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Abstract: In order to clarify stick-slip vibration mechanisms and characterize stick-slip
vibration behaviors, a three-dimensional numerical model of the slider-plate friction
contact was established using the finite element method, and the mechanism characteristics
of slip vibration and stick-slip vibration were analyzed in terms of contact stick-slip and
vibration responses. Meanwhile, the stick-slip vibration behaviors of the system under the
influence of different parameters were investigated. The results show that depending on the
vibration form of the system, the distribution and amplitude of contact stresses in adhesion
and slip states differ. The frequency domain curve of the friction force for the slip vibration
mainly includes three characteristic frequency ranges, namely, 0~75 Hz, 80~150 Hz and
1300~1600 Hz, while the characteristic frequency component of the friction force for the
stick-slip vibration mainly exhibits 0~65 Hz. Therefore, the high-frequency component of
the friction force may originate from the continuous slip vibration. The presence and
monotonically increasing (or constant) of the relative velocity at the contact interface
drives the formation of the slip vibration, while the presence of non-monotonically varying
relative velocity drives the formation of the stick-slip vibration. Appropriate reductions in
spring stiffness and plate motion velocity and increases in the damper damping will slow
down the degree of stick-slip vibration, thereby reducing the effect of stick-slip vibration on
the system behavior. In addition, compared to the constant value friction characteristic of
the contact interface, the exponential decay friction characteristic has a smaller effect on
the degree of stick-slip vibration of the system.

Keywords: stick-slip vibration; slip vibration; friction contact; relative velocity;
mechanism property

1 Introduction

Friction usually results in wear and vibration at a contact interface, which in turn
leads to manufacturing errors and noise pollution. The phenomenon of friction
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vibration exists widely in people's daily lives and in various industrial fields, it has
always been one of the hot issues that concerns tribology researchers [1-4].
Friction-induced vibration may adversely affect the normal performance of
mechanical systems and has two main manifestations: stick-slip vibration and
quasi-harmonic vibration [S] [6]. The stick-slip vibration exhibits a sawtooth
displacement-time variation curve with well-defined adhesion and slip phases. In
the adhesion phase, the stick-slip motion is governed by the static friction force; in
the slip phase, the stick-slip motion is governed by the dynamic friction force
associated with the slip velocity. The quasi-harmonic vibration exhibits an
approximately sinusoidal displacement-time variation curve, and this motion is
formed and maintained during the slip phase. The quasi-harmonic vibration is
generally caused by peaks in the friction-velocity curve [5].

Friction force exhibits different characteristics at different phases. In the adhesion
phase, friction force prevents the onset of motion of an object in equilibrium; in
the slip phase, friction force prevents the existing form of motion of an object [7].
Since the dynamic and static friction coefficients are different and present non-
smooth transitions, the motion of an object will also present non-smooth
characteristics, therefore, the stick-slip system belongs to the non-smooth system
[8]. In addition, some of the degrees of freedom in the stick-slip system are
constrained during the adhesion phase, and thus the stick-slip system also belongs
to the category of non-smooth systems with variable structures, i.e., the number of
state variables of the system changes with time.

Stick-slip vibration occurs in many types of engineering systems and in everyday
life, such as the sound of a bow-string violin, squeaky chalk and shoes, and
railroad wheel-rail systems and brake-wheel systems with squealing, most of
which are caused by the sliding friction at the contact interface. Some scholars
have made an early start on the study of stick-slip vibration and have conducted
relatively in-depth theoretical and experimental analysis [5]. Using the friction
model, Popp and Rudolph [9] proposed three methods for controlling the stick-slip
motion of the system, namely, increasing the internal damping of the system to
compensate for the negative damping due to friction properties, applying external
excitation to break the limit cycle, and passively controlling the system by means
of the fluctuating normal force. Hong et al. [10] analyzed the stick-slip vibration
between an axially flexible beam fixed at both ends and an oscillator, and the
results showed that the long-period stick-slip vibration was mainly subject to the
oscillator, while the short-period stick-slip vibration was mainly subject to the
axial deformation of the beam. Meanwhile, Hong et al. [10] found that applying a
high damping ratio to the oscillator did not suppress the stick-slip vibration
induced due to the axial deformation of the beam. Maegawa et al. [11]
investigated the effect of mass, stiffness and damping coefficient of the elastic
foundation on the stick-slip occurrence or not based on the stick-slip model of a
2DOF system, and found that when the parameters of the elastic foundation were
determined according to the optimal parameter tuning method of the dynamic
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damper theory, the range of stick-slip occurrence was reduced in comparison with
the slip system without the elastic foundation. Leus and Abrahamowicz [12] gave
some experimental results on the stick-slip phenomenon using an indoor test
bench. The analysis showed that longitudinal vibration could reduce or even
completely eliminate the stick-slip phenomenon. Abdo and Zaier [13] designed
and constructed a new test machine to investigate the effect of vibration amplitude
and vibration frequency of the test specimen on the contact stick-slip amplitude.
The results indicated that the stick-slip amplitude depended on the type of material
and decreased with the increase of the vibration amplitude. Balaram et al. [14]
investigated the suppression of stick-slip vibration in disc brakes by applying a
normal harmonic force with a small amplitude on the brake pad, and determined
the frequency range of the normal force to suppress the occurrence of stick-slip
vibration. The results demonstrated that the onset and termination of the
entrainment interval were associated with a Neimark-Sacker bifurcation, and that
the transition-slip bifurcation occurring in the entrainment interval produced a
subinterval associated with the suppression of stick-slip vibration. Dong et al. [15]
examined friction vibration and noise during the stick-slip process of
ceramic/metal friction, and found that the roughness peak at the contact interface
induced vibration and noise during the slip phase, and that the main vibration
frequency increased with the increase of slip velocity and external load. Zhou et
al. [16] established the relationship between tangential load and tangential
displacement for rough contact surfaces and analyzed the effect of system
parameters on the energy dissipation. Qian et al. [17] studied the effect of
normal/tangential damping on the stability of the system using a mathematical
modeling approach, and found that an optimal damping ratio would exist for the
system to make it the most stable. Wang et al. [18] analyzed the dynamical
characteristics of a class of non-smooth systems containing the Dankowicz
dynamic friction, and the results showed that there were various forms of stick-
slip/chatter transition motions in the system. Song and Yan [19] elaborated the
related research on the stick-slip friction from both macroscopic and microscopic
scales, and analyzed the key issues in the research of interfacial stick-slip friction.

From the above literature investigation, it can be found that the existing research
mainly utilizes the rigid body model to carry out analytical or numerical
calculations in order to study the stick-slip phenomenon at the contact interface,
and this method can effectively explain the characteristics of the stick-slip
vibration mechanism. Unlike the above research method, this paper mainly
employs the flexible body model to perform numerical simulations, thereby
studying the contact stick-slip vibration mechanism and characterizing the stick-
slip behavior. Compared with the rigid body model, the flexible body model can
reflect the contact state in detail and consider the elastic deformation, which is of
positive significance for the comprehensive understanding of the stick-slip
phenomenon. Given that, with the help of the finite element software ABAQUS,
this paper establishes a three-dimensional numerical model of slider-plate friction
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contact, analyzes the vibration form and influence mechanism of the stick-slip
phenomenon, and carries out a comparative study of the vibration behavior.

2 Numerical Model

Using the finite element software Abaqus, a three-dimensional model of slider-
plate friction contact is established in this section, which includes a slider, a plate
and a set of spring and damper. In the model, the contact interface between the
slider and the plate adopts "hard" contact in the normal direction [20-23], and
adopts the friction formula of static friction-dynamic friction exponential decay in
the tangential direction, in which the coefficient of static friction is 0.35, the
coefficient of dynamic friction is 0.25, the attenuation coefficient is 0.001 [24-28],
and the tangential friction curve is shown in Fig. 1. The slider is located on the top
of the plate, connected to the fixed point by a set of spring and damper, and its
upper surface is subjected to a vertically downward normal compressive stress
with an amplitude of 0.1 MPa. The diagram of the numerical model is shown in
Fig. 2, and the model connection and material parameters are shown in Table 1. In
the initial condition, the plate has a form of motion in the -z direction as shown in
Fig. 2.

Friction Coefficient

0.24 : . : :
0 2000 4000 6000 8000 10000

Slip Velocity [mm/s]

Figure 1
Tangential friction curve of the slider-plate contact
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Figure 2
Numerical model of the slider-plate contact

Table 1
Model parameter values
Parameter Value
normal compressive stress 0.1 MPa
spring stiffness 10 N-mm!
damper damping 5 Ns'mm’!
friction coefficient 0.35-0.25 (0.001)
density 7800 kg-m™
. . elastic modulus 2.1x10° MPa
slider/plate material - -
Poisson's ratio 0.3
yield stress 838 MPa

3 Analysis of Stick-Slip Vibration Mechanism - Slip
Vibration

The plate is set to have a uniformly accelerated motion in the -z direction, and the
velocity loading amplitude curve is shown in Fig. 3, in which the loading interval
is 1~5 s (0~1 s is the normal compressive stress loading interval). By performing
numerical calculations, the mechanism characteristics of the stick-slip
phenomenon are investigated in this section in terms of both contact stick-slip and
vibration responses.
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Figure 3
Amplitude curve of velocity loading

3.1 Contact Stick-Slip

Under the condition of the velocity loading amplitude curve shown in Fig. 3, the
variation of the contact stick-slip state obtained from the simulation of the flexible
body model is shown in Fig. 4. The contact stick-slip states at 5 representative
moments are given in Fig. 4, characterizing the behavior change (stick/slip). From
Fig. 4, it can be obtained that the contact state gradually transitions from the
adhesion to the slip with the increase of the plate motion velocity, indicating that
the contact interface undergoes stick-slip motion at this time. Since the plate
motion velocity shows a linear increase, the contact interface will continue to
maintain the slip motion after entering the slip state.

(a) Moment 1 (b) Moment 2 (c) Moment 3 (d) Moment 4 (e) Moment 5
(1.060 s) (1.160 s) (1.220s) (1.450s) (1.600 s)
Figure 4

Contact stick-slip states with the plate velocity considered (red indicates adhesion, green indicates slip,
blue indicates no contact)

The contact stresses in the adhesion and slip states corresponding to moments 1
and 5, which are only obtainable in the flexible body model, are shown in Figs.
5~6, where Fig. 5 shows the normal contact stresses and Fig. 6 shows the
tangential contact stresses. From Fig. 5, it can be seen that the distribution of
normal contact stresses in the adhesion and slip phases have different forms, and
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the maximum value of normal contact stress corresponding to the slip phase
(0.5891 MPa) is larger than that corresponding to the adhesion phase (0.1806
MPa), with the former being about 3.2619 times that of the latter. Similarly, from
Fig. 6, it can be seen that the distribution of tangential contact stresses in the
adhesion and slip phases are also different, and the maximum tangential contact
stress in the slip phase (0.0381 MPa) is significantly larger than that in the
adhesion phase (0.0002 MPa), which is about 190.5 times that of the latter.

CPRESS CPRESS

+1.806e-01 +5.891e-01

(a) Moment 1 (b) Moment 5

Figure 5
Normal contact stresses with the plate velocity considered

CSHEARF, Magnitude CSHEARF, Magnitude

+2.314e-04 +3.808e-02

(a) Moment 1 (b) Moment 5

Figure 6
Tangential contact stresses with the plate velocity considered

3.2 Vibration Responses

During the motion process of the plate, the friction force variation curve of the
slider-plate contact interface is shown in Fig. 7. From Fig. 7(a), it can be obtained
that the vibration degree of the friction force increases gradually with the increase
of the plate motion velocity. Meanwhile, according to Fig. 7(a), it can be seen that
the duration of the adhesion phase is about 0.225 s (red curve in Fig. 7(a)), and it
is followed by the slip phase (blue curve in Fig. 7(a)). Therefore, specifically, the
process consists of one stick-slip vibration and multiple slip vibrations, i.e., the
process reflects more the slip vibration characteristics of the slider-plate friction
contact system. By performing Fast Fourier Transform (FFT) on the time domain
curve of the friction force shown in Fig. 7(a), the corresponding frequency domain
curve of the friction force can be obtained as shown in Fig. 7(b). From Fig. 7(b), it
can be seen that the characteristic frequency components of the friction force are
more complex, mainly including three frequency ranges of 0~75 Hz, 80~150 Hz
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and 1300~1600 Hz, which are related to the natural properties of the slider-plate
friction contact system.
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(a) Time domain curve
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(b) Frequency domain curve

Figure 7

Friction force curves with the plate velocity considered

Further, the displacement response curves of the slider during the above process
are extracted in this section, as shown in Fig. 8. From Fig. 8(¢c), it can be seen that
the slider has been in a unidirectional (longitudinal -z) motion state, and the
longitudinal displacement increases at a gradually decreasing rate, indicating that
the slider gradually transitions from the initial static adhesion phase to the
dynamic slip phase. Figure 8(a) and (c), on the other hand, reflect the vibration
response characteristics of the slider in both transverse and vertical directions, in
which the amplitude of the transverse displacement variation is relatively small,
and the vertical displacement vibration characteristics are similar to the friction
force vibration characteristics shown in Fig. 7(a).
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(c) Longitudinal displacement

Figure 8
Response curves of slider displacements with the plate velocity considered

Combining Figs. 7~8, it can be found that the direct cause of the transformation of
the slider-plate friction contact system from the stick-slip vibration to the slip
vibration is the increase of the plate velocity. In this process, the longitudinal
velocity of the slider shows that it increases first (adhesion phase) and then
decreases (slip phase), and eventually tends to O (at this time, the spring/damping
force and the friction force of the slider tends to be balanced), as shown in Fig. 9
(red curve). Meanwhile, according to Fig. 3 and Fig. 7(a), the critical value of the
velocity for the occurrence of the above transition can be calculated as 0.5625
mm/s (0.225x10/4). The occurrence of the slip vibration indicates that the contact
interface undergoes the relative slip, i.c., there exists a relative velocity at the
contact interface, as shown in Fig. 9 (blue curve), and it is easy to find that the
interface relative velocity curve shows a monotonically increasing trend in the slip
phase. Consequently, the occurrence mechanism of the slip vibration can be
described as the presence and monotonically increase (or constancy) of the
relative velocity at the contact interface induces the formation of the slip vibration.
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Figure 9

Velocity curves with the plate velocity considered

4 Analysis of Stick-Slip Vibration Mechanism - Stick-
Slip Vibration

The formation mechanism of the slip vibration is mainly analyzed in Section 3, on
the basis of which the occurrence mechanism of the sustained stick-slip vibration
will be analyzed in this section. Since the successive transitions of the adhesion
and slip states inevitably involve an “increase-decrease” cycle in the velocity of
the slider motion, therefore, the boundary and loading conditions of the numerical
model are adjusted in this section as follows: The velocity loading of the plate is
canceled and the bottom surface of the plate is fully restrained; a longitudinal
tensile stress is applied to one longitudinal end face of the slider, as shown in Fig.
10, and the variation curve of tensile stress amplitude is shown in Fig. 11; the
other conditions are consistent with the numerical model in Section 2.

Figure 10

Diagram of longitudinal tensile stress application
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Amplitude curve of longitudinal tensile stress

4.1 Contact Stick-Slip

By numerical calculations, the stick-slip state diagram of the slider-plate contact
interface can be attained as shown in Fig. 12. Figure 12 gives diagrams of contact
stick-slip states at 10 representative moments, where moments 1, 4, 7 and 10
represent the adhesion state and moments 2, 3, 5, 6, 8 and 9 represent the slip
state. Through the analysis, it can be reached that with the variation of
longitudinal tensile stress amplitude, the contact state shows the phenomenon of
adhesion-slip alternation, which indicates that the cyclic stick-slip motion occurs
at the contact interface. Compared to the single stick-slip motion in the initial
stage shown in Fig. 4, the stick-slip motion shown in Fig. 12 has a significant
continuity.

(a) Moment 1 (b) Moment 2 (c) Moment 3 (d) Moment 4 (e) Moment 5
(1.030 s) (1.080 s) (1.770 s) (2.3405) (2.770 s)
(f) Moment 6 (g) Moment 7 (h) Moment 8 (i) Moment 9 (j) Moment 10
(2.980 s) (3.3205) (3.490 s) (3.760 s) (4.3305)
Figure 12

Contact stick-slip states with the slider longitudinal tensile stress considered (red indicates adhesion,
green indicates slip, blue indicates no contact)
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The contact stresses in the adhesion and slip states corresponding to moments 3
and 4 are shown in Figs. 13~14. For the normal contact stress, it can be seen from
Fig. 13 that the stress maximum in the adhesion phase (4.505 MPa) is significantly
larger than that in the slip phase (2.880 MPa), with the former being about 1.564
times larger than the latter. For the tangential contact stress, it can be obtained
from Fig. 14 that the stress maximum in the adhesion phase (0.1013 MPa) is
smaller than that in the slip phase (0.2520 MPa), and the former is about
40.1984% of the latter, which is closely related to the vibration form of the
system.

CPRESS CPRESS

+2.880e+00 +4.505e+00
+4.130e+00
+3.755e+00

+1.200e+00
|- +9.599e-01
+7.200e-01

+1.877e+00
+1.502e+00
+1.126e+00
+7.509e-01
+3.755e-01

+0.000e+00 +0.000+00

(a) Moment 3 (b) Moment 4
Figure 13
Normal contact stresses with the slider longitudinal tensile stress considered

CSHEARF, Magnitude CSHEARF, Magnitude

+2.520e-01 +1.013e-01

+4.199e-02
+2.100e-02
+0.000e+00

(a) Moment 3 (b) Moment 4
Figure 14
Tangential contact stresses with the slider longitudinal tensile stress considered

4.2 Vibration Responses

During the stick-slip vibration process described in Section 4.1, the friction force
variation curve at the slider-plate contact interface is shown in Fig. 15. From Fig.
15(a), it can be seen that the friction force appears the vibration form with
opposite directions as the amplitude of the longitudinal tensile stress varies, which
reflects the alternating variation of the motion direction of the slider. Similarly,
the FFT transform is performed on the friction force time domain curve shown in
Fig. 15(a) and the corresponding friction force frequency domain curve can be
obtained, as shown in Fig. 15(b). From Fig. 15(b), it can be seen that the
characteristic frequency components of the friction force are still more complex,
in which the main characteristic frequency component is 0~65 Hz. In addition,
unlike the frequency domain curve of the friction force for the slip vibration (Fig.
7(b)), the frequency domain curve of the friction force for the stick-slip vibration
(Fig. 15(b)) does not show the high-frequency component, which suggests that the
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high-frequency component of the friction force may be related to the sustained
slip vibration.
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(b) Frequency domain curve

Figure 15
Friction force curves with the slider longitudinal tensile stress considered

Meanwhile, the displacement response curves of the slider during the above
process are given in this section, as shown in Fig. 16. From Fig. 16(c), it can be
seen that the slider is in a bi-directional (longitudinal -z and z) motion state, i.e.,
the velocity of the slider is presented as an increasing-decreasing reciprocating
cycle, which ensures the occurrence possibility of the stick-slip vibration. Figure
16(a) and (c) characterize the vibration responses of the slider in both transverse
and vertical directions, where the transverse displacement varies with the same
relatively small amplitude, and the vertical displacement has a vibration tendency
similar to the amplitude of the friction force shown in Fig. 15(a).
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Figure 16
Response curves of slider displacements with the slider longitudinal tensile stress considered

Combined with Figs. 15~16, it can be identified that the reason for the slider-plate
friction contact system to maintain the stick-slip vibration is the existence of
increasing-decreasing cyclic variations in the slider motion velocity, i.e., there is a
non-monotonic variation in the relative velocity of the contact interface, as shown
in Fig. 17. In Fig. 17, the interval where the longitudinal velocity is zero is the
adhesion phase, and the interval where the longitudinal velocity is non-zero is the
slip phase. Therefore, the occurrence mechanism of the stick-slip vibration can be
summarized as the presence of the non-monotonic variation of the relative
velocity at the contact interface induces the formation of the stick-slip vibration.
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Figure 17
Slider longitudinal velocity curve with the slider longitudinal tensile stress considered

5 Behavior Characterization of Stick-Slip Vibration

In this section, the effects of different parameters on the stick-slip vibration
behavior of the system will be mainly analyzed, so as to understand the stick-slip
behavior and realize the effective control of stick-slip vibration.

5.1 Effect of Spring Stiffness

Based on the numerical model in Section 2, the spring stiffnesses are set to be 5
N/mm and 10 N/mm, respectively, and a constant velocity in the -z direction is
applied to the plate with an amplitude of 5 mm/s. By numerical calculations, the
contact interface friction curves corresponding to different spring stiffnesses can
be obtained, as shown in Fig. 18. It should be noted that the friction curves in Fig.
18 have been normalized for the purpose of comparison and are treated similarly
below.

From Fig. 18, it can be seen that with the increase of time, the vibration phase of
the friction force at the contact interface of the system with a spring stiffness of 5
N/mm will gradually lag behind that of the system with a spring stiffness of 10
N/mm, which indicates that the reduction of the spring stiffness slows down the
stick-slip vibration degree of the system, thus decreasing the influence of stick-
slip vibration on the system behavior.
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i

Friction force curves with different spring stiffnesses

5.2 Effect of Damper Damping

The spring stiffness in the numerical model is set to be 10 N/mm, and the damper
damping takes the values of 5 Ns/mm and 10 Ns/mm, respectively, and the other
conditions are kept consistent with the numerical model in Section 5.1. By
calculation, the friction force curves of the contact interface under different
damper damping conditions can be obtained, as shown in Fig. 19.

1.0 ,

—— 5 Ns/mm

M —— 10 Ns/mm
0.8 |us

0.6

4 Ed E) i

Dimensionless Friction Force
B
B

02t 11
it

0.0 L L L
0 1 2 3 4 5

Time [s]
Figure 19
Friction force curves with different damper damping conditions

According to Fig. 19, it can be obtained that with the increase of time, the
vibration phase of the friction force corresponding to a damper damping of 10
Ns/mm will gradually lag behind that corresponding to a damper damping of 5
Ns/mm, indicating that the increase of the damper damping will slow down the
degree of stick-slip vibration of the system and reduce the system response caused
by stick-slip vibration.
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5.3 Effect of Friction Characteristic

The spring stiffness in the model is set to be 10 N/mm, and the friction
characteristics are expressed using an exponential decay function (see Fig. 1) and
a constant (0.35), respectively, and the other conditions are the same as in the
numerical model of Section 5.1. The calculated friction force curves at the contact
interface for different friction characteristic conditions are shown in Fig. 20.
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Figure 20

Friction force curves with different friction characteristics

From Fig. 20, it is easy to see that the friction force curves at the contact interface
under different friction characteristics almost coincide throughout the time history,
which illustrates that the exponential decay friction characteristic shown in Fig. 1
do not have a significant effect on the degree of stick-slip vibration of the system,
as compared with the constant friction characteristic.

5.4 Effect of Motion Velocity

Similarly, the spring stiffness in the model is set to be 10 N/mm, and the plate has
constant velocities in the -z direction with amplitudes of 5 mm/s and 10 mm/s,
respectively, to simulate different relative velocities at the contact interface, and
the other conditions are consistent with the numerical model in Section 5.1. By
calculation, the friction force curves at the contact interface corresponding to
different plate motion velocities can be obtained, as shown in Fig. 21.

From Fig. 21, it can be seen that compared with the stick-slip vibration curve of
the system contact interface corresponding to the plate motion velocity of 5 mm/s,
the stick-slip vibration curve of the system contact interface corresponding to the
plate motion velocity of 10 mm/s is more intensive in the time interval of 1~5 s,
which demonstrates that the increase of the plate motion velocity will exacerbate
the degree of stick-slip vibration of the system, thus further aggravating the
dynamic response of the system.
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Figure 21
Friction force curves with different motion velocities

Conclusions

By using a three-dimensional finite element model of the slider-plate friction
contact, the mechanism characteristics of the stick-slip phenomenon are analyzed
in this paper in terms of both contact stick-slip and vibration responses, including
slip vibration and stick-slip vibration. Meanwhile, the stick-slip vibration behavior
of the system under the influence of different parameters, involving spring
stiffness, damper damping, friction characteristics and plate motion velocity, is
investigated. The main conclusions are as follows:

(1

2)

3)

Depending on the vibration form of the system, the distribution and
amplitude of contact stresses are not the same in the adhesion and slip
states. In contrast to the frequency domain curve of the friction force for
the slip vibration, the frequency domain curve of the friction force for the
stick-slip vibration does not show a high-frequency component, suggesting
that the high-frequency component of the friction force may be related to
the sustained slip vibration.

The occurrence mechanism of the slip vibration is the presence and
monotonic increment (or constancy) of the relative velocity at the contact
interface leading to the formation of the slip vibration, whereas the
occurrence mechanism of the stick-slip vibration is the presence of non-
monotonic variation of the relative velocity at the contact interface leading
to the formation of the stick-slip vibration.

The parametric analysis of stick-slip vibration shows that the reduction of
spring stiffness, the increase of damper damping and the reduction of plate
motion velocity will slow down the degree of stick-slip vibration of the
system, thus decreasing the effect of stick-slip vibration on the system
behavior. Compared to the constant friction characteristic of the contact
interface, the exponential decay friction characteristic has less influence on
the degree of stick-slip vibration of the system.
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The novelty of this research lies in the fact, that the flexible body finite element
model used can capture the contact state in detail and take into account the elastic
deformation, which is beneficial for the comprehensive understanding of the stick-
slip phenomenon.
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