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Introduction. The influence of cutting speed factor on 
elastic and frictional properties of plant materials is 
investigated and justified. The dependence of cutting force 
on cutting speed is determined. The choice of rational 
parameters of the process is justified by the qualitative 
indicator of the ground product. 

Materials and methods. The elastic properties of 
vegetables have been studied by the standard method of 
sample compression between two plane-parallel plates. 
Compression force has been recorded. Frictional properties 
were measured on the setup of disk type: the test material 
was in contact with a rotating steel disk, the friction force 
was recorded. Cutting forces were measured by the 
tensometric method during plate blade penetration into the 
material layer. The cutting speed varied within the range of 
0.4–2.5 m/s. 

Results and discussion. With the increase of cutting 
speed the elastic properties of the material appear to a lesser 
degree, due to the spread of elastic deformations in the 
layer. Within the cutting speeds range from 0.4 m/s to 2.5 
m/s the elasticity modulus is reduced by a factor of 1.2. 

Frictional properties that are characterized by a friction 
coefficient are reduced by a factor of 1.2–1.5 with the 
increase of sliding speed of friction pairs from 0.75 to 2.66 
m/s. The nature of these changes depends on the structural 
configuration of the material, the moisture content, contact 
surfaces quality, the pressing force of friction pairs. 

Cutting forces of plant materials depend on their 
structural and mechanical properties. The increase of 
cutting speed within the ranges under study will contribute 
to their reduction by a factor of 1.4–2, depending on the 
product type. In this regard, it is appropriate to use higher 
cutting speeds of plant materials for vegetable cutting 
equipment in order to reduce specific cutting forces. 

To get high quality cutting it is necessary to consider 
the influence of cutting speed, cutting thickness, structural 
characteristics of the products to be ground. 

Conclusion. Taking into account the factor of speed 
influence on cutting forces of plant materials, the optimal 
and the recommended range of circumferential cutting 
speeds for the products under research is from 300 to 600 
rev/min. 
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Introduction 
 
The task of this article is to study the cutting speed factor influence on elastic and 

frictional properties of plant materials; to define the dependence of cutting force on the 
speed of blade cutting edge penetration into viscoelastic product; as well as to justify the 
expediency of high cutting speeds use with qualitative indicator of the ground product. 

Cutting force of food material is a major energy component of the cutting process. The 
effectiveness and the expediency of the chosen grinding method will depend on this 
indicator value. Reducing the value of cutting force is a priority for the intensification of 
this process. 

In this article, we raised the issue of grinding food products of plant origin 
(vegetables), which are classified as viscoelastic materials. 

At the enterprises of restaurant business vegetable cutting machines of disk type are 
most widely used when grinding vegetables. In these machines, the product is cut with a 
rotating blade installed in the working chamber of the machine on a special supporting disk. 
Depending on the configuration of blade cutting edge the cut shape may change [1]. 

The conducted analysis of technical and operational performance of vegetable cutting 
equipment has shown that in machines of different models the grinding speed ranges from 
0,4 up to 2.5 m/s [2]. The analysis of the literature reference revealed no data on speed 
factor influence on the cutting process of viscoelastic plant materials in the indicated range. 
Besides, the factor of cutting speed influence on quality indicators of the ground product 
has not been studied yet. 

Cutting force in vegetable cutting machines of disk type depends on geometrical 
parameters of the cutting tool (blade thickness, blade sharpening angle, surface roughness 
of the cutting edge), technical and operational parameters of the machine (cutting speed), 
and on the structural and mechanical properties of the product being ground, namely –
coefficient of product friction on the surface of blade cutting edge, and elasticity modulus 
[1]. 

The influence of geometrical parameters of blades on the cutting force is described in 
works [1, 3, 4, 11]. Structural and mechanical properties of viscoelastic materials are given 
in works [5–8]. Data on the influence of cutting speed on structural and mechanical 
properties of the plant material in the indicated range of cutting speeds are not systematic. 

 
Materials and methods 
 
The experiments were carried out with vegetables having a relatively uniform structure: 

potatoes, onions, carrots, beets, eggplants, zucchini, cucumbers. 
The study of elastic properties of plant materials was carried out by compressing the 

product sample between two plane-parallel plates according to standard methods [1, 3, 7]. 
During the experiment the sample compressing force was recorded. 

A linear relationship between compression stress and relative deformation has been 
assumed in determining the numerical values of elasticity modulus [6, 8, 9]. 

To conduct the studies of frictional properties of plant materials the experimental setup 
of disc type has been developed [10, 11, 12]. The setup design allows to study the influence 
of sliding speed on frictional properties of the product in conditions most closely 
resembling the actual manufacturing process. The setup consists of a head section, disk of 
150 mm in diameter which rotates in a horizontal plane (disk is made of polished food 
stainless steel), the vertical beam with tensoresistors placed on it, at the lower end of which 
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the box with the product sample is mounted, the amplifier, the analog-digital converter, PC 
and the package of licensed LGraph software. 

Product sample is pre-set the desired geometric dimensions. For each subsequent 
measurement a new sample of the product in a freshly cut form was used which eliminates 
the possibility of juice loss. The required speed limit is set with the speed regulator. During 
disc rotating the product sample is carried away with friction force and bends the measuring 
beam. Devices record friction force value which is displayed on a monitor in a form of 
oscillograms in real-time mode. The friction coefficient is defined as the ratio of frictional 
force to the weight of the sample under research. 

Specific efforts of plant materials cutting were determined by measuring the cutting 
force during plate blade penetration into the sample layer. The research was carried out at a 
linear cutting speed of 0.005, 0.1, 0.47, 0.75, 1 and 1.25 m/s. 

The experimental setup similar to vegetable cutting machine of disk type at food plants 
was used to study the influence of cutting speed limits on the quality of vegetables cutting. 
The setup allows to change the circumferential blade speed from 150 to 2000 rev/min. The 
product portion of 1 kg weight was ground at a predetermined cutting speed, and then the 
cutting quality was analyzed and the number of substandard particles in the total mass was 
defined. 

The measurement and organoleptic methods were used to evaluate the product quality 
indicators. The product was sliced 1, 4 and 6 mm thick. Grading was determined in 
percentage correlation to the total amount of the product to be cut. 

 
Results and discussion 
 
Cutting speed influence on elastic properties of plant materials. Experimental 

studies allowed to prove the reduction of elastic properties of plant materials pulp with the 
increase of influence speed on the sample product under research. This is due to the 
development of slow elastic deformation in the product. Initially, when loading a 
viscoelastic material, there occur instantaneous and delayed elastic deformations. 
Instantaneous elastic deformation is developed quite fast, it is almost impossible to be fixed 
experimentally, that is why it is designated arbitrarily and is assumed to be zero in practice. 
Delayed elastic deformation is the value that can be numerically determined. The 
distribution of delayed elastic deformation depends directly on the loading speed. 

The increase of deformation speed leads to the fact that viscoelastic stresses in the 
product sample hardly relax, tensile strength occurs immediately after the yield point, 
plastic deformation does not occur and brittle fracture is observed. The total deformation 
work of the product will decrease. 

The dependence of elastic modulus E of viscoelastic plant materials on the deformation 
speed ε in the indicated speed range is of linear character (Figure 1) and is described by the 
equation (1): 

 
 1

nE k e   ,                                                             (1) 
                                 

where k1 and n are the coefficients which are defined by experiment. 
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Figure 1. The dependence of elastic modulus  

on the deformation speed for some vegetables: 
1 – potato; 2 – carrot; 3 – onion. 

 
The dynamics of elastic modulus change from the deformation speed is somewhat 

different for different kinds of vegetables, which is associated with the structural 
configuration of the products under study, and their moisture content. 

Summarizing the results of the experiment, we should point out that for the 
investigated plant materials within the range of loading speeds of 0.4–2.5 m/s, the elasticity 
modulus is decreased by a factor of 1.2. 

The influence of cutting speed on frictional properties of plant materials. Frictional 
properties of plant materials are normally described with friction coefficient. According to 
the results of experimental studies, the change of friction coefficient from the sliding speed 
has linear function (2): 

 
f = k''·v+ C'',                                                       (2) 

 
where f is a friction coefficient ; 

v is sliding speed, m/s;  
k'', C'' are the coefficients which are defined by experiment. 
 
With the increase of the sliding speed from 0.75 to 2.66 m/s we may observe the 

friction coefficients of the vegetables under study decrease by a factor of 1.2–1.5 at average 
(Figure 2). 
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Figure 2. The influence of sliding speed on friction coefficients of vegetables: 

1 – beet; 2 – potato; 3 – carrot; 4 – cucumber; 5 – zuccini 
 

The decrease of friction coefficients value with the increase of sliding speed is 
associated with the change of roughness of contacting surfaces. When two solid bodies 
contact there occurs a discrete contact, which causes the constant change of the individual 
elementary contact points. In addition, each elementary contact has three stages of 
evolution: interaction, change, and destruction [10, 11]. The lifetime of elementary contact 
depends on the rate of relative movement of the friction pair, physical and mechanical 
properties of the contacting materials, and the conditions of the sliding surfaces. 

Upon elastic contact the individual surface projections have significantly greater 
roughness in tangential direction than in normal one. With the enlarging of adjacent 
material areas they are deformed. Under the influence of elastic forces the projection is 
rectified and, oscillating, collides with other projections. Upon imperfect contact elasticity 
with the increasing sliding speed the time between two impulses is no longer sufficient to 
fully rectify the projection. This leads to the change of surface roughness. As the actual 
contact area grows in time, then with sliding speed increase the contact time is decreased, 
and respectively, the contact area is reduced. This leads to friction coefficient decrease. 

Since the increase of cutting speed will help to reduce the influence of frictional 
properties of plant materials on the cutting forces, then it is economically feasible to use 
higher cutting speeds. 

The influence of cutting speed on specific cutting forces. According to experimental 
studies, the dependence of specific cutting force on the cutting speed is described by the 
exponential function (3): 

 m
spq kv ,                                                             (3) 

where qsp is specific cutting force, N/m; 
v is the cutting speed, m/s; 
k and m are the coefficients which are defined by experiment. 
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Figure 3 shows the diagrams of specific cutting force change within the cutting speeds 
range from 0,005 to 1,25 m/s.  
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Figure 3. The dependence of specific cutting forces of vegetables  
on blade penetration speed: 

1 – beet; 2 – eggplant; 3 – potato; 4 – carrot; 5 – cucumber; 6 – zuccini 
 
 

In the speeds range under study there is a decrease of specific cutting force of vegetable 
raw materials by the factor of 1.4 – 2. The most significant decrease of qsp value is observed 
within the speeds range from 0.005 to 0.2 m/s, after which the curve has a smooth flow. 
The decrease of specific cutting force with the increase of cutting speed is associated with 
the influence on the process of frictional and rheological properties of the product sample to 
be ground. Thus, we consider the dependence Rcut = f(v) as a change of some physical and 
mechanical property of the product, since it is a proven fact that the speed of the working 
tool influences the nature of the plant material properties change. 

Statistical studies, corresponding the minimum cutting speeds, show that the grinding 
of plant materials under such conditions is not economically feasible. With the increase of 
cutting speed exceeding 1.5 m/s there are difficulties with rapid removal of the ground 
product from the cutting area and its excessive deformation due to the increase of 
centrifugal forces effect. This has a significant impact on the quality of cutting as a whole 
and reduces the competitiveness of the equipment. 

Analyzing the above-mentioned experimental results, we can conclude the feasibility of 
using high cutting speeds to reduce the specific cutting forces and, accordingly, reduce the 
energy component of the process. 

The influence of cutting speed on the ground product quality. It should be noted 
that the quality of manufacturing operation is an important indicator when grinding plant 
materials in food industry. The quality of the ground product is determined by the cut 
smoothness, slice thickness constancy, the amount of defective products, juice losses etc. 

Figure 4 shows the thickness influence of the products being cut on the cutting quality 
at circumferential cutting speed of 1250 rev/min.  
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Figure 4. The histogram of grading amount change from  
vegetables slicing thickness at the grinding speed of 1250 rev/min 

 
The experiment was conducted only for those products, the grading amount of which 

was the largest. With the increase of cutting thickness from 1 to 4 mm the number of 
substandard product particles is significantly reduced and reaches optimal performance. 
With the increase of cutting thickness up to 4 mm the grading amount for eggplants 
decreased by a factor of 3.6, for cucumbers – by a factor of 15.5, zucchini – by a factor of 
1.3. The increase of cutting thickness up to 6 mm has no significant influence on the 
number of substandard particles. Consequently, with the thickness increase of the slices 
being cut the product breaks up less on impact with the structural elements of the machine; 
and the presence of chips in the volume under study largely depends on the structural 
features of the blade, the discharging device, and the degree to which the product is pressed 
to the blade at the cutting moment. For such products as eggplants and cucumbers with 
shallow cutting thickness, it is advisable to use cutting speeds up to 350 rev/min. 

Figure 5 shows a histogram describing the change of the substandard products amount 
when cutting certain types of vegetables in slices with the increase of cutting speed from 
280 to 2000 rev/min. The cutting thickness in this experiment was 1 mm. 
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Figure 5. The histogram of grading amount change with the increase  
of cutting speed 
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According to Figure 5 and the results of the experiment as a whole, we conclude that at 
the cutting speed of less than 280 rev/min the cutting quality of the vegetables under study 
is deteriorating. The integrity of the end surfaces of the slices is disturbed, which is 
manifested in the formation of fractures and cracks, which impair the product appearance 
and lead to excessive juice loss. Low cutting speeds are not recommended for the products 
that are cut with the peel, especially if the peel elasticity is significantly different from the 
core elasticity (eggplant, zucchini, some varieties of cucumber). When cutting such 
vegetables the peel cutting force is much larger, and when cutting at low speeds there is an 
excessive crushing of the product layers under the peel. This significantly reduces the 
cutting quality. Cutting speeds under 280 rev/min are recommended for grinding the boiled 
vegetables. 

At cutting speed above 1000 rev/min, we can observe the increase of the grading 
amount in the total volume of the ground mass. This is caused by the destruction of the 
product on impact with the walls of the discharging device of the vegetable cutting machine 
at the time of discharge. Such cutting speeds significantly degrade the cutting quality and 
they are not recommended for the grinding of brittle and juicy products with thickness of 
the slice being cut of less than 4 mm. 

When cutting brittle vegetables of 1–2 mm thick it is necessary to select the cutting 
mode more carefully. These vegetables are more susceptible to deformation upon contact 
with structural elements of the equipment and the ground mass. When cutting vegetables 
into slices over 4 mm thick it is allowed the use higher cutting speeds (over 600 rev/min). It 
should be taken into account that the increase of cutting speed leads to additional juice loss 
when cutting products with high moisture content. 

 
Conclusions 
 
Experimental research has allowed to study the influence of speed factor on the process 

of viscoelastic plant materials cutting within the range of cutting speeds used in modern 
vegetable cutting equipment. 

It has been found out that with the increase of cutting speed the elastic properties of the 
material appear to a lesser degree, due to the spread of elastic deformations in the layer. 
Within the cutting speeds range from 0.4 to 2.5 m/s the elasticity modulus is decreased by a 
factor of 1.2. 

Frictional properties that are characterized by a friction coefficient of the material 
under study are decreased by a factor of 1.2–1.5 with the increase of sliding speed of 
friction pairs from 0.75 to 2.66 m/s. The structural configuration of the material under 
study, its moisture content, contact surfaces quality, as well as the pressing force will 
additionally influence the nature of these properties change. 

Cutting forces of plant materials largely depend on its structural and mechanical 
properties. Therefore, the increase of cutting speed in the ranges under study will contribute 
to their decrease, as studies have shown, by a factor of 1.4–2, depending on product type. 
Therefore, basing on research results, we can conclude about the expediency to use higher 
cutting speeds of plant materials in vegetable cutting equipment in order to reduce the 
specific cutting forces. 

To obtain products of high-quality cutting with a minimum amount of substandard 
particles it is essential to select the speed mode more carefully. The cutting speed has 
significant influence on cutting quality of brittle materials and materials having the most 
heterogeneous structure (presence of peel, seeds etc). Here, the product cutting thickness is 
an important factor that determines this or that mode. Taking into account all the above-
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mentioned factors, the optimal and the recommended range of circumferential cutting 
speeds for using in vegetable cutting machines of disc type will be 300–600 rev/min. Under 
this condition, the ratio of “cut quality – grading” remains optimal. 

Experimental research data and the relations obtained are valid only for the specified 
cutting conditions. When changing the cutting speed range the rheological properties of 
plant materials can vary significantly. 

Thus, considering the factor of speed influence on the structural and mechanical 
properties of the plant materials and, as a result, cutting force, the optimal and the 
recommended range of circumferential cutting speeds for the products assortment under 
research is from 300 to 600 rev/min. 
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