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Abstract: The methods utilized to construct and identify the mathematical equation that characterizes
the cutting of items with varied textures are presented in this work. Using laboratory equipment,
the cutting process was carried out experimentally. The cutting energy was calculated based on the
experimental results. The energy required to perform this process is directly influenced by the textural
characteristics of the products used, as per the analysis of the experimental results obtained after the
cutting process (density, humidity, products with or without peel). The gathered information was
used to develop a general equation that would properly describe the process. Table Curve 3D software
was used to create mathematical equations that define the relationship between input parameters, the
type of product being cut, cutting speed, and output parameters, i.e., cutting energy. The equations
that have the same correlation coefficient were discovered using the working methodology; it was
specifically designed for this purpose.

Keywords: mathematical equations; products texture; Cutting process; Cutting energy

1. Introduction

Because agri-food products are varied and have characteristics that change over time
and location, cutting them is a highly difficult task.

Cutting solid materials is common and important due to the large quantities of raw
materials and processed products, as well as the energy consumption, of which only a
small fraction (0.1-0.2%) is used to overcome the cohesive forces in the particles, with the
rest dissipating unnecessarily and even harmfully in the form of heat [1-3].

Prior to determining the conditions under which the cutting process will be carried out
with maximum efficiency, it is necessary to have a solid understanding of the characteristic
indices of the products to be cut (raw material properties, required quality conditions,
properties related to the texture of the products to be shredded), as well as their effect
on the cutting process. Many specialized studies have shown that as moisture content
increased, so did specific energy consumption [4-6].

Particle cutting requires a certain amount of energy. The specific energy consumption
(J/kg) in the cutting process reflects the amount of energy required to achieve a specified
degree of cutting off the unit mass of the product under cut [2,3,7]. The nature of the
material being ground, its initial state, structure, and internal condition, the size, speed, and
duration of the mechanical stress applied, the nature of the forces applied, the particle size
before and after cutting, and the cutting degree are all factors that affect this process [8-13].

The energy consumed during the cutting process is only partially usable; the remainder
goes to the development of elastic and plastic deformations in the cutting material, particle
friction between themselves and the machine’s active organs, and internal mechanical
losses [8,14-18].

Processes 2022, 10, 1603. https:/ /doi.org/10.3390/pr10081603

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr10081603
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-8582-1988
https://orcid.org/0000-0003-1457-7022
https://orcid.org/0000-0003-1123-4462
https://doi.org/10.3390/pr10081603
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr10081603?type=check_update&version=1

Processes 2022, 10, 1603

2 of 14

Cutting is an inefficient process in terms of energy consumption. There is no clear
method of calculating the minimum amount of energy necessary for cutting, however,
numerous hypotheses have been proposed [16-20].

Many of the equations for calculating cutting energy that has been developed in the
literature are empirical [1,3,9,10]. The three cutting equations that exist in the literature are
based on a hypothesis that has received a lot of attention in the literature [8,15,17,18,20-24].

Bond correlates the energy for shredding to the size of a single particle. According
to Kick, the energy of the particles is proportionate to their volume [17,18]. Rittinger
believes that the amount of energy spent during the cutting process is proportionate to the
new surface formed throughout the cutting process [1,3,17,18,21,23,24]. Each of the three
equations has a specific constant, the value of which must be calculated from experimental
data. The following is how Rittinger’s connection for agri-food items with a variable texture

was employed in this study:
1 1
Be=ke (5 5) <1>

in which: D is the average size of the material to be cut; 4 is the average size of the cutting
material; kg is Rittinger’s constant, considered as:

kR:Fm'Sn (2)

where: F;, is the cutting force, S, is the new surface created.

The next stage in working with experimental data, according to the literature, is to
identify the mathematical equations that describe the correlations between the input and
tracked parameters [25-34].

In the specialized literature, there are a lot of experiments that deal with the cutting
process and the identification of the mathematical equations that describe this process.
However, these equations are generated for specific cases. In conclusion, the purpose of
this paper was to develop a general equation that described the relationships between the
operating parameters of the cutting equipment and the energy required to fulfill the process
(value defined by relation (1)). The mathematical equations that have been chosen to
describe the cutting process have resulted from a methodology that can give the equations
obtained a general character. An approach for processing the set of equations generated by
Table Curve 3d software was created and designed for this purpose [35].

2. Materials and Methods

The investigation was conducted using a texture analyzer to determine the energy
required to accomplish the cutting operation for various products. Texture Profile Analysis
(TPA) is an objective method of sensory analysis developed by Szczesniak in 1963. He was
the first to specify the textural parameters for this method. This method (Texture Profile
Analysis-TPA) is based on the concept that texture is a highly influenced characteristic by a
variety of factors [3,17,18,21,23,24].

The “Texture Analyzer-TA-XT2i” measurement equipment is used for this (Figure 1a,b)
because it gives a three-dimensional study of the cutting force based on the knife’s stroke
during the cutting process and the cutting time.

Cohesion, reliability, elasticity, freshness, breaking strength, penetration strength,
expansion strength, adhesiveness, ability to masticate, and other tests may be assessed
using the device and the “Texture Expert” application [14,16-18]. As a cutting device, the
sample type HDP/BS was used in this investigation (Figure 1b,c).

Different species and varieties of vegetables and fruits were chosen to represent a wide
variety of vegetable items with a texture liked by the descriptor “hard” in order to carry
out the study regarding the process of cutting experiments. The species and varieties for
which the determinations were performed are shown in Tables 1 and 2.
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Figure 1. Texture Analyser-TA-XT2i [36]: (a) the analyzer’s technical system; (b) an image of the
device in operation; (c) the cutting device.

Table 1. Texture analysis was conducted to analyze various fruit species and varieties [22].

Item No. Species Variety Maturity Observation
1. Apple Grave Steiner Complete Unpeeled
2. Apple Grave Steiner Complete Peeled
3. Apple Ida Red Complete Unpeeled
4. Apple Ida Red Complete Peeled
5. Apple Golden Delicious Complete Unpeeled
6. Apple Golden Delicious Complete Peeled
7. Apple Jonagold Complete Unpeeled
8. Apple Jonagold Complete Peeled
9. Pear Clapp’s Favorite Ripen Unpeeled
10. Pear Clapp’s Favorite Ripen Peeled

Table 2. Vegetable species and varieties analyzed by the method of texture analysis [22].

Item No. Species Variety Maturity Observation
1. Potato Désirée Complete Unpeeled
2. Potato Désirée Complete Unpeeled
3. Potato Sante Complete Unpeeled
4. Potato Sante Complete Peeled
5. Carrot Nassan Complete Unpeeled
6. Carrot Nassan Complete Peeled
7. Celery Victoria Complete Unpeeled
8. Celery Victoria Complete Peeled
9. Parsnip Long White Complete Unpeeled
10. Parsnip Long White Complete Peeled

The parameters of the investigated products vary depending on the species and variety.
Tables 3 and 4 show the average humidity and density for the investigated varieties.

Table 3. The average density and average humidity of the fruits that have been analyzed [22].

Item No. Species Density (kg/m®) Humidity (%)
1. 790 88.5
2. 846 87.5
3. Apple 920 84.1
4. 930 83.5
5. Pear 1028 85.1
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Table 4. The average density and average humidity of the vegetables were investigated [22].
Item No. Species Density (kg/m?3) Humidity (%)
1. 1010 82.3
2. Potato 1050 74.5
3. 1060 79.6
4. Carrot 1040 88.8
5. Celery 964 87.0
6. Parsnip 994 89.5

The following conclusions can be derived from the examination of the parameters that
characterize the products that will be subjected to the analysis:

- The variation of their density is inversely proportional to the variation of the humidity
in the case of the apple product used in these experimental determinations;

- In the case of the potato product, it was found that the lowest product density is
associated with the highest humidity. The lowest value of the parameter studied was
obtained for the next value of the density of the studied product, and for the highest
value of the density, it was found that the humidity is higher by 5.1% compared to the
minimum value;

- Because we only have one sample of the other products used in the study, no relevant
conclusions can be drawn.

The investigations were carried out in accordance with the working technique repre-
sented in Figure 2.

Peeled l— —»{ Unpeeled

* Studied products
> Experimental > Experimental
ideterminations results
Texture Analyzer - Working -
TA-XT2i P conditions [P Cutting speed

Figure 2. For experimental determinations, there is a working methodology.

3. Results

Following the replacement of the experimental results obtained under Equation (1),
a series of cutting energy values were produced, which are represented graphically in
Figures 3-10.
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Figure 3. Variation in cutting energy for unpeeled apples with different humidity levels based on

cutting speed.
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Figure 4. Variation in cutting energy for peeled apples with different humidity levels as a function of

cutting speed.
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Figure 5. Variation in cutting energy for unpeeled potatoes with different humidity levels as a

function of cutting speed.
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Figure 6. Variation in cutting energy for peeled potatoes with different humidity levels as a function

of cutting speed.
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Figure 7. Variation in cutting energy for peeled and unpeeled carrots with different humidity levels

as a function of cutting speed.

+ pear with shell
—&— pear without shell

l

Figure 8. Variation in cutting energy for peeled and unpeeled pears with different humidity levels as

a function of cutting speed.
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Figure 9. Variation in cutting energy for peeled and unpeeled parsnip with different humidity levels

as a function of cutting speed.
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Figure 10. Variation in cutting energy for peeled and unpeeled celery with different humidity levels

as a function of cutting speed.

The study of the results obtained by using the texture analysis approach to determine

the cutting energy reveals that:

the textural properties of the products to be cut (humidity of the products) influence
the cutting process; high cutting energy values have been obtained for products with
low humidity;
The condition of the products to be cut has an impact on the cutting energy. According
to the results of the experiments, when cutting unpeeled products, higher values of
cutting energy were achieved than when cutting peeled products;
The condition of the products being cut affects the cutting energy. When examining
the obtained data, it is evident that there are small variations in cutting energy for
small values of cutting speed, which can be seen when comparing unpeeled and
peeled products, suggesting that the cutting energy for the same products tends to
increase in direct proportion to the cutting speed. This is also confirmed by numerous
field research, such as in the case of wheat straw cutting [7];
Within the same species, cutting energy varies depending on variety, with the dif-
ference being mostly attributable to the textural characteristics, as shown in the case
of celery, which has the biggest range of cutting energy observed, with its structure

changing from the outside to the inside.
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4.

Generating Mathematical Equations

The values obtained and represented in Figures 3—10 were used to determine the

correlations between the current study’s input parameters (cutting speed and cutting force)
and the output parameters (cutting energy).

Given its ability to generate over 30,000 types of equations, Table Curve 3D software

was utilized to obtain these relationships [37].

The following are the actions that were taken in order to determine the mathematical

equations that corresponded to the study that was conducted (Figure 11):

1.

2.
3.

common
equations

The experimental values obtained are inserted into an excel file, and the data are
arranged in separate columns;

Table Curve 3D program allows the insertion of this excel file carrying data;

The parameters corresponding to the three axes are selected where, on the OX (cutting
speed) and OY (cutting force) axes, the input parameters are introduced, while on the
OZ (cutting energy) axis the tracked parameter is introduced;

Table Curve 3D software can generate equations that correlate to the values entered.
Following the equations generated by Table Curve 3D software, a total of 5198 equations
was generated, which were organized as follows: (Figure 12):

Structure of the obtained data\

large -
number of ‘Generation of mathematical model ‘
ailiations _Generation o ma$ ematical mo els |
generated Exporting the list of generated

| equations TabIeCurve 3D

choosing the batch WIT f!_ie

most generated equations
Identifying the ‘ the number of common ‘

common equations equations is identified

identification of the correlation
coefficient corresponding to the
common equations

v
identifying common equations thil—‘

Microsoft Excel

have the correlation coefficient
closest to 0.99

The evolution of the analyzed equations

Choosing the
equation

Figure 11. Identifying common equations: a working methodology.

Number of equations

:\ unpeeled
[ |peeled

500 - -
400 - ]

300

200 4

100 4

o}

Apple Pear Potato Carrot Celery Parsnip
Product

Figure 12. The number of equations generated by Table Curve 3d software varies according to the

type of product under research.



Processes 2022, 10, 1603

9of 14

2357 for products that have not been peeled;
2841 is the number for peeled products.

Table Curve 3D program has a database of these equations, each of which may be

recognized by a number, in order to find the common equations.

6.

Number of equations

A selection of common equations has been presented based on this facility, as follows:

A number of equations were generated for each group of experiments (with or without
a peel) and for each sample in turn (apple, pear, potato, carrot, celery, and parsnip);
Within each experimental group (shell products—group a; peeled products—group b),
a set of equations with the highest number of equations was chosen in compari-
son to the equations generated for the other samples (in our situation, we selected
486 equations for group A to correspond to the pear product and 489 equations for
group B to correspond to the parsnip product;

In relation to this lot, similar equations (i.e., equations with the same identification
number) have been identified, providing for preliminary filtering of the equations.
The number of similar equations obtained from the study is shown in Figure 13.
The number of similar equations identified in relation to the equations of the chosen
reference lot is represented by numbers such as 5, 4, 3, 2, 1, and 0. (the lot with the
most equations) (5—the equation is the same for all products; 0—the equation is
unique to each product).

250 4 [ Junpeeled —
[ lpeeled —

200 -

150 -

100 4
50

s

5

0
Common equations

Figure 13. The number of common equations is represented graphically.

7.

Figure 13 shows the common equations, which are defined by distinct correlation
coefficients, and are seen in Figures 14 and 15 for each experimental sample. From the
analysis of the graphical representations, it can be said:

for unpeeled products, the number of common equations was 32;

for peeled products, the number of common equations was 121;

Analyzing the distribution of the number of equations whose correlation coefficient is
greater than 0.95 reveals:

- In the case of unpeeled products, the highest number of equations was ob-
tained for celery (32), followed by pear, parsnip, carrot, and apple, and the
lowest number of equations was obtained for potato;

- In the case of peeled products, the highest number of equations was obtained
for celery (121), followed by parsnip, carrot, pear, and apple, and the lowest
number of equations was obtained for potato.
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Figure 14. Variation of correlation coefficients for unpeeled products corresponding to common equations.
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Figure 15. Variation of correlation coefficients for peeling products corresponding to common equations.

8. As previously stated, our goal was to find a common equation, therefore we searched
over the results more than once to identify the equations with the correlation coef-
ficient, r2, which were closest to 0.99. In conclusion, for the range of values of the
correlation coefficient r? between 0.9 and 0.99, the number of equations available for
solving the desired requirement has been graphically represented in Figure 16.
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Figure 16. The correlation coefficient is used to represent the number of common equations.

9.  The evaluation of a group of common equations based on the value of the correlation
coefficient r* has been the next step. At this moment, the common equations were
created to have the same correlation coefficient value. Followed by an analysis of the
correlation coefficients corresponding to the common equations, a total of 6 equations for
an 12 high of 0.97 have been discovered for the experimental batches of peeled products,
and a number of 54 equations for the experimental group of unpeeled products.

The goal of this study was to find the common equations that describe the cutting
process for diverse materials for both peeled and unpeeled products. The remaining
equations (6 equations for peeled products and 54 equations for unpeeled products) were
then analyzed for this purpose, revealing 4 main equations. These four final equations are
put through a visual inspection, with the value of the terms of the equations compared to
the described equations. This is required if indeed the mathematical model chosen has to
be confirmed.

10. When the values of the terms of the equation generated by the Table Curve 3D
software are examined, it is discovered that some equation terms have a value bigger
than e*®, meaning a thorough identification of the relevant term is difficult (since
the entire value of the terms is necessary for the validation of the model). Following
such an examination, only two possible equations remained out of the four common
equations, whose model, in our situation, is provided by the logarithmic equations
shown in Equations (3) and (4) (corresponding to equation number 145 and equation
number 150—from the Table Curve 3D software database).

2= a+b-Inx + c-(Inx)* + d-(Inx)® + e-(Inx)* + f-(Inx)° + g-lny + h 3)
(Iny)? +i-(Iny)® + j-(Iny)* + k- (Iny)°

z = a+ b-Inx + c-(Inx)* + d-(Inx)® + e-(Inx)* + f-(Inx)® + % + y% + js
+h+ & @
y y

After analyzing the work steps presented above, a graphical representation (Figure 17)
was created to highlight the methodology for identifying a general equation to determine
the energy required to cut different agri-food products, depending on the speed of the
cutting device and the force used to carry out this process. Figure 17 shows the whole
methodology for choosing the mathematical equation that explains this procedure, and it
is valid for peeled products that have been subjected to experimental determinations (for

unpeeled products, the representation is approximately identical).
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Figure 17. Working steps for choosing the common mathematical equation.

Figure 18 illustrates the response area created by the Table Curve 3D software in the

example of the peeled apple product for equation no. 145.

Cutting energy (J)

e

(1

()
W
"
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R
SO ‘Q?Q AR

Cutting energy (J)

Figure 18. The surface generated by equation no. 145 for peeled apples.

5. Conclusions

The following conclusions may be taken from the examination of the obtained data:

A number of agri-food products (fruit-apple, pear; root-potato, carrot, celery, and
parsnip), peeled or unshelled, were used to determine the energy required for cutting
vegetable products;

Only the density and humidity of the products used could be noted because of the
diversity of the chosen products. Taking it into account, the apple has the lowest
density (790 kg/m?3), while the potato has the highest density (1060 kg/m?). When it
regards humidity, potatoes have the lowest humidity (74.5%), and parsnips have the
highest (89.5%);

The cutting process is influenced directly by the textural properties of the products
used in these experimental evaluations:

The highest value of energy used to carry out the cutting process was obtained for
the product with the lowest humidity, the peeled potato, whose humidity was 74.5%
and 23.16 ], respectively, and the lowest value was obtained for unpeeled celery,
respectively 11.44 J.

In regard to the humidity characteristic, it can be said that it has a direct and inversely
proportional influence on the cutting energy value;

In terms of product character, both peeled and unpeeled, it is discovered that the
energy required to cut peeled products is more than the energy necessary to cut
unpeeled products, regardless of the type of the product used;
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- When the energy required to carry out the cutting process is examined in relation to
the force used and the cutting device’s speed of movement, it is discovered that these
characteristics have a direct impact on the parameter analyzed, independently of the
type of the product used;

- Using the Table Curve 3D software, the obtained data were utilized to produce
mathematical equations;

- Ananalysis methodology has been developed to identify a common equation for all
experimental groups, which can be generalized to other types of experiments as well;

- Following the working stages of the experimental data, it is found that:

- For peeled products, where a total of 2357 equations were created, 32 common
equations were generated, only 6 of which satisfied the criterion of r? being
larger than 0.97;

- For unpeeled products, it resulted in a total of 2841 equations, 121 of which
were common and 54 of which satisfied the requirement of r? having larger
than 0.97;

- Following a visual examination of the Table Curve 3D program’s mathematical
equations, which satisfied the two primary requirements:

O  Tohave an r?> of 0.97 (6 equations for peeled products and 54 for unpeeled
products);

O  Tohave something in common with both peeled and unpeeled products;

O We had the option of choosing between two logarithmic equations;

- Two common logarithmic equations describing the dependency between the cutting
energy required to cut different types of products (peeled and /or unpeeled) depending
on the cutting speed and force, and the dependency characteristic of the cutting process
of hard-textured products, were identified following the analysis of the equations
obtained using the Table Curve 3D software.
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