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Abstract: The grinding process via friction at the micro-scale in a mill with stones is considered a
variable combination of contacts, with two-body (the asperities of lower millstone in direct contact
with the asperities of upper millstone) and three-body (micro-particles of ground seeds trapped
between the asperities of lower and upper stones of the mill) contacts. Three elements are described:
(1) the mechanical contact of the asperities of the lower and upper millstones to predict pressures on
asperities by modeling; (2) tests on a millstone sample covered with grinding particles; and (3) tests
on a wafer sample formed by the millstones with the grinding particles between them. This paper
highlights the combined effects of the micro-scale friction via individual measurements, using an
analytical model to sum these effects and validating the model by performing several experiments.
An efficiency grind by friction assumes the grain’s movement and interaction between the seeds
and solid surfaces, and is highlighted through theoretical and experimental studies. Topography
analysis of the surface of the millstones reveals the model of microscopic frictional force. Endpoint
measurements (the traces of the surface topography evolution) enable model verification in the
grinding process. Thus, the results obtained in the grinding process in the stone mills via friction
have practical utility through research benefits. Therefore, they allow for the improvement of quality,
reliability, flexible grinding, quality control of the flours, and uniformity degree (fineness/shredding).

Keywords: grinding; micro-scale friction; modeling; collision; surface topography

1. Introduction

Cereals and cereal products have been widely used by people since the emergence
of agriculture and constitute the staple foods for the population, but their processing was
homogeneous in time and space. A history of the processing of cereals, as well as their
consumption by the population, is highlighted by Thielecke et al. [1]. To enable cereal
consumption by humans, most must be processed because we are not able to survive
exclusively on raw grains. By processing the cereals, the raw grains are transformed into
nutritious, safe, and palatable foods because they provide the required nutrients and energy
in the everyday diet via direct consumption [2]. Modern processes allow quality and safe
cereal-based products to be used in a wide and diverse range of foods, which contributes to
meeting the needs of the population, consumer tastes, and expectations. This is due to their
positive contribution, when consumed as whole grain, especially to the intake of dietary
fiber, vitamins, and minerals.

A comparison between the modern grinding process with the help of rollers, which is
a fast system (capable of processing larger quantities of seeds but with resulting flours that
are devoid of nutritional compounds due to the high temperature achieved in this grinding
process), and the older grinding process that uses two stones to grind cereal grains, such as
wheat, corn, rice, etc. producing a flour rich in nutrient substances such as fiber, minerals,
vitamins, and antioxidants) is presented in ref. [3].
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The study in ref. [4] analyzes the friction and wear of grinding stones with a focus on
de-husking cereals and on their processing. It shows that grinding stones were not always
used to de-husk cereals prior to grinding, but may have been (occasionally) implemented in
the husking process. Nevertheless, even within the same period, which attests to the cereal
flour diversity and of food processing, variations have been detected. During the grinding
process, the interaction between the seeds and solid surfaces, as well as the movement of
the grain, is very important to obtain appropriate grinding results. This movement and
interaction between and with solid surfaces of the seeds occurs through friction that, in the
grinding process, helps to obtain the desired grist. The very fine grinding is achieved at the
micro-scale level as a result of the friction activity combined with the mechanical one.

Past research shows that friction at the micro-scale mainly depends on the molecular
adhesion of two contacting bodies [5-11]. Thus, Li et al. [5] present and bring clarification
to the rice grinding process with millstones; specifically, they offer indications for the
design of friction stone mills for rice. At the same time, using the discrete element method,
they numerically simulated the rice grain motion by friction between the millstones, and
introduced a method for quantification of grinding uniformity. The grinding process by
friction, with respect to the grinding powder properties, is influenced by the moisture
effect of cereal seeds [6]. Also, the resistance and the mechanical properties of grains are
dependent on the moisture content of the grains and represent key characteristics that
enhance the grinding behavior of cereals. Gierz et al. [12] conducted, through simulation
based on the discrete element method (DEM), research on the moisture influence on
modifications of the physical properties of dressed and untreated cereal seeds (length,
width, thickness, and weight). Lupu et al. [13] and Jung et al. [14] studied the influence
of different moisture contents on the grinding process of wheat and corn, while Hassoon
et al. [15] determined the grinding characteristics of wheat (grinding energy, average
particle size, and particle size distribution) with low moisture content. The results showed
a significant relationship in the grinding process between the cereal type, the moisture
content, and their resistance characteristics.

On the other hand, Zeng et al. [7], simulated the motion of particles (considered
spherical) with different static friction coefficients in a rice mill with stones to clarify the
influence of the asperities of rice grain surfaces on the grinding process. The filling level
(examined experimentally and numerically) of rice in a stone mill by friction determines
and improves rice milling quality (as an effect on grinding degree and uniformity) by
establishing and applying a method that can quantify grinding uniformity, affected directly
by the particle rotational kinetic energy [4,8]. Regarding obtaining the degree and unifor-
mity of grinding, it is necessary to solve optimization problems. A concrete example of
optimization by investigating the exchange and properties of the hard/soft nanoparticles
is described by Almessiere et al. [9]. Other researchers have evaluated the effects of the
friction plates” hardness and orientation of their surfaces on the static friction coefficient
and the cereal seeds’ angle [9,10]. The study of the external and internal friction coefficients
of grain agricultural products, in static and dynamic friction regimes, was necessary, being
the most important physical and mechanical characteristics of bulk seeds [11,16]. Also,
Savenkov et al. [16] presented a carousel-type device and the methodology for determining
the internal friction dynamic coefficients, as well as the program and research results of the
practical use of these coefficients for cereal agricultural products in bulk, by layers of linear
displacement in a speed range. A concrete example of promising materials for practical
application, with an effect on the practical use of dynamic coefficients of internal friction,
for bulk cereal agricultural products is presented by Kozlovskiy and Zdorovets [17].

The question is asked: What will happen when a solid surface (here with the millstone
surfaces) collides with micro/nanoparticles? Thus, for the milling industry (in the present
case), it becomes an important problem, not far from the powder manufacturing industry,
the ultra-smooth surface manufacturing industry, etc. It also provides important informa-
tion for a general understanding of micro/nanoparticle collision, which is essential for
controlling and preventing solid surface damage, in micro/nano-modification. In order to
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evaluate compliance with specifications, the properties of a material, components, structure,
or system for different characteristics or defects, without causing damage to the original
element, are necessary for the control and prevention of damage to the solid surface in
micro/nano-modification. To determine its properties, foam testing [18] or non-destructive
testing [19] is necessary. However, such studies are relatively rare in the research on mi-
cro/nanoparticle collision on a solid surface. Precisely for that reason, in this study, we
sought to complete this type of research on the interactions of micro/nanoparticles of flour
with solid surfaces (in this case, millstones).

To investigate the interactions/ collisions between solid surfaces and energetic clusters,
more tests and simulations have been performed in the last few decades [20-24]. The
energetic clusters are atomic and molecular groups that connect individual atoms and
solids. They can be used both as models for fundamental research on the transition from
bulk material to the atomic scale and as controllable and versatile tools for the surface
modification of superficial layers at the micro/nanometer scale [20]. The interaction with
small, energetic clusters of metallic atoms at the surface was investigated through com-
puterized molecular dynamics simulations. To elucidate the relative elastic properties
of the cluster and substrate, as well as the effects of incidence angle, size, and cluster
energy, cluster—solid combinations were studied in a wide variety [21]. Additionally, Afify
et al. [22] conducted large-scale molecular dynamics simulations to study the impact of
a single cluster on a hardened surface, aiming to investigate highly energetic cluster—
surface interactions. Then, Ilie [23] presented experimental and theoretical studies on the
movement and collision between micro/nanoparticles in a chemical-mechanical planariza-
tion/polishing process slurry, as well as between solid surfaces and these particles, using a
microscopic friction model based on surface topography. Also, ref. [24] analyzed the impact
of chemical-mechanical interactions/ collisions, among micro/nanoparticles, and between
the polishing/planarization head-micro/nanoparticles-polishing/planarization platen on
the chemical-mechanical polishing/planarization performance, by measuring friction force
at the interface. By extrapolation, such phenomena (interactions and collisions between
energetic clusters) also occur in the case of cereal agricultural products during the grinding
process. Therefore, the paper presents theoretical and experimental research on seed move-
ment, collisions between seeds, and between seeds and solid surfaces during the grinding
process using a microscopic frictional force model based on surface topography. The goal
is to obtain practical results by examining the quality, reliability, and flexibility of grinding,
as well as the quality control of flours and degree of uniformity (fineness/shredding).

2. Materials and Methods

In the work process, the upper millstone was placed in position, pressed against the
lower millstone with a normal load, and fixed on a rotating turntable (Figure 1). This
facilitates the mechanical entry of seeds between the upper and lower millstones, even
when the seeds are dispersed. It enables the grinding activity and maintains a surface
flooded with grinding material. Although the friction grinding process in stone mills can be
applied and is valid for any type of cereal grain subjected to grinding, for the experiments
conducted to validate the modeling applied in this work, wheat, barley, rye, rice, and
corn were used. The average properties and dimensions of these cereal grains subjected
to the grinding process were as follows: seed weight, density, moisture content, length,
width, and thickness (respectively, for wheat: 39.7 mg, 1.38 g/ cm?>, 12.8%, 6.7 mm, 3.4 mm,
2.8 mm; barley: 26.6 mg, 1.35 g/cm3, 12.2%, 8.7 mm, 3.0 mm, 2.3 mm; rye: 16.6 mg,
1.39 g/cm3, 11.6%, 6.7 mm, 2.5 mm, 2.1 mm; rice: 19.3 mg; 1.45 g/cm3, 13.0%, 6.8 mm,
2.9 mm, 2.0 mm; corn: 232.5 mg, 1.27 g/cm3, 10.9%, 11.6 mm, 8.3 mm, 3.9 mm).
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Secondary
grooves

Figure 1. View of grooving in the millstones and the seed movement direction during grinding
(arrows): (a) seed movement on the lower stone, which rotates; (b) seed movement on the upper
stone, which is fixed.

Figure 1 illustrates that the movement of seeds on each stone is different. Consequently,
the seeds enter through the hole in the middle of the upper millstone (Figure 1a) and move
in a spiral pattern, while on the lower stone (Figure 1b) the seeds follow a curved trajectory.

It is noted that the hole has a trapezoidal shape to facilitate the uniform and regular
distribution of the seeds (Figure 2a) because there is an approximate distance of 10 mm
between the two stones in the center and much less at the border (endpoint). As a result, the
grains are ground (through grain crushing and breaking) and displaced by the millstone
until they reach the border and are collected externally, along the border (of the endpoint)
in the form of flour (Figure 2b).

e Direction of seeds during the grinding
.F]'_r.er mt!isimz.s

1 istmx.s 'f.i'z d:h.s.s.i 3

S e

Figure 2. Section through the stone mill: (a) entry of the cereal seeds; (b) stones” action on the seeds
during rotational movement of the lower millstone. This is schematically illustrated in Figure 3,
where both millstones are made from the same material, corundum ceramic, with the following
properties: chemical composition: 94.5-95.5% Al,O3, 1.33-1.50% SiO,, 0.18-0.30% Fe, O3, 2.45-3.50%
Ti; O, 0.11-0.30% CaO; melting point 2050 °C; density 3900 kg/ m3; Mohs hardness 9 =~ HV hardness
2100-2400 [25,26]. In the final part of the millstones, where the distance between the stones is very
small, most of the crushing and breaking of cereal grains occurs [27,28]. Very fine grinding take place
at the micro-scale as a result of both the mechanical and friction activity.

Therefore, previous research has demonstrated that in friction mills, friction predom-
inates at the micro-scale between two contacting bodies, depending on their molecular
adhesion. It was then suggested that the grinding process, as a result of the pressing and
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sliding movement, is accompanied by friction at the micro-scale and can be dependent
on three bodies in contact: between seeds (micro-particles of grinding), and between the
seeds (micro-particles of grinding) caught between the asperities of the lower millstone
and the upper one. Thus, the authors propose that total friction is the sum of the friction
resulting from the three-body individual contacts of seeds trapped between the asperities
of the lower millstone and the upper one (2 contacts), and individual contacts between the
asperities of the lower millstone and the upper one (3rd contact).

Based on this understanding, experimental micro-indenter adhesion measurements
were conducted both for seeds and the asperities of the lower millstone and the upper one.
Micro-identification was performed using Micro-scratch Testing equipment from Ebatco,
Eden Prairie, MN, USA, which had the following key specifications: maximum load capacity
of up to 30 N; load resolution of 0.3 mN; maximum depth of 1 mm; depth resolution of
0.3 nm; maximum scratch length of 120 mm; scratch speed of 0.4-600 mm /min. To measure
the material’s asperities (surface topography) an Atomic Force Microscope (AFM, type
WIlTec Alpha300 A, Quantum Design GmbH, Grimbergen, Belgium) was utilized.

For friction measurements, a pin/disk tribometer, commonly used in academia (from
our university), was employed to investigate the tribological system’s behavior under
friction and wear conditions, on whose disc were fixed samples of a lower millstone with
flour particles (sized between 40-200 um) and rotating at a speed of 60 rpm. It is designed
to test planar base materials against a counter body under sliding conditions. The counter
body is pressed against the rotating base material by a defined normal load using dead
weights placed on a plate. It can operate with constant normal forces of up to 100 N, a
rotational radius of up to 50 mm, and rotational speeds of up to 1500 rpm, typically at
ambient temperature. The resulting frictional forces are detected by force sensors and
plotted against the travel path. It can also be used to investigate tribological contacts under
dry sliding conditions, both with and without lubrication. The entire setup can be heated,
and the tests can be conducted under different atmospheres. Analyzing the wear track
on the base material and the wear on the counter body provides valuable information
about the tribological behavior of the tested systems. However, the pin/disc tribometer
is equipped with an articulated arm in which the upper millstone samples are fixed (in
the form of cylindrical pins with a diameter of 10 mm) and maintained in contact with
the other samples fixed on the tribometer disk (in the form of circular plates with an
average diameter of 80 mm). At the same time, the arm is provided with load sensors,
and the friction is measured in simulated conditions of the grinding process created by
applying a normal load on the arm to maintain contact between the lower and upper
millstone samples. It is worth noting that the material used for the millstones can be either
granite or ceramic, and in this paper, ceramic was chosen as the best naturally transparent
material (a rock-forming mineral primarily composed of aluminum oxide, Al,O3, in the
crystalline form with traces of iron, titanium, vanadium, and chromium) [27-30]. Therefore,
the samples to be tested were made of the same material as the millstones, which was
corundum ceramic, with an average surface roughness of 0.258 pm). Based on the micro-
scale adhesion measurements, each contact between seeds and/or asperities generated
an appropriate friction force. To achieve this, a profilometer (ST 400 Nanovea, St. Gallen,
Switzerland) was used, to measure the replicas of the asperities of the lower millstone
and develop a contact model. Additionally, a virtual micro-tribometer was employed to
simulate the contact on the asperity under the effect of contact pressure. The total friction
was determined by multiplying the individual friction forces of the contacts by the total
number of contacts based on an analytical model. These experiments were conducted at a
bench-scale level to guide and validate the model.
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Figure 3. Micro-scale asperities between the upper millstone (above) and lower millstone (below),
upper millstone and seeds, and seeds and lower millstone.

3. Results and Discussion
3.1. Friction Modeling

The development of a friction model was necessary considering that the total friction,
F; between the lower millstone, seeds, and upper millstone in the grinding process has
three distinct friction force components [23,31].

Thus, the frictional force between the lower millstone and the upper millstone, Fy,,
constitutes the first component. The second component is the frictional force between grain
and upper millstone, Fr,,, and the frictional force between seeds and lower millstone,
Ffey, is the third component. This arrangement is depicted schematically in Figure 4. Each
component of the friction force has an associated friction coefficient (y;;, pig-u, and pg ),
and these coefficients correspond to molecular and mechanical adhesion components [32].

Fﬂ-u _
Ffa-—u L= . Upper
. - ﬂ'"-} = millstone
7 4= Insice & e Outside
‘Ff i . Lower
g nillst:
Direction of seeds nuistone
during the grinding

Figure 4. Schematic representation of the components of friction force.

The friction force components cumulated represent the friction force, Fy (see Figure 4),
and can be written in the form

Ff = Cip_y+C (]/lg—u - ,ugfl)}Fn/ 1)

where F is the total friction force by sliding; F, is the applied normal force; and C; and C;
are constants that consider the contact’s number.

By considering seed density, the distribution of asperities on both the lower and upper
millstones, and employing rough contact modeling, it is possible to evaluate the number of
contacts [33]. Also, in the assessment of these contacts, the porosity of the lower millstone
is taken into account. Figure 5 provides a schematic representation of the typical tool setup
used to measure friction between the upper millstone and grain (flour, which is on the
lower millstone), and between the lower millstone and grain (flour, which flows from the
upper millstone). Further details are presented below.
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Figure 5. Block scheme of grinding system.

Experiments conducted using different samples of lower millstones reveal distinct
endpoint traces, whereas the results obtained from the upper millstone are deemed unusable.

If it is assumed that all of the necessary energy for grinding is consumed by the friction
between the upper millstone and lower millstone, then it can be considered that this is
roughly proportional linearly to the average Fy. A way to highlight Fy exerted by the upper
millstone on the lower one is shown in Figure 6 (considering an area (the yellow one, for
visualization) from the upper millstone in contact with the lower millstone, something that
can be generalized over the entire surface of the upper millstone).

Area of
upper millstone

Figure 6. Highlighting of friction force F; between lower millstone and upper millstone.

Fy is periodically distributed on the contact surfaces of the upper millstone and the
lower one because the small flour particles are anchored and symmetrically distributed
on each surface, and the relative velocity between the two surfaces remains constant.
Consequently, it is expected that the net torque of friction forces in ratio with the upper
millstone is almost zero, while the net torque in relation to the lower millstone contributes
and augments the small torques of these forces. This accounts for the distinctive traces
observed on the endpoint of the lower millstone, whereas those from the upper millstone
are unusable.

Hence, the traces observed during the grinding process provide us information on the
evolution of friction. An evaluation model is required to better comprehend the grinding
process and to enhance endpoint monitoring.

Below, a friction model is presented with two factors (the standard deviation of the
highest areas, 0y, and averaged material friction coefficient, 1,,); it is relatively simple,
although more friction models can be considered. The goal is to understand the interactions
between lower millstone and the physics model of the wafer (lower millstone with flour
particle) in more detail. Based on experimental data, additional factors can be considered,
making the friction models potentially more complex, although they are relatively simple.

The model assumes that two factors are responsible for the modification of Fy, during
the grinding process: namely, adherence of flour layer and variations in surface topography
(roughness height) [34]. To characterize the Fy between the lower millstone and upper
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millstone, it is assumed that the Fy is proportional linearly with the multiplication between
the 14y and the oy, and the Fy relation becomes:

Fy ~ pao(1+ B - 0a), )

where 114, is obtained by averaging a weighted friction coefficient of material from friction
exposed area (p4, = 0.42); B is the empirical parameter dependent on the friction coefficients
sensitive to the flour blanket and the materials used for the lower millstone and upper one
(B = 460.68).

For the o,y determination first, the lower millstone was divided into cells on fric-
tion length size and was calculated as the average of the highest heights of each cell
(0sq = 0.0645).

3.2. Experimental Procedure

Initially, a series of experiments were conducted to isolate the friction effects between
the material of the lower millstone and the upper millstone. It is important to note that
even here, the frictional forces can be influenced by individual flour particles in contact
with the lower millstone’s asperities as well as those of the upper millstone.

To facilitate this, the millstone surface must be foreseen by grooves arranged radially
to allow adequate friction between the stone asperities and seeds (as seen in Figure 3) and
the seeds” movement (Figure 1). Additionally, the main grooves have the basic function of
stone cooling and extend from the central hole to the millstone edge, while the secondary
grooves contribute to distributing the product uniformly on the stone surface and helping
to release the flour.

The grinding and movement of grains toward the border occur mainly by friction as
discussed above (see Figures 1 and 3). This phenomenon was analyzed through modeling,
simulation, and experimental methods.

Micro-indentation and micro-scratch tests were conducted to measure micro-scale
friction forces, with a friction force sensor equipped on the indenter used to measure lateral
forces. The tests provided friction results from the interfaces between the lower millstone
and the flour particles, as well as between the flour particles and the upper millstone. Also,
the friction between a small section of the lower millstone material and the upper millstone
was measured. To create a more complex testing scenario, this was then replicated over a
substrate section with impregnated flour particles from the material of the lower millstone.

It should be noted that the frictional forces can be influenced by individual flour
particles in contact with the asperities of both the lower millstone and the upper one.
The Atomic Force Microscope (AFM, type WITec Alpha300 A, Quantum Design GmbH,
Grimbergen, Belgium) was used to measure the asperities of the material. The structure of
the lower millstone was highly porous [35], with pores around 200 pm in size.

Using the AFM, the regions between the open pores were captured to measure the
asperities of these areas at the micro-scale. Figure 7 presents specific AFM images with
corresponding data (Figure 7a,b), along with an asperity histogram (Figure 7c) and the
distribution curve of the grain sizes (Figure 7d).

Examining the AFM images of the ceramic millstones, Figure 7a provides a two-
dimensional image displaying the surface morphology of the grains and their bound-
aries. In the TAFM image, the ceramic material exhibits a compact structure with gran-
ular morphology, flat grains characterized by clear boundaries, and a buffer layer. A
three-dimensional AFM image of the ceramic surface is presented in Figure 7b, which
shows the maximum peak height of the grain asperities of 2.52 um within a scan area of
20 um x 20 pum. Figure 7c displays the three-dimensional surface roughness of the ceramic
grinding stone, with an average roughness of 0.225 um and a mean squared deviation of
0.290 um. Additionally, the AFM analysis indicates a wider distribution of grain sizes in
the grinding stone ceramic material that was analyzed. The two-dimensional AFM image
estimated an average grain size of 0.620 um based on 630 contacts, in accordance with the
histogram in Figure 7d.
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Figure 7. AFM images of the ceramic grinding stone surface: (a) the grains and grain boundaries
presented in the two-dimensional image; (b) three-dimensional image; (c) histogram of surface
three-dimensional grain asperities; (d) distribution curve of grain sizes.

The pin/disk tribometer was chosen, as it is the most suitable instrument for mea-
suring the frictional forces at the interface between the grinding stones and the cereal
grains, as well as between these and the flour particles. The process assumed fixing cereal
grains between a circular pin with a diameter of 10 mm and a plate with a diameter of
80 mm, which rotated at 60 rpm, resulting in the gradual transformation of the grains into
flour powder during the friction process. This transformation was achieved by applying
a normal load on the arm to maintain contact between the lower and upper millstone
samples and the grain particles. Consequently, the friction was measured under simulated
conditions resembling the grinding process.

Furthermore, the friction work process closely resembled that of a mill with grinding
stones, with the samples being composed of the same material as the grinding stones and
possessing a similar surface structure and morphology (corundum ceramic). The distinction
from the actual grinding process for a large number of cereal grains was that, for measuring
the frictional forces from the surface, the forces may differ relatively little from the real
ones. The difference is due to the fact that first, the grains are transformed into coarse
flour particles and then ground finer and finer, similarly to those of the grinding process
in a stone mill. Additionally, the contact area between the grinding stone samples used
in the pin/disk tribometer differs significantly from the actual contact area in the friction
grinding mill, being much smaller. This difference has been validated through simulation
and analytical modeling.

Moreover, the impact of grinding on flour flowability can be assessed using flow
indicators, including the friction coefficient (discussed in this paper), bulk density, angle of
repose, flour flow stability, cohesive index, and caking strength. These flow indicators, along
with powder flow analysis, have shown that the flours obtained from the stone mill exhibit
cohesion. Based on the friction forces measured on the pin/disc tribometer, the friction
coefficient was determined using the Amontons—-Coulomb law. This coefficient serves as
one of the flow indicators used to evaluate the effect of grinding on flour flowability.
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Thus, the variation in the friction coefficient over time and with the load at the sliding
speed of ~1 m/s (v =2mnd/2 = [(2-3.14-60-80) /(60-2)] = 251.2 mm/s = 0.2512-3.6 ~ 0.904 m/s)
is shown in Figure 8.

0.6 o8
B0 @ “ oa]fremen] | (b)
17 / 0.2 ﬁ o6
E 0.6 .Lh - T 00 600 g 0.30
[ i e e ™™ 0.4 -
; 0.4 E L
(=] i
2 02 £ 0af .
G £ ,,éﬂ
w00 Moo i

ID 600 1200 1800 2400 3000 3600
Time (s) Load (N)

90

Figure 8. Variation in the friction coefficient over time (a) and with load (b).

Analyzing Figure 8a, it becomes evident that the friction coefficient follows a normal
evolution during sliding, initially increasing and then gradually decreasing until it stabilizes
around a relatively constant value. This behavior apparently indicates that the friction pairs
first go essentially through a running-in process. The explanation lies in the fact that, from
the beginning of the test, a flour film did not form on the surface (the cereal seeds were
either mostly intact or in the form of coarse/large particles, such as broken or crushed),
resulting in a relatively high friction coefficient for a very brief period (as observed in
Figure 8a).

This initial phase can be attributed to the relatively dry friction that occurred between
the millstones’ asperities and the outer layers of the seeds (broken or crushed particles) on
the one hand, and between the seeds themselves on the other hand. This led to an increase
in the friction force and consequently the friction coefficient, indicated by a relatively abrupt
jump (from approximately 0.3 to 0.6), lasting about 60-90 seconds (as seen in Figure 8a).

Subsequently, the friction coefficient began to decrease relatively rapidly (reaching
around 0.45 after approximately 300 seconds, down from the initial value of approximately
0.6), followed by a slower decline (reaching approximately 0.43 after 3600 seconds) with
minor oscillations and a tendency toward stabilization. This decline corresponded to the
seed particles decreasing in size until they transformed into fine flour particles. Conse-
quently, a continuous film of flour formed between the millstones’ asperities, acting like a
solid lubricant film. Friction then occurred on this film of flour particles, either by sliding
or rolling, leading to a reduction in the friction coefficient and its stabilization around an
average value in the range of approximately 0.42-0.44.

It is worth noting that the obtained friction coefficient values fell within the typical
range for cereal seeds, which is generally between 0.25 and 0.65, depending on the type of
seed and its moisture content. Therefore, the results (as shown in Figure 8) align with the
range reported in specialized literature [36,37]. Moreover, after the formation of the flour
film, the friction tended to decrease, and the friction coefficient stabilized (as depicted in
Figure 8a). Additionally, the friction coefficient decreased as the load increased, as observed
in the average values (as seen in Figure 8b). This behavior is consistent with the model
used to determine the friction force, which explains the experimental phenomena based on
the obtained results and in accordance with findings in specialized literature.

For example, for a normal contact force, F of 30 N (made by the weights placed
on the arm of the pin/disc tribometer), a friction force, Ff ~ 13.2 N was experimentally
obtained (which corresponded to a friction coefficient, u ~ 0.44), while the force obtained
by using the analytical model based on the relationship/Equation (1) was Ff = 129 N
(resulting in p ~ 0.43), and that by the two-factor model (given by the relation/equation
(2)) was Ff ~ 13.5 N (resulting in p ~ 0.45). Or, for the normal contact force, F of 50 N
(made under the same conditions as F = 30 N), a friction force, Fr ~ 21.8 N (resulting in
u ~ 0.436) was experimentally obtained, while by using the analytical model based on the
relationship/Equation (1), it was Fy ~ 21.2 N (resulting in p ~ 0.424), and by the two-factor
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model (given by the relation/Equation (2)), the friction force was F; ~ 21.5 N (resulting in
u = 0.43).

These results confirm the statement made earlier that the friction coefficient decreases
as the load increases, as depicted in Figure 8b. Although there were very slight differences
between the experimentally determined friction forces and those obtained through model-
ing, and even smaller differences in the coefficients of friction, there was a good correlation
between the experimental and analytically determined results, which justifies the validation
of the model. Significant deficiencies in model improvement were not identified.

Instead, to a contact model was developed using the geometric data of the resulting
asperities by measuring the asperities replicas of lower millstones using the profilometer.
Also, the virtual micro-tribometer was employed to simulate contact under loads based
on contact pressure prediction on asperity. The objective of these efforts was to identify
areas where the contact pressure caused grain material shear and delamination in a well-
controlled manner. This approach (modeling technique) not only significantly influences
flour quality, dough rheological properties, and bread characteristics but also leads to ease
of use and the system simplicity.

In a different context, the cereal product chain, rooted in tradition and known for its
distinct organoleptic characteristics, is exploring alternative uses and diversified production,
creating an interesting potential market niche. Increased income from the production of
products with high nutritional and sanitary value can be achieved by reintroducing ancient
milling techniques such as millstones for non-hybridized grains. Rediscovering these past
traditions requires further efforts to promote the use of the stone mills through actions
related to territorial promotion, tourism, culture, and gastronomy; all of these are extremely
important for this purpose.

Additionally, establishing connections between the final product and region, as well
as adopting cultivation methods with low environmental impact (such as ecological agri-
culture and integrated production), and registering collective geographical brands can play
a significant role in this sector. To harness the potential of this sector (which we believe still
has unexpressed potential), certification according to international standards for supply
chain organizational models, raw material valorization, and the promotion of a quality
network is essential. These aspects are precisely supported by the experimental results of
the simulations and analytical modeling.

4. Conclusions

The understanding and interpretation of the friction phenomenon in the grinding pro-
cess of stone mills was achieved through modeling, simulation, and experimentation. Two
analytical models were employed to determine the total friction force and its components
at the interface during the grinding process. These models were subsequently validated
through simulation and experimentation using the pin/disc tribometer.

Frictional forces are periodically distributed across the contact surfaces of the mill-
stones and are influenced by individual flour particles coming into contact with the mill-
stones’ asperities as well as the constant relative velocity between them.

The measurement of friction forces at the micro-scale, conducted as part of the simula-
tion and experimental methods during the grinding process, helped identify the interactions
between the millstones, seeds, and flour particles. At the same time, it also facilitated the
identification surface topography with the help of the AFM data and images. This, in turn,
emphasized and highlighted the model of microscopic frictional force.

These micro-scale friction measurements were instrumental in understanding and inter-
preting the friction phenomena, laying the foundation for optimizing grinding performance.

Furthermore, by measuring the replicated asperities on a lower millstone using a
profilometer and simulating with a virtual micro-tribometer based on asperity load, it be-
came possible to monitor and improve the endpoint of the grinding process, which directly
impacts flour quality. This also facilitated model verification in the context of the grinding
process.As a result, the practical utility of the obtained results in the grinding is significant
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(through the research benefits) for stone mills. They will contribute to the development of
quality, reliability, and flexibility in grinding operations, enable quality control of flours
and ensure uniformity in fineness and shredding. These outcomes justify the validation of
the modeling through analytical calculations, simulations, and experiments.

Subsequent research will involve expanding these tests under more comprehensive
conditions and exploring various combinations of the grinding process. This will help
identify the effective conditions for grinding performance and quality.
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