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Abstract. Disc-shaped triboelectric energy harvesters can harvest kinetic energy from two kinds of sources: continuous rotation and vibration. A majority of studies about disc-shaped triboelectric energy harvesters focus on scavenging energy in continuous rotation, and only several of them deal with vibration energy. In this work, a new disc-shaped triboelectric energy harvester consisting of a stationary disc, a rotating disc having an eccentric mass with a magnet, and a separate magnet fixed to the harvester base is developed. The pair of repulsive magnets are utilized for the first time in a disc-shaped triboelectric energy harvester for efficiency enhancement. One of the discs is covered with a metal film and the other one is covered with a metal films on top of a dielectric film. Several alternating sectors of equal size are cut away from each piece of film. A comprehensive theoretical model coupling both structural dynamic and electric dynamic domains is established. Numerical simulations are carried out to investigate the effect of the potential well due to the two magnets on both structural and electrical behaviours, basins of attractors and the influence of the number of sectors. The results indicate that the magnetic bistable mechanism is able to enhance the power of the harvester considerably, compared with conventional disc-shaped triboelectric harvesters without bistable mechanism. Additionally, increasing the number of sectors also improves the output efficiency of the harvester.
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Introduction
Renewable energy markets have been booming in recent years due to environment deterioration and energy crisis. Triboelectric energy harvesting is a promising technology based on the coupling of triboelectrification and electrostatic induction, which can be utilized to harvest mechanical energy and generate electricity to power wearable devices and miniature sensors for monitoring structural health, environment and human beings. Since Wang’s team proposed a triboelectric nanogenerator (TENG) in 2012 [1], triboelectric energy harvesting has gained much attention due to it distinct advantages, such as impressive cost-effectiveness, light weight, availability of a wide range of materials, convenience of manufacture, and high applicability [2].
[bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: _GoBack][bookmark: OLE_LINK13][bookmark: OLE_LINK14]According to its working mechanism, there are four working modes for triboelectric energy harvesting, namely vertical contact-separation mode [3, 4], in-plane sliding mode [5, 6], single-electrode mode [7, 8] and free-standing triboelectric-layer mode [9, 10]. Based on the four working modes, a variety of triboelectric energy harvesters have been developed and investigated. Among those designs, rotary discs, as a kind of advanced configuration, are usually utilized in triboelectric energy harvesting. A few studies about disc-shaped triboelectric energy harvesters are briefly reviewed here. Lin et al. [11] developed a segmentally patterned disc-shaped TENG composed of two disc-shaped components with four sectors. One of the discs rotated at a constant speed and a linear relationship was found between current and rotating speed. To further explore the fundamental physics of rotary TENG, a series of theoretical studies were carried out, in which conductor-to-dielectric type and dielectric-to-dielectric types [10], contact and non-contact modes[12, 13] were investigated respectively. For boosting rotary energy harvesting effectiveness, different approaches were proposed and verified, such as introducing butylated melamine formaldehyde as a promising triboelectric material used in rotary TENG [14], or integrating both positive and negative charged electrets into single rotational energy conversion system [15]. Zhang et al. [16]. tested a dual-mode rotating TENG with simultaneous output from both single-electrode mode and free-standing triboelectric-layer mode. It was found that the output of the free-standing triboelectric-layer mode can be promoted by switching on the single-electrode mode. In a study of a self-powered wind sensor [17], a disc-shaped TENG was integrated with the sensor to convert wind energy to electricity. Besides wind energy, disc-shaped triboelectric energy harvesters can also be applied on harvesting wave energy. A radial-arrayed TENG was studied by experiment, in which a disc was connected with a transmission mechanism and could be driven by wave force to achieve continuous operation for long-term service [18]. Wang et al. [19] developed a tribo-induced smart window with a conjunction of a rotary freestanding sliding triboelectric nanogenerator and a polymer network liquid crystal cell, which was normally transparent and became opaque immediately under tribo-charging.
Nearly all the disc-shaped triboelectric energy harvesters mentioned above focus on scavenging energy from continuous rotation. Mechanical vibration energy, as an abundant energy source, has been extensively studied on different types of triboelectric energy harvesters. Nevertheless, for disc-shaped triboelectric energy harvester, its application on vibration source has rarely been studied, and there have been only several relevant studies. A disc-shaped TENG used to power a water quality sensor was studied, including a rotator disc, a stator disc and an eccentric block, which could response to the agitation of water wave [20]. Another disc-shaped TENG with a simple inertia mass was tested under hand swinging [21]. Although the small minority of studies involve disc-shaped triboelectric energy harvesters scavenging vibration energy, they are all purely based on experiment and the analysis of dynamic characteristics is blank. The dynamic response is significant for triboelectric energy harvester since the process of charge transferring depends on the relative motion between two distinct surfaces. Therefore, it is worth investigating the dynamic response of vibro-based rotary triboelectric energy harvester for exploring the relationship between external excitation and electrical output.
In this paper, a disc-shaped triboelectric energy harvester working in sliding mode is investigated, and a comprehensive theoretical model coupling both structural dynamic and electrical domains is developed. A magnetic bistable mechanism with a pair of magnets is utilized in this harvester, which has never been investigated in rotary triboelectric energy harvesters before. Numerical simulations are carried out to explore the dynamic behavior and electrical performance. This work aims to investigate structural dynamics for better understanding the link between the external excitation and output performance of a disc-shaped triboelectric energy harvester, which also provides an approach for efficiency enhancement with bistability.
Prototype design
The configuration of the proposed harvester is depicted in Fig.1 (a). In this design, two discs contact with each other in the vertical plane. One of the discs is fixed with the vibration source and move with it, referred to as the stationary disc, and the other disc is able to rotate around the centre of the disc under horizontal excitation, referred to as the rotary disc. An eccentric mass in the shape of a small disc with a cylindrical magnet (magnet A) is attached to the rotary disc. Another cylindrical magnet (magnet B) is fixed on a L-shaped frame which is fixed with the stationary disc. Between the two magnets, there exists a magnetic repulsion, which may result in bistability.
[image: ]
Fig. 1. Configuration of the disc-shaped triboelectric energy harvester.
The two discs made of acrylic (PMMA) serve as substrate. The contact surface of the stationary disc is covered with a metal film made of aluminum or copper on top of a layer dielectric film made of polytetrafluoroethylene (PTFE), and another metal film is attached with the rotary disc. The metal films on the two discs actually work as electrodes during electricity generation, shown in Fig.1 (b). The geometry shape of the films (including the metal films and PTFE film) is illustrated in Fig.1 (c), which consist of n sectors. Here, n=4 is shown as an example.
During working, triboelectrification only happens between the PTFE film on the stationary disc and the metal film on the rotary disc. The charge transfer process is illustrated in Fig.2. A load resistor R is wired with the metal films. During rotating, an electric potential difference between the two metal films is established with the change of overlapping area, thus electrons are driven to flow though the resistor from one metal film to the other, consequently an alternating current is generated in the electric circuit.
[image: ]
Fig. 2. Mechanism of sliding mode triboelectric energy harvesting.
Theoretical model
Mechanical model
According to the configuration of the proposed harvester (Fig.3 (a)), the gravity of the eccentric mass and the magnetic force between the two magnets provide restoring torque for the system. For the restoring torque from the gravity of eccentric mass, it can be expressed as
	
	[bookmark: _Ref44161848](1)


where m is the eccentric mass, including the mass of clump weight and magnet A; g is the earth acceleration;  denotes the distance between the center of gravity of the eccentric mass and the center of rotation; θ is the angular displacement.
The restoring torque generated by magnetic force is a bit complicated due to the nonlinearity of the magnetic force. Theoretically, for two given magnets, the magnetic force depends on their relative locations, shown in Fig.3 (b). An analytical model of the magnetic force is as follows [22]
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where  is the vacuum permeability (),  and  are the magnetic dipole moment of magnet A and magnet B. ,  and  are the unit vectors, whose directions are illustrated in Fig.3 (b).   represents the distance between the centres of the two magnets, which is expressed as
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 is an angle between the vector  and the vertical dashed line, which can be obtained by
	[bookmark: _Hlk61867639]
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in which  is the distance between the centre of magnet A and rotation centre.  denotes the gap distance between the centres of magnet A and magnet B when the magnet A is at the lowest position.
[image: ]
Fig. 3. Sketch of structural dynamics model
According to Eq.(2), the component of the magnetic force  tangential to radius can be written as
	
	
	(5)


Therefore, the restoring torque from the magnetic force yields
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Combining Eq.(1) and Eq.(6), the system of the single-harvester type can be represented mathematically by the following equation
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[bookmark: OLE_LINK34][bookmark: OLE_LINK35]where  denotes the moment of inertia of the rotary disc and eccentric mass.  is the mechanical damping under open circuit condition.  is the electric torque applied on the rotary disc.  represents the horizontal external base excitation, which is prescribed motion defined by a time function .
Electrical model
Any triboelectric energy harvester can be approximately modelled by a series connection of a variable capacitance  and a voltage source . Fig.4 shows the equivalent circuit for single harvester. The electrical model is based on an assumption that the area dimension of metal films is larger enough than the thickness of dielectric film so that the edge effect between metal films can be ignore [23].
[image: ]
Fig. 4. Equivalent circuit.
In this work, the equivalent capacitance  and the open-circuit voltage  for the presented triboelectric energy harvester can be derived as
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	(9)


in which  and   denote the vacuum permittivity and the relative permittivity of the dielectric film respectively.  represents the tribo-charge surface density and  is the thickness of the dielectric film.  denotes the over-lapping area between the EAP on the rotary disc and the PTFE on the stationary disc, and  is the rest area of the EAP on the rotary disc which does not contact with the PTFE. Both  and  are functions about the rotating angle . Introducing , where rem(.) is a function of modulo operation, then for any arbitrary rotating angle ,  and  can be obtained by
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	(11)


in which  denotes the angle of each sector. , ,  and  are the dimension parameters of the films, which are illustrated in Fig.1 (c).
For single harvester, the electricity generation equation of the triboelectric harvesters can be written as
	
	
	(12)


where  is the voltage across the load resistor , and  is the amount of charge transferred in the harvester. Applying Ohm’s law, one can get the electric differential equation
	
	
	(13)


Average output power  is usually used to assess the performance of vibro-based energy harvesters, which can be obtained by
	
	
	(14)


The electric torque  provides the feedback in the dynamic domain, which can be calculated by
	
	
	(15)


Numerical simulations
In this section, a series of numerical simulations are carried out and both mechanical dynamic response and electrical output are studied theoretically. A number of essential parameters used in the numerical simulations are shown in Table 1.
Table 1. Parameters of the harvester.
	Parameter
	Value
	Parameter
	Value

	
	1.54×10-4 kg·m2
	
	10 mm

	
	91 g
	
	14 mm

	
	32 mm
	
	46 mm

	
	48.5 mm
	
	50 mm

	
	0.16 Wb·m
	
	8.85×10-12

	
	0.16 Wb·m
	
	2.05

	
	2×10-3
	
	100μm

	
	20 μC/m2
	
	



Influence of potential well
A pair of identical neodymium disc magnets with a diameter of 10 mm and thickness of 3mm are used to create bistability in the proposed harvester. Unlike a traditional disc-shaped triboelectric harvester which has a quadratic potential with a single equilibrium, the proposed harvester with a bistable mechanism has a double-well potential with two stable equilibriums and one unstable equilibrium. 
The gap distance between the magnets directly affect the potential energy of the system as well as the magnetic restoring torque. To investigated its influence, five gap distances are studied, illustrated in Fig.5. As observed, a relatively small gap distance (such as 8 mm) introduces strong nonlinearity, resulting in a high potential barrier and a strong magnetic restoring torque, and it is easy for intrawell motion to happen in such a condition. With the increase of the gap distance, interwell motion may occur under a smaller potential barrier and magnetic restoring torque. For comparison between the harvester with and without the bistable mechanism, an infinite gap distance (s=INF) is involved, which means the fixed magnet is removed from the harvester. It is obvious that the potential energy is quadratic without magnetic repulsion.
[image: ][image: ]
(a) Potential energy                (b) Magnetic torque
Fig. 5. Potential energy and magnetic torque under different gap distances.
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]The gap distance apparently affects the potential well of the system, which accordingly brings about distinct structural and electrical dynamic behaviors. Fig.6 illustrates the phase portrait and voltage across the load resistor  under different gap distances. Here, the number of sectors is set as 3. In Fig.6 (a) and (b), when the amplitude of excitation is 5 mm and the frequency is 4 Hz, only intrawell oscillation happens at both s=8 mm and 12 mm. Compared with the harvester without the magnetic bistable mechanism (s=INF), the harvester with the magnetic repulsion can achieve a higher voltage, and the voltage at s=12 mm is higher than that at s=8 mm. A strong excitation is needed for the oscillator (rotary disc) to overcome the potential barrier. An excitation with amplitude of 10 mm and frequency of 4 Hz is involved in Fig.6 (c) and (d), from which it can be observed that interwell oscillation takes place when s=12 mm. Worth noting that the interwell oscillation does not bring about a higher voltage than that under intrawell oscillation at s=8 mm in this case, which is very different from some traditional energy harvesters with bistable mechanisms whose output performance can be enhanced by interwell oscillation with large amplitude [24]. Actually, the performance of the proposed disc-shaped triboelectric energy harvester does not only depend on amplitude, but also angular velocity. A relevant study has verified experimentally that under continues rotating, a linear relationship is found between output current and rotating speed on a disc-shaped triboelectric energy harvester [11].
[bookmark: _Hlk67584438]For further investigation about the effect of potential well, frequency-sweep simulation is carried out, with amplitudes of 5 mm (Fig.7 (a), (b) and (c)) and 10 mm (Fig.7 (d), (e) and (f)) respectively. The two figures in the top row (Fig.7 (a) and (d)) illustrate the angular displacement, in which the maximal and minimal displacements are marked with symbols. The root mean value (RMS) of angular velocity  ((Fig.7 (b) and (e))) and average power  (Fig.7 (c) and (f)) are shown in the figures in the second row and the third row respectively. It can be seen from the figures in left column that with the increase of frequency, only intrawell oscillation occurs at s=8 mm and 12 mm. When the frequency is smaller than 3 Hz, the harvester without magnetic bistable mechanism () has larger amplitude and angular velocity. However, due to the low angular velocity, the difference between the out power of the harvesters with different gap distances is very small. In the frequency range from 3 Hz to 4.5 Hz, the harvester with the gap distance of 12 mm achieves a higher power because of the higher angular velocity and amplitude. When the frequency is larger than 4.5 Hz, larger amplitude and velocity are found at s=8 mm, and the corresponding harvester has a higher power. It is noticed that the powers at both s=8 mm and 12 mm are enhanced compared with that at . From the figures of right column, due to the large excitation amplitude (A=10 mm), it can be seen that interwell oscillation happens in the frequency range from 3 Hz to 6.5 Hz when s=12 mm. When the frequency is larger than 6.5 Hz, the harvesters with the gap distance of 12 mm and without the bistable mechanism almost have the same amplitude. For the harvester with the gap distance of 8 mm, both interwell oscillation with large amplitude and intrawell oscillation happen, which also achieves the highest power when the frequency is larger than 4 Hz.
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Fig. 6. Phase portrait and voltage under different gap distances.
[image: ][image: ]
Fig. 7. Frequency response under different amplitudes.
Fig.8 illustrates the root mean value of voltage  across the load resistor  in the parameter region of frequency and gap distance at A=5 mm (Fig.8 (a)) and 10 mm (Fig.8 (b)) respectively, which can provide a guideline for selecting a proper gap distance. It is indicated that an optimal gap range exists for high power and a smaller gap distance should be utilized when the harvester is exposed to stronger excitation.
It can be concluded that larger amplitude and angular velocity can be achieved with an appropriate gap distances between the magnets, which can bring about a higher output power than conventional disc-shaped harvesters without the magnetic bistable mechanism.
[image: ][image: ]
                   (a) A=5mm                                                (b) A=10mm
Fig. 8. Voltage in the parameter region of frequency f and gap distance s.
Basins of attraction
[bookmark: _Hlk67583099]As the structural dynamic response of the harvester with the magnetic bistable mechanism can be sensitive to the initial conditions, basins of attraction are investigated for further understanding the influence of the initial conditions on structural dynamic behaviours. A series of initial conditions () are utilized in simulation, in which the ranges of initial position  and initial velocity  are from -3 rad to 3 rad and from -50 rad/s to 50 rad/s. According to the attractors onto which the system eventually settles down, the attractors are categorized into three types here, namely intrawell motion on the left, intrawell motion on the right and interwell motion. The steady-state of the system at each specific initial condition is recorded and marked with the corresponding colour according to the type of the resulting attractors.
[bookmark: OLE_LINK22][bookmark: _Hlk67583042][bookmark: OLE_LINK25]Fig.9 illustrates the basins of attraction under four different cases, namely case 1: A=10 mm, f=5 Hz, s=8 mm; case 2: A=10 mm, f=5 Hz, s=10 mm; case 3: A=30 mm, f=2 Hz, s=10 mm; case 4: A=30 mm, f=2.5 Hz, s=10 mm. In Fig.9 (a), it can be seen that only pure intrawell motions on left side and right side take place. With the increase of gap distance between magnets, in case 2 (Fig.9 (b)), interwell motion appears due to the weakened magnetic repulsion, and the three types of attractors seem to intermingle. The basin in case 3 (Fig.9 (c)) is similar to that in case1. In case 4 (Fig.9 (d)), at a relatively higher frequency, the basin exhibits a regular pattern and the system becomes less sensitive to the initial conditions. Comparison between case 3 and case 4 indicates that a slight change in frequency may bring about a distinct basin of attraction. The analysis above shows that the system sensitivity to the initial conditions is greatly affected by the excitation and the gap between the magnets.
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Fig. 9. Basins of attractions.
Effect of number of sectors
The number of the sectors on the discs has a direct impact on the output characteristics of the harvester. Even under the same structural dynamic response, different segmentation structures can lead to distinct electrical dynamic behaviours. Fig. 10 illustrates the overlapping area  (Fig.10 (a)) between two metal films and the open-circuit voltage  (Fig.10 (b)) with different number of disc numbers of sectors at A=30 mm and f=2 Hz. From Fig.10 (a), it can be observed that when the number of the sector n is relatively small (such as n=3, 4, 5), the overlapping area just changes from its maximum value to certain values, which are larger than its minimum value. This means the triboelectric films are not fully utilized during charge transferring. When n is set as a relatively large value (such as n=12), the overlapping area varies from its maximum value to minimum value and its changing frequency is nearly twice as that at n=3, 4, 5. Accordingly, in Fig.10 (b), the harvester with 12 sectors has the higher open-circuit voltage with double frequency than the harvesters with 3, 4 and 5 sectors.
[bookmark: _Hlk67580407][bookmark: _Hlk67581455]For obtaining higher energy harvesting efficiency, the load resistor should match with the internal resistance of the harvester. In Fig.11 (a), the average power of the harvester with different numbers of sectors is demonstrated under different load resistors. An excitation with amplitude of 30 mm and frequency of 2 Hz is employed here. It can be seen that the optimal resistor of the harvesters with the given numbers of sectors is approximately 100 MΩ. For further investigating the effect of sector quantity, the average power of the harvester with different numbers of sectors connected with a load resistor of 100 MΩ is presented in Fig.11 (b). It is obvious that the power of the harvester grows with the increase of sector quantity, which indicates that increasing the sector number contributes to improving the harvesting efficiency. However, it should be noticed that when the sector quantity reaches to a fairly large value, the edge effect between electrodes cannot be ignored any more, and the power will drop if continuing to increase the number of sectors [23].
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Fig. 10. The overlapping area and open-circuit voltage with different numbers of sectors.
[image: ][image: ]
(a) Optimal load resistor                             (b) Average power
Fig. 11. Optimal load resistor and average power with different numbers of sectors
Conclusions
This study presents a disc-shaped triboelectric energy harvester for scavenging vibration energy, in which a magnetic bistable mechanism consisting of a pair of identical magnets is introduced for power enhancement. A theoretical model is developed coupling structural dynamic and electric dynamic domains. Detailed numerical simulations are carried out to analyze the harvester from both the perspectives of structural dynamics and electrical output. The main conclusions are drawn as follows:
(1). A comparison between the harvesters with and without the magnetic bistable mechanism indicates that the output power can be effectively improved by the proposed bistable mechanism with an appropriate gap between the two magnets.
(2). The external excitation and the gap have an impact on the system sensitivity to the initial conditions. A smaller gap distance or a higher frequency of excitation may make the system less sensitive to initial conditions under certain situations.
(3). Increasing the number of cut-off sectors on the metal and dielectric films enhances utilization of the triboelectric films, which is an effective way to promote electric output power.
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