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Abstract—A two-degrees-of-freedom bistable piezoelectric 
vibration generator was designed for harvesting low-
frequency and weak-amplitude vibration energy in a real 
environment. And a dynamic model of a piezoelectric vibra-
tion generator system was established. The influence of the 
external excitation on the output characteristics of the two-
degrees-of-freedom piezoelectric vibration generator system 
was simulated and analyzed. The results show that the two-
degrees-of-freedom bistable piezoelectric vibration genera-
tor would do better in harvesting and converting low-
frequency and weak-amplitude vibration energy. 

Index Terms—vibration energy harvesting; weak amplitude; 
degrees of freedom; dynamic response; vibration perfor-
mance  

I. INTRODUCTION 
The vibration energy is converted into electrical energy 

by a micro piezoelectric vibration generator based on the 
piezoelectric effect principle, which provides a new power 
supply mode for sensor network nodes and other electron-
ic devices. It also solves the problem of chemical battery 
pollution and short-time power supply. The bistable pie-
zoelectric vibration generator can effectively expand the 
resonance bandwidth of vibration excitation, and the vi-
bration energy collection efficiency is improved. It has 
become a hot spot of research in the field of vibration 
energy harvesting. But the single-degree-of-freedom pie-
zoelectric vibration generator system is limited by its 
amplitude threshold. Only when the excitation vibration 
amplitude is greater than the amplitude threshold of the 
system can the generator system produce the output re-
sponse in a two-well potential. And with the increase of 
the excitation frequency, the amplitude threshold of the 
system also increases. It becomes difficult to convert the 
low-amplitude vibration energy in the real environment 
into electrical energy for a single-degree-of-freedom pie-
zoelectric vibration generator.[1-7] 

The authors designed a two-degrees-of-freedom bista-
ble piezoelectric vibration generator based on the struc-
tures of the single-degree-of-freedom bistable piezoelec-
tric vibration generator by adding an amplitude amplifier. 
The improved structure retains the bistable characteristics 
of the single-degree-of-freedom bistable piezoelectric 
vibration generator and also magnifies the amplitude of 
the excitation source. It becomes easier to harvest the low-
amplitude vibration energy and make up the defect of the 
single-degree-of-freedom bistable piezoelectric vibration 
generator. 

II. STRUCTURE AND DYNAMIC MODEL OF THE SYSTEM 

A. Basic structure  
The system structure of  
a two-degree-of-freedom bistable piezoelectric vibra-

tion generator is shown in Figure 1.Compared with the 
structure of the single-degree-of-freedom bistable piezoe-
lectric vibration generator system, the structure of the two-
degree-of-freedom bistable piezoelectric vibration genera-
tor keeps the original magnetic structure, so the system 
still has bistable characteristics. At the same time the 
spring can amplify the amplitude of an excitation vibra-
tion source. This is equivalent to a larger-amplitude vibra-
tion source directly acting on the single-degree-of-
freedom bistable piezoelectric vibration generator. It will 
generate more power.[8-9] 

 
Figure 1.  The structure of two-degree-freedom bistable piezoelectric 

vibration generator 

B. The lumped parameter model 
According to the structure of the two-single-degrees-of-

freedom bistable piezoelectric vibration generators, three 
assumptions follow for simplifying the analysis of the 
model. First, the link between the piezoelectric thin film 
and the metal elastic substrate is ideal bonding. Second, 
the link between the spring and the vibration table and 
between the spring and the base of the cantilever beam 
both are ideal bonding. Finally, neglecting the influence of 
gravity and the longitudinal movement of the spring, the 
vibration of the vertical plane is only considered. 

The lumped parameter model of the two-single-
degrees-of-freedom bistable piezoelectric vibration gener-
ator is shown in Figure 2. The piezoelectric generation 
systems are made of the cantilever beam, the piezoelectric 
ceramic, and the magnet at the end of the cantilever. The 
equivalent mass, equivalent damping, and equivalent 
stiffness of the system are, respectively, eqM eqC
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eqK . The values can be determined by the following 

formula
[10]
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Among bm , pm , cm  are, respectively, the quality of the 
cantilever beam, the piezoelectric ceramic, and the mag-

net. bE , bI , L are, respectively, the elastic modulus, the 
moment of inertia, and the length of the cantilever beam. 

ph , pb , pL are, respectively, the thickness, width, and 

length of the piezoelectric ceramic. 31e  is the piezoelec-
tric constant. 

A mass-spring-damping system is composed of a canti-
lever beam base “A” and a spring. The equivalent mass, 
equivalent damping and equivalent stiffness of the system 
are, respectively, aM , aC , aK . In the two-degree-of-
freedom system, the piezoelectric vibration generator is 
not only subjected to the elastic force and damping force 
of the cantilever beam, but also to the elastic force and 
damping force of the spring. 

 
Figure 2.  Electromechanical coupling model of the lumped parameters 

system 

C. Dynamic control equations  
According to the lumped parameter model, the external 

excitation force is acting on the spring and not the end of 
the cantilever beam. The equivalent mass, equivalent 
damping, equivalent stiffness, mechanical and electrical 
coupling force, and magnetic force of the cantilever beam 
piezoelectric vibration generator system in the two-
degree-freedom system are the same as parameters of the 
single-degree-of-freedom in addition to the excitation part. 
According to the above analysis and Newton's law, the 
control equations of the two-degrees-of-freedom bistable 
piezoelectric vibration generator system are obtained. 
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gF  is the magnetic force. A  is the excitation amplitude . 
! is the excitation frequency. 

To facilitate the calculation and numerical simulation, 
the control equations of the system are processed by the 
dimensionless method. 
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Eq. (7), Eq. (8) and Eq. (9) are further simplified as fol-
lows. 
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The control equations of the system are transformed into 
state equations. 
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Among, y1 = z2 , y2 = !z2 , y3 =! , y4 = z1, y5 = !z1 . 

III. NUMERICAL ANALYSIS AND SIMULATION 
The structural parameters and the material physical 

properties of the two-degrees-of-freedom bistable piezoe-
lectric vibration generator are shown in Table 1. Accord-
ing to Eq. (13), the output characteristics of the piezoelec-
tric vibration generator system can be simulated. 

TABLE I.  PARAMETERS OF THE PIEZOELECTRIC VIBRATION 
GENERATOR 

parameters Cantilever 
beam PZT-5H Magnet Base 

Density(
3/kg m ) 8860 7600 7500 7800 

Length(mm) 75 45 15 35 

Width(mm) 15 15 15 20 

Thickness(mm) 0.5 0.3 10 4 
Elasticity mod-
ulus GPa  100 66   

Piezoelectric 
constant  -5.35   

Dielectric 
constant  

81.06 10!"    

 

A. Analysis of the influence of the excitation frequency 
on the response of the system. 

The frequency bifurcation diagrams are shown in Fig-
ure 3 when 0.123f = , 0.223f = , 0.323f = , and

0.408f = . According to Fig.3, with the increase of the 
excitation frequency, the two-degrees-of-freedom bistable 
piezoelectric vibration generator system has experienced a 
slight movement in a single potential well, another large 
jump movement between two potential wells, and finally 
back to a slight movement in a single potential well. The 
greater the excitation amplitude, the larger the resonant 
bandwidth of the system is. This shows that the system of 
the two-degrees-of-freedom bistable piezoelectric vibra-
tion generator has the same the upper-limit frequency 
threshold and the lower-limit frequency threshold. Com-
pared with frequency bifurcation diagrams of the single-
degree-of-freedom bistable piezoelectric vibration genera-
tor in the paper, the frequency resonant bandwidth of the 
two-degrees-of-freedom bistable piezoelectric vibration 
generator is greater than the single-degree-of-freedom 
system. And the two-degrees-of-freedom bistable piezoe-
lectric vibration generator system more easily produces 
large jump movement with low frequency excitation. 

B. Analysis the influence of the excitation amplitude on 
the response of the system 

The amplitude bifurcation diagrams are shown in Fig-
ure 4 when 0.3! = , 0.5! = , 0.9! =  , 1.2! = . Ac-
cording to Fig.4, when the excitation amplitude is greater 
than the amplitude threshold of the system, the two-
degree-freedom bistable piezoelectric vibration generator 
would produce large jump movement between two poten-
tial wells, and with the increase of excitation amplitude, 
the output amplitude of the system has no obvious change. 
Analysis Fig.4(a) (b) shows that the higher the frequen-
cy, the smaller the amplitude of the threshold system is. 
Compared with amplitude bifurcation diagrams of the 
single-degree-of-freedom bistable piezoelectric vibration 
generator in the paper, the two-degrees-of-freedom bista-
ble piezoelectric vibration generator system has a lower-
limit amplitude threshold. And with the same excitation 
frequency, the amplitude threshold of the two-degrees-of-
freedom bistable piezoelectric vibration generator system 
is smaller. 

C. Analysis the influence of the spring rigidity on the 
output characteristics  

The influence of the spring rigidity on the output ampli-
tude of the piezoelectric vibration generator is shown in 
Figure 5 with different excitation amplitudes. According 
to Fig.5, with the other structural parameters and excita-
tion conditions being the same, the greater the spring 
stiffness and the smaller the output amplitude of the pie-
zoelectric vibration generator is. When the excitation 
amplitude is small, the output amplitude of the piezoelec-
tric vibration generator is greatly influenced by the spring 
stiffness. When the excitation amplitude is large, the 
spring stiffness has little effect on the output amplitude of 
the piezoelectric vibration generator. 

IV. EXPERIMENTAL RESULTS 
The experimental principle of the two-degrees-of--

freedom bistable piezoelectric vibration generator is 
shown in Figure 6. Two acceleration sensors were posted 
on the vibration table and the magnet at the end of the 
cantilever beam, respectively. These were used to measure 
the excitation amplitude and the output amplitude of the 
piezoelectric vibration generator. Data from the sensor are 
transmitted to a computer through a data acquisition card. 
The amplitude and frequency of the excitation source are 
respectively controlled by a power amplifier and a signal 
generator. 

The output effective amplitude of the bistable piezoe-
lectric generator with different excitation frequency is 
shown in Figure 7. Both single-degree-of-freedom and 
two-degrees-of-freedom bistable piezoelectric generators 
have a frequency threshold. Compared with the single-
degree-of-freedom bistable piezoelectric vibration genera-
tor, with an increase of excitation frequency, the two-
degrees-of-freedom-bistable piezoelectric vibration gener-
ator preferred to produce a large output amplitude under 
the same amplitude excitation and with larger resonance 
bandwidth. This shows that the two-degrees-of-freedom 
bistable piezoelectric vibration generator is easier for 
collecting low-frequency vibration energy. 

The output effective amplitude of the bistable piezoe-
lectric generator with different excitation amplitude is 
shown in Figure 8. Both single-degree-of-freedom and 
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two-degrees-of-freedom bistable piezoelectric generators 
have an amplitude threshold and only the lower-limit 
value. Compared with the single-degree-of-freedom bista-
ble piezoelectric vibration generator, with an increase of 
excitation amplitude, the two-degrees-of-freedom-bistable 
piezoelectric vibration generator preferred to produce a 
large output amplitude under the same frequency excita-
tion. This shows that the two-degrees-of-freedom bistable 
piezoelectric vibration generator is easier for collecting 
the low-amplitude vibration energy. 

V. CONCLUSION 
The two-degrees-of-freedom transducer structure was 

designed and the dynamic model of the generator system 
was established. The output characteristics of the genera-
tor were analyzed by simulation and experiment. The 
results are as follows. 

First, with the same characteristics of a single-degree-
of-freedom bistable generator vibration generator, the 
two-degrees-of-freedom bistable piezoelectric vibration 
generator has a frequency threshold and amplitude thresh-
old. Second, under low frequency and low amplitude 
excitation, the two-degrees-of-freedom bistable piezoelec-
tric vibration generator can produce a larger output ampli-
tude. That would effectively improve the vibration energy 
and harvesting efficiency of the low frequency and low 
amplitude. And it also explains the shortage of the single-
degree-of-freedom bistable piezoelectric vibration genera-
tor for not collecting low amplitude vibration energy. 
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Fig.3 Frequency bifurcation diagram with different amplitude 

 
Fig.4 Amplitude bifurcation diagram with different frequency 
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Fig.5 Relationship between spring rigidity coefficient and output amplitude 

 

Fig.6 Experiment principle 

 

Fig.7 Output response curve when frequency changes 

 
Fig.8 Output response curve when amplitude changes 
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