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Abstract. During production and packaging of various bulk products, the work surfaces of the equipment and their
assemblies interact with sliding bodies, and different types of forces are created between them: friction, normal
reactions and Van der Waals forces. When packing sliding bodies of different shapes, their parameters, surface
roughness, mass, as well as the amount of static electricity, microclimate parameters in the room have a more
significant impact on the movement of sliding bodies and the spreading rate in the packing area of the dosing
equipment. When designing dosing equipment, it is important to know the sliding friction coefficients for different
contact materials in order to optimally select the parameters of these materials and the sliding surface angle. The
aim of the study is to select an appropriate method of experimental research to determine the dependence of the
coefficient of sliding friction on sliding bodies on their geometrical parameters, mass and physical properties. The
study was performed with the materials used for sliding surfaces: thermoplastic polyvinyl chloride film (PVC);
stainless steel AISI 316 plate, (without surface treatment) and polished. The experiment was performed by
changing the relative humidity values in the room from 30% to 60%. As a result of the study, it was found that the
optimal conditions for the studied materials to slip are at a relative humidity of 30%, the average value of the static
friction coefficient is 0.26 and the average value of the sliding friction coefficient is 0.25. The values of the sliding
surface roughness significantly affect the static and sliding friction coefficients, the sliding surface with a
roughness of 0.100 um ensures the best slipperiness of the studied sliding bodies.
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Introduction

In the food, pharmaceutical, agricultural and other industries, in connection with the packaging of
finished products on universal and specialized packaging machines, engineers and technologists often
face problems related to insufficient research of tribological properties, geometrical parameters and
physical properties of the product and the impact of the microclimate of the working environment on
the process, which, in turn, reduces the productivity of the equipment and increases the proportion of
defective products [1]. In the dosing unit, the sliding bodies move along the sliding plane to the packing
zone. The nature of sliding bodies movement is influenced by many external case factors: mechanical
interaction between the sliding bodies and the sliding surface, microclimatic conditions, vibrations, the
difference in the sliding bodies surface texture. In this case, the spatial orientation of the sliding bodies
on the sliding surface, the speed of falling on the packing line and the accelerations resulting from
contact with the rotating mechanisms of the dosing unit (e.g., rotating paddles, roller brushes) change
[2; 3].

If the speed v of the sliding bodies is moved too fast on the packing line, they hit the working
mechanisms of the dosing unit, which, in turn, causes damage to the product [4]. The spatial dispersion
of the sliding bodies must not cause them to leave the packing line, due to which the parameters of the
movement of the sliding bodies (speed and acceleration) are important parameters to ensure the quality
of the packing process [5]. The most common damage is related to changes in the shape and physical
properties of the sliding body surfaces: chips, fractures, damage to the product surfaces. Products must
meet strict chemical, physical and biological properties and damaged products must not be passed on to
the consumer [6-8].

During packaging the working surfaces of the equipment and their assemblies interact with the
sliding bodies and various types of forces are created between them: friction, normal reactions and Van
der Waals forces, or forces of atoms and molecular bonds. Geometrical parameters of sliding bodies,
surface roughness, mass, as well as the amount of static electricity, microclimate parameters in the room
significantly affect the movement of sliding bodies and the spreading rate in the packing area of the
dosing unit [6; 9]. The mechanical interaction of friction pairs is described as the result of elastic and
plastic deformations in their contact microplanes and the shift of irregularities that occur on the body
contact surface (surface layer topography). Van der Waals forces are described by the molecular theory
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of friction. They are based on the assumption that these forces arise due to changes in the degree of
molecular interaction of the molecules or atoms in the researched pairs of interacting bodies [10].

The accuracy of friction coefficient values is important in friction force modeling, in the
development of antifriction coatings for new materials, and in the development of new friction test
methods. The literature has limited information on the values of friction coefficients for specific material
combinations and they need to be determined experimentally [11]. It is also necessary to know the exact
values of sliding and static friction coefficients for equipment designers to choose the most suitable
material and surface treatment [12].

It is known that the values of static ps and sliding friction coefficients Usige are affected by the
roughness of the contact surfaces of both bodies, body material, oxides and other films on surfaces,
sliding speed, vibration, room microclimate parameters (relative humidity, temperature) and, to a less
extent, also the nominal contact square of bodies [3; 13].

There are many technical solutions for experimental determination of static and sliding friction
coefficients. Let us consider more widely used tribometer devices, which are specially designed to
determine the values of these coefficients. The tribotester used to simulate friction and wear at the
surface contact in relative motion under controlled conditions [14] is not suitable for studying the
movement of sliding bodies on inclined surfaces.

To determine the coefficients of sliding and static friction for solid bodies, a strain gauge method is
used, using tensor resistor (force) sensors with data loggers. The basis of this method is to determine the
amount of force required to move the body under study from a place on a horizontal sliding surface and
to determine the value of the force at which the body slides [15], which is also not suitable for the
conditions of the research, because the dimensions and mass of the studied sliding bodies are
insufficient, and the structure of the sliding body material also has low mechanical hardness.

In the laboratory, the inclined plane method is often used, which is based on reading the value of
the angle o between the slip plane and horizontally to determine the static friction coefficients [3]. This
method is suitable for determining the values of approximate static friction coefficients for sliding bodies
with different masses and dimensions, but it is not possible to determine the sliding friction coefficients
with this method.

The aim of the research is to create a measuring device and to experimentally determine the values
of static and sliding friction coefficients depending on the parameters of the sliding surface and sliding
bodies and the relative humidity in the environment.

Materials and methods

For the purpose of experimental research in order to determine the static and sliding friction
coefficients for various sliding surface materials and sliding body parameters a tribometer equipment
based on the inclined plane method was developed.

In order to substantiate the design of the tribometer, it was necessary to study the force vector
schemes acting on the slide body while it is on the sliding plane. According to the force vector scheme
in Fig. 1, which acts on the sliding body, which is located on the slope angle £ of the sliding plane, the
body moved out of place and began to slide with a uniform acceleration along the sliding plane.

Taking into account the schemes of operating force vectors and tribological regularities, the
construction of a tribometer needs to ensure: determination of the critical slope angle o for the slide
body; determination of the sliding angle f; sliding time t reference system for the slide body; to ensure
a constant speed of lifting the sliding plane and smooth movement.

Based on the methods discussed above and the studied force vector scheme, a special tribometer
construction was created for the research, see Fig. 2. The developed construction is intended for
experimental determination of the starting sliding angle « of the slide body, slide body sliding time t and
the sliding angle £. The construction of the tribometer has no analogous measuring devices, its main
advantage is determination of static and sliding friction coefficients by the inclined plane method,
operating in automatic mode with data storage function and data export to a data processing program
such as MS Excel.
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H1

Fig. 1. Force vector scheme: 1 - sliding plane; 2 - slide body; « - static friction angle; g - sliding
friction angle; Fn - normal force (downforce); Fr - support reaction force; Fice - traction force;

—_—

F siwes - sliding friction force; Fg - gravity force; Hs - elevated height of sliding plane

Fig. 2. Tribometer equipment overview: 1 - base with adjustable supports; 2 - sliding plane;
3 - electromotor; 4 - sliding bodies collection container; 5 - angle sensor; 6 - optical pair sensors;
7 - slide body; 8 - sliding plane lifting screw

The construction of the tribometer was created taking into account the geometrical parameters of
the investigated sliding bodies, their mass and mechanical hardness, as well as other experimental
conditions.

The tribometer (see Fig. 2.) is equipped with optical pair sensors (6) and an angle sensor (5) ensuring
high measurement accuracy, while a programmable logic controller (PLC) ensures correct operation of
the measuring device. For this tribometer device it is possible to install sliding planes (2) with different
roughness. The possibility of achieving a constant lifting speed of the sliding plane is ensured by setting
the speed of the electromotor (3).

The accuracy of the measuring device depends on the lifting speed of the sliding plane, including
that too high speed can cause a dynamic effect on the sliding body, the resulting static and sliding friction
angles will be determined incorrectly. The lifting speed of the sliding plane must be maintained at up to
5 degrees/minute, so as not to cause incorrect movement of the slide body. Thus, the lifting speed must
be such that the magnitudes of the forces acting on the slide body gradually change their magnitude, the
slower the lifting occurs, the more gradual the intermolecular bond shifts occur, the more accurately the
static and sliding angle values will be determined [3]. The configuration of the lifting screw (8) ensures
even lifting and lowering starting position of the sliding plane. The installation of the studied slide body
(7) on the sliding plane takes place according to a special template, which ensures that the slide body
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occupies the correct starting position before the optical sensors, thus reducing possible inaccuracies in
determining the static o and sliding £ angles, and sliding time t.

Static friction coefficients ps and sliding friction coefficients sige are calculated according to
formula (1, 2).

The coefficient of static friction ps is equal to the tangent of the angle of inclination of the sliding
plane [10].

lus = tg (24 ! (1)
where tga - sliding plane tangent of the angle of slope a.

The coefficient of sliding friction Wsige describes the friction between bodies that are in motion
relative to each other [16]. The coefficient of sliding friction is calculated according to formula [12]:

2|

Y S by
/usllde g ﬁ gtz COSﬂ
where S - angle of inclined plane;
| - slide body sliding distance to stop, m;
g - acceleration of free fall, m-s?;
t - slide body sliding time, s.
The physical and geometrical parameters of the sliding bodies are summarized in Table 1.
Table 1
Physical and geometrical parameters of sliding bodies
Structure and description Surface azrea S, Nominal Quantity,
mm mass, mg pcs.
In compressed form, without coating 71.85 500 £ 3.0% 61
In compressed form, without coating 32.15 240 + 3.0% 61
In compressed form, with polymer coating 0.66 597 £ 5.0% 61

Stainless steel grade 316 was chosen as the sliding plane material with the surface parameters
Ra=0.030£0.001 pm (Rz =0.200 £ 0.009 pm); Ra =0.110 + 0.004 um (Rz =0.892 + 0.058 pm);
Ra=0.520£0.003 pm (Rz=4.418+0.088 pum); polyvinyl chloride film (PVC) with
Ra=0.074 £0.007 pm (Rz = 0.492 £ 0.017 pum).

The experiments were performed under laboratory conditions with controlled room microclimate
parameters: relative humidity was regulated from 30%rH to 60%rH in steps of 10%rH * 2.5%rH; with
the temperature remaining constant, 20 °C £ 0.4 °C.

All body parameters are measured with the equipment Checkmaster 4.1, sliding body parameters
were automatically compared with the values set in the specification to select only valid sliding bodies.

The roughness of each plate was determined with a calibrated profilometer Mitutoyo SURFTEST
SJ-210, data were compiled in MS Excel computer program, mean values and measurement error were
calculated using Student’s distribution methodology. The reliability of the experimental data is 95%.

From the experimentally obtained data of the static angle «, sliding angle g and the sliding time t,
sliding psiice and static friction s coefficients were calculated in MS Excel computer program. As the
amount of data in each measurement reached 61, the chosen data processing method is descriptive
statistics (Descriptive Statistics) with coefficient of variation, calculated means, standard error and
standard deviation. The reliability of the experimental data is 95% [17].

Results and discussion

The dependence of the values of the coefficient of sliding friction psiice O the roughness Ra is shown
in Figure 3. It can be seen that the value of the coefficient of sliding friction depends on the roughness
of the sliding surface in each group of sliding bodies - this is not a random result. For sliding bodies
with a flat and spherical surface, the results differ significantly at the smallest and higher values of the
sliding surface roughness.
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Fig. 3. Sliding friction coefficient iq. Values for each sliding body type
on sliding planes with different surface roughness

Sliding body size and weight do not significantly affect the nature of this relationship, which is in
good agreement with the classical dry friction theory [18]. Flat sliding bodies have a tendency for a
significant increase in the coefficient of friction from 0.25-0.27 to 0.52-0.54 (almost twice) with a
decrease in the roughness of the sliding plane from 0.100 to 0.030 um. Theoretically, the sliding friction
coefficients should be lower at a lower sliding surface roughness value, however, there are exceptions
in some cases. This phenomenon can be explained by the increase in the actual contact area, the area
determined by the number of micro-roughnesses of the two contacting bodies and their areas in direct

contact with each other at the micro level [19].

In order to achieve the smoothest possible (laminar) body sliding, the optimal plane roughness is
0.100 um. Therefore, it is possible to recommend the use of such material in packaging mechanisms,
which will allow fairly even distribution of the product in the package and improve the quality of the

packaging process.
The values of the sliding friction coefficients psice for one type of the slide body at different values

of relative humidity of the room and different roughnesses of the sliding plate materials are shown in

I
043 039 = |
. : 031
0.23
0.15 0.18 0.18

60%

Figure 4.

. o e o o
) ) . in o
=) =) =) =) S

Sliding friction coefficients, 1y,,
e
=

0.00
30% 40% 50%

Relative humidity of the room, %rH

BRa=0030pum ®Ra=0.100 pm Ra =0.520 pm Ra = 0.074 pm

Fig. 4. Values of sliding friction coefficients psiqe for one type of slide body

on sliding planes with different surface roughness at 30%, 40%o, 50%, 60%

relative humidity

In three cases, for stainless steel sliding planes, regardless of their roughness, the absolute increase
of the sliding friction coefficient is 0.07-0.08 with an increase of relative humidity from 30% to 60%,
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the coefficient increases almost in proportion to the percentage of moisture. As in the first case, the
coefficient of sliding friction decreases almost evenly with increasing roughness of the metal sliding
surface. This phenomenon can be explained by the fact that certain protrusions on the sliding surface
lead to reduction in the friction area between the slide body and the sliding surface. It has been found
that increase in moisture also increases the intermolecular forces, and they affect the frictional forces
between solids [3; 12; 20].

Sliding bodies sliding on a sliding plane with a PVC surface (Ra = 0.074 um) tend to significantly
decrease the coefficient of sliding friction from 0.43 at 30% humidity to 0.31 at 60% humidity. In the
case of a PVC sliding plane, it can be assumed that there is a significant effect of static electricity on the
sliding process. Dielectric materials (PVC and slide body) are known to electrify when in contact with
each other. As the relative humidity of the air increases, static electricity from the friction surfaces flows
much more intensively, from the graph it can be seen that at a relative humidity of 60% the coefficient
of sliding friction is 0.31.

Figure 5 shows the experimentally obtained data on the dependence of the values of the static
friction coeffsicients s on the roughness Ra.
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Fig. 5. Dependence of static friction coefficient s on sliding plane roughness
Ra for each type of sliding bodies

According to the obtained data of the static friction coefficient for the shapes of flat and spherical
sliding bodies, it is possible to see the increase of the static friction coefficient s with the increase of
the value of the roughness Ra of the sliding plane. In all cases for stainless steel sliding planes, the
absolute increase of the static friction coefficient is 0.20-0.22, the coefficient increases are almost
proportional to the roughness of the sliding plane. The increase of the static friction coefficient with the
increase of the roughness can be explained by the increase of the depth Rz values of the individual micro-
roughness and the interaction with the body when they are at rest.

Conclusions

1. The presence of the initial unstable sliding effect of the sliding bodies on the surfaces of the sliding
planes with the smallest roughness has been experimentally determined. They have a significant
effect on the reduction of the static angle of the sliding plane and the static friction coefficient as
the roughness decreases.

2. The values of the coefficient of sliding friction increase with the decrease of the roughness of the
sliding plane material from 0.100 to 0.030 pum. This effect is related to the relationship between the
roughness of the bodies and the materials of the sliding planes, which affects the value of the actual
contact area.

3. As the relative humidity of the room increased, the increase of the static friction ps and sliding
friction psige coefficients for steel sliding planes was experimentally determined, which is related
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to the increase of condensation meniscus in the microcontact zone of interacting surfaces due to
capillary forces (Van der Waals).

4. Inthe case of the PVC dielectric sliding plane, the effect of humidity increases on the values of the
coefficients of the static friction s and the sliding friction Usige is Smaller, because the increase of
humidity reduces the effect of static electricity.

5. From the obtained data of static and sliding friction coefficients it can be concluded that in order to
achieve even and laminar sliding of flat and spherical sliding bodies, it is recommended to use steel
surfaces with the roughness value Ra = 0.100 pm, it ensures the lowest dependence of the sliding
body sliding rate on the body shape.
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