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Abstract: In this study, piezoelectric elements were added to a reciprocating friction test bench to harvest 

friction-induced vibration energy. Parameters such as vibration acceleration, noise, and voltage signals of the 

system were measured and analyzed. The results show that the piezoelectric elements can not only collect 

vibration energy but also suppress friction-induced vibration noise (FIVN). Additionally, the wear of the friction 

interface was examined via optical microscopy (OM), scanning electron microscopy (SEM), and white-light 

interferometry (WLI). The results show that the surface wear state improved because of the reduction of FIVN. In 

order to analyze the experimental results in detail and explain them reasonably, the experimental phenomena 

were simulated numerically. Moreover, a simplified two-degree-of-freedom numerical model including the 

original system and the piezoelectric system was established to qualitatively describe the effects, dynamics, and 

tribological behaviors of the added piezoelectric elements to the original system. 
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1  Introduction 

Micro-electromechanical systems (MEMS) have 

developed rapidly in recent years, and low-consumption 

electronic products such as smart wearable devices, 

portable electronic devices, and wireless sensors have 

significantly changed man’s everyday life [1]. Most 

of these products mainly rely on traditional chemical 

batteries like tiny button batteries which are embedded 

into the MEMS to provide energy. However, traditional 

batteries have several disadvantages such as limited 

lifespan, high labor and production costs caused by the 

frequent battery replacement, adverse environmental 

impacts, inconvenient, and sometimes impossible to 

replace [2–4]. Therefore, seeking an effective method 

to convert (ambient energy) environmental energy 

into electric energy has attracted much attention as  

a research subject in the academic community and 

industry [3, 5, 6]. 

Among the numerous environmental energy sources, 

environmental vibration energy is abundant and easy 

to collect. Extensive research has been carried out to 

study methods in converting environmental vibration 

energy into electric energy during the past twenty 

years [3, 5]. Four typical conversion methods have 

been proposed, that is, electromagnetic, piezoelectric, 

electrostatic, and triboelectric [7–10]. Among them, 

piezoelectric transduction  is shown to be a feasible 

method to convert vibration energy owing to its simple 

structure, without the need for an external power 

supply or magnetic field, and high electromechanical 

coupling [4, 11–17]. Various developments on this 

topic have been done by many researchers. Fang   

et al. [11] designed a nickel-based composite cantilever 

generator to convert ambient vibration energy into 

electric energy through piezoelectric effects. Their results 

show that by adjusting the size of the structure, the 

generator can undergo resonance in the low-frequency  
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ambient vibration. Moreover, Erturk and Inman [12] 

proposed an electromechanical model that can be 

applied to a cantilevered piezoelectric energy harvester 

that can provide accurate analytical solutions. Sodano 

et al. [13] showed that the energy generated by the 

vibration of the piezoelectric materials was sufficient 

to charge the discharged nickel–metal–hydride (Ni–mh) 

battery. Also, Yang and Tang [14] built an equivalent 

circuit model of a piezoelectric energy harvester that 

could address the challenges of accurate modeling  

of the electromechanical coupling system, which was 

demonstrated to have a fair accuracy and show a 

capability of accounting for the backward coupling effect 

in piezoelectric energy harvesting system. Additionally, 

Saadon and Sidek [15], Kim et al. [16], and Erturk and 

Inman [17] provided systematic reviews on piezoelectric 

vibration energy harvesting technology.  

Although the piezoelectric energy harvesting (PEH) 

method is able to convert ambient vibration energy into 

electrical energy with a decent conversion efficiency, 

this method strongly relies on the vibration property 

of the ambient environment. In order to maximize the 

energy conversion efficiency, it is necessary to match 

the vibration frequency of the external environment 

with the resonant frequency of the PEH devices [18]. 

However, the vibration frequency of the external 

environment is random in most cases and the frequency 

band of PEH devices is usually limited to a certain 

range; thus, it is difficult to comprehensively cover the 

random vibration energy of the external environment, 

which significantly reduces the conversion efficiency. 

Therefore, several approaches have been proposed to 

expand the frequency band of PEH devices so that 

the vibration frequency of the ambient environment can 

be covered as much as possible. A study conducted 

by Liu et al. [4] proposed a generator array based 

on a thick-film piezoelectric cantilever beam that 

could improve the frequency band and power output. 

Moreover, Stewart et al. [19] studied a cantilevered 

piezoelectric energy harvester and found that the 

output power of the harvester reached its maximum 

when the piezoelectric material covered two-thirds of 

the area. In addition, Yang et al. [20] summarized the 

methods to broaden the frequency band and high- 

power output. However, the broadband developments 

studied above are only suitable for certain applications, 

and a general solution is not yet available. 

Therefore, a new and alternative approach was 

proposed by various studies to solve this problem, 

which involves harvesting the vibration energy of 

friction-induced vibration (FIV). FIV does not rely on 

the external excitation of the environment vibration 

source [21–23]. Considering that FIV may cause the 

generation of unwanted noise (known as friction- 

induced vibration and noise (FIVN)), which is often 

detrimental to people’s health and affects operations 

of machines and functions of structures, a large number 

of studies on FIV have found potential approaches to 

reduce it [24–30]. However, it is worth noting that 

FIV is also beneficial, for example, FIV and other 

frictional phenomena are associated with acoustics 

such as the production of the vibration of the strings 

during the violin and the vibration of the reeds when 

the accordion is played, and even in energy harvesting 

[30]. Since FIV energy can be seen in several mechanical 

applications such as vehicle brakes, mechanical gears, 

and cutting tools, etc. [31–35], collecting FIV energy 

through PEH has good prospects. Tsujiura et al. [36] 

built a self-excited piezoelectric film twin-chip airflow 

energy harvester and found that a thinner cantilever 

reduced the maximum output voltage. Tadokoro et al. 

[37] established an analytical model of a 1-degree-of- 

freedom system with friction and piezoelectric elements, 

which can be applied to the optimization design of  

a friction-excited piezoelectric generator oscillator. 

Several investigations have also verified the feasibility 

of PEH via stick–slip friction motion using different 

test setups [38–40]. In a previous work [41] by Wang 

et al., they studied the influence of different working 

parameters (external resistance, load, and speed)   

on PEH by using both experimental and numerical 

calculation approaches. 

Although the above studies have verified the 

feasibility of PEH via FIV, the effect of FIV energy 

harvesting on friction and the wear behavior is unclear, 

and the relationship between the FIV energy harvesting, 

dynamics, and tribological performance has not been 

established. Therefore, it is worth carrying out a study 

to investigate the influence of FIV energy harvesting 

on the dynamics and tribological behaviors of a friction 

system, and consequently reveal their relationship. In 

addition, if part of the vibration energy is transferred 
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into electric energy, the noise generated from the friction 

system may be reduced, which can be considered as 

a useful and new method to suppress FIVN. These are 

the main contributions of this work. 

In this study, a reciprocating friction test bench was 

first tested for FIVN, and its energy was then collected. 

The vibration and noise signals in the original state 

and energy collection state were recorded and com-

pared to study the influence of the FIV energy collection 

on the friction system. MATLAB and ABAQUS 6.14 

software were used to conduct a detailed analysis  

of the experimental results by means of numerical 

calculations. Several useful findings are given in 

the end. 

2 Details of the test process 

2.1 Introduction of test apparatus 

The test was carried out on a reciprocating friction 

and wear test bench. The schematic diagram of the 

apparatus is shown in Fig. 1. The test apparatus is 

mainly composed of a signal processing system, a 

ball-on-disc contact system, and a bracket system.  

A biaxial force sensor was mounted on the top of the 

test apparatus, which was able to measure force in 

normal and tangential directions. A suspension was 

installed at the bottom of the force sensor through 

threaded screws that were used to protect the force 

sensor from abnormal overload and maintain a 

relatively constant normal load between the contact 

surfaces. To measure the vibration in real-time, a triaxial 

acceleration sensor was installed on the ball holder. 

The ball sample (chromium bearing steel ball, D =  

10 mm, E = 210 GPa, AISI 52100, HV0.05 = 510 kg/mm2, 

and ~ 0.02 mm Ra) used in the test was fixed by a ball 

clamp and was in contact with the lower disc sample. 

The disc sample used in the test (cast iron with a radius 

of 12.5 mm and a thickness of 3 mm) was adhered to 

the sliding table, which was driven by the reciprocating 

sliding device to achieve reciprocating motion. During 

the test, the microphone was placed in a horizontal 

position with the contact interface at a distance of  

10 cm to measure the noise signal. In the entire testing 

process, all sensors were connected to the signal 

processing system, and synchronous measurement  

 

Fig. 1 Schematic diagram of reciprocating friction and wear 
test bench. 

and processing of force, vibration, and noise signals 

were realized. 

2.2 Introduction of the piezoelectric elements of 

the test apparatus 

Considering that FIV was generated in both the 

normal and tangential directions simultaneously, 

two cantilever beams (size: 60 mm × 12 mm × 0.1 mm, 

material: 304 stainless steel) were installed on the ball 

holder, which were used to absorb the vibration energies 

in the two directions normal to their respective surfaces. 

It is worth noting that the position of the cantilever 

beam should be chosen reasonably considering the 

ball holder’s structural properties. In this work, the ball 

holder has a long bar structure; thus, the vibration 

levels at different positions of the holder show a 

significant difference, and the vibration modes of this 

friction system should be computed to estimate the 

likely largest deformation position in this ball holder. 

This work was performed in the authors’ previously 

published work [42], and the largest deformation 

position was found to be at the bottom part of the 

ball holder. 

A schematic diagram of the ball holder with 

cantilever beams is shown in Fig. 2(a). A piezoelectric 

film (PVDF: 50 mm × 10 mm × 0.03 mm) was adhered 

on one side of the surface of the cantilever beam. The 

positive and negative electrodes of the piezoelectric 

film were connected through wires with a load 

resistance (R = 10 kΩ) in the interface circuit. Both the 

normal and tangential piezoelectric voltage signals 

generated during the friction process can be detected 
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and recorded synchronously via the signal processing 

system. A schematic diagram of the test apparatus 

and circuit is shown in Fig. 2(b). For convenience, the 

reciprocating friction and wear test system without 

the cantilevers is called the original system, while the 

system with them is called the cantilever system; the 

system with them and the piezoelectric elements is 

called the piezoelectric system. 

Before performing the tests, the disc sample surface 

was polished using sandpapers and a polishing cloth, 

and the surfaces of the ball sample and the disc sample 

were swabbed with ethanol to prevent contaminants 

from affecting the contact interface. For the test 

parameters, the normal load was set at 10 N, recipro-

cating sliding displacement was fixed at 4 mm, the 

sliding frequency was 1 Hz, and the testing time  

was 1,800 s. The tests were carried out under strict 

environmental conditions (25–27 °C and 60 ± 5% RH). 

Each test was repeated more than 4 times to ensure 

the reliability of the results. 

3 Test results and signal analysis 

3.1 Coherence analysis 

In order to verify that the PEH is feasible via FIV,    

a correlation analysis between the output voltage  

and vibration acceleration signals was performed. 

Figure 3(a) illustrates the output voltage and vibration 

acceleration signals of the piezoelectric system at a 

sampling frequency of 20 kHz in the normal and 

tangential directions. It can be seen that the vibration 

signals in each direction exhibit large amplitudes 

during this period (1,400–1,405 s), which indicates 

that the FIV is generated in these two directions. In 

addition, the normal and tangential output voltage 

signals show obvious fluctuations after the piezoelectric 

elements are added into the friction system. This 

phenomenon means that the piezoelectric elements 

respond to vibrations and convert vibration energy 

into electrical energy. 

Figure 3(b) shows the frequency spectra of the 

output voltage and vibration acceleration signals 

through a fast Fourier transform (FFT). Visibly, 

both frequency spectra display a major frequency of 

approximately 910 Hz. Accordingly, the correlation 

between the acceleration and the voltage was studied 

through a coherence analysis, as shown in Fig. 3(c). 

The figure shows that the coherence coefficient values 

are mostly greater than 0.7, in the range of 0 to 4,000 Hz, 

and the coherence coefficient value is close to 1 near 

900 Hz; thus, it can be concluded that the output 

voltage signal and vibration signal have good coherence. 

It is proved that part of the kinetic energy induced  

by the friction is converted into electricity by using 

piezoelectric elements.  

3.2 Noise and vibration analysis of friction systems 

3.2.1 Noise evolution analysis 

Figure 4 shows the root mean square (RMS) values of 

noise signals generated by the different systems during 

the test, which was used to study the influence of 

piezoelectric elements and PEH on noise generation.  

 

Fig. 2 Schematic diagrams of the two different systems: (a) ball holder with cantilever beams (cantilever system), and (b) with
piezoelectric elements (piezoelectric system) and circuit. 
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Fig. 4 Fitted curves of RMS values of sound pressures generated 
by three friction systems. 

It is found that the sound pressure of the original 

friction system shows a relatively low level at the 

beginning, and then it tends to increase rapidly with 

time. For the cantilever and piezoelectric systems, the 

growth trends of the sound pressure curves remain 

relatively steady during the entire process. The results 

show that the sound pressure generated from the 

piezoelectric system is at the lowest level among all 

three systems. Therefore, the piezoelectric system is 

capable of reducing the sound pressure level of the 

friction system. 

3.2.2 Vibration analysis in different friction stages  

In this work, the analysis of the entire experimental 

process was divided into three stages: The initial stage  

(300–305 s), the middle stage (900–905 s), and the final 

stage (1,400–1,405 s). The vibration signals of the three 

systems in three different stages are shown in Fig. 5 

to further verify the capability of the piezoelectric 

elements in improving the FIV behavior.  

During the initial stage, the normal vibration 

acceleration signal of the original system shows a 

large amplitude, while for both the cantilever and 

piezoelectric systems, the vibration acceleration signals 

are weaker, and the vibration amplitude of the 

piezoelectric system is the lowest among these three 

systems. In the middle stage, the vibration acceleration 

signals of both the original system and cantilever system 

show a significant increase, while the vibration signal 

generated from the piezoelectric system remains at a 

low level. In the final stage, although the vibration 

acceleration signals of the three friction systems exhibit 

further increases, the vibration level of the piezoelectric 

system is still the lowest among the three. In summary, 

the vibration level of the piezoelectric system is the 

lowest, which indicates that the addition of piezoelectric 

elements in the friction system can effectively reduce 

the FIV intensity. 

3.2.3 Time-frequency analysis of the vibration signals in 

different friction stages 

Figure 6 shows the frequency spectrum analysis of 

the vibration acceleration signals of different systems 

in the time periods of 300–305 s, 900–905 s, and 

 
Fig. 3 Vibration accelerations signals of the friction-piezoelectric system in the normal and tangential directions and the corresponding
voltage signals (a); frequency spectra of the output voltage and the vibration acceleration signals (b); and results of the coherence 
analysis (c). 
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1,400–1,405 s. The main frequency of 1,060 Hz could 

be found in the original friction system, which indicates 

that the original system tends to generate squeal 

noise. Moreover, several super harmonics could also 

be identified, and the noise characteristics are rather 

complex, which may account for the complicated 

tribological behavior at the contact interface. At the 

same time, similar main frequencies with relatively 

low energy could be detected at different stages in 

the cantilever system, indicating that the cantilever 

system may generate squeal instability, but at a lower 

level. 

For the piezoelectric system, only one main frequency 

at a low energy level was detected in three different 

stages, which further demonstrates that the addition 

of piezoelectric elements can effectively reduce the 

FIV level. The reason may be that the tribological 

behavior on the interface is effectively improved, and 

consequently, the wear on the friction interface is 

alleviated after introducing the cantilever beam and 

 
Fig. 5 Time-domain diagram of normal vibration acceleration signals of different systems in the time periods: (a) 300–305 s;
(b) 900–905 s; and (c) 1,400–1,405 s. 

 
Fig. 6 Frequency spectrum analysis diagram of the normal vibration acceleration signals. 



Friction 9(5): 1275–1291 (2021) 1281 

∣www.Springer.com/journal/40544 | Friction 
 

http://friction.tsinghuajournals.com

the piezoelectric elements, which in turn helps to 

suppress the FIVN and simplify its frequency content. 

3.3 System friction and wear analysis 

3.3.1 Friction force analysis 

Figure 7(a) illustrates the friction force curves recorded 

in the steady stage. Clearly, the friction force of the 

original system shows the largest amplitude (appro-

ximately 4 N) compared with the cantilever and 

piezoelectric systems, and the piezoelectric system 

exhibited the lowest amplitude of friction force (close 

to 3 N) among the three friction systems. In order to 

compare the frictional force of the three systems 

more intuitively, the RMS values of the frictional 

force were calculated during the entire test process. 

As shown in Fig. 7(b), the RMS value of the original 

system was 4.73 N, while the value of the piezoelectric 

system was 4.21 N. Therefore, adding a cantilever beam 

and piezoelectric elements into the friction system is 

able to make the friction force more stable, that is, it 

underlies a smaller temporal fluctuation. 

3.3.2 Wear topography analysis 

In order to explore the influence of the addition of 

piezoelectric elements into the friction system on the 

wear behavior, the worn surface morphologies of the 

disc and ball samples after the tests were examined 

using optical microscopy (OM). The aim of this 

procedure was to establish the relationship between 

the PEH, noise, and vibration performance, and 

friction and wear. Figure 8 shows the worn surface 

morphologies of the ball and disc samples of the 

different friction systems. For the original system, 

the contact surface of the disc and the ball samples 

exhibited a large worn area and visible ploughing, 

with noticeable debris accumulation and surface 

damage observed in the wear track. In contrast, the 

contact surfaces of the disc and the ball samples of 

the cantilever system and piezoelectric system show  

 

Fig. 7 Result of the friction force analysis. (a) Friction force curves recorded in three cycles of steady stage and (b) RMS analysis of 
the whole process. 

 
Fig. 8 OM images of the disc and ball sample surfaces of three friction systems. 
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relatively mild wear, especially for the piezoelectric 

system. The sample surfaces have the smallest wear 

area. 

Accordingly, white-light interferometry (WLI) 

analysis was performed to further examine the wear 

state of the disc sample surfaces as shown in Fig. 9(a). 

Meanwhile, the wear scar profiles of disc samples of 

the three friction systems are illustrated to analyze 

the differences between them, which is shown in  

Fig. 9(b). It was found that the sample surfaces of the 

original system exhibited more severe wear and deeper 

wear scar profiles with a maximum wear depth of 

approximately 3.5 μm. The sample surface of the 

piezoelectric system shows very mild wear and very 

shallow wear scar profiles with a maximum wear depth 

of approximately 1.3 μm compared with the other 

two systems.  

It is difficult to calculate the wear area of the ball 

samples precisely because the surface wear area is 

approximately circular. In order to compare and 

analyze the surface of ball samples of the three kinds 

of friction systems, it is simplified as a circle in the 

calculation. Figure 9(c) shows the wear areas of the 

friction surfaces of the ball samples of the three friction 

systems. It can be clearly seen that the original system 

has the largest wear area (approximately 0.457 mm2), 

while the piezoelectric system has the smallest wear 

area (approximately 0.306 mm2). This conclusion is 

consistent with the conclusion of Fig. 8. 

Furthermore, scanning electron microscopy (SEM) 

was used to observe the wear morphology as presented 

in Fig. 10. For the original system, the wear area of 

the disc sample is very large, and the surface exhibits 

severe and complicated wear behavior. A visible 

material exfoliation can be observed in the wear track. 

In order to further study the specific conditions of the 

wear scar surface, three points were taken on the wear 

scar surface of the original system for energy dispersive 

X-ray spectroscopy (EDX) analysis. The surface wear 

debris was removed by air blowing in advance to 

prevent the scattered abrasive debris from interfering 

with the experiment. The results are shown in Fig. 11. 

Figure 11(a) shows the EDX analysis of point A, 

wherein a large amount of Fe elements and a small 

amount of Si elements exist, indicating that the material 

around point A is the matrix material that has not 

been worn out in the disc sample. Point B is located 

on a small bump. The result of Fig. 11(b) shows that  

 

Fig. 9 Results of the wear topographies analysis. (a) 3D surface topographies of the disc and ball sample surfaces of three friction 
systems, (b) wear scar profiles of disc sample of three friction systems, and (c) wear areas of the friction surface of the ball sample of the
three friction systems. 
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Fig. 11 EDX analysis of three points on the worn surface of the 
original system. 

point B has a large number of O and Cr elements in 

addition to the Fe element. The appearance of the O 

element indicates the occurrence of oxidative wear, 

and the Cr element is only possessed by the ball 

sample, which proves that a large amount of debris is 

accumulated and compacted to form contact plateaus 

after repeated friction. The EDX analysis of point C is 

shown in Fig. 11(c). The spectrum of point C is almost 

the same as that of point A, and there are several 

scattered contact plateaus around it, which provides 

clear evidence that the contact plateaus evolve from 

the accumulation of abrasive debris. 

Figure 10(b) shows that a large number of scattered 

contact plateaus and material spalling appear on the 

wear surface of the cantilever system. Compared 

with the other two systems, the disc sample of the 

piezoelectric system exhibits the lowest wear level, as 

shown in Fig. 10(c). The piezoelectric system shows 

some unworn areas and a relatively complete contact 

plateau. Although material micro-spalling still appears 

on the worn surface, it is much milder than the 

situations of the original system and the cantilever 

system. Therefore, linking the noise and vibration 

results shown in Figs. 4 and 5, it can be concluded that 

the more severe wear surface has a greater tendency 

to promote the generation of unstable vibration and 

higher-level. The addition of piezoelectric elements 

 

Fig. 10 SEM images for the three systems. (a) The disc sample surfaces of the original system, (b) the cantilever system, and (c) the 
piezoelectric system. 
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can effectively reduce the wear level of the contact 

surfaces and improve the FIVN performance. 

4 Numerical analysis 

4.1 The finite element model and corresponding 

load and boundary conditions of the friction 

system 

In this section, the finite element model of the friction 

system was built according to the actual geometric size 

of the components by using ABAQUS 6.14 software, 

which is shown in Fig. 12(a). This model used in the 

study was composed of eight components of the test 

system: strain-gauge force sensor, suspension, ball 

holder, two cantilever beams, ball sample, disc sample, 

sliding table, and reciprocating sliding device. 

The corresponding load and boundary conditions 

are shown in Fig. 12(b). A normal load of 20 N was 

applied on the top surface of the force sensor, which 

is constrained in all degrees of freedom except for the 

translation degree of freedom in the Z-direction. The 

bottom of the reciprocating sliding device was fixed 

in the Y and Z directions, and a sinusoidal velocity 

boundary condition was applied in the X-direction. 

The contact between the ball sample and the disc is 

defined as frictional contact using the Coulomb friction 

law in the numerical model. The surface of the disc  

is defined as the master surface because of its coarser 

mesh than that of the pad. The friction coefficient was 

set at 0.4, which represents the average value obtained  

from the experiment. The other parts are always in 

close contact with each other, and the contact state has 

little effect on the calculation; therefore, a tie constraint 

was used for the connection of the components to 

obtain high computational efficiency. 

The ABAQUS/standard solver is used to calculate 

the deformation of the cantilever beams during the 

friction process, as shown in Fig. 13. It can be seen that 

the two cantilever beams show a visible displacement 

variation in the normal and tangential directions, 

which verifies that the two cantilever beams deform 

during the friction process, and the vibration energy 

is transferred into electric energy if the piezoelectric 

elements are added. 

4.2 The two-degree-of-freedom numerical model 

In order to prove that adding piezoelectric elements 

into the friction system is able to achieve energy 

conversion and improve the surface wear state 

simultaneously, a simplified mathematical model was 

established to qualitatively explain the above-mentioned 

experimental observations [43]. The two-degree-of- 

freedom numerical model proposed in this section is 

mainly used to simulate the basic characteristics    

of the original system and the piezoelectric system,  

in order to compare the differences between the 

tribological behaviors of the two systems. It can also 

prove the feasibility of the piezoelectric system for 

converting vibration energy. The results of numerical 

simulations are not meant to reproduce the experimental 

results in a quantitative manner; thus, the parameters 

of the mathematical model are arbitrarily set. Even 

though the parameter values are not really those of  

 

Fig. 12 Diagram of the model used for the numerical analysis. (a) The finite element model of the cantilever system and (b) corresponding
load and boundary conditions. 
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Fig. 13 The displacement cloud diagram of the cantilever beam. 

the actual system, the theoretical results should reflect 

how the friction systems should behave. 

The model of the original friction system is shown 

in Fig. 14(a). A mass (M), representing the ball sample, 

is connected with springs k1 and k2. A normal load F 

pushes the mass to come into contact with a rigid 

belt, representing the disc, moving at a constant speed. 

The speed of the belt was V. The coefficient of friction 

at the sliding interface is denoted by μ, and the 

stick–slip vibration is assumed not to occur. The normal 

contact stiffness between the belt and the mass is 

expressed by springs k3 and k4, where k1, k2, and k3 are 

all linear springs and k4 is a nonlinear cubic spring. 

This model is identical to the one studied in Ref. [43], 

except that the current model does not have horizontal 

and vertical dampers or piezoelectric elements. 

The motion equation matrix of the original system 

is [43]: 

1 1
2 3

1 1
3

3
4

3
4

0 2 2
0

2 2
0 0
0

é ù
+ - +ê úé ùì ü ì üï ï ï ïê úï ï ï ïê ú +í ý í ýê úê úï ï ï ïê úï ï ï ïë ûî þ î þ- +ê úë û

ì üé ù ì üï ï ï ïï ï ï ïê ú+ =í ý í ýê úï ï ï ï-ï ïï ïë û î þî þ




k k
k μkM x x

M y k k y
k

μk x

k Fy
      (1) 

 

Fig. 14 The simplified two-degree-of-freedom numerical models 
for (a) original system and (b) piezoelectric system. 

The simplified two-degree-of-freedom model of 

the piezoelectric system is shown in Fig. 14(b), based 

on that of the original system presented in Fig. 14(a). 

Piezo-1 and Piezo-2 are piezoelectric elements con-

nected with mass in the vertical and horizontal 

directions, respectively. The equations of the piezo-

electric elements linking the electrical variables and 

the mechanical variables are as follows [39, 44]:  

1
1 1 1

1

U α y C U
R

= -               (2) 

2
2 2 2

2

U α x C U
R

= -               (3) 

where U1 and U2, C1 and C2, and α1 and α2 are the 

output voltages, clamped capacitance, and force factors 

of piezoelectric elements of Piezo-1 and Piezo-2, 

respectively. 

It was assumed that mass M does not separate from 

the belt during vibration. Thus, the motion equation 

matrix of the piezoelectric friction system is: 
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U

U

                  (4) 

The following parameter values were used in the 

numerical analysis: M = 5 kg, the normal load F = 20 N, 

the speed of the belt V = 0.1 m/s, the stiffness of three 

linear springs are k1 = 60 N/m, k2 = 100 N/m, k3 = 50 N/m, 

and stiffness of the nonlinear cubic spring k4 = 300 N/m3. 

The coefficients of kinetic friction μk and the coefficient 

of static friction μs are kept to a constant value of 0.4 

and 0.5, respectively. The critical coefficient of friction 

was found to be 0.33. The clamped capacitance of 
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piezoelectric elements C1 = C2 = 7.2 × 10–6 F, the force 

factors of piezoelectric elements α1 = α2 = 0.015 N/V, 

and the resistance R1 = R2 = 10 kΩ.  

The 3D phase diagrams of output voltages and 

velocities varying with time of the piezoelectric system 

in both the vertical and horizontal directions are 

shown in Fig. 15. It was found that the output voltage 

and velocity signals show a certain level of oscillation 

with time, and both of these signals exhibit visible 

stable limit cycles, which indicates that the FIV energy 

is transferred into electric energy. Figure 16 shows 

the time-domain output voltages of the piezoelectric 

system in two directions. It was found that the output 

voltages in the normal and tangential directions show 

large oscillations, which further indicates that the 

piezoelectric system could convert the vibration energy 

into electric energy.  

4.3 Comparison and analysis of original system 

and piezoelectric system 

The time histories of the displacement of the original 

system and the piezoelectric system in the normal 

and tangential directions over time within 60 s were 

calculated and were shown in Fig. 17. It can be 

clearly seen that the displacement amplitude of the 

piezoelectric system is smaller than that of the original 

system, and the displacement amplitude becomes 

steady more quickly. Figure 18 shows the phase plots 

and Poincare maps of the original system and the 

piezoelectric system. It was found that for both systems, 

the trajectories of the phase diagrams are close to a 

circle in the normal direction. The upper part of the 

trajectories remained horizontal, showing a stick–slip 

phenomenon in the tangential direction. Figures 18(a)  

 

Fig. 15 The 3D phase diagrams of output voltages versus velocities and time of piezoelectric system in two directions. 

 

Fig. 16 The time-domain output voltages of piezoelectric system in two directions. 
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and 18(b) show that the original system model has 

a large amplitude (limit-cycle) response in both the 

normal direction and the tangential direction. Under 

the same system parameters, the steady-state vibration 

amplitude of the piezoelectric system model is much 

smaller than that of the original system model in both 

directions. 

It can be clearly seen from the Poincare maps of  

the original system that a large number of points are 

displayed in the normal and tangential directions and 

many of these points are connected together, which 

indicates that the vibration of the original system   

in both directions is highly complicated. However, 

the Poincare maps of the piezoelectric system in the 

normal and tangential directions display only a few  

concentrated point clusters, which indicates that the 

vibration is nearly periodic. These results are in good 

qualitative agreement with the experimental results 

shown in Section 3.2.2, indicating that the piezoelectric 

elements of the piezoelectric system can convert part 

of the vibration energy into electrical energy, thereby 

reducing the FIV level of the friction system, which 

also provides a possible method for reducing the 

FIV level. 

5 Conclusions 

In this work, a reciprocating friction test device was 

constructed, which can convert part of the FIV energy 

into electrical energy via attached piezoelectric elements. 

 

Fig. 17 The time response of displacement of original system and piezoelectric system in two directions. 

Fig. 18 The velocity and displacement phase and Poincare maps of the original system and piezoelectric system in two directions. 
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The original friction system and its two variants (the 

original system with two attached cantilevers and that 

with two piezoelectric elements added) were tested 

and analyzed in numerical simulation. The effects of 

adding piezoelectric elements on the vibration, noise, 

and surface wear caused by friction were systematically 

examined. The main conclusions of this study are as 

follows: 

The correlation between the acceleration and the 

voltage was studied through a coherence analysis, and 

the feasibility of converting FIV energy into electrical 

energy was proven. The experimental results show 

that adding a piezoelectric element can effectively 

reduce the amplitude of the vibration acceleration 

and the sound pressure level of the friction system. 

1) Based on the observation of the worn surface 

morphology by OM, WLI, and SEM, it was found that 

adding piezoelectric elements into the original friction 

system has a significant impact on the tribological 

behavior of the friction system, which can effectively 

reduce the surface wear. 

2) A finite element model of the cantilever system 

was established, and an implicit dynamic analysis was 

performed to calculate the displacements of the can-

tilever beams during the friction process. It is shown 

that the cantilever beams vibrate during the friction 

process, and the vibration energy can be transferred into 

electric energy if piezoelectric elements are added. 

3) Two-degree-of-freedom models of the original 

friction system and the piezoelectric system were 

established. The numerical simulation results prove 

not only the feasibility of converting FIV energy into 

electric energy, but also the reduction of FIV of the 

piezoelectric elements. 

This work provides a new method for reducing 

surface wear and inhibiting or eliminating FIVN. By 

converting part of the FIV energy into electrical energy, 

the performance of the interface friction vibration 

noise is improved, the generation of FIVN can be 

effectively inhibited and surface wear can be reduced. 

However, this work is still a fundamental study 

about the effect of piezoelectric energy harvesting on 

the FIVN performance and wear behavior of friction 

systems. The harvested energy is considerably small 

and is not usable in practical cases since rectifying 

circuit is not designed. And the converted vibration 

energy is also reduced when the FIV is suppressed, 

which lowers the energy conversion efficiency. Future 

work is going to focus on the improvement of the 

energy conversion efficiency and the rectifying circuit 

to meet the practical application of FIV energy 

harvesting. 
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