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Abstract: Research on vibration energy harvesting using stochastic 

resonance has become an important research topic. A vibration energy 

harvesting system was developed using electromagnetic motors based on an 

obliquely supported bistable motion model consisting of a spring mass. After 

formulating the motion-governing equations of the proposed vibrating 

system and analyzing its potential energy performance, it was demonstrated 

that the system exhibits bi-stable vibration characteristics throughout its 

entire range of motion. To expand the vibration amplitude using the 

stochastic resonance phenomenon, a prediction formula for the periodic 

excitation frequency that causes stochastic resonance was derived using 

Kramer's rate. An experiment was conducted; the obtained results and 

predicted values of the excitation frequency agreed well and the validity of 

the prediction formula for the periodic excitation frequency of stochastic 

resonance was verified. It was confirmed that the proposed bistable vibration 

energy harvesting system reliably generated stochastic resonance by exciting 

random and periodic signals at the same time. The results of the experiment 

indicate that there was a significant vibration amplification effect, which 

significantly improved the vibration power generation performance.  
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Introduction  

With the development and widespread use of 

renewable energy, research on vibration energy 

harvesting has gained attention and a large amount of 

research results have been published (Zhang et al., 2018a; 

Stephen, 2006; Khan and Ahmad, 2016). Vibration 

energy harvesting is a power generation method for 

converting mechanical vibration into electrical energy. 
The amount of generated power increases with the 

increase in vibration amplitude. An important issue is how 

to develop a vibrating device with a large amplitude. 

Conventionally, the natural frequency of a vibrating 

system is tuned to match the frequency of the 

environmental vibrations. Vibration energy harvesting 

has been studied by increasing the amplitude of a 

vibrating system through the generation of resonance 

phenomena (Lallart et al., 2010; Kubba and Jiang 2013; 

Dong et al., 2015). However, there are some vibration 

environments with single frequencies; thus, achieving 

continuous large amplitudes is not possible. 

To overcome this limitation, a proposed approach 

involves installing multiple vibration models with distinct 

natural frequencies within a single vibration system. 

However, it has been reported that this approach is 

difficult to apply because the required equipment is large 

and complicated (Chen et al., 2019; Dai, 2016). To 

address this problem, nonlinear vibration systems for 

applications to vibration environments containing 

multiple frequency components have been proposed. 

However, because the vibration amplitudes are still small, 

the approach is difficult to apply to develop vibration 

energy harvesting systems (Yang and Towfighian, 2017; 

Gafforelli et al., 2014; Gammaitoni et al., 2009). 

Hence, there is a proposal for conducting research and 

development on novel vibration energy harvesting 

systems that leverage stochastic resonance phenomena. 

Stochastic resonance phenomena can remarkably increase 
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the vibration amplitudes of bistable vibration models in 

random vibration environments. Stochastic resonance 

refers to a physical phenomenon where the addition of a 

weak periodic signal to a nonlinear system, subjected to 

random excitation, can significantly amplify the response 

signal under specific probabilities. Many theoretical 

studies have been published to elucidate stochastic 

resonance (Gammaitoni et al., 1998; Benzit et al., 1981; 

McNamara and Wiesenfeld, 1989; Tretyakov, 1998; 

Rosas and Lindenberg, 2016). 

In mechanical systems, by adding a periodic signal to 

a bi-stable vibrating system receiving a random excitation 

signal, the response vibration of the system can be 

substantially amplified. The stochastic resonance 

phenomena obtained in this manner are used to generate 

vibration power (Harne and Wang, 2013; Pellegrini et al., 

2013; Yao et al., 2011). Thus, the development of bi-

stable vibration systems that can generate stochastic 

resonances for mechanical systems is important. 

Currently, most of the research on bistable vibration 

systems in mechanical systems utilize cantilever beams 

with mass blocks attached to their ends (Li et al., 2020; 

Wang et al., 2019; Ibrahim et al., 2017; Kumar et al., 

2018; Ali et al, 2011; Friswell et al., 2012; Lan and Qin, 

2014; Bilgen et al., 2015). Also, significant work has been 

done to improve the performance of bistable oscillation. 

A bistable vibration model combining parallel beams 

from multiple cantilevers has been proposed (Zhou et al., 

2015; Gao et al., 2016; Lan et al., 2018). A bistable 

vibration model with the modified internal geometry of a 

thin cantilever has been proposed (Zhang et al., 2018b; 

Podder et al., 2015; Bouhedma et al., 2019). A bi-stable 

vibration model consisting of a laterally bent beam 

structure has been proposed (Cottone et al., 2014; Liu et al., 

2013a-b). A tristable vibration model has been proposed 

by changing the number of magnets attached to the tip 

of the cantilever and its vicinity (Zou et al., 2017; 2018; 

Mei et al., 2020a-b; Cao et al., 2015). 

In practical applications of vibration energy 

harvesting, it has been commonly observed that bi-stable 

vibration models of mechanical systems, in their natural 

vibration environments, tend to vibrate with relatively low 

amplitudes due to random excitation signals. The 

applications of periodic excitation signals to bi-stable 

vibration models for the generation of stochastic resonance 

phenomena and the use of substantially amplified bi-stable 

vibrations are promising research topics. 

Consequently, a bi-stable vibration model was 

developed by utilizing a cantilever beam with a magnet 

affixed to its tip. Subsequently, an investigation was 

carried out to explore the stochastic resonance 

phenomenon within this bi-stable model (Zheng et al., 

2014). In addition, the usefulness of bi-stable vibration 

energy harvesting systems suitable for implementation in 

vehicle tires has been evaluated (Zhang et al., 2015). 

Using cantilevers for vibration power generation 

results in stable vibration. The structures of cantilevers are 

difficult to cope with accidental disturbance loads and 

large-scale vibration models capable of more stable 

vibrations are required (Zuo and Tang, 2013). 

Therefore, a large-scale bi-stable motion model 

composed of springs and mass blocks was proposed. 

Bi-stable motion systems that can generate stochastic 

resonance more reliably than conventional bi-stable 

vibration systems and secure large amplitude have been 

developed (Zhao et al., 2020). An electromagnetic 

induction vibration power generation method, which 

uses magnets and coils, has been studied as a 

replacement for the conventional piezoelectric method 

(Zhao et al., 2022a-b). 

However, the high center of gravity of the vibration 

energy harvesting system has low stability. Therefore, 

horizontally-opposed bi-stable vibration energy harvesting 

systems have been proposed and studied for application in 

low installation space conditions (Guo et al., 2022a-b). 

However, the low efficiency of vibration power 

generation and low stability of vibration systems in 

random vibration environments have not been solved. 

In this research, we designed a novel vibration energy 

harvesting system using a horizontal bi-stable motion 

model comprising elastic springs and mass blocks. 

Additionally, a commercially available electromagnetic 

motor was incorporated into the system. It was 

demonstrated that the system exhibits bi-stable vibration 

characteristics throughout its entire range of motion, by 

establishing the governing equations of the moving body 

and analyzing the potential energy distribution of the 

vibration system. To effectively utilize the stochastic 

resonance of a bi-stable vibration system, we derived a 

predictive formula for the periodic excitation frequency, 

where stochastic resonance is most likely to occur. We 

conducted vibration experiments on a verification 

experimental device for bi-stable vibration energy 

harvesting systems, utilizing both random and periodic 

excitation signals. The measurement results were then 

analyzed to investigate the vibration amplification effect 

and the electricity generation from vibration power due to 

the occurrence of stochastic resonance. 

Materials and Methods  

Bi-Stable Vibration Harvesting System 

A bi-stable vibration energy harvesting model was 

developed, as shown in Fig. 1. Four identical 

electromagnetic motors were mounted below a mass 

block above a horizontal rail. When the mass block moved 

left and right, the electromagnetic motor rotated through 

the gear and an AC voltage was outputted from the lead 

wire of the motor. 
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Fig. 1: Experimental setup for the horizontal bi-stable vibration 

energy harvesting 

 

 
 
Fig. 2: Measurement system for the bi-stable vibration 

energy harvesting 

 

 
 
Fig. 3: Experimental device for bi-stable vibration harvesting 

system 

Table 1: Details of the experimental setup 

Items Brands and parameters 

Mass block weight  800 g 

Horizontal rail Length 500 mm 

Vertical distance Distance from a pin support point  

 to rail 180 mm 

Elastic spring Spring coefficient 175 N/m,  

 initial length 250 mm 

Mini shaker SSV-105 (SAN ESU Co. Ltd) 

General shaker SSV-125 (SAN ESU Co. Ltd) 

Amplifier SVA-ST-30 (SAN ESU Co. Ltd),

 2 Channel 

Video camera GZ-E765 (JVC Co. Ltd) 

Function generator NF-WF1973 (NF corporation) 

Mini-function generator JDS2800 (Hangzhou measurement 

 instrumentation Co.)  

Data logger GL2000 (Graphtec corporation) 

Marker tracking software MOVIS Neo V3.0 (NAC image 

 technology Inc.)  

 

To give excitation conditions, the bi-stable vibration 

power generation experimental device was installed on a 

mini shaker, which was installed on a general shaker. 

During the experiment, the general shaker was used to 

generate random signal excitations to simulate a natural 

environment, and the mini shaker was used to generate 

periodic stimulus signal excitations to induce stochastic 

resonance. Thus, the stochastic resonance effect was 

investigated using the mini and general shakers for 

independent or joint excitation. 

To determine the results of the experiment, a high-

speed camera was used to photograph the measurement 

markers attached to the mass block and support base, as 

shown in Fig. 2. The recorded data was read using a 

personal computer and time-series data of the vibration 

displacement was generated using tracking software. A 

data logger was employed to capture and record the 

oscillating voltage produced in the coil. In this case, 

because the phases of the output voltages of the four 

electromagnetic motors were different, the AC voltage 

was rectified into a DC voltage using a diode rectifier 

circuit and then connected to a data logger to record the 

voltage levels of the generated vibration power. Figure 3 

shows a photograph of the fabricated experimental device 

and Table 1 lists its configuration specifications. 

Vibration Characteristics of Bi-Stable Systems 

The main components of the proposed vibration model 

are shown in Fig. 4(a). m is the mass of the mass block, xd 

is the distance from the axis of symmetry of the mass 

block and xt is the distance from the axis of symmetry of 

the support point. F is the elastic force of the spring and 

Fc is the damping force owing to kinetic friction. h is the 

vertical distance from the support point to the center point 

of the mass block and  is the angle between the spring 

and horizontal axes.  

 

Computer 

Video camera 

Signal generator 

Amplifier 

General shaker 

Measurement marker 

Data logger Mass block 
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Mini shaker 

Mini generator Spring 

Rectifier 
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Fig. 4: Analysis model and vibration state of the bi-stable 

vibration system 

 

 
 
Fig. 5: Distribution of potential energy with a displacement 

of the mass block 

 

However, the initial length l0 of the elastic spring 

was longer than the distance h. The mass block 

exhibited three vibration states and had one static 

equilibrium position on each side of the axis of 

symmetry, as depicted in Fig. 4(b-d). Figure 4(c-d) 

show the mono-stable oscillations and Fig. 4(b) shows 

the bi-stable oscillations (Guo et al., 2022a). 

In a real-world random vibration environment, a mono-

stable vibration system experiences significant 

amplification when the mass block receives periodic 

excitation and crosses the peak of potential energy at the 

center. This study utilized this amplification characteristic. 

Based on Fig. 4(a), the equation of motion of the mass 

block along the direction can be expressed as follows: 

 

( ) 2 cos 0d d tmx c x x F + − + =  (1) 

 

where, c is the damping coefficient. Elastic force and tilt 

angle were calculated using the following equations: 

 

( )
2

0

2

d t hF K x x l
 

= − + − 
 

 (2) 

2 2( )

d t

d t

x x
cos

x x h


−
=

− +
 (3) 

 

where, K is the spring constant. Substituting Eqs. (2-3) into 

Eq. (1), the equation of motion is expressed as follows: 

 

0

2 2
( ) 2 (1 ( ) 0

( )
d d t d t

d t

l
mx c x x K x x

x x h
+ − + − − =

− +

 (4) 

 

Here, the relative distance between the mass block and 

the support point can be expressed as follows: 

 

d tx x x= −  (5) 

 

Substituting Eq. (5) into Eq. (4), the equation of 

motion for relative displacement is expressed as follows: 

 

0

2 2
2 1 t

l
mx cx K x mx

x h

 
+ + − = − 

+ 
 (6) 

 

Equation (6) indicates that a damping force is generated 

because of friction. To determine the characteristics of the 

potential energy of the vibration model, the potential 

energy is expressed by the following equation based on the 

motion governing Eq. (6): 

 
2 2 2

02U Kx Kl x h= − +  (7) 

 

To investigate the distribution characteristics of the 

potential energy, the extreme value of the equation was 

obtained by differentiating with respect to Eq. (7): 

 

0

2 2
1 0

l
K x

x h

 
− = 

+ 
 (8) 

 

Solving Eq. (7) resulted in the following: 

 

 
2 2 2 2

1 0 2 3 00x l h x x l h= − = = −   (9) 

 

x1, x2, and x3 in Eq. (9) are the extreme values of the 

potential energy and correspond to the rest equilibrium 

positions of the mass block. 

The potential energy values obtained using Eq. (7) 

were plotted in Fig. 5, where x1, x2, and x3 correspond to 

the extreme values of the potential energy obtained using 

Eq. (9). Troughs x1 and x3 are the centers of two 

monostable vibrations on the left and right and peak x2 is 

the center of the bi-stable vibration located at the central 

axis of symmetry. ΔU is the barrier value between the left 

and right bistable oscillations. 
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A bi-stable vibration model in a random vibration 

environment generally exhibits monostable vibration. 

Nonetheless, when random and periodic signals coexist, 

they induce bi-stable vibration, resulting in a resonance 

phenomenon where the vibration displacement 

experiences significant amplification. This particular 

resonance phenomenon is termed stochastic resonance, as 

it involves uncertain factors arising from the random 

excitation environment (Guo et al., 2022a). 

The local equivalent stiffness was determined at the 

stable vibration points on both sides of the bi-stable 

vibration model, as well as at the unstable vibration 

point located at the center can be expressed by the 

following equations: 

 

( )2 2

0aK U l h= −  (10) 

 

0 (0)K U=  (11) 

 

where, Ka is the local equivalent stiffness at the stable 

vibration points on both sides and K0 is the local 

equivalent stiffness at the stable vibration point on the 

central axis of symmetry. 

Using Eqs. (7, 10, and 11), ignoring frictional 

damping effects, the equivalent natural frequency fa at 

the stable points on either side of the bi-stable system 

and the central instability the equivalent natural 

frequency f0 at the vibration point can be calculated 

using the following equations: 
 

2

2

0

1 1 2
1

2 2

a
a

K K h
f

m m l

 
= = − 

 
 (12) 

 

2

0
0

1 1 2
1

2 2

aK k l
f

m m h 

 
= = − 

 
 (13) 

 

The configuration parameters of the bi-stable 

oscillatory system listed in Table 1 were substituted into 

Eqs. (12-13). The equivalent natural frequencies at the 

stable vibration points on both sides of the bistable 

vibration system and those at the central unstable 

vibration point were obtained as follows: 
 

2.310fa Hz=  (14) 
 

0 2.076f Hz=  (15) 

 

Prediction of Frequency at Which Stochastic 

Resonance Occurs 

The periodic excitation frequency at which the 

stochastic resonance phenomenon of the bistable vibration 

system was most likely to occur was determined using 

Kramer's rate value, as follows (Gammaitoni et al., 1998): 

 

0

4

a
k

w w U
f exp

q D

 
= − 

 
 (16) 

 

where, wa and w0 are the equivalent natural vibration 

angular frequencies at the stable and unstable equilibrium 

points, respectively, U is the potential energy barrier 

value, q is the damping coefficient corresponding to the 

motion unit mass and D is the random signal strength. 

For the bi-stable oscillation system of this study, wa, w0,

U  and q were calculated using the following equations: 

 

2

2

0

2
1a

K h
w

m l

 
= − 

 
 (17) 

 

0
0

2
1

K l
w

m h

 
= − 

 
 (18) 

 

( )2 2 2

0 0

1
(0) ( )

K
U U U l h l h

m m
  − − = −
  

 (19) 

 
c

q
m

=  (20) 

 
Substituting Eqs. (17-20) into Eq. (16), the frequency 

of the periodic signal at which the stochastic resonance of 

the bi-stable oscillation system in this study would likely 

occur is expressed by the following equation: 
 

( ) 2
0 0 0

0

( )
exp

2
k

K l h l h K l h
f

ql h mD

−  + −
= − 

 
 (21) 

 
Here, the damping coefficient c = 2.36 Ns/m was 

obtained by assigning an initial displacement to the 

mass block and measuring the free damping motion 

displacement. Random signal strength D = 1.65 J/Kg 

was obtained through a calculation using the response 

displacements of the support base measured when only 

the random signal was excited. 

After substituting the configuration parameters of the bi-

stable vibration system from Table 1 into Eq. (21), the 

resulting periodic excitation frequency at which stochastic 

resonance is most likely to occur is as follows: 
 

2.134kf Hz=  (22) 

 

Equations (14, 15 and 22) indicate that the periodic 

excitation frequency at which the stochastic resonance of 

the bi-stable system was most likely to occur was between 

the natural frequencies of the stable and unstable 

vibration points. 
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Results and Discussion 

For investigative purposes, we conducted 

measurement experiments for three experimental cases: 

(1) Excitation with a random signal, (2) Excitation with 

a periodic signal, and (3) Simultaneous excitation with 

both signals. 

The periodic frequency used in the measurement 

experiment ranged from 1.2-3.2 Hz at intervals of 0.5 Hz 

with reference to the predicted excitation frequency 

described in Eq. (22). The amplitude of the periodic 

excitation signal was uniformly set at 20 mm. 

There were many cases in which the response 

displacement of the bi-stable vibration system used in this 

study had a random distribution. To quantitatively 

evaluate the amplification effect of stochastic resonance, 

the standard deviation of vibration displacement 

calculated using the following formula was used as an 

evaluation index for vibration displacement: 
 

2

1

1
( )

N

i

i

S x x
N =

= −  (23) 

 
where, xi represents the measured vibration displacement, 

x is the average vibration displacement and N is the total 

number of sampled vibration displacement values in the 

time series. 

The efficiency of vibration power generation was 

evaluated by calculating the amount of electric power 

generated using the following formula: 
 

2

1

1
)

N

i

i

S x x
N =

= −  (24) 

 
where, Vexp er-i represents the measured voltage in the 

vibration experiment at each sampling point, N is the total 

time steps, t  is the time step size, T is the total duration 

of the measurement and R is the electrical resistance of the 

measurement circuit. 

In the experiment, the total measurement time T = 60 

s, the step time width Δ t = 0.01 s, and the total number of 

steps N = 6000. The electrical resistance of the measuring 

circuit was the same as the electrical resistance of the 

generator motor coil, thus R = 135  . 

Figures 6-16 show the results of each excitation 

experiment. Each Fig. (6-16a) shows the vibration 

displacements, where the red line indicates the vibration 

displacement of the mass block and the blue line indicates 

the vibration displacement of the support point. Each 

Fig. (6-16b) shows the generated electrical power of the 

vibration power generation system. Each Fig. (6-16c) shows 

the vibration phase diagram represented by the velocity and 

displacement of the mass block. Each Fig. (6-16d) shows the 

vibration phase diagram represented by the velocity and 

displacement of the supporting point. 

Excitation with Random Signal 

Figure 6 shows the measured excitation with only 

random signals. According to Fig. 6, under the excitation 

of only random signals, the vibration displacement 

remained relatively small, and the motion of the mass 

block initiated from the left side. It exhibited random 

monostable motion on the left side of the axis of 

symmetry. The standard deviations of the vibration 

displacements for the mass block and support point were 

10.86 mm and 9.81 mm, respectively, while the electrical 

power generated by the vibration power generation 

system was 0.01 W. 
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Fig. 6: Vibration power generation measurement result excited 

by a random signal 

 

 
 

 
 

 

 
 
Fig. 7: Vibration power generation measurement result excited 

by period signal 1.2 Hz 

 

Excitation Using Periodic Signals 

Figures 7-11 show the measured periodic signal 

excitation at frequencies ranging from 1.2-3.2 Hz and the 

periodic characteristics of the vibration response 

displacement were confirmed. Because the bi-stable 

vibration system had nonlinear characteristics, as shown 

in Eq. (6), the shape of the vibration response 

displacement was slightly different from a simple sine 

wave. The distribution of the electrical power of the 

vibration power generation system was uniform.  

Figures (7-11a) indicate that the mass block 

exhibited monostable vibration on the right side 

because the mass block began to move from the right 

side. As the vibration frequency increased, the 

frequency of the vibration response of the mass block 

increased and the vibration amplitude tended to 

decrease slightly. The excitation frequency was 

constant, and the vibration response amplitude of the 

mass block was almost constant; thus, the vibration time 

increased, and the electrical power of the vibration 

power generation system under periodic excitation did 

not appear to be major changes and was relatively stable. 

However, as the vibration frequency increased, the 

generated electrical power tended to increase gradually. 

Figures (7-11c) show that the vibration response of 

the mass block had a ring shape with periodic vibration 

characteristics and exhibited monostable vibration on 

the right side. In addition, it was confirmed that the 

amplitude gradually decreased as the periodic 

excitation frequency increased, but the speed pick 

value did not change substantially. Figures (7-11d) 

show that the vibration response of the support point 

had a ring shape with periodic vibration characteristics 

and exhibited monostable vibration around the central 

point. It was observed that the amplitude value 

gradually decreased as the periodic excitation 

frequency increased. 
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Fig. 8: Vibration power generation measurement result excited 

by period signal 1.7 Hz 

 
 

 
 

 
 

 
 
Fig. 9: Vibration power generation measurement result excited 

by period signal 2.2 Hz 
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Fig. 10: Vibration power generation measurement result excited 

by period signal 2.7 Hz 

 
 

 
 

 
 

 
 
Fig. 11: Vibration power generation measurement result 

excited by period signal 3.2 Hz 
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Excitation Using Random and Periodic Signals 

Figures 12-16 show the results of joint excitation using 

random and periodic signals. It was observed that the 

vibration response of the mass block changed 

substantially with the change in the excitation frequency. 

With the periodic signal set at 1.2 Hz, the vibration 

response displacement distribution in Fig. 12(a) reveals 

that the vibration displacement of the mass block was 

slightly greater than that of the support point; thus, there 

was no monostable motion. The electrical power of the 

vibration power generation system was randomly 

distributed, as shown in Fig. 12(b); the maximum 

electrical power was 0.4 W. Figure (12c-d) show that the 

vibration response of the mass block was larger than 

the periodic excitation and exhibited continued 

monostable vibration. 

When the frequency of the periodic signal was set to 

1.7, 2.2, and 2.7 Hz, the vibration of the mass block was 

relatively violent and the mass block vibrated, as shown 

in Figs. (13-15a). It was observed that the vibration of the 

mass block changed from monostable to bi-stable motion 

and stochastic resonance phenomenon began to occur. 

Therefore, it was confirmed that the electrical power 

generated from vibration was higher than that generated 

from periodic excitation, as shown in Figs. (13-15b). 

Figures (13-15c) show that the vibration response of the 

mass block was bistable. Figures (13-15d) show that the 

vibration response of the support point was continued 

monostable vibration with the center as the central point. 

When the periodic signal was 3.2 Hz, the vibration of 

the mass block became smaller and the bi-stable motion 

phenomenon disappeared, as shown in Fig. 16(a), 

resulting in a monostable motion state. The electrical 

power of the vibration power generation system 

decreased, as shown in Fig. 16(b). Figures (16c-d) show 

that the vibration responses of the mass block and the 

support point were continued monostable vibrations. 

Amplification Effect of Stochastic Resonance 

The response displacement of the support point, which 

received an excitation signal, served as the reference for 

comparison. The standard deviations of the response 

displacements for both the mass block and support point 

were calculated using Eq. (23), and the stochastic 

resonance effect was evaluated using the ratio described 

in the following equation: 

 

mass
ratio

base

S
S

S
=  (25) 

 

where, Smass and Sbase are the standard deviations of the 

response displacements of the mass block and support 

point, respectively. The standard deviation for each 

experimental response displacement obtained in the 

previous section was calculated using Eq. (25) and the 

results are shown in Fig. 17. 

 

 
 

 
 

 
 

 
 
Fig. 12: Vibration power generation measurement result 

excited by random and period signal 1.2 Hz 
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Fig. 13: Vibration power generation measurement result 

excited by random and period signal 1.7 Hz 

 
 

 
 

 
 

 
 

Fig. 14: Vibration power generation measurement result 

excited by random and period signal 2.2 Hz 
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Fig. 15: Vibration power generation measurement result excited 

by random and period signal 2.7 Hz 

 
 

 
 

 
 

 
 
Fig. 16: Vibration power generation measurement result excited 

by random and period signal 3.2 Hz 
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Fig. 17: Amplification effect of stochastic resonance 

 

 
 
Fig. 18: Effect of liquid type when excited using Taft 

seismic wave 

 

Figure 17 shows that when stochastic resonance 

occurred, the standard deviation of the response 

displacement of the mass block with respect to the 

support point is clearly larger than when stochastic 

resonance does not occur. 

To quantitatively verify the amplification effect of 

stochastic resonance, two excitation approaches or 

methods, single and joint excitation, were used under 

similar input energy amounts. The sum of the standard 

deviations of the displacements obtained in separate 

random and periodic excitations was compared with that 

obtained in joint excitation. 

When the periodic signal was 1.7 Hz, the sum of the 

standard deviations of the displacements obtained in 

separate excitation was 1.11+0.84 = 1.95 and the standard 

deviation of the displacement obtained in joint excitation 

was 2.83. The difference between both approaches was 

(2.83-1.95)/1.95 = 45.13%. 

When the periodic signal was 2.2 Hz, the sum of the 

standard deviations of the displacements obtained in 

separate excitation was 1.11+0.62 = 1.73 and the 

displacement standard deviation obtained in joint 

excitation was 2.81. The difference between both 

approaches was (2.81-1.73)/1.73 = 62.43%. 

When the periodic signal was 2.7 Hz, the sum of the 

standard deviations of the displacements obtained in 

separate excitation was 1.11+0.58 = 1.69 and the 

displacement standard deviation obtained in joint 

excitation was 3.31. The difference between both 

approaches was (3.31-1.69)/1.69 = 95.86%. 

Therefore, using the two types of excitation signals, 

the relative standard deviation of the response 

displacement obtained in joint excitation was larger than 

that in individual excitation. This difference was 

attributed to the amplification effect caused by the 

stochastic resonance phenomenon. 

Effect of Stochastic Resonance on Vibration Power 

Generation 

The average of the generated electrical power for 

each measurement described in the previous section 

was calculated using Eq. (24) and the results are shown 

in Fig. 18. 

Figure 18, the blue graph indicates the average 

electrical power under periodic excitation and the red 

graph indicates the average electrical power under joint 

excitation with random and periodic signals. 

Figure 18 shows that the generated vibration power 

in the bistable vibration state was higher than that in 

the monostable motion state when stochastic 

resonance occurred. 

In the case of joint excitation using random and a 

periodic signal of 1.7 Hz, the sum of the generated 

vibration power under separate excitation was 0.01+0.04 

= 0.05 W, and that under joint excitation was 0.07 W. The 

difference between the two approaches was (0.07-0.05)/ 

0.05 = 40.00 %. 

In the case of joint excitation with a random signal 

and a periodic signal of 2.2 Hz, the sum of the 

generated vibration power under separate excitation 

was 0.01+0.06 = 0.07 W, and that under joint excitation 

was 0.11 W. The difference between the two 

approaches was (0.11-0.07)/ 0.07 = 57.14 %. 

In the case of joint excitation with a random signal 

and a periodic signal of 2.7 Hz, the sum of the 

generated vibration power under separate excitation 

was 0.01+0.05 = 0.06 W, and that under joint excitation 

was 0.08 W. The difference between the two 

approaches was (0.08-0.06)/ 0.06 = 33.33 %. 

These results indicate that the amount of power 

generated by joint excitation was larger than that 

generated by separate excitation using equal random and 

periodic excitation signals. It was confirmed that the 

power generation efficiency was improved because of the 

occurrence of stochastic resonance. 

Conclusion 

In this study, a horizontal bistable kinetic energy 

harvesting system using an electromagnetic motor was 

proposed and examined in detail and the following 

conclusions were obtained. 

Based on the spring-mass bistable motion model, a 

vibration energy harvesting system was proposed by 

directly using an electromagnetic motor. The motion 
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governing equation of the mass block was established, 

which was the moving body of the vibration system. Its 

potential energy performance was analyzed and proven to 

have bistable vibration characteristics over the entire 

vibration range of the vibration system. 

The frequency range of the periodic signal applied 

to generate stochastic resonance was investigated in 

order to expand the vibration amplitude. Using 

Kramer's rate, a frequency prediction formula for periodic 

signals prone to stochastic resonance was derived. The 

validity of the prediction formula was verified by 

comparing the predicted values and measurement results, 

which were found to be in good agreement. 

In the excitation experiments, the proposed bistable 

vibrational energy harvesting system reliably generated 

stochastic resonance when random and periodic signals 

were co-excited. Furthermore, it was confirmed that 

there was a significant vibration amplification effect 

which substantially improved the vibration power 

generation performance. 

For our future research, we intend to advance into 

the research and development phase to achieve the 

practical implementation of a bi-stable vibration 

energy harvesting system that harnesses the 

amplification effect of stochastic resonance. 
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