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Abstract
Using energy harvested from ubiquitous vibration for powering the increasing number of low-power electronics is a promising technique. This paper proposed an electromagnetic vibration energy harvester using an innovative vibration-to-rotation conversion mechanism based on a magnet array. A magnet vibrating along a straight path will induce a torque on a rotatable cylinder fixed with an array of magnets, driving the cylinder to rotate and thus generating electricity via electromagnetic transduction. A theoretical model of the harvester is established and verified through experiments. The dynamical characteristics and optimal parameters of the harvester are investigated theoretically. Then, the optimal resistance of the external load and the capability of this harvester in energizing low-power electronics are studied. Experimental results demonstrate that the root-mean-square (RMS) of the output power will reach its maximum value of 106.5 mW with a 300-Ω external load. Finally, an application scenario of harvesting energy from train vibration is proposed. Numerical simulation results indicate that the output power increases along with the speed of the vehicle; specifically, it will be 50 mW when the train runs at a speed of 80 km/h. This study indicates that the proposed magnet array-based vibration energy harvester is effective in powering low-power electronics.
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1. Introduction
Mechanical energy, such as in the form of vibration and fluid flow, is omnipresent in the environment and easy to employ [1]–[3]. Nowadays, large-scale power generation from massive mechanical energy sources, such as hydraulic and wind energy, has been well developed. However, the technology for harvesting low-scale mechanical energy is still under development. Low-power electronics such as portable devices, wireless sensors, and wearable electronics, have been developed rapidly in recent years, and their requirements for sustainable and independent power supplies have led to the creation of some energy harvesters. Harvesting local energy for local use is conducive to averting shortcomings of conventional battery solutions, such as environmental pollution and limited lifespan. Thus, harnessing low-scale mechanical energy has attracted substantial attention from both industry and academia.
Vibration everywhere, such as wind-induced vibration [4], [5] and track vibration[6], is one of the most common mechanical energy sources in nature. Converting vibration energy into electricity can be achieved through several mechanisms, including piezoelectric [7], electrostatic [8], triboelectric [9], and electromagnetic [3], [10]–[12] effects. The piezoelectric effect is one of the most utilized mechanisms in converting vibration energy into electricity because of its ease of miniaturization, high energy conversion efficiency, and sensitivity to small vibration [13]. However, the large internal resistance of piezoelectric VEH limits their capability of powering electrical loads although piezoelectric vibration energy harvesters (VEHs) can output significant voltages [14], [15]. Using electrostatic and triboelectric effects to harvest vibration energy has also been investigated. For instance, Fu et al[9] have developed a novel system based on triboelectric and electrostatic effects to harness vibration energy from the vibro-impact of three parallel cantilevered beams. To date, electrostatic and triboelectric VEHs are still in the research phase, as the performance of electrostatic and triboelectric harvesters deeply depend on microelectromechanical manufacturing technologies and advanced materials [14]. Based on the Faraday law of electromagnetic induction, the relative motion between the magnet and coil will generate an electromotive force across the coil, converting kinetic energy into electricity. As electromagnetic VEHs do not rely on advanced materials, complex fabrication technologies, and strict working conditions, they show more advantages in practical usages than VEHs based on other principles. 
Electromagnetic VEHs can be roughly categorized into two groups: the linear and the rotary types. The linear type electromagnetic VEHs usually utilize the electromagnetic induction effect directly. The inertia force [10] or relative displacement [16] will lead to linear reciprocating relative motions between magnets and coil, converting kinetic energy into electricity. The linear electromagnetic VEHs usually perform well near their natural frequency [14]. However, vibrations appearing in nature usually vary in a broad frequency range. To overcome such a problem, strategies for extending the resonant frequency band, such as parameter tunning [17], integrating multiple linear harvesters in one device, and introducing nonlinearity [2], have been proposed and investigated. 
Compared with linear harvesters, the rotary ones usually are more cost-effective and smaller in dimensions [18]. The rotary type electromagnetic VEHs mainly consist of two subsystems: the motion-converting subsystem and the rotary energy-generating subsystem. The rotary energy-harvesting subsystem is sometimes retrofitted from common commercial generators to reduce the fabrication difficulty and obtain stable performance. The motion-converting subsystem is employed to convert linear motion into rotation for driving the rotary energy-generating subsystem. The main reported translation-to-rotation mechanisms can be roughly classed into three groups: rack-pinion [19]–[23], ball-screw [24]–[28], and hydraulic mechanisms [29], [30]. The rack-pinion structure is commonly utilized. However, the backlash and high friction in such a mechanism will lead to low efficiency. As the rack and gear should match with each other, the rack-gear system requires high-precision manufacturing. Converters based on the ball-screw mechanism have considerable friction in low frequency and do not perform well at high frequency [18]. Hydraulic-based harvesters use the fluid flowing in pipelines to transmit force and drive the hydraulic motor. The special way of transmitting forces makes the installation of hydraulic-based energy harvesting devices more flexible. However, the hydraulic-based VEHs also have drawbacks such as the large response time, low mechanical transmission efficiency, high cost because of the need for precision sealing and changing the hydraulic fluid regularly. Besides the above three conversion mechanisms, some novel translation-to-rotation mechanisms, such as the cable or string transmission[1], [31] and cantilever-ratchet structure [32], have also been reported in designing VEHs.
However, the linear-motion and rotary-motion components for most vibration-to-rotation mechanisms have direct contact during force transfer, such as the teeth of the rack and gear, and the ball and screw. Direct contact will lead to friction forces, wear of materials, and even contact fatigue failures. In this work, a novel motion-converting mechanism, free of direct physical contact between the linear and rotary motion components, is proposed. This mechanism mainly has two parts: a linear vibrating magnet (LVM) fixed on the excitation source and a rotatable cylinder with a magnets array (CMA). The reciprocating motion of the LVM will generate oscillatory magnetic forces on the magnet array (MA), creating a time-varying torque on the cylinder and driving it to turn around.
The advantages of the proposed translation-to-rotation mechanism can be summarized into three points: (a) the linear-motion and rotation-motion components are free of direct physical contact. The friction force, wear of materials, and fatigue failure caused by physical contacts can be averted, conducive to improving energy converting efficiency and the reliability of the system; (b) the linear-motion and rotation-motion components are coupled with magnetic force, belonging to flexible coupling. The flexible coupling is beneficial to averting structure damage when the vibration amplitude becomes too large; (c) the introduction of magnetic force-based coupling makes the requirements of this system on vibration directions no longer as strict as common mechanical motion-conversion mechanisms. That is to say, the proposed motion conversion mechanism can convert multiple-direction vibration into the rotation and realize energy harvesting. Based on the proposed motion-converting mechanism, an electromagnetic VEH is developed and investigated. 
The paper is organized as follows: In Section 2, the working principle, the prototype, and the theoretical model of the harvester are introduced briefly; Section 3 shows the results of theoretical analyses, including verification of the theoretical model, dynamical characteristics of the harvester, and discussions on the optimal parameters of the harvester. In Section 4, experiments are conducted to investigate the performance of the harvester; Then, an application scenario for harvesting energy from deformations of the absorber of a metro vehicle; Finally, conclusions are drawn based on the theoretical and experimental studies.

2. Working principle, prototype, and theoretical model of the harvester
2.1 Working principle of the motion conversion mechanism
In this work, a magnetic force-based mechanism to convert vibration/linear motion into rotary motion is proposed. This motion-conversion mechanism mainly consists of two components: the LVM and the CMA.  equally spaced magnets of the MA are arranged along a triangle-wave line on the cylindrical surface of radius , as shown in Figure 1(a). These magnets on the cylindrical surface will form a closed ring. The distribution of the MA can be depicted with three parameters: , , and .  is the lateral interval between two adjacent magnets on the cylindrical surface.  denotes the Z-axis interval between two adjacent magnets on the cylindrical surface.  stands for the amplitude of the triangular-wave line. Such an arrangement of these magnets is aimed to obtain a large resultant torque along the longitudinal axis of the cylinder. The generation of the driving torque is related to not only the LVM but also the MA. In practice, the LVM undergoes linear vibration along the Z-axis, as shown in Figure 1(b). It will generate attractive forces on these magnets on the cylindrical surface. Due to the arrangement of the MA in space, these magnetic forces will create a torque driving the cylinder to rotation. In Figure 1(b),  is the horizontal distance between the LVM and the longitudinal axis of the cylinder.  presents the vibration amplitude of LVM.
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Figure 1. The working principle of the vibration-to-rotation mechanism proposed in this work: (a) the distribution of the MA on the cylindrical surface; (b) the schematic diagram of the working principle.

2.2 Prototype of the vibration energy harvester
Based on the proposed vibration-to-rotation mechanism, an electromagnetic energy harvester is designed and fabricated. This harvester utilizes the rotary cylinder to drive a mini generator for converting kinetic energy to electricity. As shown in Figure 2(a), the harvester contains a base, two bearings, a shaft, a rotary generator, a gear connected to the generator, and the CMA. The shaft is supported via the two bearings on a U-shaped frame linked to an inverted T-shaped stand, which has two holes for fixing this system. The generator can be mounted to one arm of the frame with bolts. The cylinder shares the same longitudinal axis with that of the shaft and connects to the shaft via a key. Besides, a ring gear, matched with the gear of the generator, is embedded inside the cylinder, turning with the cylinder and driving the generator. Note that an LVM fixed on the linear vibration source is also needed in this energy harvesting system. The dimensions of the prototype are determined based on applications and available mechanical parts at reasonable prices. The optimization in the dimensions of the prototype will be conducted in a future study.
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Figure 2. The proposed electromagnetic energy harvester: (a) the model of the harvester; (b) the free-body diagrams of the cylinder and the gear; (c) the equivalent circuit of the system.
2.3 Theoretical model of the harvester
For a better understanding of the characteristics of this VEH, a theoretical model is established. To calculate the magnetic forces acting on the MA of the cylinder by the LVM, the magnetic dipole moment method (MDMM) is adopted. According to the MDMM, the magnetic moment of a magnet can be written as follows [33]: 
	
	(1)


where  denotes the magnetization vector of the magnet. For uniformly magnetized magnets, the value of  can be estimated using ,  standing for the remanence of the magnet and  the permeability of free space with a value of 4π×10−7 H/m;  is the volume of the magnet. The magnetic field generated by the magnet can be expressed as follows:
	
	(2)


where  is the vector from the centre of the magnet to the measuring point. As the free-body diagram of the cylinder shown in Figure 2(b), the magnetic force  generated by magnet  upon magnet  can be given as: 
	
	(3)


where  is the magnetic moment of the LVM;  (=1, 2, …) is the magnetic moment of one magnet of the MA;  is the magnetic field generated by ;  denotes the position vector from the centre of the magnet  to that of . As the magnet  is fixed on the surface of the cylinder, the force  will generate a torque on the centre point  of the cylinder, which can be calculated using .  presents the position vector from  to . Since the cylinder can only roll along Z-axis and there are  magnet fixed on the cylindrical surface, the Z-axis component of the total torque caused by the magnet  can be obtained by:
	
	(4)


where  is the driving torque of the system and  the Z-axis component of . During operation, this system also generates some other resistant torques. In Figure 2(b), the free-body diagrams of the cylinder and gear are presented. According to the force diagram, the dynamic model of the system can be written as follows:
	
	(5)


where  is the moment of inertia of the CMA, and  the moment of inertia of the generator including the gear;  and  presents the mechanical damping coefficient of the CMA and generator;  denotes the tangential component of the interaction force between the ring gear of the cylinder and the gear of the generator;  and  stands for the pitch radii of the ring gear and the gear of the generator;  is the electromechanical coupling coefficient of the generator and  the electrical current within the closed-circuit as shown in Figure 2(c);  and  are the angular displacements of the cylinder and generator, respectively. As the ring gear of the cylinder and the external gear of the generator match with each other, the gear ratio can be expressed as . Thus, Eq. (5) can be rewritten as follows:
	
	(6)


where  is the moment of inertia of the system,  presents the mechanical damping coefficient of the system, and  denotes electromechanical coupling factor of the system. The electromotive force output by the generator is proportional to its rotational speed. Applying Kirchhoff's voltage law to the circuit, the electrical differential equation of the circuit can be written as:
	
	(7)


where  and  are the resistance of the generator and the external load;  denotes the inductance of the generator. Note that . The output power of the system can be estimated using the following equation:
	
	(8)



Table 1 shows some critical parameters utilized in establishing the theoretical model. For a better understanding of the characteristics of the system, the driving torque acting on the CMA, , when the LVM and the CMA are at different positions, is calculated and presented in Figure 3(a). During the calculation, the horizontal distance between the moving path of the LVM and the longitudinal axis of the cylinder,, is fixed at 70 mm. It can be found that the variation of the position of the LVM has significant influences on the driving torque of the CMA. When the LVM is just facing a magnet of the MA, the Z-axis component of resultant torque acting on the cylinder equals zero, that is, this system reaches its equivalent stable point. However, moving the LVM will break the balance of the system and the CMA will rotate to reach its new stable point. Figure 3(b) shows the potential energy of the system when the LVM and the CMA are at different positions. The potential energy of the system can be obtained as , where  is the position of the LVM,  the angular position of the CMA, and  constant of integration. It can be seen from the figure that the angular position corresponding to the minimum potential energy of the system changes with the position of the LVM. As the system always tends to maintain the minimum potential energy, the CMA will rotate with the motion of the LVM. 

Table 1. Critical parameters of the energy harvesting system.
	Object
	Symbol
	Description
	Value
	Unit
	Object
	Symbol
	Description
	Value
	Unit

	CMA
	
	The radius of the cylinder
	50
	mm
	System 
	
	Moment of inertial of the system
	3.03E-4
	

	
	-
	The length of the cylinder
	73
	mm
	
	
	The mechanical damping factor of the system
	2.0E-2
	

	
	
	The number of magnets
	32
	-
	
	
	The electromechanical coupling factor of the system
	0.4
	

	
	
	The diameter of the magnets
	8
	mm
	
	
	Inductance of system
	3.2
	mH

	
	
	The thickness of the magnets
	5
	mm
	
	
	Number of teeth of the gear
	100
	

	
	-
	Magnet grade
	N52
	-
	
	
	Number of teeth of the ring gear
	10
	-

	
	
	The amplitude of the triangular-wave line
	16
	mm
	
	
	The gear ratio
	10
	-

	LVM
	
	Diameter of LVM
	20
	mm
	
	
	The horizontal distance between the LVM and Z-axis
	70
	mm

	
	
	Thickness of LVM
	20
	mm
	
	
	Resistance of the generator
	97
	Ω

	
	-
	The grand number of LVM
	N52
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Figure 3. The torque and potential energy of the system when the LVM and CMA are at different positions: (a) the Z-axis component of the resultant torque acting on the cylinder; (b) the potential energy of the system.

3. Theoretical investigations

Based on the established theoretical model, a series of investigations are performed to learn about the characteristics of the system. First, the theoretical model is verified via experimental results. Then, the typical dynamic behaviours of the system are presented. Finally, the optimal parameters about the MA and the LVM are investigated through a series of simulations.
3.1 Validation of the theoretical model
To verify the feasibility of the theoretical model, comparisons between the experimental results and predicted results by the theoretical model are conducted. A slider-crank mechanism is employed in the setup of the exciter for providing low-frequency and repeatable harmonic vibration, as shown in Figure 4(a) and Supplementary Video 1. The LVM is fixed on the slider and does linear vibration periodically along the Z-axis direction via the crank driven by a motor. The oscillation frequency of the slider can be tuned via adjusting the rotational speed of the motor and the amplitude via changing the length of the crank. Figure 4(b) shows the schematic of the test setup. In the experiments, the motor is controlled by adjusting its input voltage. A Kraft paper card is attached to the slider and moving with the latter. The real-time displacement of the card is measured via the Laser displacement sensor. The vibration frequency of the slider can be obtained by analysing the displacement data of the Kraft paper card. The output signals of the harvester are recorded and displayed on an oscilloscope.  and  are fixed at 70 mm and 16 mm, respectively. Other parameters about the LVM, CMA and the system can be found in Table 1. 
Figure 5 shows the RMS of the open-circuit voltage from simulations and experiments. The experimental results show good agreement with the simulation results of the theoretical model, demonstrating the validity of the established theoretical model. Limited by the performance of the motor, the excitation frequency below 1.3 Hz is hard to achieve during experiments.
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Figure 4. Photos and schematic of the experimental setup: (a) photos of the experimental setup; (b) schematic of the experimental setup.
[image: ]
Figure 5. Comparisons between the experimental and simulation results.
3.2 Dynamical characteristics of the harvester
[bookmark: _Hlk81567264]After validating the theoretical model, a series of simulations are performed to learn about the dynamic characteristics of this system. During simulations, the vibration frequency of the LVM is fixed at = 5 Hz and the vibration amplitude  increases from 1.6 mm to 19.2 mm. Figure 6(a) shows the time-history responses (rotations of the cylinder) under excitations with small amplitudes ( 1.6 mm, 2.8 mm, 4.0 mm, and 5.2 mm) and Figure 6(b) are the corresponding phase portraits. Figure 6(c) presents the time-history responses under excitation with large amplitudes ( 9.6 mm, 12.8 mm, 16.0 mm, and 19.2 mm) and Figure 6(d) the corresponding phase portraits. These dots in Figure 6 are Poincaré points sampled at a time interval of s. Results in Figures 6(a) and 6(b) indicate that the response curves are smooth when the vibration amplitude is smaller than 5.2 mm. Besides, the Poincaré points in Figure 6(b) gather at one point on corresponding phase orbits, indicating that this system has strong periodicity under small-amplitude excitations. In Figure 6(c), the vibration amplitude  has a significant increase compared with that in Figure 6(a), demonstrating that more kinetic energy will be fed into this energy harvesting system. Under intense vibrations, the time-history response curves are no longer smooth and the periodicity becomes weak along with the increase of . It can even be seen this system rotates continuously when =19.2 mm. In Figure 6(d), phase portraits are messy and the corresponding Poincaré points are scattered when excitations become intense. Such phenomena demonstrate that intense excitation will weak the periodicity of this system.
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Figure 6. Dynamical characteristics of the system: (a) the time-history responses under small excitations; (b) the phase portraits under small excitations; (c) the time-history responses under intense excitations; (d) the phase portraits under intense excitations.

3.3 Effects of some parameters on the performance of the harvester
Parameters of the MA and LVM have significant influences on the performance of motion transmission of this system. Thus, a series of simulations are performed to investigate the effects of these parameters on the performance of the harvester. Firstly, the influences of the MA arrangement, including the shape, the amplitude, and the periods of the MA, on the performance of the system are investigated. Then, the effects of characteristics of the LVM, such as the remanence, the vibration amplitude, and the vibration direction, on the performance of the system are studied. 
3.3.1 Effects of MA arrangement on the performance of the system
The arrangement of the MA has a critical influence on the dynamic behaviours of the system. For bringing it to light, simulations based on the established theoretical model are conducted. In simulations, the vibrating path of the LVM is parallel to the longitudinal axis of the cylinder. The LVM vibrates with a fixed amplitude of 16 mm and a frequency increasing from 0 to 5 Hz. The initial angular displacement and velocity of the cylinder are set to zero. The angular displacement and velocity of the cylinder from 0 to 6 s are calculated via integration at a time step of 2.5E-3 s. The RMS value of the output voltage of the harvester is selected to evaluate the performance of the system. Other parameters not specified are consistent with the values provided in Table 1. The numerical results are displayed in Figure 7 below.
Figure 7(a) shows the triangular-wave and sine-wave arrangements of the MA, respectively. The two kinds of arrangements have the same amplitude of 16 mm and the number of magnets. The simulation results of the two arrangements are presented in Figure 7(b). The results of the two arrangements show a similar increasing trend with the increase of excitation frequency. However, the red line of the sine-wave arrangement shows greater fluctuations than the green line of the triangular-wave arrangement, demonstrating that the system with a triangular-wave arrangement has more stable performance. Thus, the triangular-wave arrangement is adopted in the prototype.
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Figure 7. Effects of MA arrangement on the system performance in simulations: (a) the MA arrangements with triangular-wave and sine-wave arrangements; (b) open-circuit voltage for the MA arrangements with triangular-wave and sine-wave shape; (c) the MA arrangements with different amplitudes; (d) open-circuit voltage for the MA arrangements with different amplitudes; (e) the MA arrangements with different periods at a 16-mm amplitude; (f) open-circuit voltage for the MA arrangements with different periods at a 16-mm amplitude.
Then, the influences of the amplitude of the MA on the performance of this system is discussed. In simulations, the amplitude of the triangular wave of the MA increase from 2.0 mm to 16 mm, as shown in Figure 7(c). The RMS values of the open-circuit voltage of the harvester when the MA has different amplitudes are shown in Figure 7(d). These results demonstrate that the performance of this system becomes better when  increases from 2 mm to 16 mm, especially in the high-frequency range. When  is small, the performance of this system decreases dramatically. These results indicate that the larger the amplitude of the MA is, the better performance of this system can be obtained. Therefore, the amplitude of the triangular wave should be as large as possible in the prototype if other conditions permit.
Besides the shape and amplitude of the MA, the periods of the MA influences the performance of this system. Figure 7(e) shows the distributions of the MA with one, two and four periods. Note that the total number of magnets consisting of the MA does not change with the number of periods. Simulation results corresponding to the three cases are presented in Figure 7(f). These results indicate that the system with one period performs better than that with two/four periods. Therefore, the one-period MA with a triangular-wave shape utilized in the prototype is optimal.

3.3.2 Effects of the parameters of the LVM
Since the LVM is a crucial component of the energy harvesting system, the parameters of the LVM are also of significance in affecting the performance of this system. In simulations, the MA has a triangular-wave shape and an amplitude of 16 mm. The LVM does sinusoidal vibration and its vibrating path is contained in the plane of . The angle between the vibrating path of the LVM and the Z-axis (the longitudinal axis of the cylinder) , is employed to reflect the vibrating direction of the LVM, as shown in Figure 8(a). Other parameters can be found in Table 1.
According to Eq. (3), the remanence of the LVM is proportional to the magnetic force acting on the cylinder. Thus, a series of simulations are conducted to investigate the influence of the remanence of the LVM on the performance of the system. During simulation, the vibration amplitude  of the LVM is fixed at 16 mm and the vibration frequency increases from 0 Hz to 5 Hz. Besides, the vibration direction of the LVM is parallel to the Z-axis, namely,  equals zero. The simulation results when the remanence of the LVM, , equals to 0.2 T, 0.3 T, 0.5 T, and 1.4 T are presented in Figure 8(b). These results demonstrate that the RMS of the open-circuit voltage increase along with the vibration frequency  of the LVM. However, the increasing trend will be interrupted when the vibration reaches a specific frequency which the authors call ‘Stop Frequency’. The curves in Figure 8(b) indicate that the ‘Stop Frequency’ increases along with the remanence  of the LVM. In general, the stronger the remanence of the LVM, the better performance of this system, especially in the high-frequency range. Thus, the magnets of the MA and the LVM utilized in the prototype have the same grade number of N52 and remanence of 1.47T, which are the strongest the authors can obtain. 
Then, the effects of the vibration amplitude and frequency of the LVM on the performance of this system are investigated. During simulations, the vibration amplitude of the LVM varies from 0 to 32 mm. The results corresponding to the vibration frequency of 3 Hz, 5 Hz, and 7 Hz are shown in Figure 8(c). It can be found that this system does not work when the vibration amplitude is too small. Besides, it can also be seen that the higher the vibration frequency, the better the performance of the system, under the same vibration amplitude condition. Note that the maximum vibration frequency of the LVM should match with the remanence of the utilized magnets. If the remanence of the LVM is not enough, the performance of the harvester will become worse when the excitation frequency exceeds the ‘Stop Frequency’.
The vibration direction of the LVM also plays a critical role in influencing the performance of the harvester. The angle,, varies with the change of the vibration direction of the LVM. In simulations, the LVM has a vibration amplitude of 16 mm and a frequency of 5Hz. The simulation results for  varying from 0 to  are presented in Figure 8(d). It can be found that when  equals 0 or , namely, the vibration direction of the LVM is parallel to the Z-axis, this energy harvesting system reaches its best performance. However, the performance of this system becomes significantly worse when  is near , namely, the vibration direction of the LVM is perpendicular to the Z-axis. Therefore, the vibration direction of the LVM should be parallel to the Z-axis as much as possible in practice. It can also be found that this system has significant outputs in a large angle range, indicating that this system has a capacity of harvesting multi-direction vibration energy. 
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Figure 8. The influence of the parameters of the LVM on the performance of this energy harvesting system: (a) vibration direction of the LVM; (b) the influence of the remanence of the LVM; (c) the influence of the vibration amplitude of the LVM; (d) the influence of the vibration direction of the LVM.

4. Experimental investigations on the energy harvesting capacity of the harvester
To learn about the energy harvesting capacity of the proposed VEH and its potential for powering electronics, a series of electrical experiments are conducted. Firstly, the optimal resistance of the external load is investigated under harmonic vibration. Then, the capabilities of the harvester for scavenging energy from hand-shaking vibration and for enabling low-power electronics are studied.
4.1 Optimal resistance of the external load 
To employ the harvested energy, an external load should be connected to the harvester in series within the same closed circuit, as shown in Figure 3(c). The resistance of the external load ought to match the internal resistance of this system for obtaining maximum energy output. To determine the optimal resistance of the external load, a series of experiments are conducted. A sliding rheostat is connected to the harvester to work as an external load. The RMS voltage across the sliding rheostat is measured with a voltmeter. Figure 9(a) shows the diagram of the electrical circuit utilized in the experiments. Figure 9(b) presents the RMS of the output power of the system under different vibration frequencies. This figure indicates that the RMS of the output power generally increases along with the excitation frequency. However, the large electromagnetic damping force, when the external load is small, will cause a decrease in the output power, especially for high-frequency vibration. Such a drawback can be overcome by increasing the remanence of utilized magnets. It can also be found that the RMS values of the output power corresponding to different excitation frequencies will reach their peak value when the resistance of the external load is about 300 Ω. This energy harvesting system reaches its maximum output power of 106.5 mW under a 300-Ω external load and a 5-Hz excitation. 
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Figure 9. Performance of the harvester under harmonic vibration: (a) diagram of the electrical circuit; (b) the RMS of the output power under different vibration frequencies.

4.2 Performance of the harvester under hand-shaking vibration
During the investigation of the optimal resistance of the external load, the form of excitation is harmonic. However, most vibrations in nature are random. To learn about the actual characteristics of the harvester under random vibration, the energy harvesting capacity of this system is studied when excited by hand-shaking vibration. 
In the experiments, the LVM is held in one’s hand and shaken with periodic-like hand motions. The vibration of the LVM will drive the CMA to rotate which turn the generator to produce electricity. To measure the hand vibration, an acceleration sensing module (JY901 by Wit-Motion Company) is stuck on the back of the hand holding the LVM, as shown in Figure 10(a) and Supplementary Video 2. This sensing module has a maximum sampling frequency of 200 Hz. The measurement data can be transmitted to the computer in real-time via a cable. Figure 10(b) shows the measured acceleration (in the Z-axis direction). The maximum value of the horizontal acceleration exceeds 2.0 . Figure 10(c) is the power spectral density (PSD) curve of the horizontal acceleration, demonstrating that the dominant frequency of hand-shaking vibration is about 2 Hz. Figure 10(d) shows the open-circuit voltage of the harvester, which has a similar waveform with the horizontal acceleration of hand-shaking vibration. The time-history of open-circuit voltage is divided into 1-second sections and the RMS value of each section is calculated, as shown in Figure 10(e). The RMS of the open-circuit voltage can reach its maximum value of about 12V. 
The external load (a sliding rheostat) utilized to investigate the optimal resistance is a purely resistive element. However, most electronics contain other electrical elements. The harvester may behave differently when employed to power non-resistive electronics. To find out the capability of this harvester for powering usual electronics, experiments for enabling low-power electronics are conducted. In practice, the harvester will generate an alternative-current (AC) voltage. However, most electronics require direct-current (DC) voltage for normal operation. Thus, a full-bridge rectifier circuit, as shown in Figure 10(f), is employed to convert the AC voltage of the harvester into DC voltage for fulfilling the requirement of common electronics. Figure 10(g) shows that the harvester can successfully power a digital clock from the energy harvested from hand-shaking vibration. In Figure 10(h), a digital thermo-hygrometer is enabled by the harvester and can sense the temperature and humidity continuously. Besides, the harvester under hand-shaking vibration can also be utilized to power a digital calculator, as shown in Figure 10(i). 
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Figure 10. Performance of the harvester under hand-shaking vibration: (a) experimental setup; (b) the acceleration of hand-shaking vibration; (c) the PSD curve of the acceleration signal; (d) the open-circuit voltage of the harvester; (e) the RMS value of the open-circuit voltage; (f) the diagram of the full-bridge rectifier circuit; (g) a digital clock powered by the harvester; (h) a digital thermo-hygrometer enabled by the harvester. (i) a digital calculator energized by the harvester.

5. An application scenario for harvesting energy from train vibration
[bookmark: _Hlk84780774]One common cause of train vibration is the wheel-rail interaction [34]. Usually, the vibration energy will be dissipated in the environment in the form of heat. In recent years, intelligent railway systems based on vehicle-track condition monitoring have developed rapidly. However, these monitoring devices require a stable power supply. Harvesting the wasted vibration energy and converting it to electricity for powering these monitoring devices are very useful. Many researchers have developed energy-harvesting suspension systems to scavenge wasted vibration energy [3]. Inspired by these works, an application scenario of the proposed harvester is provided, as shown in Figure 11. In the proposed application scenario, this harvester will work as a damper but will not replace the original primary shock absorber. As shown in Figure 11, these LVMs are fixed on the lower fixed board and these harvesters are bound to the upper fixed board. The lower and upper fixed boards are connected to the rotary positioning arm of the bogie and the bogie frame and move with them, respectively. When the vehicle runs along the track, relative motions between the bogie frame and the rotary positioning arm will be generated, leading to the relative motions between the LVMs and CMAs of the harvester array. As this energy harvesting system and the primary shock absorber are connected in parallel, the relative motions between the LVMs and CMAs equal the deformations of the shock absorber. 

[image: ]
Figure 11. Application of the proposed harvester for scavenging energy from train vibration.

As this work is in the early phase of development, on-site measurement on a metro vehicle is hard to implement due to some safety factors. Thus, a vehicle-track coupling dynamic model based on multibody dynamics is established using the Universal Mechanism (UM) software [35] to obtain the deformation of the absorber. Table 3 shows some critical parameters utilized in the dynamical model. The class-5 track irregularities designated by the federal railroad administration (FRA), USA, are employed in the model [36], [37]. These parameters come from a metro system, which has been utilized in the authors’ previous study [35]. Based on the established vehicle-track dynamical model, the deformation of the suspension system when the train runs at different speeds can be calculated. Figure 12(a) displays the deformation data of the front-right primary shock absorber of the front bogie when the vehicle runs at speeds of 10 km/h, 30 km/h, 50 km/h, and 70 km/h, respectively. Results in Figure 12(a) indicate that the deformation amplitude will exceed 10 mm when the vehicle runs at different speeds. However, the deformation amplitude reaches its maximum value of about 20 mm when the vehicle runs at a speed of 30km/h. Figure 12(b) is the corresponding fast Fourier transform (FFT) spectrum of absorber deformations when the vehicle runs at different speeds. Results in Figure 12(b) demonstrate that the frequency band of the absorber deformation signal become broad with the increase of the running speed, and the frequency corresponding to the peak value of the FFT spectrum increase as well.

Table 3. Critical parameters of type A subway vehicle [35].
	
	Item
	Parameters
	Unit

	1
	Wheel tread type
	LMA
	-

	2
	Wheelbase
	2.5
	m

	3
	Mass of wheel
	1,900
	kg

	4
	Nominal rolling circle radius
	0.84
	m

	5
	Lateral distance of the rolling circle
	1.493
	m

	6
	Mass of bogie 
	2,721.5
	kg

	7
	Length between bogie pivot centres
	15.7
	m

	8
	Mass of car body
	50,877
	kg


[image: ]
Figure 12. Simulated deformation of the absorber when the train runs at different speeds: (a) time-series data of absorber deformation; (b) the FFT spectrums of absorber deformations.
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Figure 13. Performance of the harvester when the train runs at different speeds.

[bookmark: _Hlk83759177]Based on the established vehicle-track coupling system, the absorber deformations at different running speeds of the vehicle can be obtained. Using the simulated deformation of the absorber as excitations, the performance of the harvester when the train runs at different speeds can be calculated. In simulations, a 300-Ω external load is connected to the harvester. Figure 13 shows the RMS of the calculated output power of the harvester when the train runs at different speeds. These results demonstrate that the RMS of the output power increases along with the speed of the vehicle. When the train runs at a speed of 80 km/h, this system will generate an output power of 50 mW. In practice, multiple harvesters can be arranged side by side, as shown in Figure 11. Thus, more energy can be obtained by using multiple harvesters.
The harvester in this work is designed to power low-power monitoring devices when the often-used energy sources are not available. Table 4 presents the power consumption of some sensors and wireless data transmission nodes, which can be utilized in health condition monitoring for infrastructure. It demonstrates that the proposed harvester is capable of energising these low-power monitoring devices. The proposed mechanism is an optional way when the often-used power sources are not available [38], [39]. Table 5 shows the out power of some vibration-based energy harvesters reported in the railway industry. It can be found that the proposed harvester is superior in energy harvesting capacity. Thus, the study and implementation of the proposed mechanism make sense for both the traditional and vibration-based energy sources. Having low manufacturing and maintenance costs and being able to energise these low-power monitoring devices, the proposed mechanism, thus, can be considered as a cost-effective way when the often-used energy sources are limited [40]. This study reinforces the prospect of using the energy harvested from train vibration to power onboard monitoring systems.

Table 4. The power consumption of some sensors and wireless data transmission nodes [41].
	Sensor/
WSN node
	Type/function
	Manufacturer
	Power consumption
	Note 

	ADXL345
	Accelerometer
	Analog Device
	350μW
	3-Axis, 16g

	VS1100A
	Accelerometer
	Colibrys
	9.9mW
	Measurement range 100g

	Z4D-C01
	Distance meter
	Omron
	70mW
	Sensing distance 6.51mm

	HC-SR04
	Distance meter 
	Jieshen
	65mW
	Sensing distance 7.0m

	TS1000T
	Inclinometer
	Colibrys
	9.9mW
	Angular accuracy

	HC-SR501
	Infrared detector
	/
	325μW
	Operating temperature -150-70℃

	DHT11
	Temperature & humidity
	Ylelectronic
	12.5 mW
	20-90%RH; 0-50℃

	ADC
	Signal Conversion
	/
	3.6 mW 
	16 bits

	LoRa node
	Data transmission
	/
	100mW[42]
	Transmission distance 60 Km

	ZigBee node
	Data transmission
	/
	100.5mW
	Transmission distance 10-100m



Table 5. The out power of some vibration-based energy harvesters reported in the railway industry.
	Item
	Mechanism
	Maximum size (mm)
	Mounting position
	Power(mW)

	Wischke et al.[43]
	Cantilevered piezoelectric beam
	80
	Sleeper
	0.38 (max)

	Yuan et al. [44]
	Piezoelectric drum
	250
	Sleeper
	0.081 (rms)

	Nelson et al.[45]
	Electromagnetic, voice-coil
	/
	Rail bottom
	0.146 (avg)

	Zhang et al.[46]
	Electromagnetic, rack and pinion
	/
	Rail bottom
	36.5 (avg)

	Hadas et al.[47]
	Electromagnetic, spring-less resonant
	51
	Sleeper
	15 (max)

	Ung et al.[48] 
	Electromagnetic, magnetic ball-coil
	31.8
	Bogie
	0.874 (rms)

	Rana et al. [49]
	Cantilevered piezoelectric beam
	0.6
	Suspension spring
	1.288 (max)

	Bradai et al.[50]
	Electromagnetic, spring resonant
	80
	Wagon
	10 (max)

	This work
	Electromagnetic, magnet array
	140
	Shock absorber
	50 (rms)


max: the maximum value of power; rms: the root-mean-square value of power; avg: the average value of power. 

6. Conclusions
In this work, a magnet-array-based electromagnetic harvester is developed to realize the efficient utilization of vibration energy in the environment. A series of theoretical and experimental studies are conducted to understand the characteristics of the energy harvesting system. The main findings of this study are summarized as follows:
(1) The theoretical model of the harvester is established and verified. Based on the established model, the dynamical characteristics and optimal parameters of the harvester are investigated. Results indicate that the harvester shows strong periodicity under small-amplitude vibration and the periodicity gradually disappears with the increase of vibration intensity. 
(2) The optimal resistance of the external load and energy harvesting capacity of the harvester are studied. This system reaches its maximum output power of 106.5 mW (root-mean-square value) with a 300-Ω external load and a 5-Hz excitation. The capability of this harvester in powering low-power electronics, such as a digital thermo-hygrometer and a digital calculator, is demonstrated through experiments.
(3) An application scenario of the harvester for scavenging energy from train vibration is provided. These results demonstrate that the RMS of the output power increases along with the speed of the vehicle. When the train runs at a speed of 80 km/h, one harvester will generate an output power of 50 mW.
This study shows the applicability of the proposed magnet-array-based vibration-to-rotation conversion mechanism in vibration energy harvesting and the possibility of establishing a self-powered onboard railway monitoring system.
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