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SUMMARY

The safe and stable operation of the widely distributed freight trains urgently
needs to solve the power supply problem of the freight train track monitoring
network. In this article, an innovative and efficient energy harvesting mechanism
is designed based on a mechanical vibration rectifier (MVR), with four modules of
motion conversion, motion rectification, generator, and storage. The motion con-
version module converts the linear vibration of the rail into rotational motion
through the ball screw. The motion rectification module integrates mechanical
rectification and transmission speed-up and converts the bidirectional rotation
of the transmission shaft into a faster unidirectional rotation of the generator. Ex-
periments show that the power and mechanical efficiency of the proposed vibra-
tion energy harvester can reach 28.0416W and 75.92%, respectively. This high-
performance MVR can meet the power demand of wireless sensor networks by
harvesting vibration energy to ensure the normal operation of freight trains.

INTRODUCTION

Freight trains are widely distributed, but rail safety issues during transportation are not guaranteed. Low-
power wireless sensing devices are increasingly being used to monitor track safety, but the energy supply
for these sensors is a thorny issue (Canete et al., 2015; Hodge et al., 2015; Jin et al., 2017; Liu et al., 2018;
Zhao et al., 2017). The cost of transmitting electricity over long distances is prohibitive in areas with power
shortages. Itis difficult to ensure a normal power supply even because of harsh natural environment factors
such as rugged terrain and changeable weather. If batteries are used to power these electronic devices,
they can only meet the electricity demand for a short period and require regular manual maintenance.
Not only is it a waste of human resources but these discarded batteries may also pollute the environment
(Hao et al., 2022; Schismenos et al., 2021). Environmental energy recovery technology can realize the self-
powered of wireless monitoring nodes green and cleanly. Solar energy, wave energy, wind energy, noise
energy, and vibration energy are all part of environmental energy. Among them, solar energy is greatly
affected by weather and seasons and cannot provide a continuous and stable energy supply (Yu et al.,
2022). Wind and wave energy are too dependent on terrain and region to ensure the universality of energy
harvesting installations (Abido et al., 2022; Xie et al., 2020). The noise power generation is too low to fully
meet the needs of wireless sensor devices (Wang et al., 2018). Vibration energy is a widespread energy
beam, such as rails, wheels, bridges, etc (Cao et al., 2022; Park, 2017). Especially for the track vibration,
the running speed of the train, the load, the unevenness of the track, the mismatch between the track
and the wheels, etc., will cause and excite the track to different degrees of strong vibration (Qi et al.,
2022). And the track vibration has strong adaptability to environmental conditions such as weather and
temperature. Therefore, it is necessary to develop a high-performance rail vibration energy harvester to
meet the electricity demand of low-power sensor devices, to ensure the safe and stable operation of freight
trains.

Because of the higher power generation and the need for no external power supply, some scholars have
studied electromagnetic vibration energy harvesters. Pourghodrat proposed to improve the original har-
vester's shortcomings of being unable to harvest upward vibration (Pourghodrat et al., 2014,2011). The
improved model consists of gears, racks, and a pair of clutches. The test connected a resistor with a total
resistance of 131Q in series with the generator and obtained the output voltage on the 10Q resistor. Exper-
iments were carried out on the rotation speed of the generator under the conditions of no-load (120 rpm)
and loaded (560 rpm) trains, respectively. Under no-load and load conditions, the average output power
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increased to 0.19 and 4.24W. Gao (Gao et al., 2016) et al. designed a copper-bead spaced track-type elec-
tromagnetic energy harvester, which is suitable for freight trains to capture energy caused by vibrations be-
tween the wheel pair and the track system. Using copper beads as radial spacing ensures reliable unidirec-
tional motion of the magnets inside a multilayer-multirow coil. The magnetic levitation harvester can
capture vibrations in the low-frequency range of 3-7 Hz with an amplitude of 0.6-1.2 mm. For the resonance
harvest, the output power is 119 mW for a displacement of 1.2 mm load resistance of 44.6 Q. A fast anchor-
free installation of an energy harvester for freight trains was presented by Lin (Lin et al., 2018) et al. For the
protection of the track structure, the energy harvesteris held in place using a combination of spring preload
and a reset device. Although the freight train was in operation, tests on the harvester showed a mean
output of 7W at a vibration amplitude of 5.7 mm and a travel speed of 64 km/h. Pan proposed a rack-pinion
pinion-based suspension energy harvester with a simplified structure (Pan et al., 2019b). They also de-
signed an enclosed lubricated gearbox and a unique two-guide-rail mechanism specifically for the
harvester. The onboard test with the gearbox ratio of 43:1 was tested, and the average power was 1.3 W
when the total weight of the load was about 23 tons, and the speed was 30 km/h. Zhang designed a
heavy-duty freight railway harvester based on a scissor link and slider mechanism (Zhang et al., 2022).
The bench test for mechanical testing and sensing machine testing was performed with a maximum output
power of 7.44W at an amplitude of 8 mm, a frequency of 4Hz, and an external resistance of 2Q.

However, there are still many problems in the research of electromagnetic track vibration energy harvesters. (1)
The installation of the device will cause structural changes to the track facilities, which may cause hidden dangers
to the safe operation of freight trains; (2) the energy harvester has low power generation and does not fully take
advantage of the large input force of track vibration, and cannot fully cover the energy consumption of the wire-
less sensor system (Kim et al., 2019); (3) the reasonableness of the design, the processing accuracy of the device
and the production cost, and the service life are subject to improvement (Jin et al., 2015). This article proposes a
novel electromagnetic track vibration energy harvester based on mechanical vibration rectifier (MVR). The device
isinstalled on the underside of the track between the two sleepers and does not cause damage to the track struc-
ture. The proposed system includes a motion conversion module, a motion rectification module, a generator
module, and an energy storage module. The ball screw is used as the motion input mechanism of the device,
and the motion rectification module performs mechanical rectification and increases speed. The reciprocating
vibration becomes unidirectional rotational motion after rectification and acceleration, and the mechanical en-
ergy is converted into electrical energy by the generator, which is finally stored in the supercapacitor. The accel-
eration ratio of the device reaches 1:48, which fully uses the large force of the track vibration caused by the freight
train to increase the power generation of the energy harvester, thereby meeting the power supply demand of
the wireless sensor. The energy harvester proposed in this article can not only solve the high cost of laying the
power grid but also reduce the pollution of the battery to the environment. In some remote, severe cold, plateau,
and other harsh environments, it provides a continuous energy supply for the wireless sensor platform to ensure
the safe operation of freight trains.

System design

During the running of freight trains, their body weight is heavier than that of ordinary trains because of their
cargo capacity. Therefore, the track can also generate more severe vibration during the running process,
which leads to the dissipation of a large part of the mechanical energy. Besides, the lack of energy supply
for the auxiliary monitoring facilities of most freight trains during running. Therefore, a track vibration en-
ergy harvesting device integrating motion conversion and motion rectification modules is proposed. Self-
power supply for the electrical equipment connected to the freight train tracks includes traffic lights, track
quality and safety monitoring sensors, and other auxiliary facilities. As shown in Figure 1, the track vibration
energy harvesting device includes four modules: A motion conversion module, a motion rectification mod-
ule, a generator module, and an energy storage module. The motion conversion module transmits track
vibration and converts linear reciprocating motion into bidirectional rotational motion. The motion rectifi-
cation module has speed boosting and mechanical rectification functions. A brushless generator is used as
the electrical output device. In practical applications, the generated electrical energy is rectified and sta-
bilized and finally stored in the supercapacitor.

Motion conversion module

Figure 2 illustrates the structure of the motion conversion module used to harvest the vertical vibration
response of the track. The energy conversion module includes two single-degree-of-freedom motion input
boards, two fixed boards, four fixed shafts, a set of right-handed ball screw, and a large bevel gear. The
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Figure 1. Structure of a kinetic energy harvester based on mechanical vibration rectifier

upper input board harvests the track vibration through the shaft holders, the linear sliding circular flange
bearing, and the two support shafts. When the track is in contact with the upper input board, the input
boards move the nut downwards and the lead screw drives the large bevel gear to rotate counterclockwise.
When the speed is 0 mm/s, the upper input board moves upward in the opposite direction. At this time, the
nut moves upwards and the lead screw drives the large bevel gear to rotate clockwise. The up and down
movement of the nut causes the lead screw to make a reciprocating rotational movement, thus achieving
the same reciprocating rotational movement of the large bevel gear. The motion of the entire process is
transformed from the linear vibration input of the track to rotational motion. Finally, the motion is trans-
mitted to the motion rectification module by meshing large and small bevel gears.

Motion rectification module

As shown in Figure 3, the motion rectification module is the key part of the energy harvester, increasing the
transmission speed and mechanical rectification. The core of the motion rectification section is the one-way
bearing in gear @ and gear ®. The two one-way bearings are placed in the inner holes of gear @ and gear
® with opposite meshing directions. They are connected with gears @ and ® by welding. This is significant
because the transmission shaft meshes with gear @ and gear ® in opposite directions, respectively. When
gear @ is turned clockwise, the internal one-way bearing of gear @ transmits the torque and is responsible
for the motion transmission. At this time, the internal one-way bearing of gear ® is in the overrun state and
does not transmit torque. After two-stage gear acceleration, the rotation is transmitted to the generator
shaft, causing the generator shaft to rotate clockwise. When gear @ rotates counterclockwise, the internal
one-way bearing of gear ® transmits torque and is responsible for motion transmission. At this time, the
internal one-way bearing of gear @ is in the overrun state and does not transmit torque. Then after two-
stage gear acceleration, the rotation is transmitted to the generator shaft, which still rotates in a clockwise
direction. Gear ® is an idler gear, which in addition to changing the direction, also plays a role in satisfying
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Figure 2. Motion conversion module

the arrangement of the entire transmission system by extending the wheelbase. It also has a certain energy
storage effect, which contributes to the stability of the system. The bidirectional rotation of the input is con-
verted into unidirectional rotation of the output using a motion rectification module. This significantly in-
creases the degree of energy harvesting compared to bidirectional rotation and improves the harvesting
efficiency and reliability of the system. Finally, the conversion of the bidirectional reciprocating motion of
the track to the unidirectional rotational motion of the shaft of the generator is realized.

Generator module

The unidirectional rotation generated by the motion rectification module can be converted into electrical
energy by the generator module. To improve the power generation efficiency and facilitate installation, the
generator should have the characteristics of small rotational inertia, small copper loss and small size (Li
et al., 2022; Zhang et al., 2022). Therefore, the generator (57BL55S06- 230TF9) is selected in this article,
as shown in Figure 4. The detailed parameters of the generator are shown in Table 1.

Energy storage module

Because the brushless generator used in this article produces a three-phase alternating current, it cannot
directly store or supply power to the load. Therefore, as shown in Figure 4, a three-phase bridge rectifier

Large Small Small Medium
cylindrical ~ cylindrical ~ cylindrical ~cylindrical ~Transmission

spur gear @ spur gear D spur gear @ spur gear @ shaft

Small Medium Small Three term
Small bevel cylindrical  cylindrical cylindrical brushless DC
gear  spurgear @  spur gear @  spur gear ® generator

Figure 3. Motion rectification module
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circuit converts three-phase alternating current into direct-current pulse current. Then, the generator exci-
tation current is controlled by the voltage regulator, and the output voltage is adjusted to a constant value.
So that it can stably and continuously supply power to the load. Compared with batteries, supercapacitors
have excellent cycle stability, large energy storage capacity, high power density, extremely fast charging
and discharging speed, high energy conversion efficiency, long service life, strong temperature perfor-
mance, and high safety factor. Considering the particularity of the freight train track environment, the en-
ergy storage elements are required to have a longer working life, stronger temperature adaptability, and
larger energy storage space. Therefore, supercapacitors are chosen as energy storage elements.

Dynamic analysis and simulation

This section carries out the dynamic analysis of the MVR to establish the mathematical model of the device and
analyze the dynamic characteristics of the device. Modeling the device can provide a theoretical basis for sub-
sequent simulations and experiments, as shown in Figure 5. This articles proposes a freight train track vibration
energy harvester with a ball screw as the core conversion component. Different from the traditional linear energy
harvesting device of the track, the MVR takes full advantage of the large input force by adding a set of speed-
increasing bevel gears. Continue to increase the speed in the spur gear transmission and convert the recipro-
cating linear vibration of the track into the unidirectional rotation of the generator through the one-way bearing,
which further improves the power generation performance of the MVR. When the small cylindrical spur gear and
the transmission shaft are relatively stationary, the one-way bearing engages with the transmission shaft to trans-
mit the torque and drives the generator to rotate unidirectionally.

On the contrary, when the rotation speed of the small cylindrical spur gear is lower than that of the transmission
shaft, the one-way bearing is idling and does not transmit motion torque. At this time, the one-way bearing on
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Table 1. Parameters of the generator module

Parameters Value
Rated voltage 24V

Rated current 3.6A

Rated power 60W

Rated torque 600N -mm
Rated speed 1000rpm
Max permissible speed 3500rpm
Internal resistance 1.15Q
Inductance 1.9 x 107H

Back EMF constant

0.060V-s/rad

the other side is in the meshing state, so the two sides mesh alternately. In this way, the continuity of the move-
ment is ensured, and mechanical rectification and acceleration are realized at the same time.

Analysis of rotation damping coefficient of generator

As shown in Figure 6, the three windings of the brushless generator are connected in a star shape. The resulting
AC will have a phase difference of 120°. The three-phase voltage of the generator can be expressed as:

V, = Em-sin(wst - g?‘f

V1 = Em'sin(wgt)

3

3

where, Vy, V,, and V; are the phase voltages of the generator;

)

Vs = Em-sin(w5t+gar)

(Equation 1)

E., and ws represent the amplitude and angular frequency of the induced voltage.

The power Pc that can be recovered in the circuit and the power Picaused by the internal resistance con-
sumption constitutes the electromagnetic power P of the generation, Pecan be expressed as:

Pe = Pc+P =

where, the internal resistance of the generator is denoted by R;;
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14 rotation
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Figure 5. The dynamic model of the proposed track MVR harvester
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Figure 6. Schematic diagram of the three-phase DC generator energy feed circuit

the variable external equivalent resistance is denoted by Re.

and Pc can be represented as:

_ V"R Vo"R. Vi'Re
B Re+R,' Re+R,' Re+Rf

The electromagnetic efficiency 7. of the device can be expressed as:

Pc

(Equation 3)

Pc R .
Ne = m “R+R (Equation 4)
Combining Equation (1) with Equation (2), the electromagnetic power can be expressed as:
1.5 %X Ep? .
PE = W (Equatlon 5)

Atthe same time, the amplitude E,, of the induced voltage can be obtained from the angular velocity wg of
the generator shaft and the back EMF constant k., which is expressed as follows:

Em = ke g (Equation 6)
Substituting Equation (6) into Equation (5), the electromagnetic power Pg can be simplified as:

1.5 % ko wy?
e TRAR

Because of the conservation of energy, the electromagnetic power Pg is also expressed as:

(Equation 7)

Pe = Te-wg (Equation 8)
where, the electromagnetic torque of the generator shaft is denoted by Tg.
The electromagnetic torque of the generator shaft is linearly related to the angular velocity of the shaft,
which can be expressed as follows:

Te = Crroyg (Equation 9)

where, the generator rotation damping coefficient is denoted by Cg .

Combining Equation (8) with Equation (9), the electromagnetic power can be expressed as:

Pe = Crrwg? (Equation 10)

The expression of the generator rotation damping coefficient Cg can be derived from Equations (7) and
(10):

1.5 % k.

= RIR

(Equation 11)
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This equation shows that the generator rotation damping coefficient is proportional to the back EMF con-
stant k. and inversely proportional to the total circuit resistance (R, R)).

Linear damping coefficient analysis

From the law of conservation of energy, it is clear that the input system power Pj,p¢ is equal to the sum of
the power lost by the system Prand the electromagnetic power Pg of the generator. The power lost by the
system is mainly divided into four parts: ball screw, bevel gear, spur gear, and generator loss power.

Pinput = Pr+ Pe (Equation 12)

Pe = nbs'nb'nsg‘ng'Pinput = n'Pinput (Equation 13)

where, the transmission efficiency of the ball screw is denoted by n,;
the transmission efficiency of the bevel gears is denoted by 7;;

the transmission efficiency of the spur gear system is denoted by 7.g;
the mechanical efficiency of the generator is denoted by 7g;

the total transmission efficiency is denoted by 7.

Because in the following friction analysis, the friction generated by the interaction of various mechanical
components such as ball screws, bevel gear assembly, spur gear meshing, bearings, etc., has been consid-
ered in the MVR system. These are the same as the total loss efficiency n. Here we set the total transmission
efficiency n = 1 because we will introduce the friction Frinto the overall system dynamics analysis later.

The input power of the MVR can be expressed as:

Pinput = CL-x® (Equation 14)
where, C, is the linear damping of the MVR;

X is the velocity of the input board.

Substitute Equations (10) and (14) in turn into Equation (13), we can get:

7+ C-X* = Crrog? (Equation 15)
Linear motion can be converted into rotary motion using a ball screw, and the conversion equation is:

w = 27rl'x (Equation 16)

where, the rotational angular velocity of the ball screw is denoted by w;

the lead of the ball screw is denoted by .
wg = i'w (Equation 17)

where, i = i1 ip-i3;

the shaft angular velocity of the generator is denoted by wy;

the transmission ratio of the bevel gears is denoted by iy;

the transmission ratio of the spur gear system is denoted by ip, i3;
the total transmission ratio is denoted by.

Combining Equations (16) and (17) with Equation (15) gives an expression for the linear damping coefficient
C, of the MVR.

8 iScience 25, 105155, October 21, 2022
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The above equation shows that the linear damping coefficient C, of the MVR is proportional to the total

transmission ratio and the back EMF constant of the generator; it is inversely proportional to the total
loss efficiency, the lead of the ball screw, and the total circuit resistance.

C. = (Equation 18)

Friction analysis

In the MVR structure, the friction generated by the interaction of various mechanical components such as
ball screws, bevel gear assembly, spur gear meshing, and bearings is the main cause of power loss. The
literature (Penalba, 2018) proposes that oversimplification of the MVR model can lead to an incorrect
assessment of total power absorption during modeling and analysis. The frictions from the different com-
ponents of the MVR are combined into one term and expressed using the following Equation (Armstrong-
Hélouvry et al., 1994, Dupont et al., 2002; Li et al., 2020):

2
()
Fr = { Fe+(Fs — Fo)e Vs +C,v,v#0 (Equation 19)
Fe,v=0
where Fy, Fe, Fs, C,, and F, are the total friction, the Coulomb friction, the Stribeck friction, viscous friction
coefficient, and maximum static friction, and v and V; are the velocity of the MVR and the relative velocity
threshold for the Stribeck friction. When the MVR s still, the static friction can be any value less than F,,
depending on the value of the actuating force. The unknown term in the expression for total friction F¢

can be obtained by measuring the force required by the MVR system in the open circuit state without
any external resistance and using the mathematical least squares method.

Kinetic analysis

The MVR generates a displacement x under the action of the excitation force F;, and the mathematical
description of the vibration system can be obtained by the Lagrangian equation as follows:
d (6T) 6T oV oD

=) - &+&+§ = F (Equation 20)

dt
where, the kinetic energy of the MVR is denoted by T;

the dissipation function of the MVR is denoted by D.

When the one-way bearings transmit torque, the equation of motion is as follows:

db, df .
el (Equation 21)

where, the angle of rotation of the ball screw is denoted by 6;,;

the angle of rotation when the one-way bearing is engaged is denoted by 6.

The angular velocity w of the ball screw in the motion conversion module can be expressed as follows:
_db,  2m-x
Todt
The kinetic energy T of the input transmission system can be expressed as the sum of the kinetic energy of
the reciprocating part and the kinetic energy of the rotating part.

(Equation 22)

1 1 1 1 1
T = E-mc-x2+§-Js-w2+§-J,bvw2+§vJ5b-(i1w)2+§~J19~(i1w)2
1 (Equation 23)
+Jsgr  (11120)% + Ing - (1120)” + Jsgo * (ir 2 30)° +5+Jo (i iizw)’

where, the total mass of objects in reciprocating motion is mg;

inertia of ball screw is Jg;
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inertia of large bevel gear is Jj;

inertia of small bevel gear is Jgp;

inertia of large cylindrical spur gear @ is Jg;

inertia of small cylindrical spur gears @ and ® is Jog1;
inertia of medium cylindrical spur gears @ and ® is Imgi
inertia of small cylindrical spur gears ® and @ is Jsgp;
rotational inertia of generator is Jg.

Substituting Equation (22) into Equation (23), the kinetic energy T of the MVR can be obtained:

2 472 (Js + b + Jspir? + digi” + 2Jsg1 i1 in% + 2dmgit*io” + 2Jsgai? + Jgi?)
T = X [me + B

(Equation 24)
The MVR dissipation function can be expressed using the Rayleigh dissipation function:

1
D = E-CL-XZ (Equation 25)

The expression of the excitation force Fy can be obtained by combining the three Equations (20), (24),
and (25):

When going down:

P [m . 47r2(J5+J/b+J5bi12+J,gi12+2Jsg1i12i22+2ngi12i22+2Jsgzi2+Jgi2)}
c lz
(Equation 26)
21 22
N 6m%ks 14X ~meg
(Re+Ri)'l2'77
When going up:
o [m . 47r2(J5+J,b+J5bi12+J,gi12+2Jsg1i12i22+2ngi12i22+2J592i2+Jgi2)}
Cc I2
(Equation 27)

. bm2k 2% .\
2% 7 m
(Re+R) Fqp 9
where, g is the gravitational acceleration;

We introduce the overall friction Ffof the MVR system into the system dynamics. Because the total trans-
mission efficiency is 100%, we can get the final system dynamics equation as follows:

When going down:

4ae? (Js + Jip + Jspir? + Jigin? + 2Jsg 12107 + 2dmgir2io® + 2Jsga i + Jgi?) | 672k i2x
+

F=x|m.+ B (Ro+R) P

— meg+Fr
(Equation 28)
When going up:

10 iScience 25, 105155, October 21, 2022
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Table 2. Device parameters

Parameter Value

Ball screw lead [ 40mm
First-stage bevel gear transmission ratio i 4
Second-stage spur transmission ratio i» 4

Third-stage spur transmission ratio i3 3

The total transmission ratio i 48

The total mass of objects in reciprocating 1.716kg
motion m¢

Inertia of ball screw Js 17.23kg-mm2
Inertia of large bevel gear Jj, 2571kg-mm?
Inertia of small bevel gear Jg, 8.410kg-mm?
Inertia of large cylindrical spur gear @Jj4 5256kg-mm?
Inertia of small cylindrical spur gears @ and 20.34kg-mm?
®Jsg1

Inertia of medium cylindrical spur gears @ and 1661kg-mm?
®Jmg

Inertia of small cylindrical spur gears ® and 20.34kg-mm?
@Jsg2

Rotational inertia of generator Jg 40kg-mm?

472 (Js + Jip + Jspir? + Jigh® + 2sg1i121p? + 2dmgir?in? + 2Jsgp 2 + Jgi2) | 6%k, i2%
+
2 (Re+R)-P

F=Xx{m.+

+mcg+Ff
(Equation 29)

Device parameters are shown in Table 2.

System simulation

Because of the limitation of the experimental equipment, the sinusoidal vibration input was selected for the
experiment. Therefore, the system simulation is for sinusoidal input. That is to analyze the changes and dif-
ferences in the power characteristics and damping force of the MVR harvester under different amplitudes,
frequencies, and external load resistances.

When the external load resistance value is set to be 5Q, the variation of the system damping force under
different vibration frequencies and amplitudes is shown in Figure 7. At the same frequency, the damping
force of the MVR increases with the amplitude; at the same amplitude, the damping force of the MVR in-
creases with the frequency. Therefore, the damping force is proportional to the vibration frequency and
amplitude.

RESULTS AND DISCUSSION

Experiment details

The bench experiments of the MVR were carried out using the MTS Landmark 370.02 servo-hydraulic test
system, as shown in Figure 8A. The main parameters of this MTS test system are shown in Table 3 below.
The MTS test system controls the vertical position of the lifting beam by the lifting switch to adjust the pro-
posed model in the proper space. When the displacement of the telescopic beam changes, the configured
force sensor can record the real-time input force. The upper and lower hydraulic wedge clamps use locking
switches to fix the model to keep the model stable during the experiment. The MTS test system also has an
emergency stop button to ensure the safety of the whole process of the experiment. Because the vibration
frequency of the track is from 1 to 4Hz, the vibration amplitude is between 1 and 12mm (Liu et al., 2017).
While verifying the practical feasibility of the MVR proposed in this article, the limitations of the
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Figure 7. Simulation results of the force-displacement loop
(A) Simulation results with 1.5, 2 and 2.5Hz frequencies.
(B) Simulation results with 2, 3 and 4mm displacements.

experimental equipment should also be considered. Therefore, the experiment was carried out under the
condition of a sinusoidal input waveform with a vibration frequency of 1-2.5Hz and an amplitude of 2-4mm.

The on-site layout of the experimental equipment is shown in Figure 8A. The full-scale prototype of the pro-
posed MVR is fixed on the MTS test system, as shown in Figure 8B. Set different parameters and control the
start and stop of the experimental bench through the console, as shown in Figure 8C. The displacement
and force signals were then measured and recorded with a computer, as shown in Figure 8D. The three-
phase generator is connected to three load resistances of equal value, and the resistance values are set
to 1, 3, and 5Q, respectively, as shown in Figure 8E. Finally, the voltage signal of the external load resistor
is displayed by an oscilloscope (model RIGOL DS1102Z-E) and stored in the USB flash disk, as shown in
Figure 8F.

The field installation details of the MVR under the real track and equipment are shown in Figure 9, including
the prototype, oscilloscope, resistors, supercapacitors, a computer, etc. Use an uninterruptible power sup-
ply (UPS) to solve the power problem. It shows the layout of MVR in practical application scenarios.

Friction recognition

The experimental determination of the unknown term in Equation (19) is divided into two steps. The first
step determines the values of Frand v under different conditions. The MTS test system is set to excitation
with triangular wave displacement (square wave velocity). The generator is always an open circuit, so the
force measured at different frequencies and amplitudes is the value of Frof the MVR. Because the MTS ma-
chine is a triangular wave displacement input, the relationship between the square wave velocity and trian-
gular wave displacement is v = 4 fa, where fis the frequency and a is the amplitude, thus determining the
value of the velocity v. The second step determines the unknowns by fitting the equations. The values of F¢
and v of different groups are combined with the least squares method to calculate the value of the unknown
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Figure 8. Bench test of the proposed MVR energy harvester
(A) MTS test.

(B) Prototype installation.

(C) Operate MTS system.

(D) Data capture.

(E) External resistances.

(F) Oscilloscope.

parameter in Equation (19). Table 4 lists the average friction and velocity values measured at a frequency of
1.5 Hz at different amplitudes.

Figure 10 shows the input force of the testing machine toward the prototype under the excitation of triangular
wave displacement (square wave velocity) at 1.5 Hz. It can be seen that there is still some force fluctuation when
the velocity is constant. There are three reasons for this. First, the MVR uses multiple complex transmission com-
ponents. Because of the precision of processing and assembly, the parts may bounce or misalign, and some

Table 3. Main parameters of MTS Landmark 370.02

Parameters Valve Unit
Test Space Width 460 mm
Test Height Minimum 144 mm
Test Height Maximum 827 mm
Load Frame Rated Capacity 25 kN
Actuator Force Capacity 25 kN
Actuator Dynamic Stroke 150 mm
Actuator Total Stroke 165 mm
Actuator Rated Flow 57 lpm
Manifold Rated Flow 57 lom
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Figure 9. Field installation of MVR under a real track

shocks may occur, resulting in a sudden increase in the force value. Second, the rotational inertia of the trans-
mission system adopted by the MVR is relatively large, which may lead to a certain degree of flywheel effect.
Third, because the MTS equipment uses a PID controller, some overshoot and fluctuation will also affect the
input force of the MVR, especially when the triangular wave displacement input is used; the sudden change
of the driving direction will make this phenomenon more obvious (Li et al., 2020).

Input and output characteristics of the system

The proposed prototype was tested on the MTS test system with a sinusoidal input. In the experiment, the
vibration amplitudes are 2, 3, and 4mm, the vibration frequencies are 1, 1.5, 2, and 2.5Hz, and the external
loads are 1, 3, and 5Q. Figure 11 shows the force-displacement loops when the vibration frequency and
amplitude are taken as constant values, respectively. The experimental results show that the input force
increases when the amplitude or frequency increases. The reason is that when the amplitude or frequency
becomes larger, the rotational and linear speed increases, and more kinetic energy needs to be generated
to meet the demands of the rotating parts. This means that a larger force needs to be input per unit
displacement. In addition, the results also show that the effect of amplitude on the input force is more
obvious.

In Figure 12, we analyze the differences between the simulation and experimental results in detail. It can be
seen from the comparison that there are five main reasons for the difference between the simulation force-
displacement loop and the experimental force-displacement loop. First of all, as shown in mark @, the
experimental value is lower than the simulation value at this time. This is because of the manufacturing
and assembly accuracy problems of the MVR, which caused stuck during the experiment, resulting in a
low and fluctuating input force. At the position of @, the force-displacement loop is misaligned, which
is caused by the disengagement and engagement under the action of inertia. After the velocity of the input
components decreases until it stops, the output rotating components continue to rotate because of inertia
and stop later than the input components. When the displacement reaches its maximum value and changes
direction, the input components temporarily disengage from the output rotating components. The input
force after disengagement drops to a very low value, which results in a large change in amplitude but a
small change in force. As shown in mark ®, the area of the experimental force-displacement loop is smaller
than that of the simulation force-displacement loop. The reason for this phenomenon is the same as that of
@. Since the disengagement and engagement processes are not considered in the simulation process, the
change of the input force is delayed. At the position of @ in the Figure 12, the value of the experimental
force suddenly increases and exceeds the simulation value. This is the result of the combined action of
inertia and shock. @ only appears in the experimental results with higher frequency because the inertia

Table 4. The values of the average friction force and velocity

a(mm) 1 1.5 2 2.5 3 3.5 4
v(mm/s) 6 9 12 15 18 21 24
Fr(kN) 0.2854 0.4178 0.5314 0.6287 0.6944 0.7758 0.8245

14 iScience 25, 105155, October 21, 2022

iScience



iScience ¢? CellPress
OPEN ACCESS

T T T T T T

oL — — —
2 0.5 H 13
£ | -
5 £ =
g 0.0 - -0 ; §
g 2 S
Bl 2
2 >
a sl {3

1.0 L1 L 4.6

L L L L L L
0 1 2 3 4 0 1 2 3 4
Time(s) Time(s)

Figure 10. Displacement, velocity, and Force of the MVR under the excitation of a constant speed with no electric load

effect of the rotating system is more obvious in the high-frequency state, and the faster speed will increase
the possibility of shock. In addition, it can be seen that the phenomenon of force fluctuation generally exists
in the experimental results, as shown in ®. The reason is that the electromagnetic distribution in the gener-
ator is not uniform, and the input frequency is low, which causes the damping force to change when the coil
cuts off the magnetic induction line (Liu et al., 2017). Although the differences mentioned above exist be-
tween the simulation and experimental results, the area range of the force-displacement loop and the
magnitude of the force are generally the same. The optimization of the friction model achieves a good
match between the simulation and the experiment, and the simulation and experiment force-displacement
loops have a high degree of fit. Therefore, it is shown that dynamic models can perform well in predicting
MVR performance.

As shown in Figure 13, when the external load resistance is constant at 5Q, the instantaneous voltage
changes with time under different vibrational frequencies and amplitudes. We can see that as the vibration
amplitude and vibration frequency increase, the voltage value also increases. In the experimental data, like
the influence on the input, the influence of the vibration amplitude on the output voltage is also greater
than that of the vibration frequency. The device has a certain flywheel effect, which increases the energy
density of the device.

A

3 4mm 3 4mm| 3 4mm|
3mm 3mm 3mm
2 2mm 2 2mm) 2 2mm)
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Force(kN)
o
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Test results with 1.5Hz, 2Hz and 2.5Hz a frequencies.
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Figure 11. Experimental results of the force-displacement loop
(A) Test results with 1.5, 2 and 2.5Hz a frequencies.
(B) Test results with 2, 3 and 4mm displacements.
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Figure 12. Comparison of simulation and experimental results
The mechanical efficiency of the MVR is calculated from the experimental data, and the mechanical effi-
ciency of the system is:

n _ Woutput
m =
Vvinput

(Equation 30)

Where Wi, is calculated from the area surrounded by the experimental force-displacement loop, and
Woutput is calculated from the experimental instantaneous voltage U(t):

t
Wosgpus = 3 * / (v’ /R)dt (Equation 31)
0

Calculating the output electrical power results of different amplitudes and frequencies and the statistics
are shown in Table 5. The output electrical power ranges from a minimum of 6.8988W to a maximum of
28.0416W, and the average mechanical efficiency of the system is 42.73%. It is found that when the external
load equals the generator’s internal resistance, the load’s power reaches the maximum value. It is known
that the internal resistance of the generator R; = 1.15Q, so when the load resistance gradually approaches
the internal resistance R; = 1.15Q from 5 to 3Q, it finally becomes 1Q. The output electrical power increases
continuously as the load resistance decreases.

Luigi Costanzo et al. introduced an electronic interface for maximizing power extraction from a train suspension
energy harvester. A novel maximum power point tracking (MPPT) technique is realized by a DC-DC converter
equipped with speed driven adaptive (SDA). Although train vibration characteristics may vary over time, this
technique quickly stabilizes the voltage at the rectifier output to an optimum value by measuring the generator
velocity in real-time. The SDA technique implements a dynamic adaptive control to handle the tolerances and
time variability of the controlled system parameters. Compared with the widely used perturb and observe (P&O),
the SDA technique performs better (Costanzo et al., 2021,2020). In the follow-up article, the influence of the
voltage drops of the diode bridge rectifier is considered, further optimization is carried out, and a more accurate
model is proposed. It is verified experimentally with constant and time-varying generator speeds. In addition, it
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Figure 13. The vibration frequency is 1.5, 2, and 2.5Hz, and the external load is 5Q
(A) The instantaneous voltage at a frequency of 1.5Hz and an external resistance of 5Q.
(B) The instantaneous voltage at a frequency of 2Hz and an external resistance of 5Q.

(C) The instantaneous voltage at a frequency of 2.5Hz and an external resistance of 5Q.

extends to active AC-DC converters, which have better power extraction performance than passive rectifiers
because they can manage both active and reactive power. But more complex control techniques also result
in higher control losses relative to passive rectifiers. For both types of converters, the optimal operating condi-
tions for maximum power can be predicted by measuring the generator speed (Costanzo et al., 2022). The pro-
posed system can obtain better output performance if the above optimizations are taken for the energy harvest-
ing circuit in the practical application of MVR.

lot the efficiency values as a three-dimensional curve, as shown in Figure 14 below. The mechanical effi-
ciency is inversely proportional to the vibration amplitude and frequency when the load resistance is con-
stant at 1Q. And the amplitude change has a more significant effect on the efficiency, as shown in Figure
14A. When the vibration frequency is constant at 2 Hz, the mechanical efficiency generally decreases
with the amplitude and load resistance increase. The closer the load resistance is to the internal resistance
of the generator, the greater the mechanical efficiency, as shown in Figure 14B. When the vibration ampli-
tude is constant at 2mm, the vibration frequency and load resistance negatively correlate with the
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Table 5. Test results with different parameters

Parameters Pinput (W) Poutput (W) NMm
1Q,1.5Hz 2mm 19.0591 14.4704 75.92%
3mm 34.5622 19.4499 56.27%
4 mm 49.3924 22.2360 HEIES
1Q, 2Hz 2mm 27.4008 20.1766 73.64%
3mm 41.7477 21.3313 53.23%
4 mm 61.3407 25.5045 41.58%
1Q, 2.5Hz 2 mm 28.7088 20.3981 71.05%
3mm 52.1211 25.6695 49.25%
4 mm 741720 28.0416 ETLEAIED
3Q,15Hz 2 mm 21.9739 11.3101 51.47%
3mm 38.5166 15.7362 40.86%
4 mm 445195 21.7536 48.86%
3Q, 2Hz 2 mm 32.5796 15.6864 48.15%
3mm 51.2587 17.6174 34.37%
4 mm 61.5516 23.0778 AT
3Q, 2.5Hz 2 mm 39.0293 17.4858 44.80%
3mm 64.3221 19.5774 30.44%
4 mm 74.4570 22.3908 30.07%
50, 1.5 Hz 2mm 19.0571 6.8988 36.20%
3mm 32.9313 12.6582 38.44%
T 48.7205 18.0378 Gz
50, 2Hz 2mm 28.0438 9.6613 34.45%
3mm 45.5547 13.0674 28.69%
4mm 67.4910 19.8708 29.44%
50, 2.5Hz 2mm 31.9264 10.9188 34.20%
3mm 59.9067 13.5678 22.65%
A i 91.7458 20.4006 e

mechanical efficiency. And the change in load resistance has a greater impact on efficiency currently, as
shown in Figure 14C. In general, the mechanical efficiency of MVR increases with the decrease of vibration
amplitude, vibration frequency, and load resistance in the experimental data.

Charging experiment and application analysis

The MTS bench test using MVR to charge supercapacitors is shown in Figure 15. The test adopts the vibra-
tion condition of the lowest frequency and the smallest amplitude: the vibration frequency is 1.5Hz, and the
vibration amplitude is 2mm. Using the smallest data can better prove the feasibility of the MVR to charge
the supercapacitor and power the tracking sensor network. The capacitances are 1, 1.65 and 2.5F, respec-
tively. With the same output voltage, in theory, the final voltage of the supercapacitor can be the same. But
the test results show that the charging voltage of the supercapacitor can first rise rapidly to a certain value
and then slowly rise to the final value. It can also be seen from Figure 15 that different capacitances have a
different time to reach the same charging voltage. As the capacitance increases, so does time. In general,
the fast-charging characteristics and large-capacity characteristics of supercapacitors provide the neces-
sary guarantee for the self-power of sensor networks.

To ensure the safety and feasibility of the device, a comparative analysis is made on whether the proposed
energy harvester is installed on the track. The experimental data uses the experimental displacement re-
sponses recorded by the MTS test system. Among them, the data adopts the largest data in this experi-
ment; the vibration frequency is 2.5Hz, the amplitude is 4mm, and the external load is 5Q for testing.
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Figure 14. Mechanical efficiency of MVR

(A) Effect of amplitude and frequency on mechanical efficiency.

(B) Effect of amplitude and load resistance on mechanical efficiency.
(C) Effect of frequency and load resistance on mechanical efficiency.

Therefore, the safety of the device can be better proved. From Figure 16, it can be concluded that the pres-
ence or absence of MVR has very little effect on the track. In addition, comparing the vibration data after
installing the MVR with the original vibration data, the mean relative error (MRE) was 0.0125%. The

—IF 1.65F 2.5F|

Voltage(V)

Time(s)

Figure 15. Charging test of MVR
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Figure 16. Track displacement with and without a harvester

installation of MVR will not affect the dynamic response of the train, nor will it bring any safety problems to
the train operation.

Figure 17 shows the practical application of the proposed MVR in a heavy-duty freight train railway. When a
freight train passes, the contact between the wheels and the track will cause irregular reciprocating vibra-
tions. The MVR harvests the track vibration energy that would otherwise be wasted through rectification
and voltage regulation processing to achieve the purpose of power generation. The electrical energy
stored in the supercapacitor powers low-power wireless sensors such as tilt sensors, acceleration sensors,
gyroscope sensors, and displacement sensors. The sensor transmits the track safety information monitored
in real-time to the remote monitoring terminal through the wireless sensor network, signal processing, sat-
ellite transmission, and other processes and keep information interaction with freight trains at all times. If
there is a safety problem on the track, the train driver can be notified via satellite to avoid safety accidents.
In addition, there are two energy supplies for the sensor: battery and grid. In some remote areas, the bat-
tery needs to be replaced manually and regularly, and it will cause a certain degree of pollution to the envi-
ronment. Laying the power grid consumes a lot of manpower and material resources, and long-distance
power transmission will also cause power loss. Through harvesting track vibration energy, the self-power
of low-power wireless sensors is realized. The MVR feeds back the energy from the track to the safety moni-
toring of the track to ensure the stable and safe operation of the freight train. Therefore, the MVR proposed
in this article, applied to wireless sensor self-powered and freight train track safety monitoring, has huge
economic benefits and application value.

n| Gyroscope Displacement
sensor | sensor

Figure 17. Application of MVR in freight railway
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Table 6. Several track wireless sensor parameters

Sensor Power
model Category Range consumption  Size manufacturer
TS1010T Inclination +10g 10mW 8.9 x 8.9 x 3.24mm Colibrys
VS1200.A Acceleration +100g 10.24mW 8.9 x 8.9 x 3.24mm Colibrys
Z4D-C01 Displacement 6.5 = 1mm 70mW 35.5 X 16 X 15mm Omron
P8AP Pressure 500bar 390mwW ®10 X 114mm HBM
VY4 Strain Nominal resistance 100mW 9.8 x 10mm HBM

3500hm
RDS40 Crack Rated resistance 250mW 47 x 10mm HBM

280hm
CRG20-02 Gyroscope +300°/s <300mW 9.5 x 9 x 3.44mm Silicon Sensing
SHT31 Temperature 0-100%RH;-40— 4.8uW 2.5 % 25 x 0.9mm SENSIRION

and humidity 125°C

From Ref (Pan et al., 2019a), it can be known that the vibration range of the track is 1-12mm and 1-4Hz, and
the specific situation is related to the train type and load. This article studies heavy-duty tracks for freight
trains. Because of equipment limitations, etc., the 2-4mm and 1.5-2.5Hz used in the experiment are the
smaller values in the track vibrations. In heavy-duty track conditions, the MVR will generate more power.
Therefore, it is of great reference value to use the average power under the condition of 2.5Hz as the esti-
mation of power generation. Track wireless sensor systems often include tilt, acceleration, displacement,
and pressure sensors. The combined power of these sensors is 0.48W. Table 6 lists the parameters of
several other common track monitoring wireless sensors. The average power is 24.7029W when the load
is 1Q, and the vibration frequency is 2.5Hz. Assuming that the speed of the freight train is 60 km/h, the fixed
wheelbase of the bogie is 1800mm, the diameter of the upper roof is 120mm, the action time of one car-
riage on the MVR is 0.1152s, the number of carriages is 100, and the number of trains passing through each
day is 24. To fully harvest the track vibration energy, 20 proposed MVRs are arranged on opposite sides of
the track. When all trains in a day pass by the MVRs, the total power generation is 136.60kJ. The combina-
tion of four common track-side wireless sensors: tilt sensor, acceleration sensor, displacement sensor, and
pressure sensor, can be continuously powered for 70.05h >24 h. It can realize the all-day power supply to
the sensor combination. This is the case where the vibration amplitude and frequency are smaller than the
actual vibration of the track, and only 10 MVRs are arranged on one side of the track. If the proposed MVRs
are installed on a large scale, a higher power generation will be achieved, which can fully realize the self-
powered wireless sensor networks.

Table 7 summarizes the electromagnetic vibration energy harvester systems proposed in the railway field.
The mechanism, installation location, electrical performance, and efficiency are compared. All prototypes
and data are from the corresponding literature. From the installation position, the output power of the de-
vices on the track-side is significantly higher than that of the onboard devices, but the efficiency is lower.
However, MVR has improved in efficiency compared to track-side or onboard devices. At the same time, its
output power is also higher in the track-side devices. In contrast, it can be seen that the proposed MVR in
this article has better electrical performance and energy conversion efficiency.

Conclusions

This article proposes a track vibration energy harvesting system with a MVR mechanism as the core. The
motion conversion module and the motion rectification module of the device are arranged vertically to
avoid excessive length, which is beneficial to the installation of the device. The mechanism of the MVR
adopts a design that combines the bevel gear speed increase and the spur gear multi-stage speed in-
crease. This can fully use the large input force of the track vibration and harvest the track vibration energy
to a greater extent. The system includes four modules: motion conversion, rectification, generator, and
storage. The motion conversion module converts the linear vibration of the track into the bidirectional rota-
tion of the bevel gear through the ball screw. The motion rectification module converts the bidirectional
rotation of the bevel gear into a faster unidirectional rotation of the generator shaft by integrating mechan-
ical rectification and speed increase. Then, the three-phase brushless generator generates electrical en-
ergy. After the rectification and voltage regulation, the electrical energy will be stored in the
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Table 7. Comparison of electromagnetic energy harvesters in railway systems

Installation
No  Reference Harvester mechanism position Input Voltage Power Efficiency
On-board
1 (dePasquale et al., 2012) Magnetic suspension Wheelset 80 km/h 2.5V (Vmax) 100 mW (Pmax) /
axle box
2 (Ung et al., 2015) Inertial mass wagon 416 m/s? / 1.71 mW (Pmax) /
3 (Ung et al., 2016) Inertial pendulum Suspension 3.92 m/s2 / 200 mW (Pmax) /
4 (Brignole et al., 2016) Resonant electromagnetic Bogie 75 km/h / 2.7 mW (Pmax) /
5 (Bradai et al., 2018) Magnetic spring wagon 27 Hz 1.7V (Vp-p) 10 mW (Pmax) /
6 (Gao et al., 2020) Inertial pendulum Bogie 80 km/h 1.45V (Vrms) 263 mW (Prms) 65%
7 (Perez et al., 2020) Inertial mass Bogie 28 Hz, 40 Hz / 6.5 mW (Pavg) /
8 (Fang et al., 2022) Inertial pendulum Bogie 120 km/h 1.5V (Vp-p) 102 mW (Prms) 68.29%
Track-side
9 (Wang et al., 2012) Double rack and pinion set Track-side 0.5inch, 1 Hz 5V (Vp-p) 1.4 W (Pmax) 16.9%
10 (Zhang et al., 2016) Rack and pinion Track-side 2Hz, 6mm 6.45V (Vp-p) 36.5 mW (Pavg) 55.5%
1 (Gao et al., 2018b) Magnetic suspension Track-side 105 km/h 2.3V (Vp-p) 119 mW (Pmax) /
12 (Gao et al., 2018a) Magnetic suspension Track-side 7-500 Hz 6.96 V (Vp-p) 550 mW (Pmax) 60%
13 (Dotti and Sosa, 2019) Inertial pendulum Track-side 0.5 kg / 5-6 W (Pavg) /
14 (Pan et al., 2019a) Ball screw bevel gear set Track-side 30 km/h / 2.24 W (Pavg) /
15 (Wu et al., 2021) Ball screw bevel gear set Track-side 2 Hz, 7.5 mm 4V (Vavg) 5.3 W (Pavg) 55.4%
16 This work Ball screw bevel gear set Track-side 2.5Hz, 4mm 17.42V (Vp-p) 28.04 W (Pavg) 75.92%

supercapacitor and supplied to the track-side wireless sensor systems. The performance and dynamic
response of the proposed device are verified by simulation and experimental analysis.

The proposed MVR adopts sinusoidal inputin the MTS bench experiment. When the amplitude is 4mm, the
frequency is 2.5Hz, and the external load is 1Q, the power can reach 28.0416W. The highest mechanical ef-
ficiency is 75.92%, and its average value is 42.73%. Because of the heavy load conditions of freight train
tracks, the proposed MVR has great potential for power generation. The realization of low-power wireless
sensor self-energy can ensure the safe operation of freight trains and contribute to green energy develop-
ment, carbon neutrality, emission reduction, and environmental protection.

Limitations of the study

The proposed vibration energy harvesting system still needs further optimization analysis and field exper-
iments. The limitations of this study are summarized as follows:

(1) Because of experimental conditions and equipment limitations, the simulation and experiment use
a regular sine wave input. To more accurately evaluate the performance of the proposed system,
future studies will be tested on real-running tracks.

(2) Start the finite element analysis and fatigue testing of the proposed system and further improve the
machining and fitting accuracy of the device to predict and improve the life of the device.

(3) Clean energy such as solar, wind, and noise are also included along the freight train track. Therefore,
there is great potential to explore the form of hybrid energy harvesting as a supplementary energy
source for MVR.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Microsoft Visio 2016 Microsoft https://www.microsoft.com/zh-cn/microsoft-
365/visio/flowchart-software

MATLAB 2020b Mathworks https://www.mathworks.com/products/
matlab.html

Other

MTS Landmark 370.02 servo-hydraulic test Mechanical Testing and Sensing (MTS) https://www.mts.com/en/products/materials/

system Systems Corporation dynamic-materials-test-systems/landmark-

servohydraulic

DS1102Z-E digital oscilloscope RIGOL https://rigol.com

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact Zutao Zhang (zzt@swjtu.edu.cn).

Material availability

This study did not generate new unique reagents.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon reasonable request.
® This paper does not report the original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

All methods can be found in the main text. Please check the System design section for the design details of
the system. Please check the Dynamic analysis and simulation section for the simulation and analysis details
of the system. Please refer to the Experimental details section for details of the experimental design and
equipment performance parameters.

Microsoft Visio 2016 is used to generate the visual images in the manuscript. MATLAB 2020b is used to pro-
cess experimental data and generate visual images in the manuscript. A demo video is provided to intro-
duce the whole article more vividly, as shown in Video S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Microsoft Visio 2016 is used to generate the visual images in the manuscript. The voltage signals are
captured by the DS1102Z-E digital oscilloscope. The force-displacement signals are captured by the force
sensor and displacement sensors integrated into the Landmark 370 servo-hydraulic test system at a sam-
pling frequency of 300 Hz. MATLAB 2020b is used to process experimental data and generate visual images
in the manuscript. Through MATLAB 2020b, the voltage signal and force-displacement data are processed
to analyze the input and output characteristics of the system.
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