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One of the most popular methods of determining the coefficient of kinetic friction between a pair of solid
objects involves an inclined plane. However, manual measurements of the time taken by a particle to travel
a certain distance (usually performed with a stopwatch) and the angle of an inclined plane (on a scale) are not
always highly accurate or precise. The coefficient of kinetic friction has to be determined on the assumption
that a particle moves in uniformly accelerated motion. The aim of this study was to analyse particles moving
in uniformly accelerated motion on an inclined plane and to modify the method of measuring movement
parameters. A mechatronic measuring device and a high-speed camera were used to monitor the movement
of wheat kernels on a steel friction plate. The experimental variables were the distance between photosensors
(length of the measured section) and the kernel’s position relative to the direction of movement. An analysis
of the mean values of time taken by particles to travel different distances revealed that the particles were
not moving in uniformly accelerated motion. The results indicate that the coefficient of kinetic friction of
irregularly shaped particles cannot be determined reliably on an inclined plane. Several recommendations for
modifying the test stand were proposed.

kinetyczny wspoétczynnik tarcia nasion, metoda réwni pochytej, mechatroniczne urzadzenie pomiarowe.

Jednym z bardziej popularnych sposobéw wyznaczania tzw. kinetycznego wspotczynnika tarcia zewnetrz-
nego mig¢dzy parg cial statych jest metoda rowni pochytej. Niestety, manualny pomiar czasu ruchu czastki
(zazwyczaj za pomocg stopera) oraz wzrokowy odczyt (na skali) wartosci kata maja bezposredni zwigzek
z doktadnoscia 1 precyzja pomiaréw. Dodatkowym, koniecznym do spetnienia warunkiem, by mozliwe byto
wyznaczanie warto$ci kinetycznego wspotczynnika tarcia jest zalozenie, ze czastka porusza si¢ po podtozu
ruchem jednostajnie przyspieszonym. Celem pracy byta weryfikacja warunku poruszania si¢ czastek ruchem
jednostajnie przyspieszonym po podiozu zamocowanym do réwni oraz modyfikacja techniki pomiaru pa-
rametrow ruchu. Do badan wykorzystano mechatroniczne urzadzenie pomiarowe oraz kamerg do szybkich
zdje¢, umozliwiajaca monitorowanie ruchu czgstek (ziarniakow pszenicy po podtozu ze stali). Zmieniano:
odlegtos¢ migdzy fotokomorkami (dhugosé odeinka pomiarowego) oraz wariant utozenia ziarniaka w stosun-
ku do kierunku ruchu. Analiza $rednich wartosci czasu przebycia okreslonych odcinkéw pomiarowych (dla
poszczegdlnych utozen ziarniakow) wykazata, ze nie maja one znamion charakterystycznych dla ruchu jed-
nostajnie przyspieszonego. Stwierdzono, ze wyznaczanie kinetycznego wspolczynnika tarcia metoda réwni
pochytej dla czastek o nieregularnym ksztalcie jest mato wiarygodne. Zaproponowano wskazdéwki dotyczace
modernizacji stanowiska pomiarowego

INTRODUCTION friction differs in fluids and between the contacting

surfaces of two objects in relative motion. A wide

According to the existing body of knowledge on external variety of theories, methods, and measuring techniques

friction, the phenomena associated with resistance to have been proposed for monitoring biomass properties
motion are determined by numerous factors and cannot such as caking, bridging, ratholing, and tunnelling
be described with a single general theory. External [L. 1-9]. However, due to the wide variety of measuring
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methods, examined materials and measuring conditions,
the relevant analyses often produce discrepant results
[L. 2, 10-13]. Therefore, the studies of physical
properties of granular materials, including seed mixtures,
are permanent [L. 14-18].

One of the most popular methods of determining
the coefficient of kinetic friction between a pair of
solid objects involves an inclined plane [L. 19, 20].
The inclined plate method is widely used in modelling
the processes associated with harvesting, transporting,
storage, separation, and sorting of agricultural crops.
The values of the coefficient of kinetic friction often
determine the effectiveness of successive operations or
even entire production processes. They influence the
efficiency, effectiveness, and energy consumption of
production processes and the quality of products [L. 21].

However, manual measurements of the time
taken by a particle to travel a certain distance (usually
performed with a stopwatch) and the angle of an inclined
plane (on a scale) are not always highly accurate or
precise. The coefficient of kinetic friction should be
determined on the assumption that a particle moves in
uniformly accelerated motion [L. 20].

The aim of this study was to verify the requirements
for the uniformly accelerated motion of particles on an
inclined plane, and to modify the method of measuring
movement parameters.

EXPERIMENTAL DETAILS

The experiment was performed on kernels of spring
wheat cv. Tybalt purchased in the Olsztyn Potato and
Seed Plant (OLZNAS-CN Ltd.). One hundred kernels
were randomly selected for the study.

Fig. 1. Diagram of an inclined plane with an adjustable
arm [L. 19]: 1 — screw for adjusting the inclination
angle of the arm (plane), 2 — guide, 3 — examined
particle, 4 — protractor, 5 — friction plate, 6 — base

Rys. 1. Schemat rowni o zmiennym kacie pochylenia ramie-
nia [L. 19]: 1 — pokretto regulacji kata nachylenia
ramienia (rowni), 2 — prowadnica, 3 — badana czastka,
4 — katomierz, 5 — ptytka badanego materiatu (podto-
ze), 6 — podstawa

The coefficient of kinetic friction (f) is measured
on an inclined plane (Fig. 1) by placing a particle of
bulk material (a wheat kernel) on a friction plate that
is attached to a moving arm (5) set at angle (f) that is
greater than the angle of static equilibrium ().

The tangent of angle (¢) determines the coefficient
of static friction. In this method of measurement, the
time (T) taken by a particle (sample) to travel distance
(D) (length of the arm) is to be determined. The value of
the coefficient of kinetic friction (f,) is calculated with
Formula (1) [L. 20]:

(1

where

D — distance travelled by a particle,

g — standard gravity,

T— time taken by a particle to travel the measured
distance,

@ — angle of static equilibrium,

p— angle of the arm during the determination of
the coefficient of kinetic friction.

The experiment was performed with the use of
measuring equipment at the Department of Heavy
Duty Machines and Research Methodology, Faculty
of Technical Sciences of the University of Warmia and
Mazury in Olsztyn.

The inclined plane was equipped with a mechanical
system for lifting the arm and two optoelectronic
systems composed of a laser beam emitter and a receiver
(photosensor). The top optoelectronic system was
mounted in a fixed position, whereas the other system
was mounted in openings drilled at various points in
the side bars of the arm to change the distance (D))
travelled by a particle. Both optoelectronic systems were
connected to a computer via a CPU controller, and data
were registered online. The arm’s angle of inclination
(p) relative to the horizontal plane (the moment when the
laser beam of the top optoelectronic system is interrupted
marks the beginning of particle movement) and the time
(T, taken by a particle to travel a given distance between
the top and bottom sensor were registered. Angle (p) was
measured to the nearest 0.01°, and time was measured to
the nearest millisecond (ms).

The i-SPEED TR high-speed camera was used
to determine whether a particle moves in a uniformly
accelerated motion (Fig. 2).

The experiment was carried out based on the
following assumptions:

— The relative moisture content of wheat kernels was
kept constant at 12.7% during the measurements.

— Kernels move in uniformly accelerated motion from
the moment their movement is initiated (the laser
beam of the top optoelectronic system is interrupted).

— The results of measurements are not influenced
by environmental conditions (light, temperature,
absolute humidity).
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Fig. 2. Test stand with a high-speed camera for registering
the movement of particles on an inclined plane
[L. 22]: 1 — highs-speed camera, 2 — display,
3 —inclined plane

Rys. 2. Widok stanowiska pomiarowego z umieszczong obok
kamera do szybkich zdje¢ do monitorowania ruchu
czastek po podtozu zamocowanym do ramienia (row-
ni) [L. 22]: 1 —kamera do szybkich zdje¢, 2 — wyswie-
tlacz zewngtrzny, 3 — rownia

The experimental constants were as follows:

— The angular velocity of the arm, set at 0.087 rad
s—1 as the maximum value (previous experiments
demonstrated that this parameter does not affect the
beginning of a particle’s movement on an inclined
plane) [L. 21]; and,

— The type of structural material (friction plate) on
which particles move — INOX 1.4301 stainless steel
with roughness average Ra = 0.21 pm determined
with a Hommel T1000 surface roughness tester.

— The experimental variables were as follows:

— Distance between photosensors (D)): 140, 240, 340,
440 mm; and,

— The position of kernels relative to the direction of
movement (U,) — (Fig. 3).
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Fig. 3. Position of a Kkernel’s longitudinal axis
relative to the direction of movement [L. 22]:
1 — parallel, with the crease up, 2 — parallel, with
the crease down, 3 — perpendicular, with the crease
up, 4 — perpendicular, with the crease down

Rys. 3. Ulozenie ziarniakéw pszenicy wzgledem kierunku
ich ruchu [L. 22]: 1 — podtuznie, bruzdka do gory,
2 — podituznie bruzdka do dotu, 3 — poprzecznie,
bruzdka do gory, 4 — poprzecznie, bruzdka do dotu

Wheat kernels were placed on the inclined plane
with the use of tweezers, directly above the laser beam
of the top optoelectronic system (Fig. 4). The lifting
mechanism was activated, and the measurements
were performed until the laser beam of the bottom
optoelectronic system was interrupted. The following
parameters were registered: initial angle (¢,) and the time
(T) taken by the kernel to travel a given distance (D,).
The measured data were transmitted to the computer.
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Fig. 4. Measurement technique [L. 23]: 1 — base of the test stand, 2 — arm lifting mechanism, 3 — arm (inclined plane),
4 — bottom optoelectronic system, 5 — friction plate (steel), 6 — top optoelectronic system, 7 — wheat kernel

Rys. 4. Schemat ilustrujacy technike wykonywania pomiaréw [L. 23]: 1 — podstawa stanowiska badawczego, 2 — uktad unoszenia
ramienia, 3 — rami¢ (réwnia), 4 — dolny uktad optoelektroniczny, 5 — podtoze (stalowa ptytka), 6 — gorny uktad optoelek-

troniczny, 7 — ziarniak pszenicy
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The movement of every kernel on the inclined plane was

recorded with a high-speed camera.

The results of the measurements were processed

statistically to achieve the following [L. 24]:

— Determine basic statistical parameters (mean values
and standard deviation) for the measured parameter
(time of travel) for given kernel position (U,) and
distance (D,);

—  Verify whether the size of the initial sample (n,= 100)
has sufficient statistical power;

— Compare the distribution of data (for every
combination of variables) with normal distribution
(Shapiro-Wilk test) and assess the equality of
variances of the compared parameters (Levene’s
test); and,

— Conduct parametric or non-parametric tests, subject
to the results of the verification procedure, to
compare the average time of travel for every kernel
position (U,) and every analysed distance (D,).

All calculations were performed in the Statistica v.

13.1 program at a significance level of o = 0.05.

RESULTS AND DISCUSSION

The null hypothesis stating that the measured parameters,
i.e. time (T) of traveling a specified distance (D,), are

Table 1.

characterized by normal distribution and homogeneity
of variance could not be rejected for the tested kernel
positions (U,) and distances (D,). In further analyses, the
significance of differences between the mean values of
time (T,) for different distances (D,) and different kernel
positions (U,) were determined by analysis of variance
(ANOVA). Significant differences were analysed by
Duncan’s multiple range test to determine homogeneous
groups.

The results of calculations (Table 1) revealed that
the size of the initial sample (100 kernels) had sufficient
statistical power. The minimum size of the sample was
below the anticipated value.

Significant differences in mean time of travel
were observed in all combinations of variables. When
wheat kernels were placed on the steel plate in position
U, (with the dorsal side down and the longitudinal axis
parallel to the direction of movement), a homogeneous
group was determined for distances (D) 140 and
240 mm. These findings imply that kernels did not travel
the above distances in uniformly accelerated motion.

Homogeneous groups for the mean time (T)) taken
by the kernel to travel distance (D,) were not determined
for the remaining kernel positions. However, a detailed
analysis revealed that the distributions of mean time
values (T)) (with a line denoting the observed changes) are
not indicative of uniformly accelerated motion (distance

Statistical parameters and the results of the analysis of variance comparing the mean values of time (T) for

different distances (D,) and different positions of wheat kernels (U, relative to the direction of movement
Tabela 1. Zestawienie statystycznych parametréw oraz wynikow analizy wariancji dotyczacej porownan $rednich wartosci czasu
(T) dla réznych dtugosci odcinka pomiarowego (D,), przy danym sposobie uktadania (U,) ziarniakoéw pszenicy w sto-

sunku do kierunku ich ruchu

Standard
Distance Minimum sample | Mean time deviation for e o
D, (mm) size T, (s)* variable F-distribution Probability value
Ti(s)
Kernel position U,
140 69 0.38° 0.113
240 73 0.42° 0.156
340 59 0.48° 0.094 Lt e
440 65 0.71° 0.202
Kernel position U
140 62 0.43° 0.081
240 71 0.54° 0.163
340 72 0.74° 0.186 1855 (000
440 85 0.897 0.256
Kernel position Us
140 68 0.34° 0.119
240 83 0.54° 0.201
340 87 0.63° 0.234 s 0.000
440 85 0.88° 0.237
Kernel position U,
140 89 0.58° 0.233
240 9] 0.69° 0.274
340 90 0.87° 0.251 S 0.000
440 95 1.06° 0.344

* —mean values denoted by the same letters (for different kernel positions Ui) do not differ significantly (homogeneous

groups).
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D, travelled by a kernel over time should resemble the
arm of a parabola). The above can be clearly observed in
Figure 5, which is a time-distance diagram for kernels
in position U, (dorsal side down, with the longitudinal
axis perpendicular to the direction of movement).

The most rapid increase in mean time (T,) was
observed for distances D, = 340 and D, = 440 mm.
The above increase was estimated at 48%, and it was
noted for kernel position U, (dorsal side down, with
longitudinal axis parallel to the direction of movement).
The difference between the mean time of travel
across distances (D,) and (D,) was 0.23 s. The above
result cannot be directly explained. According to the
literature [L. 25], the initial movement of an object
(kernel) is chaotic in measurements of this type, and it
is stabilized after a certain time, i.e. after the kernel has
travelled a certain distance. However, the length of the
“stabilizing” distance has not been specified.

M o mean
b T Mean ¢ standard devistion
038
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207
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140 240 0 440

Distance D, (mm)

Fig. 5. Variations in the mean values of time (T)) registered
for various distances between photosensors and
kernel position U,

Rys. 5. Tlustracja zmiennosci $rednich wartosci czasu (T,) za-
rejestrowanych dla réoznych odlegto$ci miedzy foto-
komoérkami przy utozeniu nasion (U,)

The results of statistical analyses were confirmed
by the images taken with a high-speed camera. Still
frames were used to identify the phenomena occurring
during the measurements. A visualization of the
trajectory travelled by a kernel in position (U,) revealed
that the kernel rotates around its longitudinal axis at the
beginning of movement. In successive stages of motion,
the kernel bounces off the friction plate and the side
bars of the inclined plane, which disrupts the stability of
motion (Fig. 6).
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