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Abstract: The article presents the results of experimental research and simulation analyses of the influence of slip velocity, normal
pressures and vibration frequency on the effectiveness of friction force reduction carried out in sliding motion in the presence of forced
tangential vibrations. In experimental studies, changes in the driving force were measured during the slip of the upper body
over the vibrating lower body. The direction of these vibrations was parallel both to the contact plane and to the direction of movement
of the shifted body. The simulation tests were carried out in the Matlab/Simulink environment through the use of numerical procedures
that were specially created for this purpose. Dynamic friction models considering the tangential compliance of contact
and the phenomenon of pre-sliding displacement were used for calculations. The paper presents the designated values of the so-called
coefficient of average friction force reduction in sliding motion for the following friction pairs: steel C45-steel C45,
steel C45-cast iron GGG40 and steel C45-polytetrafluoroethy-lene PTFE (Teflon). The results of numerical analyses were in good
agreement with those of experimental tests. A significant dependence of the level of average friction force reduction on the frequency
of forced vibrations, sliding velocity as well as the kind of sliding pair material, and normal pressures was shown.
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1. INTRODUCTION A condensed review of experimental works and model analy-

Due to the frequent need to minimise the force necessary to
introduce a body into sliding motion and maintain this movement,
the phenomenon of reducing the friction force has been and still is
the subject of interest among scientists in many research centres
around the world. The authors’ own studies [1-8] and the works of
other authors [9-24] indicate that introducing the shifted body or
the substrate on which the slip takes place into a vibrating motion
in a direction tangential to the track can significantly reduce the
driving force, Fq. This phenomenon is identified with the reduction
of the average friction force, Ff [19]. The level of this reduction
depends on many factors related to the vibration parameters,
sliding velocity and magnitude of surface pressures, as well as the
kind of material and the microgeometry of contact surfaces of
elements forming the sliding pair.

The direction of these vibrations in relation to the direction of
slip is also an important factor, responsible for influencing to a
large extent the effectiveness of the friction force reduction in the
presence of forced vibrations. Different mechanisms of friction
force reduction occur for vibrations normal to the contact plane
[20, 24-31], and the ones occurring for tangential vibrations are
different [1-24]. There are also two different friction force reduc-
tion mechanisms within tangential vibrations. Different for longitu-
dinal vibrations — consistent with the direction of slip [2, 4-24], and
different for transverse vibrations — perpendicular to this direction
[1-3, 12, 19-24].
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ses related to the impact of tangential vibrations on friction pro-
cesses in sliding motion is presented in the work of Shao et al.
[25], as well as in several previous works of the authors of the
present study [1-8]. This review shows that the greatest effective-
ness of friction force reduction in tangential vibrations is possible
when the direction of these vibrations is consistent with the direc-
tion of the macroscopic movement of the body being moved, i.e.
in the case of longitudinal tangential vibrations. However, for the
reduction of the friction force during longitudinal vibrations to
occur, the amplitude of the vibration velocity va must be greater
than the sliding velocity va. If this condition is not met, the reduc-
tion of the friction force will not occur during longitudinal vibra-
tions.

It should be emphasised that, according to the results of the
analyses presented in the study of Gutowski and Leus [4], reduc-
tion of the driving force in the sliding motion in the presence of
tangential longitudinal vibrations, identified with the reduction of
the average friction force, may occur both with temporary changes
in the sign of the friction force and without such changes.

The fulfilment of the condition va > v4 and the knowledge of
the ratio va/va are not, however, tantamount to determining the
level of friction force reduction under the influence of vibrations. In
harmonic motion, the amplitude v, of vibration velocity is a func-
tion of two independent vibration parameters, which determine the
level of friction force reduction. It is a function of both the frequen-
cy fof the vibrations and the amplitude us of their displacements.
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Thus, the reduction level cannot be unequivocally determined
only on the basis of the value of vibration velocity amplitude since
the same value of this parameter can be obtained at different
values of frequency and amplitude of vibrations. Hence, an im-
portant information in the studies of sliding motion in the presence
of forced longitudinal tangential vibrations is not only the
knowledge of the individual influence that each of these vibration
parameters exert on the level of friction force reduction but also
the knowledge of their cumulative influence on this reduction. It
shows that, in all analyses of the impact of vibrations on the fric-
tion force in sliding motion and in particular when using these
vibrations to control the friction force on the contact surfaces of
the friction pair, both vibration parameters uo and f must be con-
sidered. Maintaining the amplitude va of vibration velocity at a
constant level does not mean the maintenance of a constant level
of friction force reduction.

The available literature lacks both model and experimental
analyses illustrating this very important, especially due to the
possibility of practical use, impact of the simultaneous change of
both vibration parameters, i.e. their frequency f and displacement
amplitude uo, on the level of friction force reduction in sliding
motion. Hence, the purpose of this work was to fill this prevalent
gap in the existing literature.

This work considers the experimental and numerical analyses
of the influence of the sliding velocity, normal pressures and the
frequency of forced vibrations on the effectiveness of friction force
reduction in sliding motion performed in the presence of longitudi-
nal tangential vibrations. Simulation studies of the friction force
reduction as a function of these parameters were carried out in
the Matlab/Simulink environment, using the computational model
described in detail in the study of Gutowski and Leus [4]. Two
relatively simple, dynamic friction models were used there to
describe the friction force: the Dahl model [32, 33] and the elasto-
plastic model [34, 35]. In the Dahl model, it is assumed that the
contact deformations in the tangential direction are elastoplastic
already from the initial load phase. In the second of these adopted
friction models, there is a pure-elastic phase before the elasto-
plastic deformation phase. In these models, the friction force Fris
a function of contact tangential stiffness, the measure of which is
the coefficient k, and depends on the magnitude of the elastic
deformation s of the contact area (Fy = k. -s) [32-35]. It is
evident that assuming the wrong value of the coefficient k: will
lead to incorrect determination of the level of friction force reduc-
tion. The values of this coefficient, for a given set of contact joints
of sliding pairs tested in this paper, were determined experimen-
tally from the compliance characteristics of these joints plotted in

‘. b) Test stand
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the tangential direction. The appropriate tests were carried out on
the tests stand described in the study of Leus and Gutowski [36].

The experimental tests of the friction force reduction as a
function of the frequency of forced vibrations, sliding velocity and
normal pressures presented in this article were carried out, in turn,
on the test stand described in work [2].

The present study provides the experimentally and numerical-
ly determined values of the coefficient of average friction force
reduction at a fixed amplitude uo of vibrations (uo = const) and
changing values of the frequency f of these vibrations, for different
drive velocities va and strictly defined normal pressures p. Experi-
mental and simulation tests were carried out for three sliding
pairs, namely steel C45-steel C45, steel C45—cast iron GGG40
and steel C45—-polytetrafluoroethylene PTFE (Teflon).

Introducing vibrations of a set amplitude and frequency into
the contact area of the shifted body and the ground is not always
possible due to hardware limitations, such as limited power of the
vibration exciter, and often, it may even be unacceptable because
of the resonance phenomenon. Hence, the paper also presents
the results of model and experimental analyses of changes in the
level of friction force reduction under the influence of vibrations,
with simultaneous modification of both the frequency f and the
amplitude uo of vibrations. These changes in the values of vibra-
tion parameters were made in such a way that the ability to re-
duce the friction force by means of introduced longitudinal vibra-
tions is maintained, resulting from the necessary fulfilment of the
condition va > vs. These tests were carried out at a fixed value of
the velocity amplitude va = const, meeting this condition.

2. EXPERIMENTAL INVESTIGATIONS

The experimental tests were carried out on the test stand that
is shown in Fig. 1. A complete description of this test stand is
included in the study of Gutowski and Leus [2]. Its main part is a
sliding pair consisting of specially designed specimens: upper A
and lower B. During tests, the upper specimen is shifted with a set
velocity over the lower specimen by means of a drive system
consisting of a stepper motor with a gear, a linear guide and a
driver. In the initial stage of this shift, the lower specimen is fixed,
and then, while the upper specimen is moving, it is set into vibra-
tion motion generated by a piezoelectric vibration actuator. At the
final stage of the test, the vibration generator is turned off, and the
upper sample is moved again over the stationary lower specimen.
Each experimental test at each measurement point was repeated
thrice.
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Fig. 1. Test stand: (a) photo of the mechanical part of the stand prepared for testing and (b) block diagram of the measurement and data handling system
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The tests were carried out with harmonic forcing of the lower
specimen. Its displacement was described by the relationship:

u = u,sin(wt) (1

where uo is vibration amplitude, @ is angular frequency of vibra-
tions (w = 27f) and fis vibration frequency.

The vibration velocity of the lower specimen was given by the
following expression:

1 = vycos(wt) (2)

where va is an amplitude of vibration velocity. It is a function of
both the frequency f and the amplitude u, of the vibrations:

V, = U, = 27Tf U, (3)

During the tests, throughout the shift of the upper specimen,
the drive force necessary at first to set this specimen into sliding
motion, and then to maintain this motion, was measured. This
force was measured with a special ring dynamometer D (Fig. 1)
placed between the upper specimen and the driver. The values
set during the measurement were drive velocity vq, frequency f
and amplitude u, of forced vibrations and surface pressures p. For
control purposes, during each measurement, the acceleration of
the lower specimen was also registered with the use of miniature
acceleration sensors such as M352C65 type ICP (manufactured
by PCB).

The contact pressure p, normal to the contact surface, is the
result of the self-weight of the upper sample with an additional
load of m1 = 1 kg attached to it and the external force F; applied to
this sample centrally in the vertical direction, in concomitance with

the use of a lever containing sliding weights for string loading [6].
Such a system allows us to obtain normal pressures on the con-
tact surface of the friction pair starting from pmin = 0.00544 N/mm?
up to pmax = 0.120 N/mm2. The contact pressure, during the slid-
ing/vibration interactions, was controlled continuously by means of
a force gauge placed on the vertical string, connecting the sliding
sample with the lever with sliding weights.

The surface roughness of the specimens, forming the tested
contact joints (Fig. 2a—c), was measured with a profilometer (Mi-
tutoyo Surftest SJ-210) (Fig. 2d). Tab. 1 shows the measured Ra
values of the upper and lower specimens. Each of the values
given in this table is an average of six surface roughness mea-
surements carried out in different places of the contact surface. All
measurements were performed in the direction of the slip.

Tab. 1. Ra parameters of sliding pair samples

Sample Material R [um]
Mean Stand. dev.
Upper Steel C45 0.44 0.038
Steel C45 1.35 0.095
Lower Cast iron GGG40 1.14 0.099
PTFE 2.05 0.246

PTFE, polytetrafluoroethylene

Experimental tests were carried out in normal room conditions
at temperatures ranging from 22° to 26°C. Ambient humidity was
not measured.
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Fig. 2. Photos of specimens prepared for testing and roughness measurement stand: (a) steel-steel, (b) steel-cast iron, (c) steel-PTFE

and (d) profilometer Mitutoyo Surftest SJ-210

For each sliding pair, during the measurements, the change in
the driving force Fs was measured as a function of the vibration
frequency f at the determined amplitude uo=0.1 um. The tests
were carried out at five different frequencies f of forced vibrations,
namely 1 kHz, 2 kHz, 3 kHz, 4 kHz and 5 kHz, with vibration
velocity amplitudes of va = 0.628 mm/s, 1.256 mm/s, 1.884 mm/s,
2.513 mm/s and 3.141 mm/s, respectively; and for four drive
velocities, va= 0.2 mm/s, 0.5 mm/s, 1 mm/s and 2 mm/s. These
measurements were performed for three selected values of nor-
mal pressures: p = 0.022 N/mm?2, 0.063 N/mm2 and 0.104 N/mm2,
Examples of test results in the form of drive force plots for the
analysed friction pairs at vo = 0.5 mm/s and p = 0.063 N/mm? are
shown in Fig. 3.
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The comparison of the driving force runs shown in Figure 3
indicates that, in all the presented cases, the introduction of longi-
tudinal vibrations into the contact area of the friction pair resulted
in a decrease in the driving force necessary to maintain the sliding
movement of the upper sample. The higher the frequency f of the
forced vibrations, the greater was the magnitude of this reduction,
which means that it increased with the increase of the amplitude
of the vibration velocity va, because with a fixed displacement
amplitude uo, the increase in the frequency of vibrations causes a
corresponding increase in the amplitude of the vibration velocity.
From the runs shown in Fig. 3, it can also be seen that the level of
this reduction depends on the type of friction pair, and it was the
lowest in the case of the steel C45-PTFE pair.
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It should be emphasised that in any tests carried out with
forced vibrations of the ground with amplitudes of velocity va lower
than the drive velocity va, there was no reduction of the driving

force.
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dels such as the Dahl model [32, 33] and the elastoplastic [34, 35]
model were adopted. The simulation tests were carried out in the
Matlab/Simulink environment in accordance with the calculation
algorithm presented in Fig. 4.

The main purpose of the model simulation analyses was, as in
the experimental studies, to examine the impact of the frequency
of tangential longitudinal vibrations, as well as the sliding speed
and surface pressures, on the level of friction force reduction in
sliding motion. The comparison of the obtained results of model
analyses with the results of experimental tests also allowed us to
assess the correctness of the developed calculation procedures.

The analyses were carried out at the forced vibration frequen-
cies f of the lower specimen ranging from 0 kHz to 6 kHz. The
drive velocity vo and normal pressures p in the contact area of the
upper and lower specimens were identical to those in the experi-
mental tests. The value of the contact stiffness coefficient k: of the
analysed sliding pair contact, at given pressure p, was determined
based on curves k: = f(p) described by equations given in Tab. 2.
These relationships were determined experimentally for the tested
sliding pairs in the range of normal pressures from p=0.014
N/mm2 to p=0.112 N/mm2, in accordance with the procedures
presented in the study of Leus and Gutowski [36].

Tab. 2. Regression equations and the values of curves k: = f(p)
correlation coefficient R2 for given sliding pairs

Driving force F,
no vibrations
f=1kHz

f=2kHz

f =4kHz

fi=5

5kHz
no vibrations

|

|

|

|
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Fig. 3. Variability of the driving force Fy in relation to frequency f at fixed
amplitude uo of vibration: (a) steel-steel, (b) steel-cast iron and
(c) steel-PTFE; p = 0.063 N/mm2, v4 = 0.5 mm/s, Uo = 0.1 um

3. SIMULATION ANALYSES AND THEIR EXPERIMENTAL
VERIFICATION

Numerical studies were carried out using the model developed
to analyse the effect of longitudinal tangential vibrations on the
friction force in sliding motion, as described in detail in the study of
Gutowski and Leus [4]. This model is based on the dynamic equa-
tion of motion of a body sliding over the ground, which is intro-
duced into vibrations in a strictly defined direction, i.e. a direction
parallel to both the contact plane and the direction of the sliding
body motion. To describe the friction force, dynamic friction mo-

ke=1ip) Re
C45-C45 ke=917.36p2 + 289.22p + 55.663 0.9899
C45-GGG40 | kt=4089.9p% + 186.42p +44.116 0.9955
C45-PTFE ke = —57.381p2 + 46.7p + 2.1792 0.9891

Values of contact stiffness coefficients k: of tested sliding pairs
at normal pressures at which the simulation analyses have been
performed are given in Table 3.

Tab. 3. Values of contact stiffness coefficients k: of sliding pair contact
at normal pressures p assumed in performed tests

k¢ [N/um]
Sliding pair p=0.022 p=0.063 p=0.112
[N'mm2] [N/mm?] [N/mm?]
C45-C45 62.47 77.52 95.66
C45-GGG40 50.20 72.15 107.74
C45-PTFE 3.18 4.89 6.42

\\?\“E”—:L// Input data reading: Block I - Integration of | _X__| Block III - Driving force
N, S m, k, b, p, o motion equation: P calculation: F
= v ko, f mi=F,-F, F,=(vjt—x)k, !
—~ Diagrams:

F,=F(t)

Computing parameters rating:

- time quantization step: At

- shift duration: 7,

- vibrating turn-on/off time: 1,

Block II - Calculation of:
1 =v, cos(wr)
v, =X—u

X )
, \

Block IV - Friction force
calculation:

V.

/ F,= (1)
F,

Fp=ks

Fig. 4. Algorithm for calculating the friction force in sliding motion at longitudinal vibrations
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In the simulation analyses, it was assumed that the stiffness of
the drive system was ks = 0.92 N/um. This value was determined
experimentally on the test stand as described in the study of Leus
[5]. Moreover, it was assumed that the damping of the drive was
negligible. Such an assumption was made because there were no
sliding joints between the driver and the movable upper sample, in
which the vibration energy could be dissipated, and all drive ele-
ments between the driver and this sample were steel elements
with very low material damping. It was therefore assumed that the
drive damping coefficient was hq = 0.

It was also assumed that the mass of the sliding upper steel
sample together with the additional weight attached to it was
m=1.665 kg and that the coefficients of friction of the tested
sliding pairs were z1=0.193, 12 =0.176 and x5 =0.071, for the
steel-steel pair, steel-cast iron pair and steel-PTFE pair, respec-
tively. These values were determined on the same test stand on
which the experimental tests of friction force reduction under the
influence of vibrations, described in this paper, were carried out.

In the conducted simulation analyses, at each measurement
point, the calculations were started with the upper sample immo-
bile and the ground immobilised. Therefore, it was assumed that
at the initial moment for the sliding sample, xo = 0 and x = 0, and
the amplitude of the ground vibrations at the initial moment was
uo = 0. The vibrations of the ground were excited for some time
after the start of the sliding movement of the upper sample. In the
simulation analyses described in the paper, this time was t = 0.04
s. The friction pair materials used in the experimental tests and
adopted in the numerical analyses, such as C45 steel, GGG40
cast iron and PTFE, can be classified as ductile materials. There-
fore, the shape factor « in the Dahl model and in the elastoplastic
model for these materials, according to the data contained in the
study of Dahl [33], must meet the condition = 1. In this paper, in
simulation analyses, the value « =1 was assumed.

To evaluate the effectiveness of the friction force reduction,
the dimensionless value of parameter p was adopted and de-
scribed by the following relationship:

F

p=r (4)
where Fy is an average friction force in the contact of a given
friction pair during one period of vibrations, corresponding to the
value of drive force Fq necessary to introduce the body into sliding
motion and maintain this motion, with set vibration parameters f
and uo, drive velocity vs and normal pressures p, while Fc is the
Coulomb friction force, i.e. the friction force without vibrations.

The average value F; of the friction force during one vibra-
tions period T can be determined in numerical analyses from the
following relationship:

Fr = =X Fy(t + iAt) (5)
where n is the number of time steps At into which one period T of
vibrations was divided.

The value p=1 means no reduction of friction force, while
when p <1, the reduction takes place. The smaller the value of
parameter p, the greater the reduction of friction force.

Figs. 5 and 6 summarise the results of simulation studies and
the corresponding results of experimental tests in the form of
collective diagrams. These figures present plots of variations of
the parameter p as a function of forced vibrations frequency f for
four fixed drive velocities, namely 0.2 mm/s, 0.5 mm/s, 1 mm/s
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and 2 mm/s. Numerical waveforms are marked with lines, while
the results of experimental tests are marked with points. Fig. 5
presents the results obtained for the sliding steel-steel pair for
three values of normal pressures, namely p = 0.022 N/mm2, 0.063
N/mm?2 and 0.104 N/mm2, while the results presented in Fig. 6
pertain to the analyses carried out for the sliding steel-cast iron
pair (Fig. 6a) and the steel-PTFE pair (Fig. 6b). These analyses
were performed at normal pressures, p = 0.063 N/mm2.

The graphs presented in Figs. 5 and 6 show the average va-
lues of three measurement results together with marked standard
deviations. It should be emphasised that very good repeatability of
the results was obtained in subsequent repetitions. This is evi-
denced by the value of standard deviations, which for the most
part did not exceed the level of 4% of the average value deter-
mined at a given measurement point. The very good repeatability
of the results proves that the number of repetitions has no signifi-
cant effect on the quality of conclusions regarding the nature of
the studied phenomenon.
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Fig. 5. Effectiveness of friction force reduction for joint steel-steel as a
function of vibrations frequency f at their fixed amplitude o = 0.1
um and different normal pressures: (a) p = 0.022 N/mm?,
(b) p = 0.063 N/'mmZ2 and (c) p = 0.104 N/mm?
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The results of experimental tests and numerical analyses pre-
sented in Figs. 5 and 6 clearly indicate that, when the condition
va> vg was not fulfilled, introducing longitudinal tangential vibra-
tions into the contact area of the sliding body and the ground did
not change the friction force. For the drive velocities adopted in
the tests va=2 mm/s, 1 mm/s, 0.5 mm/s and 0.2 mm/s, the
boundary frequencies at the beginning of the friction force reduc-
tion at longitudinal vibrations with the amplitude uo=0.1 pum,
according to Eq. (3), are 3183 Hz, 1591.5 Hz, 795.75 Hz and
318.3 Hz, respectively. The reduction occurred only in the case
where va > vy and it was the higher, the higher was the frequency
of forced vibrations fand the lower was the drive velocity va.

The comparison of the plots in Fig. 5 for the friction steel-steel
pair indicates that the level of friction force reduction depends on
the normal pressures p. These plots clearly show that with the
increase in normal pressures on the contact surface, the value of
the parameter p visibly increased, which means that the increase
in normal pressures caused a lowering of the level of friction force
reduction.
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Fig. 6. Effectiveness of friction force reduction as a function of vibrations
frequency f at their fixed amplitude uo = 0.1 pum for joints:
(a) steel—cast iron and (b) steel-PTFE; p = 0.063 N/mm?

In turn, when comparing the friction force reduction curves for
different materials of friction pairs as presented in Figs. 5b, 6a and
6b, determined with the same vibration parameters uo and f, the
same pressures p and the same drive velocities va, it can be
noticed that definitely the smallest of friction force reduction under
the influence of longitudinal tangential vibrations occurs in the joint
steel-PTFE pair. However, in the case of the two remaining fric-
tion pairs, i.e. steel-steel and steel-cast iron, the level of friction
force reduction was definitely higher — the highest was for the
steel-steel contact, while that for the steel-cast iron contact was
only slightly less. In all three presented cases, the vibrations
parameters, such as amplitude uo and frequency f as well as drive
velocity va and surface pressures p, were the same in tests. The
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frictional pairs differed in the kind of material of the lower speci-
men and the roughness of this sample’s surface. Therefore, the
tangential compliance of contact of these pairs was also different.
At the pressure p =0.063 N/mm2, the stiffness coefficients k: of
the tested contacts, in accordance with the equations given in
Tab. 3, were derived as ki=77.5 N/um, kt=72.09 N/um and
ke = 4.89 N/um for steel-steel pair, steel-cast iron pair and steel-
PTFE pair, respectively. It can be noticed that the tangential stiff-
ness of the steel-PTFE contact was definitely lower than that of
the other two contacts. Hence, a significantly lower level of friction
force reduction was obtained in this contact as compared with the
other two friction pairs. This result is consistent with the results of
the study of Gutowski and Leus [4].

The results of friction force reduction obtained at low frequen-
cies of 0.5-1.5 kHz and higher pressures p = 0.063 N/mm2 (Fig.
5b and Fig. 6a) and p =0.104 N/mm2 (Fig. 5c) for steel — steel
and steel — cast iron pairs that deviate from the clear trend require
a separate comment. The reason for this happening was probably
the fact that at these frequencies and these surface pressures, the
phenomenon of resonance occurs for the shifted specimen.

To prove the appearance of this resonance from the numerical
model developed in Matlab/Simulink, for the analysis of the impact
of vibrations on the friction force, displacement diagrams of the
upper sample being moved during the ground vibrations were
generated. They were generated at various normal pressures p.
These diagrams are shown in Fig. 7. They clearly indicate that at
the assumed normal pressures, in the excitation frequency range
of f = 500-1500 Hz, the system is subject to the phenomenon of
resonance.

e
KN

T

T
1070 Hz

steel C45 — steel C45

03| o108z, v,= 0.2 mm/s 1
0.2 650 l[/‘.‘: —— p=0.104 N/'mm

""" »=0.063 N/mm

=== p=0.022 N/mm’

0.1

Displacement amplitude x,, im

e 2 = =
0 1 2 3 4 5 6
Frequency of vibrations f, kHz

Fig. 7. Diagrams of the displacement of the upper sample on a vibrating
ground, illustrating the occurrence of resonance in the frequency
range f=500-1500 Hz

4. REDUCTION OF FRICTION FORCE
AT A FIXED AMPLITUDE OF VIBRATIONS VELOCITY

When analysing the influence of longitudinal tangential vibra-
tions on the friction force in sliding motion, the most important
parameter is the amplitude of the vibration velocity va, because its
value determines the upper limit of the sliding velocity — the drive
velocity — above which the reduction of the friction force does not
occur. In harmonic motion, the value of this amplitude is deter-
mined based on dependence (3), which means that in real sys-
tems, it can be controlled by two vibration parameters: amplitude
Uo and frequency f, which are changed simultaneously; or, one of
them is at a fixed value with respect to the other parameter.

In this paper, this problem is illustrated by presenting the re-
sults of experimental and numerical tests of changes in the level
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of friction force reduction at the amplitude of vibration velocity va
fixed at the level that guarantees the occurrence of the friction
force reduction, i.e. va > va, but with a different set of the vibration
parameters uo and f, while maintaining a constant value of vibra-
tion velocity amplitude, va =const. Here, va=1.256 mm/s was
assumed.

The tests were carried out for the same friction pairs as in the
previous case, with five frequencies of forced vibrations f, namely
1 kHz, 2 kHz, 3 kHz, 4 kHz and 5 kHz, and for four drive veloci-
ties: vo=0.2 mm/s, 0.5 mm/s, 1 mm/s and 2 mm/s. In order to
maintain a constant value of the vibration velocity amplitude,
va = const, with each change of frequency f, the value of the am-
plitude uo, was changed suitably in accordance with the depend-
ence (3). As before, these measurements were made at three
selected values of normal pressure: p=0.022 N/mm2, 0.063
N/mm?2 and 0.104 N/mm2. Examples of test results in the form of
drive velocity plots for the analysed friction pairs at va = 0.5 mm/s
and p = 0.063 N/mmz2 are presented in Fig. 8.
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Fig. 8. Variability of the driving force Fy in relation to frequency f
and amplitude o at fixed amplitude of vibration velocity va = const:
(a) steel-steel, (b) steel-cast iron and (c) steel-PTFE; p = 0.063
N/mm2, va = 0.5 mm/s, va = 1.256 mm/s

Figs. 9 and 10 present the results of simulation studies and
the corresponding results of experimental tests in the form of
collective plots. These figures show plots of changes of the pa-
rameter p as a function of increasing frequency f and correspon-
dingly decreasing vibrations amplitude uo at a fixed value of vibra-
tion velocity amplitude va = const for four drive velocities va, name-
ly 0.2 mm/s, 0.5 mm/s, 1 mm/s and 2 mm/s. Numerical results are
marked with lines, while the results of experimental tests are
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marked with points. Fig. 8 presents the results obtained for the
sliding steel-steel pair for three values of normal pressures:
p=0.022 N/mm?, 0.063 N/mm2 and 0.104 N/mm2. The results
presented in Fig. 10 pertain to the analyses carried out for the
sliding steel—-cast iron pair (Fig. 10a) and for the steel-PTFE pair
(Fig. 10b).
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Fig. 9. Change of the reduction coefficient p at different pressures p and
fixed vibrations velocity amplitude va = const caused by increasing
the frequency f with a simultaneous reduction of vibrations ampli-
tude uo for the pair steel-steel: (a) p = 0.022 N/mm2, (b) p = 0.063
N/mm2, (c) p = 0.104 N/mm2; va = 1.256 mm/s

From the obtained results of the experimental tests and nu-
merical analyses presented in Figs. 9 and 10, it can be noticed
that when v = 2 mm/s, i.e. when the condition that va > vy was not
fulfilled, the reduction of friction force did not occur in any of the
considered cases. For the three remaining values of vo = 1 mm/s,
ve = 0.5 mm/s and vs = 0.2 mm/s, the excitation of vibrations
caused a reduction of the friction force, which resulted in the
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reduction of the parameter p to a value lower than 1. The effec-
tiveness of this reduction is significantly influenced by the ratio of
drive velocity vq to vibration velocity amplitude va and excitation
frequency f, the kind of material of the sliding pair and the value of
normal pressures p in the plane of contact between the shifted
body and the ground. The lower the drive velocity vq relative to the
amplitude va, the higher the reduction level.
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Fig. 10. Change of the reduction coefficient p at fixed vibration velocity
amplitude va = const, caused by increasing the frequency f
with a simultaneous reduction of vibrations amplitude uo
for the pair: (a) steel—cast iron and (b) steel-PTFE;

p =0.104 N/mmZ; v = 1.256 mm/s

Increasing the frequency of vibrations with a simultaneous re-
duction of their amplitude, in order to maintain a constant value of
the vibrations velocity amplitude, resulted in an increase in the
value of the parameter p in each of the analysed cases. This
means that such a treatment reduces the level of friction force
reduction under the influence of longitudinal vibrations introduced
into the contact area. As in the previous test variant, the test
results from this variant, presented in Figs. 9 and 10, clearly indi-
cate that both the increase in normal pressures on the contact
surface of friction pair and the increase in sliding velocity reduce
the effectiveness of the friction force reduction.

5. CONCLUSIONS

The conducted simulation analyses and experimental tests
demonstrate that the influence of the forced longitudinal tangential
vibrations on the friction force in sliding motion is highly complex.
These vibrations can cause an explicit reduction of the drive force
necessary to start and maintain the slip of one body over another,
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but the necessary condition for this reduction to occur is that the
vibration velocity amplitude va be higher than the drive velocity va.
However, the value of the parameter va cannot be treated as a
determinant of the reduction level, because, as shown by the
conducted tests, with a constant vibration velocity amplitude va,
different values of the frequency f and the amplitude uo of these
vibrations, as well as different reduction effectiveness values of
the average friction force, can be obtained. The reason is that the
amplitude of the vibration velocity is a function of both of the
above-mentioned vibration parameters, i.e. their frequency and
amplitude of displacement.

The conducted research clearly indicates that the increase in
the vibrations frequency with their constant amplitude increases
the effectiveness of the friction force reduction under the influence
of longitudinal tangential vibrations, while the increase in surface
pressure and the increase in drive velocity cause the opposite
effect — lowering the level of reduction of this force. In an extreme
case, a slip at a velocity higher than the vibration velocity ampli-
tude eliminates the possibility of using longitudinal vibrations to
achieve a reduction in friction force.

An important conclusion resulting from the conducted re-
search is that with low contact stiffness, related to the kind of
material of the elements forming the friction pair and higher
roughness of the contact surfaces, the effect of friction force
reduction under the influence of vibrations is visible lower than
that obtained in case of contact with high stiffness, and further-
more, the level of this reduction depends to a much lesser extent
on the frequency of the vibrations.

There is a very good agreement between the results of nu-
merical calculations and experimental tests, even at resonant
frequencies of the sliding pair, which proves the correctness of the
developed procedures for the analyses of the effect of longitudinal
tangential vibrations on the friction force in sliding motion and
proves the possibility of using these procedures to control the
friction force in the sliding motion of real objects by means of
vibrations.
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