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Abstract: The grinding process by 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 the three-body (micro-particles of ground seeds trapped between the asperities of 

lower and the upper stones of the mill). Three elements are described: (1) the mechanic contact of the asperities 

of the lower and upper millstone, 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. The paper highlights the combined effects of the micro-scale friction by individual 

measurements and to sum these effects an analytical model was used, and to validate the model, several 

experiments were performed. A suitable grind by friction assumes the grain’s movement and the interaction 

between the seeds and solid surfaces and is highlighted through theoretical and experimental studies. 

Topography analysis of the surface of the millstones revealed the model of microscopic frictional force. 

Endpoint measurements (the traces of the surface topography evolution), enable model verification in the 

grinding process. 

Keywords: grind process; micro-scale friction; modeling; collision; surface topography 

 

1. Introduction 

In the grinding process, the interaction between the seeds and solid surfaces as well as the 

movement of the grain is very important to obtain an appropriate grind. This movement and 

interaction between and with solid surfaces of the seeds occur through friction that in the grinding 

process helps to obtain the desired grist. The very fine grind 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 [1–7]. Thus, Li et al. [1] presents and brings clarifications to the rice grinding 

process respectively it offers indications for the design of friction rice mills. At the same time, using 

the discrete element method they numerically simulated the rice motion in the friction mill and 

introduced a method for quantification of the grinding uniformity. The moisture effect cereal seeds 

on the grinding process by friction, respectively the grind powder properties are presented of Jung 

et al. [2]. On the other hand, Zeng et al. [3], have simulated the motion of particles (considered 

spherical) with different static friction coefficients in a rice mill, to clarify the asperities influence of 

the rice surface on the grinding process. Li et al. [4] shows that the filling level (examined 

experimentally and numerically) of rice in a friction rice mill determines and improves rice milling 

quality (as an effect on grinding degree and uniformity). The authors established and applied a 

method that can quantify grinding uniformity, affected directly by particle rotational kinetic energy. 

Regarding obtaining the degree and uniformity of grinding, it is necessary to solve optimization 

problems. Almessiere et al. [5] describes a concrete example of optimization by investigating the 

exchange and properties of the hard/soft nanocomposites.  
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Other researchers have evaluated the friction plates’ hardness effect and the orientation of its 
surfaces on the static friction coefficient and of cereal seeds’ angle [5,6]. The study of the external 

friction coefficients of grain agricultural products, in static and dynamic friction conditions, was 

studied by Khozyaev [7] as being the physical and mechanical characteristics of bulk seeds, the most 

important. Then, Savenkov et al. [8] have highlighted aspects related to these characteristics study of 

bulk cereal seeds by the internal friction coefficients in static and dynamic regimes. Also, they have 

presented a carousel-type device and the methodology for determining the internal friction dynamic 

coefficients, as well as the program and research results of practical use of these coefficients for the 

cereal agricultural products in bulk, by layers linear displacement, in a speeds range. Kozlovskiy & 

Zdorovets [9] a concrete example of promising materials for practical applications, with an effect on 

the research results of the practical use of dynamic coefficients of internal friction, for bulk cereal 

agricultural products is presented.  

The question is asked: What will happen when micro/nanoparticles collide with a solid surface? 

Thus, for the milling industry (the present case), it becomes an important problem, like in the 

powders manufacturing industry, the ultra-smooth surface manufacturing industry, etc. Also, it 

offers important information for a general understanding of micro/nanoparticle collision, essential 

for controlling and preventing solid surface damage, in micro/nano-modification. In order to evaluate 

compliance with a specification, the properties of a material, components, structure, or system for 

different characteristics or defects, without causing damage to the original element, respectively for 

the control and prevention of damage to the solid surface, in micro/nano-modification, foam testing 

is necessary for to determine its properties [10], or non-destructive testing [11]. However, they are 

quite rare, in the research on micro/nanoparticles collision on a solid surface. 

To investigate the interactions/collisions between the solid surfaces and energetic clusters was 

performed more tests and simulations in the last decades [12–16]. The energetics clusters are atomic 

and molecular groups connecting both individual atoms and solids. They can be used both as models 

for the fundamental research of the physical aspects transition from the atomic scale to bulk material 

and as versatile and controllable tools for the surface modification of superficial layers on the 

micro/nanometer scale [12]. The interaction with small energetic clusters of metallic atoms at the 

surface was investigated, by molecular dynamics simulations computerized. In order to elucidate the 

cluster and substrate relative elastic properties, as well as the effects of incidence angle, size, and 

cluster energy studied cluster-solid combinations in a wide variety [13]. Additionally, Afify et al.  

[14] have studied by molecular dynamics simulations at a large scale the impact of a single cluster on 

a hardened surface with the aim to investigate cluster-surface interactions, the highly energetic. Then, 

Ilie [15] are presented the experimental and theoretical studies on the movement and collision 

between micro/nanoparticles in the chemical-mechanical polishing/planarization process slurry, as 

well as between solid surfaces and these, using a friction model microscopic on the basis of the surface 

topography. Also, Ilie [16] analyzes the impact of chemical-mechanical interactions/collisions, inter-

micro/nanoparticles, and between the polishing/planarization head - micro/nanoparticles - 

polishing/planarization platen on the chemical-mechanical polishing/planarization performance, by 

measuring the friction force at the interface. By extrapolation, such phenomena (interactions and 

collisions between energetic clusters) take place also in the case of cereal agricultural products. 

Therefore, the paper presents theoretical and experimental seeds movement, the collision 

between seeds and between the seeds and solid surfaces during the grinding process, using the 

frictional force model microscopic on the basis of the surface topography. 

2. Materials and Methods 

In the work process, the upper millstone is maintained on position pressed against the lower 

millstone with a normal load and which is fixed on a rotating turntable. This trains the mechanical 

entry of seeds between the upper millstone and lower millstone (even seeds dispersed), provides the 

grinding activity, and contains a flooded surface with grind material. Very fine grind is realized at 

the micro-scale as a result of the combined mechanical and friction activity.  
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Past research demonstrated that in friction mills, friction predominates depending on the 

molecular adhesion of two contacting bodies, at the micro-scale. Then, we suggested that the grinding 

process as a result of the pressing and sliding movement is accompanied by friction at the micro-scale 

and can be dependent on three bodies in contact: between seeds (micro-particles of grind), 

respectively the seeds (micro-particles of grind) caught between the asperities of the lower millstone 

and of the upper one. Therefore, the authors propose total friction to be the sum of the friction of 

individual three-body contacts of seeds trapped between the asperities of the lower millstone and of 

the upper one (2 contacts), and individual contacts between the asperities of the lower millstone and 

of the upper one (3rd contact). This is schematically shown in Figure 1. 

 

Figure 1. Micro-scale asperities between the upper millstone (above) and lower millstone (down), 

upper millstone and seeds, and seeds and lower millstone. 

At the base of this understanding stayed the experimental micro-indenter adhesion 

measurements both of seeds and of the asperities of the lower millstone and the upper one. Micro-

identification was carried out with Micro-scratch Testing from Ebatco, USA with the following key 

specifications: the maximum load 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; the scratch speed of 0.4 - 600 

mm/min. To measure the material’s asperities an Atomic Force Microscope (AFM) was used. A 
pin/disk tribometer was used to perform the friction measurements. The tribometer disk is rotating 

at a speed of 60 rpm, on which are fixed samples of a lower millstone with flour particles. The pin/disc 

tribometer is also provided 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 in the circular plate form with a diameter of 80 mm, fixed on the tribometer disk. It is 

mentioned that the material from which the millstones are made – can be granite or ceramic, and in 

this paper, ceramic was used, as the best naturally transparent material (a rock-forming mineral in 

the crystalline form of aluminum oxide (Al2O3) typically containing traces of iron, titanium, 

vanadium, and chromium). Therefore, the samples meter is made of the same material as the 

millstones (corundum ceramic). .  

In accordance with the micro-scale adhesion measurements, each contact between seeds and/or 

asperities will generate a friction force suitable. For this, a profilometer (ST 400 Nanovea, 

Switzerland) was needed, which measures the replicas of the asperities of the lower millstone in order 

to develop a contact model, as well as a virtual micro-tribometer to simulate the contact under the 

effect of the contact pressure on the asperity. Based on an analytical model the total friction will be 
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determined as a multiplication of the individual friction forces of the contacts with the contacts' total 

number. The bench-scale experiments will be done to guide the research and validate the model.  

3. Results and Discussion 

3.1. Friction Modeling 

The development of a friction model was necessary considering that the total friction between 

the lower millstone, seeds, and upper millstone in the grinding process has three distinct friction 

force components [15,17]. 

The development of a friction model was necessary considering that the total friction between 

the lower millstone, seeds, and upper millstone in the grinding process has three distinct friction 

force components [15,17]. 

Thus, the frictional force between the lower millstone and the upper millstone, Ffl-u is the first 

component, the frictional force between grain and upper millstone, Ffg-u is the second component, and 

the frictional force between seeds and lower millstone, Ffg-l is the third component. Each component 

of the friction force has an associated friction coefficient l-u, g-u, and g-l), which are corresponding 

molecular and mechanical adhesion components, [18]. 

The friction force components cumulated represent the friction force, Ff, and can be written in 

the form:  

( ) ,F]CC[F nlgug2ul1f −−− −+=   (1) 

where: Ff – is the total friction force by sliding; Fn – is the applied normal force; C1 and C2 – are 

constants which consider the contact’s number. 
Through seeds density, the asperities distribution of the lower millstone, respectively of upper 

millstone, and rough contact modeling, the number of contacts can be evaluated [19]. Also, for 

evaluation of the contacts, the lower millstone porosity is considered. Figure 2 illustrates a schematic 

of the typical tool setup to measure friction between the upper millstone and grain (flour, which is 

on the pad), and between the lower millstone and grain (flour, which flows from the upper millstone) 

and below has a short presentation. 

 

Figure 2. Block scheme of grinding system. 

Experiments using different samples of lower millstones show distinctive endpoint traces, while 

the upper millstone gives unusable results. 

If it is assumed that all the necessary energy for grinding is consumed by the friction between 

the upper millstone and lower millstone, then it can consider that this is roughly proportional linearly 

to the average Ff. A way to highlight Ff exerted by the upper millstone on the lower one is shown in 

Figure 3 (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). 
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Figure 3. Highlighting of friction force, Ff between lower millstone and upper millstone. 

The Ff is periodically distributed on the contact surfaces of the upper millstone and of the lower 

one because the small flour particles are anchored and symmetrically distributed on each surface and 

the relative velocity between the two surfaces is constant. As a result, 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 are added the small torques of these forces. This explains that 

lower millstone presents distinctive traces of endpoint and those from upper millstone are not 

useable. 

Therefore, the traces during the grinding process provide us the information on friction 

evolution. To better understand the grinding process and to improve the endpoint monitoring of it, 

a model for evaluating friction is needed. 

Below, is presented a friction model with two-factor (the standard deviation of the highest areas, 

sd, and averaged material friction coefficient, av), relatively simple, although can be considered more 

friction models. The goal is to understand the interactions between lower millstone with the physics 

model of the wafer (lower millstone with flour particle) in more detail, and on the basis of the 

experimental data, also additional factors will be considered. 

The model admits that two factors are the cause change of Ff, during the grinding process, 

namely: adherence of flour layer and surface topography variation (surface heights) [20]. To 

characterize the Ff between lower millstone and upper millstone, it is assumed as the Ff is proportional 

linearly with the multiplication between the av and the sd, and the Ff relation becomes:  

( ),1~F sdavf  +  (2) 

where: av - it is obtained by averaging a weighted friction coefficient of material from friction 

exposed area;  - empirical parameter dependent on the friction coefficients sensitive to the flour 

blanket and the materials used for the lower millstone and upper one. 

For the sd determination first, the lower millstone was discredited into cells on friction length 

size and was calculated as the average of the highest heights of each cell. 

3.2. Experimental Procedure 

At the beginning was performed a series of experiments to isolate the friction effects between 

the lower millstone material and the upper millstone. It is important to mention, that and here the 

frictional forces may be affected by individual flour particles in contact with the lower millstone 

asperities and of upper millstone.  

For this, the surface of the millstones must be foreseen by grooves organized radially to allow 

both the correct friction between the stone’s asperities and seeds (see Figure 1) and the movement of 
seeds (Figure 4). In particular, the main grooves that begin from the hole until the border of the 

millstone have the main function of cooling the stone, whereas the secondary grooves contribute to 
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uniform distribute the product on the stone and help to eliminate the flour. As shown in Figure 4, the 

movement of the seeds on every stone is different between the stones. On the upper millstone (Figure 

4a), in fact, seeds are inserted by the hole in the middle of this and move after a spiral path, whereas 

on the lower stone (Figure 4b) they follow a route after a curve. 

 
a)                   b) 

Figure 4. View of grooving in the millstones and the direction of movement of seeds during grinding 

(blue arrows): a) seed movement on the stone that wheels (lower), b) seed movement on the stone 

that remains fixed (upper). 

Moreover, the hole has a trapezoidal section to allow a regular and uniform distribution of the 

seeds (Figure 5a) on the one hand, and on the other hand because there is a distance between the two 

stones of about 10 mm in the center and much less at border (endpoint). Then, grains are grounded 

(by grain crushing and breaking) and displaced by the millstone until border and collected in 

externally, along the border (endpoint), in form of flour (Figure 5b).  

 

Figure 5. Section through the stone mill: a) input of seeds, b) action of stones on the seeds during the 

movement of lower millstone. 

The grinding and movement of the grains towards the border, takes place by friction, according 

to the presentation above (see Figure 1), which was analyzed by modeling, simulation and 

experimentally. The majority of grain crushing and breaking happens in the final part of the 

millstones where the distance between the stones is the very small. 

With the help of micro-indentation and micro-scratch tests have been measured the micro-scale 

friction forces have been, and with a friction force sensor, with which, was the indenter equipped was 

measured lateral forces. The tests provide friction results from the interface between the lower 

millstone and the flour particle, respectively between the flour particle and upper millstone. Also, 

was measured the friction between a small section of material of the lower millstone and the upper 
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one. Then, to create a scenario of more complex testing was translated over the substrate section from 

the material of lower millstone with impregnated flour particles. 

The frictional forces can be affected by the individual flour particles at contact with the asperities 

of the lower millstone and of the upper one. The Atomic Force Microscope (AFM) was used to 

measure the material’s asperities. The lower millstone structure is very porous, around 200 μm.  

With the help of AFM was captured the regions between the opened pores, were to be able to 

measure the asperities of these regions at the micro-scale. Figure 6 shows specific AFM images with 

data (Figure 6a,b), along with the asperity histogram (Figure 6c) and the distribution curve of the 

grinding stone ceramics grains size (Figure 6d). 

 

(a) (b) 

 

(c) (d) 

Figure 6. AFM images of the grinding stone surface from ceramic:  (a) two-dimensional image 

showing grains and grain boundaries; (b) three-dimensional image; (c) histogram of surface three-

dimensional grains asperity and (d) of the grains size distribution curve. 

Examining the AFM images of ceramic from which the millstone is made, Figure 4a shows the 

surface morphology of grains and grain boundary in a two-dimensional image of ceramic. It is noted 

that the AFM image of ceramic exhibits a compact structure with granular morphology, buffer layer, 

and flat grains with clear boundaries. A three-dimensional AFM image of the ceramic surface is 

presented in Figure 5b shows, which exhibits the maximum peak height of the grain asperities of 2.52 

µm within the scan area 20 µm × 20 µm, and Figure 5c shows the three-dimensional surface roughness 

of grinding stone ceramic. The average and root mean square roughness were found to be 0.225 µm 

and 0.290 µm, respectively. The AFM analysis revealed the presence of the seeds with a wider size 

distribution in the ceramics material of the grinding stone taken into analysis. The average grain size 

estimated by the two-dimensional AFM image was found to be 0.620 µm out of 630 contacts as shown 

in the histogram of Figure 5d.  
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To perform the friction measurements, it was used the pin/disc tribometer, on whose disc are 

fixed samples of a lower millstone, and on the articulated arm, the upper millstone samples are fixed. 

At the same time, the arm is provided with load sensors, and the friction is measured in simulated 

conditions of the grinding process by applying a normal load on the arm, to maintain in contact the 

lower and upper millstone samples.  

This type of tribometer was used because it is the most suitable for measuring the frictional 

forces at the interface between the grinding stones and the cereal grains and then between these and 

the flour particles. The flour particles were obtained by fixing cereal grains between the circular pin 

with a diameter of 10 mm and the plate with a diameter of 80 mm, rotated at 60 rpm, which in the 

friction process will crumble until the flour powder is obtained. At the same time, the arm is provided 

with load sensors, and the friction is measured in simulated conditions of the grinding process by 

applying a normal load on the arm, to maintain the contact the lower and upper millstone samples 

and cereal grains particles.  

Additionally, the friction work process is similar to the work process of a mill with grinding 

stones, and the samples are made of the material of the grinding stones with the same structure and 

morphology of the surface of the millstones (corundum ceramic). The distinction from the actual 

grinding process consists in the absence of the possibility of using a large number of cereal grains, 

just grain by grain, and their flour for measuring the frictional forces from the surface, forces that 

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 into finer ones. Also, the contact area between the 

grinding stone samples used on the pin/disk tribometer differs from the actual contact area in the 

friction grinding mill, being much smaller. Precisely, this is proven by simulation and analytical 

modeling. 

The difference is due to the fact that first the grains are transformed into coarse flour particles 

and then finer and finer, similar to those of grinding process in stone mill. Also, the contact area 

between the grinding stone samples used on the pin/disk tribometer differs from the actual contact 

area in the friction grinding mill, being much smaller. 

In added, the effect of grinding on the flow ability of flour can be evaluated using flow 

indicators, as: frictional coefficient (in this paper), bulk density, and angle of repose, cohesive index, 

caking strength, and flour flow stability. Both, flow indicators and powder flow analysis showed that 

the flours from stone mill are cohesive. Based on the friction forces measured on the pin/disc 

tribometer, the friction coefficient was determined (with the help of the Amontons-Coulomb law), 

because it is one of the flow indicators by which the effect of grinding on the flour flow ability can be 

evaluated.  

Thus, the variation of the friction coefficient over time and with the load at the sliding speed of 

0.016 m/s is shown in Figure 7. 

   

Figure 7. Variation of the friction coefficient over time (a) and with the load (b). 

It can be seen from Figure 7a that the friction coefficient at sliding increases initially then slightly 

decreases until stabilizes relatively around a value, which apparently indicates that the friction pairs 

go through an essential friction running-in/accommodation process. This is because the flour film on 

the surface has not formed well at the beginning of the test, which could lead to relatively high friction 

(a)  
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coefficient, for a very short time. After the formation of the flour film, friction tends to decrease and 

friction coefficient stabilize (see Figure 7a), while this decreases as the load increased (as average 

values, see Figure 7b). 

Therefore, the model for determining the friction force can explain the experimental phenomena 

through the obtained results. 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 ≈ 14.8 N, was experimentally 
obtained, while by using the analytical model based on the relationship/ equation (1) obtained Ff ≈ 
14.6 N, and by the two-factor model (given by the relation/equation (2)), the friction force was Ff ≈ 
15.2 N. So, it is found, a correlation good of the experimental results with those determined 

analytically (very close), which justifies the validation of the modeling, without identifying 

significant deficiencies in order to improve the model. 

Instead, to develop a contact model was used the resulting asperities geometry was by 

measuring the asperities replicas of lower millstone using a profilometer. Also, the virtual micro-

tribometer was used to simulate the contact under loads on the basis of the contact pressure 

prediction on asperity. All this was aimed the identifying areas, where the contact pressure caused 

grain material shear and delamination, in a well-controlled manner. At the same time, the modeling 

technique significantly influences flour quality, dough rheological properties, and bread 

characteristics. In added, it leads to ease of use and the system simplicity; higher concentrations of 

macro elements, micro elements, and polyphenols in flour; increased volume of the finished flour 

products and popularity with consumers. Precisely, these things are proven by simulation and 

analytical modeling of experimental results. 

4. Conclusions 

For friction phenomenon understanding and interpretation in the grinding process, this has been 

modeled by simulation and experimentation.  

A model was developed for the analytical determination of the total friction force together with 

its components, in the work process and validated by simulation and experiment. 

Frictional forces are periodically distributed across the contact surfaces of the millstones due to 

the small flour particles are anchored and distributed symmetrically on each surface  and of the 

constant relative velocity.  

At the same time, the forces microscopic forces of contact are affected by the individual flour 

particles at contact with the asperities of the millstones, and AFM data and images were needed to 

analyze their distribution and measure the asperities on the grinding stones surfaces, at micro-scale.  

Experimentally, it was possible to relatively measure the total friction force at the interface in 

the working process, using the pin/disc tribometer.  

Friction measurements in the grinding process helped in the identification of the interactions 

between the millstones, seeds, and flour, respectively surface topography because these evolve and 

are exposed during the grind.  

Moreover, to better understand the grinding process and to improve its endpoint monitoring 

(obtained flour), was needed a contact model based on asperities geometry by measuring asperities 

replicas of lower millstone using the profilometer, respectively simulated with a virtual micro-

tribometer, based on the load on an asperity.  

It was observed by simulation, experimentation, and modeling analytically that the frictional 

forces is influenced by individual flour particles in contact with the grinding stones’ surface 
asperities.  

The simulation and experiment methods used highlighted the interactions among grains, the 

grinding stones, and flours during the grinding process in order to understand and interpret the 

friction phenomena at the micro-scale, thereby establishing a basis for optimizing grinding 

performance. 

The results obtained in the grinding process by friction have practical utility in the stone mills, 

through the research benefits: it allows the development of quality, reliability, and flexible grinding; 

the quality control of the flours and uniformity degree (fineness/shredding) of them. 
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 Subsequent research will consider the expansion of these tests in much more comprehensive 

conditions and the making of the grinding process for different combinations, identifying those 

conditions effective for an adequate grind. 
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