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ARTICLE INFO ABSTRACT
Keywords: For bridges with high automobile traffic, a large amount of vibration is generated daily due to
Bridge vibration cars driving over imperfectly level roads, and a vibration energy harvester can convert this energy

Energy harvesters
Output power
Magnets

into electrical energy, thus providing energy for devices such as bridge health sensors. However,
the traditional single degree of freedom magnetic levitation vibration energy harvester (SMEH)
has the disadvantage of low output power, so this research designs an improved dual degree of
freedom magnetic levitation vibration energy harvester (DMEH), and a mathematical model of
the energy harvester is built for simulation tests and an optimization model based on NSGA-II
algorithm is developed for optimizing the structural parameters of the energy harvester. The
experimental results show that the maximum total output power of DMEH and SMEH on CSSBB1,
CSSBB2 and CSSBB3 are 48.7 mW, 36.8 mW, 25.4 mW and 27.2 mW, 21.5 mW, 14.9 mW,
respectively, and the minimum total magnet volumes of both on CSSBB1, CSSBB2 and CSSBB3 are
268 cm3, 132 cm3, 219 cm3, 214 cm3, 86.2 cm3, 156 cm®. Based on the experimental data, it is
found that the maximum output power of the optimal solution of DMEH is larger than that of
SMEH for the selected simply supported girder bridge project, and the volume of the former is
also larger than that of the latter, but the degree of increase can still be adapted to the application
environment. The research results have some reference significance for improving the energy
harvesting efficiency of bridge vibration energy harvesters.

1. Introduction

With the continuous development and progress of science and technology, various industrial fields have been rapidly developed
and promoted, among which bridge construction is an important part of the infrastructure construction business in developing
countries. With the continuous construction and renewal of bridges, the health condition and service life of bridges are of great
importance to the economic development of society and people’s life [1]. However, bridges are often subjected to external distur-
bances and their own fatigue damage in the process of use, resulting in a series of vibration response problems. Effective identification
and utilization of bridge vibration response has become a hot issue in engineering design, management, and maintenance [2,3]. In
bridge vibration response analysis, the vibration energy harvester is not only a key indicator for measuring vibration loss and assessing
the health status of the carcass structure, but also an important device for bridge structural health monitoring [4,5]. Although the
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traditional SMEH can accurately measure vibration signals and energy information, there are certain drawbacks in practical engi-
neering applications [6]. For example, since the collector can only measure vibration data along one direction, its measurement of the
multi-directional vibration response of the bridge is poor and it is difficult to obtain accurate vibration response data information. In
addition, due to the strong flexible attachment characteristics of SMEH, once it is disturbed by external interference, the collected data
will be greatly affected, resulting in inaccurate data. The most critical thing is that the output power of SMEH is low, which cannot
meet the requirements of load operation with high power requirements. The above three points are the main problems that exist in
traditional bridge vibration energy collectors, and they are also the issues that need to be addressed in this study. In order to address
the shortcomings of traditional SMEH, a magnetic levitation vibration energy harvester for bridge vibration response analysis was
designed in this study, aiming to improve the efficiency of bridge vibration energy utilization.

2. Related works

As the global population and economic levels grow, the demand for energy is increasing and devices for harvesting additional
energy from social behavior, including vibration energy harvesters, are becoming more widely used. Lu et al. investigated an elec-
tromagnetic Stewart platform with high static stiffness and low dynamic stiffness to reduce vibration over six degrees of freedom and to
rationalize the use of vibration energy. Each strut in the Stewart platform contains a moving electromagnet suspended between two
fixed permanent magnets, which are configured so that the magnetic spring has both negative stiffness and soft nonlinearity. And the
use of stiffness nonlinearity improves the vibration isolation efficiency. To obtain the frequency response functions of the trans-
mittance and power output in the first main resonance, the authors’ team applied a harmonic balance method based on rigid body
dynamics and nonlinear elasticity theory, and the energy acquisition structure was designed based on these theories. Both analytical
and numerical results show that the vibration isolation band in the case project extends to lower frequencies and produces a
considerable power output for vibrational energy conversion [7-10]. Chen et al. found it particularly valuable to develop efficient
methods to prepare the required photothermal converters. The authors’ team therefore designed a device that converts light energy
into mechanical vibrations and thus into electrical energy, based on the bond-stretching vibration-induced photothermal theory.
Experimental results show that the energy conversion efficiency of this device for weak light is slightly higher than that of the con-
ventional method [11]. Wang et al. found that vortex vibration wastes a lot of energy, so they designed a device that converts vortex
vibration into electrical energy. The test results show that the device can effectively convert the mechanical energy of eddy excitation
vibration and has some practical value [12]. Cai Q applied the theory of electronic power and structural dynamics to design an
improved vibration energy harvester that can capture both the mechanical energy of vibration and the energy of damping effect. The
test results show that this energy harvester has high application value in some capital vibration devices [13]. Ke et al. found that the
shape memory alloy hybrid composite obtained by weaving shape memory alloy into composite materials is a more excellent raw
material for making vibration energy harvesters. The results of a comparative experiment conducted by the authors’ team showed that
the vibration energy harvester designed in this study can convert vibration mechanical energy more efficiently and the designed
harvester has a lower self-weight than the conventional device [14]. Zhang et al. Although parabolic trough collectors can collect solar
energy effectively, wind loads can pose a threat to the proper operation of this device. Although parabolic trough collectors are
effective in collecting solar energy, wind loads can pose a threat to the normal operation of such devices, leading to a decrease in the
service life of the device, a decrease in the efficiency of the device in converting light energy, etc. The authors’ team designed a
parabolic trough collector that is more resistant to wind and can convert a portion of the wind load into electricity. The performance
test experiments were conducted with several parabolic trough collectors in windy areas. The parabolic solar trough collector designed
by the authors’ team has an application value as it converts more than 35% of wind energy [15]. Zhu et al. developed a power flow
control method containing substructures and applied this method to the software system of the vibration controller device. Simulation
experimental results show that the vibration mechanical energy conversion rate of the vibration control device arranged with the
power flow control method is 14.6% higher compared to the vibration control device before the improvement [16]. Zhu et al. found
that magnetorheological elastomers can reversibly adjust their resonant frequency in real-time to effectively prevent resonance in
mechanical systems, and have certain application potential in vibration detection. Therefore, the author proposes a tunable shock
absorber based on magnetorheological elastomers. The test results show that compared with traditional electromagnetic coils, the
designed tunable shock absorber here has improved energy utilization efficiency by 94.25% and space utilization efficiency by 75%,
respectively. This combination of self sensing and vibration reduction systems achieves high energy spatial efficiency, which will make
intelligent health monitoring of bridges and other autonomous, intelligent, and long-term engineering tasks possible [17]. Zhang and
others have designed a structural health monitoring system for gymnasiums with high seismic fortification requirements. The system
introduces convolutional autoencoders to optimize vibration detection performance and adjust the power supply mode of the hard-
ware. The results indicate that the designed system can effectively detect unexpected ground vibrations. And after being deployed to
self powered vibration detectors, the continuous working time of the equipment has been effectively extended [18]. Goudarzi H G et al.
found that in the case of improper operation of control equipment, there is a problem of poor performance of damping controllers in
topology structure power grid vibration detection equipment. Therefore, the author designed a controller that combines adaptive wide
area damping and installed it in the power grid vibration detection device. The experimental results show that the vibration detector
installed with a new controller has higher detection accuracy in the event of personnel operating errors [19].

In summary, although scholars at home and abroad have conducted extensive research to improve the energy conversion efficiency
of energy collectors for vibration, wind energy, and other energy sources, the efficiency of energy generation by the bridge body may
be higher than that of vibration energy generated by solar panels and wind power generation equipment due to the frequent movement
of vehicles, which also has certain research value. To further improve the efficiency of the bridge vibration energy harvester, this study
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is needed.
3. Design of dual-degree-of-freedom magnetic levitation vibration energy harvester for bridge vibration response
3.1. Mathematical model building of energy harvester

From the late 20th century to the early 21st century, with the progress of microelectronics technology and materials science,
researchers began to explore how to capture energy from the surrounding environment to meet the energy needs of small devices. The
small vibrations of bridges are considered a potential source of energy [20-23]. Early vibration energy collectors were usually based on
piezoelectric or electromagnetic principles. These methods can work well at certain frequencies, but their efficiency is relatively low
for random, low-frequency bridge vibrations. In order to increase collection efficiency and adapt to a wider frequency range, re-
searchers have started researching vibration energy collectors based on magnetic levitation [24]. The emergence of a single degree of
freedom magnetic levitation vibration energy harvester is an important progress. Further optimization: Although single degree of
freedom collectors bring new opportunities, there are still challenges, especially in terms of multi-directional and variable frequency
vibrations. This prompted previous researchers to develop a dual degree of freedom magnetic levitation vibration energy harvester to
better adapt to complex bridge vibration environments.

Now, the first step is to design a bridge vibration energy harvester with two degrees of freedom and magnetic levitation charac-
teristics. Then, based on its structure and abstracted application scenarios, a corresponding mathematical model and a parameter
optimization model based on genetic algorithm are designed for the finite element model of vehicle bridge coupling vibration, with the
aim of further optimizing the structure of the collector.

Below are the ideas for solving the problem in this study. Single degree of freedom magnetic levitation vibration energy harvester
(SMEH) can change the acquisition bandwidth by changing the nonlinear stiffness, but it cannot increase its output power. Therefore, a
dual degree of freedom magnetic levitation vibration energy harvester (DMEH) with magnetic levitation characteristics is designed to
provide electrical power to bridge detection sensors. However, due to the significant impact of DMEH structural parameters on overall
performance, the manual design of structural parameters overly relies on designer experience and has low design efficiency. Therefore,
here we attempt to construct another DMEH parameter design model based on intelligent optimization algorithms. The DMEH is based
on a single-degree-of-freedom energy harvester of the same type, in which a magnet with poles opposite to those of the upper and lower
fixed magnets is added between the upper and lower fixed magnets, and a coil is wrapped around the gap between the adjacent
magnets to form a two-degree-of-freedom system consisting of two fixed magnets and a magnetically levitated magnet. The repulsive
force between the adjacent magnets in DMEH can be equivalently treated as a magnetic spring, and this equivalent spring has the
ability to change the stiffness of the system that the latter does not have compared to the mechanical spring (see Fig. 1).

Then the mathematical model of DMEH is designed. The electromechanical coupling circuit is the core element in the mathematical
model of DMEH, and the Lorentz force generated by the coil induced current in the structure consumes the mechanical energy of the
magnetic levitation system and converts the consumed energy into electrical energy. Therefore the electromechanical coupling circuit
can be extracted and abstracted as Fig. 2.

The vibration displacement of the SMEH levitating magnet M with respect to the bridge base is assumed to be x, and m is the
corresponding mass. The four magnets in the DMEH system are M;, My, M3, and My, and their masses are m;, my, ms, and my,
respectively. The base at the bottom of the bridge is chosen as the origin to build a right angle coordinate system, then the amplitude
and vibration frequency of the base at the bottom of the bridge are y, and w respectively, while x, and x3 are the vibration
displacement of the magnets M» and M5 relative to the base at the bottom of the bridge. The force analysis of the DMEH system and the
application of Newton'’s second law can be obtained from the equations of motion of M, M, and M3 in SMEH and DMEH, see Eq. (1).

Bottom of bridge deck

Fixed magnet

O N
0
.
Top coil ~ O
.

Levitation magnet

Middle coil ~

Levitation magnet

Bottom coil e

Fixed magnet S

RARRRY  IRZIR  ARIRD

Fig. 1. Schematic diagram of DMEH structure.
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Fig. 2. DMEH electromechanical coupling abstract circuit diagram.
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In Eq. (1), F,, Fyo, Fr3 and Fy, F,,», Foy3 and F,., F.e» and F,.3 represent the repulsive force, viscous damping force and electromagnetic
damping force on the corresponding magnets, respectively. According to the first order linear ordinary differential equation initial
value problem solving method and the fourth order Runge Kutta method, Eq. (1) problem can be solved. In the same way, the cor-

2 = fa(xz, X3, X2,X3)

>/ of My and M3 can be resolved into the form shown in Eq. (2).
X3 = f3(x2,x3,X2,%3) ° @@

responding motion equations {

Xy = P2, X3 =p3

Py = 82(X2,X3,D2,P3), 3 = 83(%2,%3,P2,D3) )
Xz(()) = 07)63(0) =0

p2(0) =0,p3(0) =0

In Eq. (2), g2 and g3 represent a multivariate function corresponding to the magnet. x2, x3 and x and x3 are derived according to the
fourth-order Longacurta method, and then x, and x5 are obtained by substituting the derived variables into Eq. (1). After constructing
the mathematical model of DMEH, the output power calculation method of the structure can be deduced, as follows. The instantaneous
power transferred from the coil to the external load resistance during the passage of the levitated magnet through the coil under
external excitation P(t) can be calculated according to Eq. (3).

a RI(mzl &
P(t) = (G = 5)°] 3)
(Rioad + Reoit) ; "

In Eq. (3), Ryeq and R,,; represent the total load resistance and total coil resistance in the equivalent circuit, respectively. j is the
magnet number, n is the coil number, and « is the electromechanical coupling coefficient, which is a known parameter related to the
materials used to compose the energy harvester. After the external excitation continues until the energy collector operates stably, the
external load resistance of the structure corresponds to the average output power of P,,, which can be calculated according to Eq. (4).

P 1 O Rigaa nil‘ "if (s . )zAt 4
m— - & Xir1 — X
T (Rioaa + Rmil)z =0 | j=1 ! ’

In Eq. (4), T is the corresponding time period for calculating the average output power.

3.2. Finite element modeling of axle coupling vibration

After designing the structure and components of DMEH in the previous section, in order to further improve the performance of the
object, it is necessary to construct a mathematical model for optimizing the main structural parameters of DMEH. The design of this
parameter optimization model needs to consider the practical application scenarios of DMEH. Therefore, it is necessary to first model
the bridge vibration mode in the DMEH application scenario. The vehicle load that brings bridge vibration in this study is set to be
generated by a common tri-axle truck, because this vehicle type has a good representation. The geometric parameters, tire stiffness and
damping system, and mass distribution of the three-axle truck were obtained in accordance with the relevant domestic specifications.
In the study, a more common length of 24.60 m prestressed concrete simply supported girder bridge was chosen as the basis for
analyzing the vibration response of the bridge. The finite element model of the bridge was designed using the finite element design
software Ansys. Taking into account the construction material and operating conditions of the bridge, the 3D solid unit solid 45 was
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chosen to simulate the main body of the bridge, and the translational degrees of freedom were set for each node in three directions:
length, width and height. The dynamic response in the finite element model is calculated by the modal synthesis method, and
considering the calculation accuracy, it is reasonable to carry out the dynamic calculation in accordance with the 20~40th order
modal. In order to simplify the vibration law of the bridge coupled vibration model, the driving route of the vehicle is specified to be
parallel to the centerline of the bridge, and the cross-section of the bridge with the loading position of the three-axle truck is added as
shown in Fig. 3.

The main source of bridge coupling vibration is the impact load generated by vehicles as they pass over uneven pavements. The
pavement power spectral density function is generally used in the industry to describe the pavement unevenness. And in the numerical
simulation process, the power spectral density function can be used to generate the unevenness of the bridge deck according to the
inverse Fourier transform, so Eq. (5) is designed here as the bridge deck roughness measurement model.

N

/X)= > VI B con A X + 0 X

k=1

In Eq. (5), r(X) is the bridge deck flatness along the longitudinal axis of the bridge deck at a distance of X, the phase angle 6 varies in
the range of (0,27), ¢ is the power spectral density function measuring the roughness of the pavement, ny is the spatial frequency or
travel frequency with inverse relationship to the wavelength, n; describes the total number of times a harmonic quantity appears in
each meter of length, and n is the total number of frequencies distributed according to ny. Therefore, the corresponding power
spectrum function of pavement unevenness can be obtained. Then the axle coupling vibration equation is designed, as shown in Eq. (6).

(M) {iiv} +[CHd} + [K]{d} = {Fe} + {F.} (6)

In Eq. (6), [My], [Cy], [K,] represent the matrices of vehicle mass, vehicle damping and tire stiffness, respectively; {F¢}, {d,} represent
the vehicle gravity vector and vehicle displacement vector, respectively; {F, } is the contact force vector on the wheels in contact with
the road surface. Referring to Eq. (6), it can be seen that the motion equation of the bridge can be described according to Eq. (7).

) {d} LG + Kol {dh) = (F) @

InEq. (7), [Ks), [Cp], and [M] represent the stiffness, damping, and mass matrices of the bridge, respectively; {d)} and {F, } represent the
displacement matrix and the wheel contact force matrix of the bridge, respectively. The modal superposition method and the fourth-
order Longacuata method can be used to solve Egs. (6) and (7), the calculation process is more common.

3.3. Multi-objective optimization model design of energy harvester based on GA algorithm

The core task of this section is to design a parameter optimization model for DMEH based on the previous research work. Before
applying the energy harvester to a practical scenario, the acceleration response amplitude characteristics of the bridge under vehicle
action in different operating conditions can be analyzed and the acceleration amplitude ratios of the bridge under different order
frequency vibration conditions can be counted for subsequent optimization of the structural parameters of the energy harvester using
simple harmonic vibration excitation. The first and third order frequency acceleration amplitude spectra of the bridge A;, and A3 are

set at 0 = :f—}’al in the study. According to the bridge in actual operation, the bridge deck leveling level in the working condition is

classified as: poor, medium and good, and the vehicle speed is classified as several kinds of 120, 105, 90, 75, 60, 45 and 30 km/h. Due
to the varying effects of the height, radius, and spacing parameters of different layers of cylindrical magnets on the output power and
total volume of DMEH, the efficiency of manually debugging parameter schemes is extremely low, and the found schemes may differ
significantly from the optimal ones. Therefore, an intelligent parameter optimization model is constructed using the GA algorithm.
Equation (8) shows the objective function of the optimization model, Egs. (9) and (10) show the corresponding constraint functions. It

0.42m 9.71m 0.42m
NI N| N| N|
A TN
Vehicle loading
_K position )‘ 0.90m
jl_l
\ \ \ \ I \ 0.20m
] \ ] \ I \ I [
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Fig. 3. Cross section of bridge and display of vehicle loading position.
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is found that # obeys the law of log-normal distribution, and the coefficient of determination and the sum of squared residuals are 0.861
and 0.005 respectively. When in simple harmonic vibration motion, the output power corresponding to the excitation frequencies fj;
and fy3 of the energy harvester are P; and P, respectively. Then Py = (6P; +P) can be defined to measure the total output power of the
energy harvester under the specified condition for different values of 6. P, It can be seen that Py is also log-normally distributed, and
the total output power of the bridge under vibration conditions can be calculated from the integration of f(6)P in the interval [0,0pmax]-
In order to facilitate computer experiments on these calculation steps, the two objective functions are unified to find the minimum
value, so the objective optimization function of the energy harvester can be written as Eq. (8).

Puin = —aPy — P,

4
Vain = Y _ (nRZH;) ®

i=1

In Eq. (8), R; and H; represent the radius and height of the i magnet respectively, while « and f represent the scale coefficients of P; and
P, respectively. The integration of the probability distribution formula of § can calculate that @ and f are 0.62 and 0.96 respectively.
The first constraint is the design variables, i.e., the height, radius and spacing of the four magnets need to meet the range of existing
market products; the second constraint is the design domain, i.e., the spatial dimensions of the energy harvester need to meet the
requirements of installation and normal operation, so the height, radius and spacing of the four magnets also need to meet the con-
ditions shown in Eq. (9).

d € (0, 120jmmR;, H; € (0, 50|mm ()]

Finally, the resonant frequency constraint, because the first order frequency in the bridge vibration, the third order frequency
acceleration amplitude half bandwidth size in about 0.2 Hz, so the bridge main vibration frequency and the energy harvester resonant
frequency difference cannot be greater than 0.2 Hz, as shown in Eq. (10).

[t = fir] < 0.2Hz
10
{ [finz — fo3] < 0.2Hz o)

The optimization model of the two-degree-of-freedom magnetically levitated vibration energy harvester is thus designed. Then the
algorithm for solving this optimization model is selected. Single-objective optimization problems are usually solved by genetic al-
gorithms, but traditional genetic algorithms have many shortcomings in their ability to solve multi-objective optimization problems.
Therefore, the Elitist Non-Dominated Sorting Genetic Algorithm (NSGA-II) with elitist strategy is used to carry out the optimization
computation. In this algorithm, the complexity of the algorithm is reduced by the fast non-dominated sorting process, and the elitist
strategy is introduced to improve the retention probability of good variant individuals, which is shown in Fig. 4. The remaining in-
dividuals are eliminated to form the next generation of parental population.

For the problem under study, there are certain mutual constraints between the objective functions P,;, and Vy,;,, since a decrease in
one of the objective values tends to lead to an increase in the other. Therefore, a set of suboptimal solutions needs to be calculated using
NSGA-II, from which the one with the highest output power is selected as the final output solution. After considering the solution
model and the characteristics of the research problem, a two-degree-of-freedom magnetic levitation vibration energy harvester
parameter optimization design solution model based on NSGA-II algorithm is designed, and its computational flow is shown in Fig. 5.

N Sorted Next round of
Initial individuals parent individuals
Parent o

Non- cxoW oW
dominate @(\\0‘_‘%\ ot
d sorting oo oy
Offspring Eliminated

‘ 7z \ inividua

Fig. 4. Elite strategy execution process of NSGA - II algorithm.
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Fig. 5. Calculation process for solving the parameter optimization problem of a dual degree of freedom maglev vibration energy harvester.

4. Optimization design result analysis of dual-degree-of-freedom magnetic levitation vibration energy harvester

Considering that the acceleration range of bridge vibration brought by vehicles is 0.5 m/s? -1.5 m/s?, the excitation amplitude
generated by simple harmonic vibration should be set to 1 m/s?. Combined with the application experience of NSGA-II algorithm in the
industry and the characteristics of this axle vibration data, after several debugging, the target parameters, design variables, constraints,
population size, number of iteration steps, the crossover coefficient, and the coefficient of variation in NSGA-II algorithm are taken as
2,9, 2,100, 200, 0.8, and 0.4, respectively, To increase the comparative value of the study, the SMEH is now used to construct a
comparative parameter optimization model according to the same algorithm. The parameters of the SMEH optimization design model
are selected in the same way as those of the DMEH. Three concrete simply supported girder bridges of different sizes were selected for
the study to assist the optimized design of the vibration energy harvester, and to simplify the description, the abbreviations CSSBB1,
CSSBB2, and CSSBB3 were given, and the basic information of the three simply supported girder bridges is shown in Table 1. In
addition, each type of simply supported girder bridge.

The mathematical models of NSGA-II algorithm, SMEH and DMEH are written in Python language, and the data of the optimal
solution set after the optimization of each model is completed are counted to obtain Fig. 6. Fig. 6(a)-(c) respectively show the Pareto
optimal solution set distribution of simply supported beam bridges CSSBB1, CSSBB2, and CSSBB3 using two vibration energy har-
vesting models: DMEH and SMEH. The horizontal and vertical axes in Fig. 6 show the negative number of the probability in the
maximum output and the total volume of the minimum magnet, respectively, and the icons of different colors represent different
energy harvester models. Analysis of Fig. 6 shows that after both models have completed the optimization calculation, there is an

Table 1

Basic information of the simple supported beam bridge case used in the research institute.
Referred to First order basic frequency ~ Third order basic frequency ~ Second moment of area (10  Cross sectional area Span o B
as (Hz) (Hz) m) (m)? (m)
CSSBB1 4.50 11.24 5.326 0.359 24.47 0.63  0.95
CSSBB2 3.10 11.50 10.862 0.514 31.86 0.65 0.92
CSSBB3 2.60 9.08 31.961 0.748 39.58 0.42  0.55
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Fig. 6. Pareto optimal solution set display of two models.

overall negative correlation between the negative number of the probability in the maximum output and the total volume of the
minimum magnet for the model pareto optimal solution. This conclusion is supported by the fact that the area of the rectangle formed
by the perpendicular line with the horizontal and vertical coordinates of the DMEH model data points is smaller than that of the SMEH
model, regardless of the simply supported girder bridge, as can be seen from the direct observation on Fig. 6 model.

P...x the optimal solutions were selected from the set of pareto optimal solutions of the two models according to the set rules, and
the statistics were obtained in Table 2. Vo000 the maximum output power of the optimal solution of DMEH is significantly larger
than that of SMEH for all three bridge projects, but the total minimum magnet volume of the former is also larger than that of the latter.

In the following, two energy harvesters are set up with the parameters shown in Table 2, and arranged in the bridge-vehicle coupled
vibration model, and the vibration acceleration brought by the vertical direction vehicle driving corresponding to the span position of
the bridge is used as the excitation to carry out the simulation experiment. The purpose of the experimental simulation is to simulate
the vibration energy harvesting efficiency of the two energy harvesters being followed on the bridge. In order to make the results
clearer and more reasonable, the statistics of the total power output of DMEH in different pavement leveling will be counted here
according to different pavement leveling, and the statistics of the total power output of DMEH in different pavement leveling are shown
in Fig. 7. Fig. 7(a)-(c) depict the total power output of the DMEH energy harvester of simply supported beam bridges CSSBB1, CSSBB2,
and CSSBB3 under different road roughness conditions and vehicle driving speed conditions, respectively. The horizontal axis of Fig. 7
represents the form speed of the vehicle in the simulation test, and the vertical axis represents the value of the total power output of
DMEH in mW in the corresponding case. Analysis of Fig. 7 shows that for CSSBB1, CSSBB2 and CSSBB3, there is a similar variation
relationship between the total power output of the energy harvester and the vehicle driving speed. The total output power of each item
starts to increase when the driving speed starts to increase from 30 km/h. When the driving speed exceeds a certain value, the driving

Table 2

Comparison of design parameter values for the optimal solution of two models.
Parameter DMEH SMEH

CSSBB1 CSSBB2 CSSBB3 CSSBB1 CSSBB2 CSSBB3

Hy;/ mm 8 7 29 8 8 8
H,/ mm 36 14 32 39 17 35
Hs/ mm 25 20 36 26 20 38
Hy/ mm 25 20 8 / / /
Ry/ mm 6 6 5 6 7 5
Ry/ mm 27 31 23 28 33 22
R3/ mm 37 35 33 36 35 35
R4/ mm 29 14 15 / / /
d/ mm 98 96 107 95 97 102
Prax/ mW 48.7 36.8 25.4 27.2 21.5 14.9
AR 268 132 219 214 86.2 156
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Fig. 7. Comparison of the total output power of DMEH under different road surface roughness conditions.

speed continues to increase and the total output power of each item starts to decrease overall. Specifically, the maximum total output
power and corresponding driving speed of DMEH on CSSBB1, CSSBB2 and CSSBB3 are 31.2 mW, 28.9 mW, 31.5 mW with 75 km/h, 60
km/h and 45 km/h. From the perspective of road leveling, the worse the road leveling is, the greater the output power of the collector
when other conditions are the same, which This is consistent across the bridge test items.

The statistical results of SMEH output total power data in different pavement leveling are shown in Fig. 8. Fig. 8(a)—(c) depict the
total power output of the SMEH energy harvesters of simply supported beam bridges CSSBB1, CSSBB2, and CSSBB3 under different
road roughness conditions and vehicle driving speed conditions, respectively. The horizontal axis of Fig. 8 represents the form speed of
the car in the simulation test, and the vertical axis represents the SMEH output total power values in mW for the corresponding cases.
Analysis of Fig. 8 shows that the maximum total output power of SMEH on CSSBB1, CSSBB2 and CSSBB3 and the corresponding driving
speed are 25.8 mW, 20.1 mW, 23.5 mW with 75 km/h, 60 km/h and 45 km/h. And from the perspective of road leveling, the worse the
road leveling is and the other conditions are the same, the collector the higher the output power, which is also consistent with the
statistical results of DMEH. Comparing the results of Figs. 7 and 8, it can be seen that the total output power of DMEH is higher than
that of SMEH under various road leveling conditions, for example, when the road leveling is “poor”, the highest total output power of
DMEH is 6.0 mW, 8.8 mW and 8.0 mW higher than that of SMEH, respectively.

Finally, the total output power values of each energy harvester on different road surfaces in Figs. 8 and 7 are counted according to
the box plot by ignoring the vehicle driving speed, and are used to compare the total output power distribution under different energy
harvester and road level condition, and the statistical results are shown in Fig. 9. The horizontal axis in Fig. 9 is used to show different
road leveling levels and energy harvester types, and the vertical axis represents the total output power of the harvester, and Fig. 9 The
number to the right of the box line in Fig. 9 is the median value of each box. The median, maximum and minimum values are larger
than those of SMEH. The median, maximum and minimum values of the total output power under the conditions of “good", “medium"
and “poor" were 4.7 mW, 10.1 mW, 18.5 mW and 2.3 mW, 7.4 mW, 15.4 mW, respectively.

In summary, the DMEH designed in this study has obvious advantages in terms of output power, but correspondingly, the more
complex design structure will also bring disadvantages in terms of procurement costs. Observing the current construction industry
chain market, it can be seen that standardized DMEH products are generally 10%-80% higher than SMEH products. In terms of spatial
cost, when designing a DMEH parameter optimization model based on GA algorithm, the constraint setting process has taken into
account the spatial limitations of installing vibration energy collectors on the bridge, so the space cost required for the designed
structure is still within the allowable range. The technical cost of this study mainly lies in deploying the designed GA based optimi-
zation algorithm to the DMEH production workshop and linking the output results with production. It can be seen that for product
manufacturers, the technical cost is almost one-time, and through programming and design, it can be combined with existing pro-
duction processes to produce improved DMEH products, with controllable production costs. In specific bridge engineering, product
cost is also one of the evaluation criteria for considering which vibration energy harvester to choose, and needs to be selected based on
specific construction conditions and procurement preferences. When the vibration conditions of bridge structures are complex and not
conducive to the generation of vibration energy, DMEH has a more significant advantage compared to SMEH. This is because theo-
retically, the DMEH structure can enable DMEH to receive more directional and formal vibration energy compared to SMEH, which
means the former has stronger vibration reception ability.
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Fig. 8. Comparison of total output power of SMEH under different road surface roughness conditions.
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5. Conclusion

In order to improve the performance of vibration energy harvester using bridge vibration energy generation, this study designed a
dual-degree-of-freedom magnetically levitated vibration energy harvester and designed an energy conversion mathematical model for
DMEH, and then used NSGA-II algorithm to optimize the structural parameters of DMEH. The experimental results show that the
maximum total output power of DMEH and SMEH on CSSBB1, CSSBB2 and CSSBB3 are 48.7 mW, 36.8 mW, 25.4 mW and 27.2 mW,
21.5 mW, 14.9 mW, respectively, and the minimum total magnet volumes of both on CSSBB1, CSSBB2 and CSSBB3 are 268 cm?, 132
cm?®, 219 em® and 214 cm?, 86.2 cm®, 156 cm®. The maximum total output power and corresponding driving speed of DMEH on
CSSBB1, CSSBB2 and CSSBB3 are 31.2 mW, 28.9 mW, 31.5 mW and 75 km/h, 60 km/h and 45 km/h respectively. SMEH The
maximum total output power and corresponding driving speed on CSSBB1, CSSBB2 and CSSBB3 are 25.8 mW, 20.1 mW, 23.5 mW with
75 km/h, 60 km/h, 45 km/h. The total output power of DMEH is greater than SMEH under various road leveling conditions. When the
road leveling is “poor", the maximum total output power of DMEH is 6.0 mW, 8.8 mW and 8.0 mW higher than that of SMEH,
respectively. On the whole, if ignoring the vehicle driving speed, the variation of total output power of DMEH is larger than that of
SMEH, and the median, maximum and minimum values are larger than that of SMEH. Specifically, the median total power output of
DMEH and SMEH under the conditions of “good”, “medium” and “poor” road leveling are 4.7 mW, 10.1 mW, 18.5 mW and 10.1 mW,
respectively, From the experimental data, it can be seen that the maximum output power of the optimal solution of DMEH is
significantly larger than that of SMEH for the selected simply supported girder bridge project, and the volume of the former is larger
than that of the latter, but the degree of increase can still be adapted to the application environment. The shortcoming of this study is
that more data from different types of bridges were not selected for the experiments, which is an area that needs attention in

10



D. Xie et al. Heliyon 10 (2024) e26000

sub:

sequent studies.
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