process

the holes. The laser cutting machine needs to be continu-

ously debugged, and a series of parameters, such as air

pressure, cutting speed, cutting height and cutting fre-

quency, need to be adjusted to ensure the smooth cutting.

The prepared energy harvester is subjected to experi-

mental testing. Figure 7 shows a block diagram of the

testing system. The system consists of a signal generator

(SCM205), power amplifier (HEA-200C), shaker (HEV-

200), accelerometer (SILICON DESIGNS 2220-010), data

acquisition card (DAQ card) (SILICON DESIGNS), PC,

load and oscilloscope (Tektronix MDO3012). The experi-

mental figure of the entire test system is shown in Fig. 8.

During the test, the prepared PCEH is fixed on the

shaker, and the accelerometer is fixed on the fixed end of

the energy harvester. Then the signal generator generates a

sine wave signal with a certain frequency, which is

amplified by the power amplifier to drive the shaker to

simulate the actual environment vibration. The vibration

acceleration is monitored by the accelerometer, DAQ card,

and PC in real time, and controlled by adjusting the power

Fig. 6 Energy harvested from the device as a func-tion of the

acceleration at a load resistance of a 10 kX and b 15.85 kX
oscillating at a 54.5 Hz and b 53 Hz, respectively. a the typical and

b the novel
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amplifier as needed. The output electrical signal is recorded

by an oscilloscope.

5 Results and discussion

Experimental tests were performed with reference to sim-

ulation conditions. The output voltage and power under

different frequency, load, and acceleration conditions are

obtained through experiments. Figure 9 shows the output

voltage and power vs. frequency, load, and acceleration. In

the experiment, the acceleration is 1 g, the load resistance

is 12 kX, and the single-frequency excitation vibration

method is used for testing. The instantaneous output peak

value of PCEH at different frequencies is taken as the result

at this frequency, and finally, the result shown in Fig. 9a is

obtained. As can be seen from the results, the first-order

eigenfrequency of the typical PCEH is 48.6 Hz, and the

novel is 43.7 Hz. The maximum output voltage and power

of the typical are 9.26 V and 7.15 mW, and the novel are

11.02 V and 10.11 mW, respectively. Then, set the fre-

quency to the first-order eigenfrequency obtained by

experiment, change the load resistance, and obtain the peak

output as the result, and the result shown in Fig. 9b is

Shaker 

Energy 
harvester 

Load

Oscilloscope 

Signal 
generator 

Power 
amplifier 

Accelerometer 

DAQ card 

PC 

Fig. 7 Block diagram of the testing system

Signal generator 
Power amplifier 

Oscilloscope 

Shaker 

DAQ card 

Accelerometer 
PCEH 

Load 

Fig. 8 Test system of PCEH

Fig. 9 The output voltage and power of experimental results for two

types of PCEHs. a Frequency response, b load dependence, c accel-

eration dependence
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obtained. The results show that the optimal load and output

power of the typical are 7.1 kX and 8.70 mW, and the

novel are 7.9 kX and 10.69 mW, respectively. Finally,

under the conditions of optimal load and first-order

eigenfrequency, the acceleration is changed to obtain the

result shown in Fig. 9c.

Comparing the experimental results with the results of

numerical calculation and simulation, we can see that the

output performance of the experimental results is slightly

lower than that of the calculation and simulation. This is

mainly because some factors such as dielectric loss, cou-

pling loss, and transmission loss are not considered in

numerical calculation and simulation. But these factors are

actually there. In addition, it also includes the fact that the

manufactured PCEH is not exactly the same as the ideal

PCEH. Therefore, there are gaps between actual results

obtained by experiments and simulation and numerical

calculations. The experimental results are within the error

range and are acceptable. Through experiments, the results

have in good agreement with the numerical analysis and

simulation results, further verify the validity of the model,

and indicate that the novel PCEH has better power gener-

ation performance.

6 Conclusion

In this paper, a novel PCEH is proposed by optimizing the

structural design of a typical PCEH. The intermediate

metal substrate of the novel energy harvester has a rect-

angular hole. The effects of the hole on power generation

performance were studied by mathematical model analysis

and finite element analysis, and verified by experiments.

The results show that the PCEH, with a rectangular hole,

has a lower eigenfrequency and can work better under low-

frequency environment excitation. It achieves high output

power at a low resonant frequency of 43.7 Hz. When the

excitation frequency matches the eigenfrequency and the

novel PCEH is connected to the optimal resistance load,

the output power is as high as 10.69 mW. It is higher than

the typical. Overall, this study achieved higher energy

output with simple structural optimization, driving the

advancement and development of micro energy technology

and energy harvesting technology.
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