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Abstract:
In this work, piezoelectric energy harvesting via friction-induced vibration is investigated experimentally and numerically. A test setup which is able to generate friction-induced vibration and simultaneously harvest vibration energy is created. The experimental results verify the feasibility of energy harvesting via friction-induced vibration. They suggest that there is a critical driving speed for the friction system to generate strongest friction-induced vibration and output highest voltage; a larger normal load is beneficial for producing stronger vibration and outputting higher voltage; the external electric resistance has little effect on the vibration of the friction system, instead it will modify the output voltage amplitude within limits. To further understand the experimental findings, both the complex eigenvalue analysis and implicit dynamic analysis are performed in ABAQUS. The complex eigenvalue analysis further confirms the feasibility of energy harvesting by means of friction-induced vibration, and shows that the vibration in both tangential and normal directions can be harvested. The implicit dynamic analysis verifies the effect of driving speed and normal load on the system dynamics and harvested energy. Accordingly, a two-degree-of-freedom friction system model is proposed to qualitatively characterise the effect of external electric resistance on the system dynamics and harvested energy. This investigation offers quite a new way of harvesting vibration energy. 
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1. Introduction
[bookmark: OLE_LINK17][bookmark: OLE_LINK22][bookmark: OLE_LINK25][bookmark: OLE_LINK26]With the fast development of wireless technology and micro-electromechanical systems (MEMS), low power portable electronics and wireless devices have been widely used in our daily life [1]. Considering that batteries used for charging these devices have a limited life, and the replacement or recharging of batteries is inconvenient, costly and sometimes impossible, developing self-powered technology by harvesting ambient energy has attracted more and more attention in recent years [2]. Among all the available ambient resources, ambient vibration energy is abundant and is easily accessible through MEMS technology, thus the conversion of vibration energy into electrical energy has been extensively investigated during the last twenty years [3-5].
[bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK35]Generally, there are five approaches to convert vibration to electric energy, i.e. electromagnetic, electrostatic, piezoelectric, magnetostrictive and triboelectric [5-6]. Among them, piezoelectric energy harvesting has become a growing interest as it has high power density and is not reliant on an external magnetic field or voltage source. Kim et al. [7], Erturk et al. [8] and Saadon et al. [9] all presented a comprehensive review of piezoelectric vibration energy harvesting technology. Moreover, various test setups (harvesters) [10-16], models (analytical models and finite element models) [17-25] and external circuits (SECE, SSHI) [26-30] have been established as well to investigate the conversion performance of ambient vibration energy to electric energy by using piezoelectric materials.
[bookmark: OLE_LINK37][bookmark: OLE_LINK52]Nevertheless, a major challenge of vibration energy harvesting is that an energy harvester tends to convert energy most effectively only if the harvester is excited at its resonant frequency, which means that if the ambient vibration frequency shifts slightly from the resonant frequency of the harvester, the resulting energy output and conversion efficiency will dramatically reduce [31]. Hence, the harvester needs to be tuned to the dominant external frequency of the ambient vibration before its practical deployment. However, in the majority of practical situations, the ambient vibration is random and its frequency varies over a wide spectrum, thus broadening the effective frequency response bandwidth of harvesters is of significant for the design of vibration energy harvesters. Up to present, some solutions have been proposed to improve energy harvesting performance to some extent: Erturk et al. [32], Zhou et al. [33] and Wang et al. [34] exploited nonlinearity (of a magnetic field) in enhancing vibration energy harvesting. Moure et al. [35], Yang et al. [13] and Zhou et al. [36] all proposed different structures of harvesters to improve energy harvesting performance. Stewart et al. [37], Kim et al. [38] and Du et al. [39] optimized the electrodes to improve power output. A more recently comprehensive review presented by Yang et al. [40] systematically summarized the methodologies leading to high power output and broad operational bandwidth. However, as commented by Twiefel et al. [41], ‘all the broadband techniques are suitable for their specific applications, but none of them can be called a universal solution’.
Hence, a possible approach to overcome this problem is proposed: i.e. converting another type of vibration energy which does not rely on ambient vibration sources, such as friction-induced vibration (FIV). FIV is a typical phenomenon of self-excited vibration; it is ubiquitous in applications ranging from small mechanical systems to large infrastructures which contain sliding frictional contact. Typical examples are brake systems, tool cutting systems, mechanical gear systems, window wiper blades, lead screw drives, conveyer systems, bearings, engines and power trains, etc [42-46]. The energy harvesting via FIV may have a broad application prospect in vehicle industry, since many friction phenomena (brake systems, window wiper blades, clutch system etc) occur in a vehicle system. Additionally, FIV is often triggered under specific working condition without any external force excitation [42]. If piezoelectric elements are introduced into a friction system, the generation of FIV will result in the strains of the piezoelectric elements, and the strain energy can be converted into electrical energy. Therefore, harvesting the vibration energy caused by friction will not rely on the ambient vibration frequency. In addition, for energy harvesting via FIV, the vibrations are generated from both the normal and tangential directions, suggesting that the vibration energies in both directions can be harvested. 
The research on the FIV can be dated back to more than one hundred years ago. However, due to the fact that the FIV is commonly considered to be detrimental to friction systems, the research work on the FIV has mainly been focused on revealing the generation mechanism of FIV and finding effective approaches to reduce or eliminate it [47-50]. However, sometimes the FIV can be useful, for example, in the musical instruments, and as shown here, even in the energy harvesting application.
Although the FIV has been extensively studied, limited work [51-55] on its capability in energy harvesting has been reported. Heffel and Hagedorn [51] established a wobbling disc energy harvester and found that the conversation of FIV energy to electrical energy could lead to a broadband operational bandwidth. Helseth [52], Tadokoro et al. [53] and Masuda et al. [54] all demonstrated the feasibility of energy harvesting by means of stick-slip friction motion, and they obtained the amount of the harvested energy and the conversion efficiency in their test setups. Green et al. [55] studied relationship between the friction nonlinearities and the energy harvesting performance of electromagnetic energy harvester. Although these studies are useful for understanding the relationship between FIV and energy harvesting, the knowledge on the energy harvesting via FIV is still limited, and there is no reported investigation on the relationship between the working parameters (load, velocity and external resistance) and energy harvesting. Therefore, it is worthwhile to further study the energy harvesting via FIV and the effect of working parameters on this means of energy harvesting, which will be beneficial for the design of the energy harvester based on FIV and finding useful ways to achieve high conversion efficiency, which is the major contribution of this paper. 
[bookmark: OLE_LINK23]In this work, piezoelectric energy harvesting by exploiting FIV is investigated experimentally and numerically. A new test bench, which is able to produce the FIV phenomenon easily, is developed. An experimental study on the influence of working parameters (load, velocity and external resistance) on FIV and energy harvesting performances is performed in this new test setup. Subsequently, a numerical analysis is conducted by using ABAQUS 6.14 and MATLAB to simulate the experimental process, and provide reasonable explanations for the experimental phenomena. Based on both the experimental test and numerical simulation results, the influence of working parameters on the FIV and energy harvesting performance is found. 

2. Experimental details and finite element model
2.1 Details of the test setup and procedures
The test setup is characterized by a pad-on-disc system, in which a friction contact is established between the disc and pad samples, as shown in Fig. 1. During the tests, the disc (of Q345 steel, 80 mm in internal diameter, 316 mm in external diameter and 15 mm in thickness) is driven by a servomotor in a horizontal plane with a constant driving speed. The cylinder of pneumatic loading system provides a normal load to the push rod, which enables the rod to pass through the linear bearing and subsequently makes the pad sample (of composite material, cuboid with length of 60 mm, width of 40 mm and height of 20 mm) rub against the rotating disc sample. Two 2-D force sensors are used to collect normal and friction forces data during the friction process. A 3-D acceleration sensor is used to measure the vibration signals generated from the friction system. All of these sensors are connected to the signal analysis system.
In this work, two thin leaf springs (of 304 stainless steel in 40 mm×16 mm×0.3 mm) are connected to the pad support, where spring 1 is used to absorb the normal vibration energy of the friction system, whilst spring 2 is used to absorb the tangential vibration energy of the friction system. A piezoelectric patch (PZT-5A in 17 mm×16 mm×0.25 mm), which consists of a substrate, piezoelectric ceramic, and Ag electrodes, is bonded to each spring by an adhesive. When the FIV occurs during the friction process, the piezoelectric patches are deformed with the leaf springs, thus each spring can be regarded as a piezoelectric energy harvester. A non-synchronous charge extraction circuit (simple load resistor interface circuit) is used in the harvester to detect the voltage generated from the piezoelectric patch, and an oscilloscope is employed to measure and record the piezoelectric voltage during the friction process. The schematic diagram of the test setup and the corresponding harvesting circuit is illustrated in Fig. 2. 

[image: E:\东伟论文\《Experimental and numerical investigations of the piezoelectric energy harvesting performance》\图形1.TIF]
Fig. 1. Picture of the experimental test setup.

[image: C:\Users\wang1013\Documents\tencent files\1776135059\filerecv\Disc改厚度后1.tif]
Fig. 2. Schematic diagram of the test setup and the corresponding harvesting circuit.

Before testing, both surfaces of the disc and pad samples are cleaned by acetone to minimise the effect of contaminants. All tests are performed in a strictly controlled ambient environment (25~27 °C and 60±5% RH). In the tests, a constant normal load of 725 N is imposed, and the speed of the rotary motor is set at 10 rpm, 20 rpm, 30 rpm, 40 rpm, 50 rpm and 60 rpm respectively, which aims to detect the effect of velocity on the energy harvesting via FIV. Subsequently, normal loads of 325 N, 525 N, 725 N and 1125 N are set respectively, at the speed of 30 rpm to find the capacity of load in affecting the energy harvesting via FIV. Finally, the electrical response of the FIV is examined by varying the external electric resistance (EER) from 5 kΩ to 200 kΩ. The whole testing duration of each test is 60 s, and tests presented in this experimental study are conducted more than three times for each condition. Between each test, there is a 60 s idle duration to dissipate the heat of the disc surface. In addition, acetone is also used to clean the samples’ surfaces to avoid the influence of residual wear debris.

2.2 Finite element model of the test system
The finite element model of the test system is established based on the real geometrical sizes of the components, as shown in Fig. 3(a). This numerical model comprises nine main kinds of components: a top part, a linear bearing, a push rod, normal and friction force sensors, a support, several pad specimens, a disc specimen, two thin leaf springs, and two PZT patches. Eight-node (C3D8) brick elements are used to mesh the components. The material properties of the components used in the finite element analysis are based on their actual values, as listed in Tables 1 and 2.
[bookmark: OLE_LINK5][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK6][bookmark: OLE_LINK8]Fig. 3(b) shows the constraint conditions of the finite element model. The top surface of the top part is constrained except in the direction along the Y axis. A normal load is imposed onto the surface of the top part and accordingly causes the contact between the pad and the disc sample. A constant speed is imposed to the shaft hole of the disc sample around the Y axis, which results in the rotation of the disc sample and creates the friction between the pad and the disc samples. There are two contact pairs defined in this numerical model, i.e. the friction contact between the bearing and the push rod, and the friction contact between the pad and the disc. In the following numerical analysis, the friction coefficient of the former contact pair is kept at 0.25, which is believed to be able to represent the friction coefficient between these two components. For the latter contact pair, the disc surface is defined as the master surface due to its relative harder material compared with that of the pad. An observation point at the same location as the 3-D acceleration sensor fixed in the test is defined on the support surface, which is used to reveal the variation of vibration signal during the friction process. Moreover, the central point of each PZT patch is used to observe the evolution of output voltage of the friction system when FIV happens. The constraint conditions defined in this finite element model are consistent with those of the experimental test system, other than the glue and thread connections between components, such as the connections between the two sensors, the pad and its support, support and the springs, and the PZT patches, which are set as tie constrains in the model.
[image: E:\东伟论文\《Experimental and numerical investigations of the piezoelectric energy harvesting performance》\FEM-1.tif] [image: E:\东伟论文\《Experimental and numerical investigations of the piezoelectric energy harvesting performance》\Fig. 3(b).tif]   
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]Fig. 3. The finite element model of the test system (a) and the constraint conditions of the finite element model (b).

Table 1. The material parameters of the components of finite element model
	Parts
	Density (kg/m3)
	Young’s modulus (GPa)
	Poisson’s ratio

	Top part
	7670
	196
	0.3

	Bearing
	7800
	172
	0.3

	Push rod
	7670
	196
	0.3

	Force sensor
	7800
	196
	0.3

	Support
	7800
	190
	0.3

	Pad back plate
	7800
	190
	0.3

	Friction material
	4000
	30
	0.3

	Disc
	7800
	220
	0.3

	Springs
	7800
	206
	0.3



Table 2. The material parameters of the PZT-5A [56]
	Engineering constants
	E1=60.61 GPa
E2=48.31 GPa
E3=60.61 GPa
	v12=0.512
v13=0.289
v23=0.408
	G12=23.0 GPa
G13=23.5 GPa
G23=23.0 GPa

	Piezoelectric coupling matrix
	
 m/volt

	Dielectric matrix
	
 farad/meter



3. Experimental results and discussion
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]3.1 The feasibility of piezoelectric energy harvesting via FIV
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK12]Fig. 4(a) illustrates the vibration and output voltage signals of the friction system in both the tangential and normal directions. In this analysis, the normal load is 725 N, the driving speed is 20 rpm, and the external electric resistance (EER) is 30 kΩ. It is seen that the vibration signals exhibit strong fluctuations in this duration (55 s~60 s), suggesting that the friction system generates FIV in both the tangential and normal directions during the friction process. In addition, thanks to the deformation of the springs and PZT patches caused by the FIV, the output voltages in these two directions show strong fluctuations, which indicate that the vibration energy converts into electric energy when the FIV arises. Fig. 4(b) shows the Fast Fourier Transform (FFT) analysis of the vibration and output voltage signals in both directions. Both the frequencies of vibration and voltage signals exhibit one fundamental frequency of 158 Hz accompanied with its superharmonics (316 Hz, 474 Hz, etc.). To further study the inherent correlation of the vibration and output voltage, the coherence analysis of vibration acceleration signal in each direction and the corresponding output voltage signal is conducted, as shown in Fig. 4(c). If the value of coherence is more than 0.7, the vibration signal is considered to have a good coherence with voltage signal. The correlation coefficients between vibration acceleration signals and voltage signals in both directions are all nearly 1 at the dominant frequency of around 158 Hz and its superharmonics. This further confirms that the output voltage is very closely correlated with the vibration, and verifies the feasibility of piezoelectric energy harvesting via FIV.

[image: E:\东伟论文\《Experimental and numerical investigations of the piezoelectric energy harvesting performance》\Fig. 4(a).tif][image: E:\东伟论文\《Experimental and numerical investigations of the piezoelectric energy harvesting performance》\Fig. 4(b).tif][image: E:\东伟论文\《Experimental and numerical investigations of the piezoelectric energy harvesting performance》\Fig. 4(c).tif] 
 Fig. 4. The vibration acceleration and output voltage signals in both tangential and normal directions (a), the FFT analysis of vibration and voltage signals (b) and the coherence analysis of vibration accelerations and output voltage in each direction (c).

The conversion efficiency of FIV energy to electrical energy is a significant parameter to evaluate the  validity of energy harvesters, and can be used to compare energy harvesters under different working conditions. The calculation equation of energy conversion efficiency is expressed below [53]:

,                                                                                                                                         (1)

where  is calculated from the following formula:

,                                                                                                                           (2)


In Eq. (2), T is the time duration,  is the voltage signal in the normal or tangential direction, and R is the value of EER.  is the work done by friction, which can be determined by the following function:

,                                                                                                                         (3)


where  and  represent the friction force and the driving speed, respectively. The conversion efficiencies of FIV to electrical energy in this working condition are calculated to be 1.17e-5 % in the tangential direction, and 1.97e-6 % in the normal direction, respectively. Note that, the conversion efficiency of the FIV energy to electrical energy is not a large value, since a majority of the work done by friction is dissipated in the form of heat. One likely application of the piezoelectric energy generated from FIV is during car braking [53].

3.2 The effect of driving speed on piezoelectric energy harvesting via FIV
Fig. 5(a) illustrates the vibration and output voltage signals of the friction system in the cases of different driving speeds. The normal load in this analysis is kept at 725 N, and the EER R is fixed at 30 kΩ. It is seen that the amplitudes of the vibration acceleration signals increase with the increase of the driving speed in a certain range (10 rpm to 40 rpm), suggesting a stronger potential of the friction system to generate FIV. As a consequence, the corresponding output voltage signals become larger, which indicates that the harvested energy gradually increases in this speed range. While with the further increase of the driving speed (60 rpm), the amplitudes of the vibration acceleration signals start to decrease, whilst the amplitudes output voltages show a tendency to become small, suggesting that the friction system tends to become stable in a higher driving speed and less FIV energy is converted to electric energy. Therefore, it can be deduced that there exists a critical driving speed value for the friction system to generate strongest FIV and give highest harvested energy.

[image: E:\东伟论文\《Experimental and numerical investigations of the piezoelectric energy harvesting performance》\Fig. 5(a).tif]               [image: E:\东伟论文\《Experimental and numerical investigations of the piezoelectric energy harvesting performance》\Fig. 5(b).tif]
[image: E:\东伟论文\《Experimental and numerical investigations of the piezoelectric energy harvesting performance》\Fig. 5(c).tif]             [image: E:\东伟论文\《Experimental and numerical investigations of the piezoelectric energy harvesting performance》\Fig. 5(d).tif] 
Fig. 5. The tangential vibration acceleration (a), normal vibration acceleration (b), tangential output voltage (c) and normal output voltage (d) signals of the friction system in the cases of different driving speeds.

The energy conversion efficiencies of the friction system at different driving speeds are shown in Fig. 6. With the increase of sliding velocity, the conversion efficiency exhibits a tendency to grow firstly and then decreases in both directions, which indicates that there is a critical driving speed to give the best conversion efficiency. This phenomenon can be easily understood: the FIV phenomenon usually happens at high pressure with low driving speed. Thus, the friction system will show a tendency to be stable at relative high driving speeds. Considering that the harvested energy is originated from the FIV, the higher driving speed results in the lower level of FIV and consequently the low efficiency of energy conversion.

[image: E:\东伟论文\《Experimental and numerical investigations of the piezoelectric energy harvesting performance》\Fig. 6(a).tif]          [image: E:\东伟论文\《Experimental and numerical investigations of the piezoelectric energy harvesting performance》\Fig. 6(b).tif]
Fig. 6. The energy conversion efficiency of the friction system in the tangential direction (a) and normal direction (b) in the cases of different driving speeds.

3.3 The effect of normal load on piezoelectric energy harvesting via FIV
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]The vibration behaviour and output voltages of the friction system at different normal loads are illustrated in Fig. 7. A constant driving speed of 20 rpm, and EER of 30 kΩ are used in this analysis. Very low amplitude of vibration signals can be detected in both the tangential and normal directions of the friction system at a low normal load, suggesting that no visible FIV is generated from the friction system, hence the amplitudes of corresponding output voltages are very low. With the gradual increase of the normal load, the vibration level become higher and FIV phenomenon emerges. As a consequence, output voltages with larger amplitudes are observed in both directions. This phenomenon indicates that the normal load can significantly affect the interface vibration performance and accordingly the energy harvesting. In this test, the larger normal load will cause a more severe vibration, and accordingly result in higher vibration energy harvesting. The energy conversion efficiency of the friction system in the cases of different normal loads is illustrated in Fig. 8. The conversion efficiencies exhibit an overall upward tendency in both the tangential and normal directions, suggesting that the larger normal load is beneficial for increasing the efficiency of energy conversion. 
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Fig. 7. The tangential vibration acceleration (a), normal vibration acceleration (b), tangential output voltage (c) and normal output voltage (d) signals of the friction system at different normal loads.
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Fig. 8. The energy conversion efficiency of the friction system in the tangential direction (a) and normal direction (b) in the cases of different normal loads.

3.4 The effect of external electrical resistance (EER) on piezoelectric energy harvesting via FIV
It was reported that the EER plays a significant role in affecting the energy harvesting of traditional energy harvesters [30]. In this section, the relationship between EER and energy harvesting via FIV is investigated. The normal load in this test is kept at 725 N, and the driving speed is equal to 20 rpm. Fig. 9 shows the variation of the system dynamics and output voltages of friction system with different EERs. It is observed that the EER has little effect on the vibration behaviour of the system, and the friction system exhibits almost the same vibration level with the variation of the EER, regardless of whether in the tangential and normal directions. However, the EER is found to be able to affect the amplitude of output voltages in both directions. The amplitude of the output voltage will rise gradually and then remain stable with the continuous increase of the external electrical resistance, thus it can be seen that the amplitude of the output voltage when the EER is 100 kΩ is almost the same as the situation when the EER is 200 kΩ.
The energy conversion efficiency of the friction system with the variation of the EER is illustrated in Fig. 10. The conversion efficiency curves in both tangential and normal directions exhibit a tendency of increasing firstly and then decreasing with the continuous increase of EER, which indicates that there exists a critical EER value for the system to give the highest conversion efficiency. This is because that the output voltage of the friction system will remain stable and not show a considerable change as long as the EER value exceeds the critical value. Thus according to the Eq. (2), the total harvested energy will dramatically reduce with the further increase of the EER, and the conversion efficiency will accordingly reduce.
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Fig. 9. The tangential vibration acceleration (a), normal vibration acceleration (b), tangential output voltage (c) and normal output voltage (d) signals of the friction system at different EERs.
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Fig. 10. The energy conversion efficiency of the friction system in the tangential direction (a) and normal direction (b) in the cases of different EERs.

4. Finite element analysis results and discussion
4.1 Model validation and unstable model shape


In this section, complex eigenvalues analysis (CEA) is operated in ABAQUS 6.14 to detect the unstable vibration characterises of the friction system. Once a complex eigenvalue has a positive real part, the friction system is thought to possess a strong potential to generate FIV. The positive real part () indicates the growth rate of the vibration, and the corresponding imaginary part () represents the vibration frequency. Therefore, the reliability of the model created for the numerical analysis can be validated by comparing the vibration frequency predicted by the CEA with that measured from the tests. In addition, the level of the FIV can be estimated by using the value of negative damping ratio (ξ) as well, which is expressed as:

,                                                                                                                             (4)
the smaller ξ indicates the higher possibility of a friction system to generate unstable vibration. The detailed process of calculating complex eigenvalues in ABAQUS can be found in many published papers [57-59].
Fig. 11(a) plots the ξ distribution of the friction system in the friction coefficient (μ) range from 0 to 0.6. With the μ increases to a value of 0.3, a negative ξ starts to occur, suggesting that the friction system generates FIV and μ at 0.3 is the critical friction coefficient for the friction system to produce unstable FIV. Fig. 11(b) exhibits the distribution of ξ and the corresponding frequencies with the friction coefficient ranged from 0.3 to 0.5. This range is based on the experimental knowledge of the possible values of the friction coefficient between two metals rubbing against each other, which is believed to cover the range of the friction coefficient between the Q345 disc and the composite pad in this investigation. It is observed that the vibration frequency (approximate 320 Hz) obtained through the CEA is approximate to one of the tested FIV domain frequency of 316 Hz. The slight difference between simulated and test results can be attributed to the simplifications of the finite element model, where the glued and thread connections between the components are represented as tie constrains and the surface run-out characteristic is not considered in the model. Note that, a lower vibration frequency of 158 Hz obtained from tests is too low to be predicted by using CEA. This is due to the limitation of the CEA analysis. In general, the finite element model established in this work can well reflect the dynamical performance of the friction system.
The unstable mode shape of the friction system when the friction coefficient is equal to 0.45 is illustrated in Fig. 11(c). The unstable mode shape can be characterized by the bending deformation of push rod and the pad sample moving on the disc sample surface. More importantly, the two thin leaf springs show visible bending movements in the unstable mode shape, in which spring 1 is bending along the Y-direction, whilst spring 2 is bending along the X-direction. This phenomenon indicates that the PZT patch attached in spring 1 will deform along the Y-direction and accordingly convert the normal vibration energy into electrical energy, whilst the PZT patch attached in spring 2 will deform along the X-direction and consequently convert the tangential vibration energy into electrical energy, which further confirms the flexibility of the piezoelectric energy harvesting by means of FIV.
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Fig. 11. Curves of negative damping ratios and real parts versus friction coefficient (a), the vibration frequency versus negative damping ratio in the friction coefficient range of 0.3 to 0.5 (b) and unstable vibration mode shape of the friction system (c).

4.2 Implicit dynamic analysis (IDA) of the numerical model
In this section, implicit dynamic analysis (IDA) is performed to study the vibration response and output voltage of the model in the time domain. There are two main analysis steps for the simulation of the dynamic response of the friction system, i.e. (1) impose the normal load on the top part surface to facilitate the contact between the pad and the disc specimens; (2) run the implicit integration to simulate the dynamic response of the friction system. To ensure that the simulation results possess good reliability in the IDA, the ratio between the maximum time step size and the minimum period should be less than 0.1. In this work, the maximum time step size is specified to be 0.0001 s (equivalent to 10000 Hz). This integration frequency is much higher than the main frequency of FIV of the friction system. The sliding characteristic defined in the model is finite sliding with penalty method. A normal force of 725 N is imposed on the top surface of the top part, and a constant driving speed of 20 rpm is used to rotate the disc sample. The friction coefficient (μ) is set at 0.45. The friction process duration is set to 0.3 s, which will take 4 days to run by a PC. A more detailed description of this IDA method can be found in [60].
Fig. 12(a) shows the simulated vibration accelerations and output voltages in both the tangential and normal directions of the friction system. It is seen that the acceleration signals show sustained and intense oscillation during the sliding process, which indicates that the friction system generates FIV. Moreover, it can be observed that the output voltages in these two directions show strong fluctuations as well, suggesting that the friction system can output alternating voltages during the FIV process, and consequently demonstrate the flexibility of the piezoelectric energy harvesting via FIV. The FFT analysis results of the vibration and voltage signals are shown in Fig. 12(b) and a main frequency of 320 Hz is observed from the vibration and voltage signals of the friction system, which is very close to one of the measured vibration frequencies of 316 Hz and the vibration frequency predicted by CEA, as illustrated in Fig. 4 (b) and Fig. 11 (b). Additionally, it is worth noting that since the stick-slip behaviours is not considered in the finite element model, thus the simulation results show continues vibration and voltage signals, which are slightly different from the intermittent discontinues dynamics signals shown in the tests. Therefore, the numerical model established in this work can well reflect the dynamic behaviour and output voltage performance of the friction system.
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[bookmark: OLE_LINK101]Fig. 12. Simulation results of vibration accelerations and output voltages signals of the friction system in both tangential and normal directions (a) and the FFT analysis of the vibration and voltage signals (b).

4.3 Numerical investigation of the dynamics and output voltages related to the driving speed
Fig. 13 plots the effective damping ratios (ξ) of the friction system in the cases of different driving speeds. The normal load is kept at 725 N, and the friction coefficient range is from 0.3 to 0.5. It is found that the effective damping ratio (ξ) gradually becomes smaller with the driving speed increasing from 5 rpm to 40 rpm, suggesting that the friction system has a more intense tendency to occur FIV in this speed range. While with the velocity further increasing (60 rpm), the effective damping ratio (ξ) shows a trend to increase, which indicates that the tendency of friction system to generate FIV become smaller and the friction system tends to become stable at a higher speed.
IDA is carried out to show the evolution of vibration and output voltages signals during the sliding process, as shown in Fig. 14. With the increase of driving speed, the amplitudes of the vibration acceleration and the corresponding output voltage signals show a significant increase. While with the driving speed further increasing, the amplitudes of the vibration accelerations in both directions become smaller, suggesting that the friction system tends to become stable at higher driving speeds. Correspondingly, the voltage signals in both directions show a drastic reduction, suggesting that less FIV energy is converted into electrical energy. These numerical calculation results are consistent with the test results shown in Fig. 5, which indicates that there is a critical driving speed for the friction system to generate strongest FIV and output largest voltage.
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Fig. 13. The effective damping ratios (ξ) of the friction system in different driving speed.
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Fig. 14. Simulation results of tangential vibration accelerations (a), normal vibration accelerations (b), tangential output voltages (c) and normal output voltages (d) of the friction system in different driving speed.

The tangential displacement of spring 2 and the normal displacement of spring 1 are plotted, as shown in Fig. 15(a-b). It can be observed that the displacement curves of both springs show larger amplitudes of fluctuations when the driving speed is 20 rpm, compared with the cases of driving speed equal to 10 rpm and 60 rpm. Furthermore, the Epot (electrical potential) of the friction system at various time instants is illustrated, as shown in Fig. 15(c). It is found that the larger deformation of the springs results in higher electric potential generated from the PZT materials, which further indicates that there exists a critical driving speed for the friction system to generate strongest friction-induced vibration, and highest output voltage.
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Fig. 15. The tangential displacement of spring 2 (a), normal displacement of spring 1 (b) and the Epot of friction system in different instants (c) in different driving speeds.

4.4 Numerical investigation of the vibration and output voltages performances related to the normal load
[bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK34]Fig. 16 illustrates the effective damping ratios (ξ) of the friction system in the cases of different normal loads. The driving speed is kept at 20 rpm, and the friction coefficient range is from 0.3 to 0.5. The negative damping ratio (ξ) gradually becomes lower with the increase of the normal load, which suggests that the tendency of friction system to occur FIV becomes stronger. Furthermore, the IDA is performed to investigate the vibration and output voltage evolutions of the friction system in time domain, as shown in Fig. 17. No visible fluctuation can be observed for the vibration acceleration and voltage signals at a low normal load. With the increase of normal load, the amplitudes of the vibration acceleration and output voltage signals exhibit a considerable increase. These simulated results are consistent with the test results shown in Fig. 7, which further verifies that a larger normal load will cause more severe vibration and thus be beneficial for the energy harvesting via FIV.
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Fig. 16. The effective damping ratios (ξ) of the friction system in different normal loads.
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Fig. 17. Simulation results of tangential vibration accelerations (a), normal vibration accelerations (b), tangential output voltages (c) and normal output voltages (d) of the friction system in different normal loads.

The displacements signals of both springs and the Epot (electrical potential) of the friction system at various time instants are illustrated, as shown in Fig. 18. It is seen that a larger normal load will cause higher amplitude fluctuations of spring 1 in the normal direction and of spring 2 in the tangential direction (Fig. 18(a-b)). Considering that the fluctuations of the springs will cause the deformation of PZT patches, the output electric potential shows the similar tendency as well. The larger normal load results in the higher output of electric potential (Fig. 18(c)), which further suggests that a larger normal load is beneficial for energy harvesting in this work. 
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Fig. 18. The tangential displacement of spring 2 (a), normal displacement of spring 1 (b) and the Epot in different instants (c) of the friction system in different normal loads.

4.5 A simplified dynamic model for vibration and output voltages 
In this section, a two-degree-of-freedom friction-induced vibration model which includes with the piezoelectric elements is established, as shown in Fig. 19. This model is similar to the model proposed by Li et al. [61] (which did not have piezoelectric elements). It is worth noting that the model proposed in this section is not intended to reproduce the experimental results quantitatively, instead it is meant to capture the basic features of the friction system under this investigation and study the vibration and output voltages performances related to the external resistance. A normal load F is imposed to mass (M) in the normal direction to make it contact with a moving rigid belt. The belt is sliding with a constant velocity v. The mass is linked with a linear oblique spring k3, which has an inclination angle of 135 degrees to the horizontal direction. The contact stiffness between M and the belt is represented by a linear spring k2 and a nonlinear cubic spring knl. Thus, the contact force FN between M and the belt can be expressed as:

.                                                                                                                        (5)
In addition, two piezoelectric elements, denoted as Piezo-1 and Piezo-2, respectively, are linked with M in the tangential and normal directions, respectively, which are used to convert the vibration energy into electric energy in both directions. 
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Fig. 19. A two-degree-of-freedom friction system with piezoelectric elements.

Assuming that the friction coefficient between the friction pairs is a constant value μ, the mechanical and piezoelectric coupled equation of motion of the friction system can be written as:

   ,         (6)




where  and are the force factors of Piezo-1 and Piezo-2, respectively; Cp1 and Cp2 are the clamped capacitance of Piezo-1 and Piezo-2, respectively;  Vx and Vy are the output voltages of Piezo-1 and Piezo-2, respectively. Introducing, Eq. (5) can be written in the following form:


[bookmark: _GoBack]                                                                      (7)




Setting M=1 kg, k1=50 N/m, k2=80 N/m, k3=50 N/m, knl=100 N/m3. The friction coefficient (μ) is kept a constant value of 0.5, and the normal load (F) is 50 N. ==3.1e-5 N/V, ==7.2e-6 F. Varying the values of external resistance R1 and R2, the corresponding dynamics and output voltages are shown in Fig. 20. The variation of external electrical resistance will not cause the variation of the vibration behaviour of the friction system, but the friction system exhibits consistent vibration behaviour under different values of the external electrical resistance. However, it is observed that external electrical resistance can significantly affect the amplitude of output voltages in both directions, which shows a noticeable increase with the increase of external electrical resistance in a certain range. While with the further increase of external electrical resistance, the output voltage will not exhibit a visible change. Furthermore, the output voltage amplitudes versus the external electrical resistance are plotted in Fig. 21. The amplitude of the output voltage rises gradually and then remains steady with the increase of the external electrical resistance. The numerical results seem qualitatively consistent with the experimental results shown in Fig. 9, and suggest the external electrical resistance has little effect on the dynamical behaviour of the friction system, but affects the he amplitude of output voltages in a certain range. There is a critical value of the external electrical resistance for the friction system to produce the highest output voltages.
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Fig. 20. The displacement and output voltage of friction system when the external electrical resistance is 5000 Ω (a), 10000 Ω (b), 50000 Ω (c) and 200000 Ω (d).
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Fig. 21. The amplitude of output voltage with the variation of external electrical resistance.

5. Conclusions
In this study, a test setup (energy harvester) for harvesting friction-induced vibration (FIV) energy is developed. The piezoelectric energy harvesting by exploiting FIV is studied experimentally and numerically. The influence of key working parameters (the normal load, the driving speed and the external electric resistance (EER)) on FIV and energy harvesting performances is systematically analysed. The main conclusions drawn from this investigation are as follows: 
(1) A pad-on-disc FIV test setup, which is able to convert both the normal and tangential vibration energies into electric energy, is established. Through coherence analysis of the vibration and output voltage signals, the feasibility of piezoelectric energy harvesting via FIV is demonstrated.
(2) Experimental results indicate that the driving speed and normal load can significantly affect the dynamic and energy harvesting behaviour of the friction system. In these tests, there exists a critical driving speed (40 rpm) for the friction system to generate highest amplitude vibration and achieve highest output voltage. A larger normal load (1025 N) causes a greater level vibration and higher output voltage. In addition, the EER is found to have little effect on the dynamics of the friction system, however it can modify the output voltage amplitudes within limits.
(3) The unstable vibration behaviour predicted from complex eigenvalue analysis (CEA) of the finite element model of the test structure confirms that the vibration generated from both directions during the friction process can be harvested. Combined with implicit dynamic analysis (IDA), it is shown that there is a critical driving speed for the friction system to generate highest amplitude vibration and highest output voltage, and a larger normal load will cause a greater level vibration and higher output voltage. The numerical results show a consistent conclusion with the experimental results.
(4) A two-degree-of-freedom FIV model which includes piezoelectric elements is established, to qualitatively characterise the effect of EER on the system dynamics and harvested energy. It confirms that the EER will not affect the dynamics of the friction system, but instead it can modify the output voltage amplitudes within limits. In addition, there exists an appropriate EER value for achieving the highest output voltage and harvested energy.
This work provides quite a new way of energy harvesting via friction-induce vibration. The vibration and energy harvesting behaviour is studied by varying the working parameters of the friction system. Further research work planned includes exploring the effect of different frictional materials on energy harvesting and improving the conversion efficiency through surface modification, circuit optimisation, sensible selection and suitable placement of piezoelectric materials, etc.
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