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Over the last decade, the conditions of dairy farming have undergone significant changes. A decrease
in the number of livestock and the production of dairy products was allowed. Despite measures taken at the
state level, the number of dairy cattle is decreasing. The decrease in the volume of milk production is sharply
reflected in the level of consumption of dairy food products.

At the current stage of the country's economic development, in order for domestic dairy farming to be
profitable, competitive and ensure food independence, it must be highly productive. For this purpose, it is
necessary to speed up the introduction of advanced milk production technologies into dairy farming based on
the creation and use of competitive domestic equipment.

Despite the large number of known technical solutions, the task of creating a design of a milking
machine that combines high productivity and stimulation of the reflex action on the animal remains relevant.
Designs of milking equipment are currently being improved mainly in two directions:

- development of milking machines that provide regulation of working parameters depending on the
level of milk yield;

- development of designs of mechanisms of milking machines that stimulate the milking reflex without
causing negative effects to the animal.

During manual milking and sucking of a cow, the udder is vigorously massaged by the calves, while
with machine milking, such a massage is often absent. Milking under high vacuum often leads to negative
effects on cows' udders. After analyzing the designs of existing milking machines, we chose the direction of
research with the development of milking rubber of variable cross-section for them. The efficiency of machine
milking of cows is affected by the technical parameters of the process, the genetic parameters of the udder and
milk yield, and the peculiarities of the organization of the process. As a result of the research, a new type of
milking rubber is proposed for the most widely used devices of double action. This will reduce the vacuum
load on the cow's udder and the shock effect of the rubber on the teat during machine milking of cows.

Achieving the set goal will improve the biotechnical process of machine milking of cows.

Key words: machine milking of cows, milking apparatus, milking rubber, milk yield, simulation of milk
ejection, vibration - oscillatory movements of milking rubber.

Eq. 19. Fig. 2. Table. 2. Ref. 6.

1. Problem formulation
To ensure the country's food independence at the current stage of economic development, domestic
dairy farming must be highly productive and, as a result, profitable and competitive. For this, it is necessary to
speed up the introduction of the latest milk production technologies into dairy farming. They must use
competitively developed technology and equipment. In this regard, the direction of work on the improvement
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of milking facilities is quite multifaceted. This is, first of all, increasing the capacity of milking equipment and
minimizing the harmful effect on the organs of animals.

The nature of the effect of teat rubber on a cow's udder depends on many factors: the pressure drop in
the interwall and sub-teat spaces of the milking cup; physical and mechanical properties and structural
parameters of milking rubber; its tension in the sleeve of the glass and the elasticity of the milk.

One of the types of harmful effects of the teat tube on the teat during stroke is compression in the form
of a "clap". During one machine milking, the milking machine can "issue" up to 400-600 such "oscillating
blows" [2, 4].

In the process of operation of milking machines, especially at the beginning and at the end of milking
cows, the frequency of oscillatory-vibration movements of the milking rubber does not coincide with milk
output at optimal vacuum pressure. This often causes mastitis in animals, which leads to their culling.

Thus, the task of creating new executive working bodies of milking equipment, namely milking rubber,
which will improve the biotechnical process of machine milking of cows, remains relevant at the moment.

2. Analysis of recent research and publications

Initially, researchers believed that milk is extracted from the mammary gland due to the liquefaction
that occurs in the calf's oral cavity [2].

Later, an opinion appeared in which the denial of constant rarefaction in the sucking stroke was
expressed. The sucking stroke in calves consists of two phases: squeezing (sucking) and rest. These phases are
characterized by maximum positive and maximum negative pressures.

The maximum rarefaction in the calf's oral cavity is 30.6...33.25 kPa, and the number of suckings
ranges from 100 to 120 per minute. The average amount of rarefaction created in the calf's oral cavity during
a constant sucking process is 17.2 kPa. The average pressure caused by calves on the teat is within
110.7...112.7 kPa.

Together with the magnitude of the compression force on the teat, the tempo (the number of
compressions of the teat per unit of time) and the rhythm of milking are of great importance. The pace of
milking should ensure maximum emptying of the udder from milk before the end of the active period of milk
yield. 80.. 140 compressions per minute are considered physiologically normal [2, 5].

During machine milking of cows, milk is removed from the udder due to the action of a working
vacuum (dilution) created under the teat, which is 1.5...2.5 times higher than in the calf's oral cavity during
sucking.

The analysis of modern trends in the design of milking machines shows the classic way of their
development - the expansion of the adaptation capabilities of the equipment and at the same time its sharp
complication. Despite constant improvement, existing milking machines have shortcomings both from a
technical and physiological point of view. Stimulation of milk production of an animal is a complex of physical
and physiological factors, and different groups of receptors are involved in the regulation of excretory and
secretory activity of the mammary gland and related systems [3, 5].

The nature of the effect of teat rubber on a cow's udder depends on many factors: pressure drop in the
interwall and inframammary spaces of the milking cup; physical and mechanical properties and structural
parameters of teat rubber; its tension in the sleeve of the glass and the elasticity of the milk.

This impact is calculated by several methods.

However, in our opinion, it is most rational to use the classical theory of shells. At the same time,
geometric linear equations for solving the problem of stability of the cylindrical shell were obtained. Knowing
the boundary conditions for solving the system of differential linear equations, the authors obtained the formula
for the critical pressure g (kPa) on the milk tissue:

h 2
—gE|l = |, 1)
a-ae[ )
where — o] is the dimensionless coefficient of the critical load obtained experimentally; E — modulus
of elasticity of the rubber material, H/cm?; h — wall thickness, cm; R — is the rubber radius, see [1].

3. The purpose of the article

Theoretical studies and substantiation of the parameters of the main executive mechanism of the
milking machine, which is in direct contact with the cow's udder - the milking (teat) rubber.

29



Ne 2 (125)/2024 TeXHiKa, C€HEPreTHuKa,

:gﬁ‘ ~ % TpaHcnopT AIIK

Vol. 125,Ne 2 /2024

4. Results of the researches

Theoretical studies of the parameters of rubber of variable cross-section

In the mode of operation of the double action milking machine, the sucking and massage strokes are
the main ones in the working cycle.

: D — outer diameter of the suction cup, m;

d — internal diameter of the suction cup, m;
1, I;—working length of rubber without change in thickness,
m;
[, — working thickened length of rubber, m;
1 — common working length of rubber, m;
P,.n —atmospheric pressure acting on rubber, kPa,
P, — Vacuum metric pressure, kPa;
P,,q: — rubber tension force, N;
Y, — transverse deformation of rubber under the influence
of Ap,m;
AP — pressure drop in the interwall and sub-cup space of the
milking cup, kPa;
h —the value of the change in the diameter of the milk during
the compression stroke, m.

Fig. 1. Scheme of the action of forces on the milking rubber and the tissue of the udder in the
experimental executive mechanism of the milking apparatus of pair action during the compression stroke.

In these studies, the determining parameter in the operation of the milking rubber is the change in the
diameter of the teat during the compression stroke
h= (Ypla)+(Yp-l2) +(Ypla) _ Hplatltls) 2

d d ’
where — [, 1,, 13 can be conditionally taken as equal to 0.04 m.
During the compression stroke, the transverse deformation of the rubber of variable cross-section
allows it to be practically absent in the [, section and reduced in the [; section.
Based on this assumption, expression (2) will take the form:
= Yli+¥pls yp(zl+l3)’ (3)

Teat rubber, which affects the teat of an ani?nal, can be ?epresented in the form of a beam lying on an
elastic base. According to the theory of E. N. Furss, the magnitude of the reaction to the beam is proportional
to its deflection. Therefore, it can be assumed that the pressure exerted by the teat rubber on the teat P, is
proportional to the deformation of the tube in the cross section, i.e.:

Py =CY, 4)
where ( is the total coefficient of elasticity of udder rubber and animal udder tissues:
3
C= Crubbers + Cteat'm

From formula (4), we determine Y,,:
Y, = __Pa (5)

Crubbers‘l'cteat’
we take P = AP; AP = Pypy — Pygr
Substitute the value of v,, into formula (3), we get:

ap )-11+( ap )-13 (6)

h = <Cser+Cteat Crubbers*Cteat

1,33d

Taking into account that the upper part [; of the rubber does not close completely during the
compression stroke. The coefficient (1.33) is introduced into the obtained formula (6), which takes this
circumstance into account.

Analysis of formula 6 shows that the experimental milk tube reduces the "cotton™ effect on the animal's
udder tissues by 30% due to the reduction of the pressure difference in the udder and in the sub-udder space.

Mathematical modeling of the process of milk removal by a milking machine of a pair action with a
milking rubber of variable cross-section.
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The initial performance of the milking machine is influenced by the technical and design parameters,
the vacuum mode of its operation, as well as the physiological state of the mammary gland of the animal's
udder. The conducted research is related to the solution of extreme tasks, which are aimed at finding optimal
conditions for the flow of the work process of machine milking of cows. Taking into account the fact that the
conduct of experiments is associated with a large amount of labor, the study was carried out using the optimal
planning of the experiment, a cybernetic approach to the experimental study of systems with incomplete
knowledge of the mechanism of the process.

The purpose of this study is to obtain a mathematical model that can be used to automatically determine
the optimal operating modes of the equipment during machine milking of cows.

Selection of the optimization criterion.

When planning an experiment, it is very important to determine the criterion to be optimized. The
optimization criterion is a response to the influence of factors that determine the behavior of the feedback system.

The criterion must be quantitative and specified in numbers. It should be measured for any possible
combination of inverse factor levels.

As an optimization criterion, we choose (Q.) — the output mass of milk in one cycle of the milking machine.

The selection of factors is a very important stage in preparation for planning an experiment. Factors
are variables that correspond to the methods of influence of the external environment on the object. They
determine both the object itself and its state. Requirements for factors: controllability and unambiguity.
According to the theory of system analysis, we present the research object in the form of a complex
multidimensional cybernetic system (Fig. 2).

gl l p

The process of removing

—  milk by an experimental |—

milking machine

o] o]

Fig. 2. Structural diagram of the milking process of the milking apparatus with an experimental milking tube

According to the structural diagram (Fig. 2), we will present the indicators that characterize the process
of the milking machine in the form of functional dependence:
Y(Qc'Fb'P'Z'd'g'P) =0 (7)
All parameters when planning experiments and processing experimental data must be expressed in the
same system of measurement units.

Table 1
Factors that characterize the process of milk production from the cow's udder
Size Dimension formula Units
Length L m
Mass M kg
Time T S
Input parameters
Factors Dimension formula Units
The strength of milk flow from the teat canal - (Fv) LMT? H
Platform installation height - (P) L m
The inner diameter of the rubber tube - (d) L m
The stiffness of the closure of the rubber - (Z) L~iMT 2 H/m?,Pa
Density milk - (p) L73M kg/m?®
Acceleration of gravity -(g) LT? m/s?
Output parameters
Size Dimension formula Units
The mass of milk produced of milk per cycle- (Q.) M kg
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The output parameter @ is a function of four variables Fy, P, d and Z:
QC:f(Fb!P’dlZ) (8)
To carry out a full factorial experiment of the first order when changing factors at two levels, it is
necessary to conduct 2 experiments.
In our case, the number of necessary experiments is 2% = 16. To reduce the number of necessary
experiments, we use dimensionless complexes (similarity criteria), introducing additional constants g and p.
Similarity criteria can be obtained by choosing any three parameters from among the primary basic
units - meter, kilogram, second, for which the determinant is not equal to zero A#0. Accepting them as the
main ones, you can move on to dimensionless complexes (similarity criteria). If we represent the indicators of
equation (7) in terms of basic quantities, we will get the dependence in relative:
Y(Qi;FpiP;Z;d;p;9) 0 (9)
dtp}‘g”

Such basic parameters can be g, p and d:
[g] = [MIILI*T]72, [p] = [MI*[L]73([T]°,d = [M]°[L]*[T]°
Since for them the determinant is not equal to zero:

moA T 01 -2
A=l Ay T=|1 -3 O
H3 /13 T3 0 1 0

= Ayt + padi Ty + ppdsty — padyry — Azt — pa Ayt
=0-3+0)+0+1+0)+(1+1-2)-(0-3-2)-(0+1-0)
—1+14+0)=-2

The value of y;2;7; determined from the equation under the condition that the complexes are

dimensionless quantities. Each of the remaining parameters is divided by the product of three and equated to one.
P _q._ - _
@ ordd) L W([M]UJ] HLH =1
[L]l—u+3l—r[M]—/1[T]2u =1
The fourth dimensionless complex _ ,, — %. 43
p

The fourth complex is a function of the first three - y = f(X;; X5; X3)
The total number of all similarity criteria can be found using the formula
t=n—m
where n — is the number of values relevant for the process, n = 7; m — is the number of quantities
with independent dimensions of primary quantities, m = 3.
Then the number of dimensionless complexes will be determined ¢t =7 — 3 = 4.
In empirical formulas of dimensions, the right and left parts, as a rule, do not coincide. If you look for
the dependency, you can see:
P F Z
y = f(_. b ) (10)

a’ gpa3’ gpd
Based on experimental and calculated data in the first approximation of the dependence are linear:

= (S). Ty, = (ﬁ)ﬂ% = (gzﬁ)’ (11)

The transition to a dimensionless form does not change the nature of these dependencies. Denoting the
dimensionless complexes by y, X,, X, , X5, the Q. function can be written using a polynomial of the first degree:
Y =by+ b1 X1 +byX; + b3X3 + by 3X1X, + by3X5X3 + by 3X1 X3 + by 23X X,X3

where b; —iis the regression coefficient; X; — factors that affect the process.

The coefficients of this dependence are constant values for selected cybernetic systems and can be
determined by processing the results of experimental studies.

Selection of intervals of variation of factors.

It is necessary to choose two levels of variation in the experiment for each factor. The interval of
variation is a certain amount, the addition of which to the main level gives the upper level, and the subtraction
- the lower level of factors.

Before starting the experiment, the factors are coded. When coding the factors, a linear transformation
of the factor space is carried out with the transfer of the origin of the coordinates to the center of the experiment
and the selection of the scale along the axes in the units of factor variation.
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To simplify the recording of experimental conditions and processing of experimental data, the scales
along the coordinate axes are selected in such a way that the upper level of the factor corresponds to (+1), the
lower one to (-1), and the main one to -0.

Coding of factors is carried out according to the formula:

x= "0 (12)

X, — coding value of the factor; X; — natural value of the factor; X,,; — is the natural value of the factor
at the basic level; AX; — is the interval of factor variation.

B_yH
AX, = xB-x! (13)

The regression coefficients B, B,, B,, B; are determined by the formulas, independently of each
other, due to their orthogonality:

no o
bO — Yu=1Yu .
n

)

b: = 23=1 Xiu Yu b. = 25:1Xiuxju Yu . (14)
[ , y = f )
To determine the coefficients B, ,, B, 5, B, ; — double effects interaction and in1,2,3 — the effect of

triple interaction, it is necessary to expand the working matrix to the plan - the matrix presented in table 2.

Table 2.
Plan-matrix of the PFE 2 experiment
No experiment Xo X1 X2 X3 X1 X2 X1.X3 XoX3 X1 X2X3 y
1 +1 +1 +1 +1 +1 +1 +1 +1 \%1
2 +1 -1 +1 +1 -1 -1 +1 -1 Vs
3 +1 +1 -1 +1 -1 +1 -1 -1 \
4 +1 -1 -1 +1 +1 -1 -1 +1 Va
5 +1 +1 +1 -1 +1 -1 -1 -1 Vs
6 +1 -1 +1 -1 -1 +1 -1 +1 Vs
7 +1 +1 -1 -1 -1 -1 +1 +1 \%
8 +1 -1 -1 -1 +1 +1 +1 -1 Vs

Checking the adequacy and reproducibility of the mathematical model.

After determining the coefficients of the model, it is checked for suitability, that is, for the conformity
of the description of the object of the obtained model with the results of the experiment. Such a check is called
a model adequacy check.

The residual sum of squares is quite suitable for characterizing the average spread in relation to the
regression line.

The residual sum of squares divided by the number of degrees of freedom is called the residual variance
or adequacy variance.

a2, = Tl (15)
f

where f is the number of degrees of freedom — the difference between the number of experiments and
the number of coefficients of the full factorial experiment 23 and the determination of the linear regression
equation, the number of degrees of freedom is determined:

f=N-—-(k+]D;, f=8-0CB+0D=4
2 Z?:1(3’cp.u—371\t)2 (16)
Saa == ¢

where y.,,, — is the average value of the optimization parameter and in the u-th experiment at m
repetitions; y,, — is the value of the optimization parameter, calculated from the regression equation for the
condition of the u-th experiment.

The variance, which characterizes the errors of experiments in the plan matrix, determined by the
formula:

g2 = Zi=1 25 0w, (17)
y N(m-1)

where m — is the number of repetitions of one experiment.

The homogeneity of variances is checked using various statistical criteria. One of the simplest is
Fisher's test, which is used to compare two variances. Fisher's criterion (F-criterion) is the ratio of a larger
variance to a smaller one. The obtained value is compared with the table value of the F-criterion. If the
numerical value of the ratio is greater than that given in the table for the corresponding degrees of freedom
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and the selected level of significance, it means that the variances are significantly different from each other,
that is, they are heterogeneous.

We check the adequacy of the model using Fisher's F-test.

_ _Sag (18)
- s2y)

The error of the experiment, which is called in statistics the dispersion of reproducibility, serves as the
basis for judging the quality of the model and its elements.

It is necessary to know whether the errors in different regions of the factor space are close, or whether
the variances of the optimization parameter are the same at different points. Homogeneity of variances is one
of the requirements of regression analysis. Dispersions of parallel experiments at the points of the plan should
be comparable with each other, i.e.:

o*{y1} = 0*{y,} = - o*{yn}.
The homogeneity of variances with the same number of parallel experiments is assessed using the
Cochrane test.
S§max (19)

Gmax = TN sz
u=

5. Conclusions

The existing methods of calculating the effect of teat rubber on an animal's udder are analyzed.

The analytical dependence of the influence of the tube of variable stiffhess on the tissues of the udders
of cows is derived.

It was established that the milking rubber of variable cross-section of the studied milking apparatus of
pair action reduces the vacuum effect on the tissues of the udder by an average of 30%.

As a result of the application of the theory of similarity and dimensions together with the theory of
experiment planning, mathematical models of the process of removing milk from the udder of cows with an
experimental milking machine equipped with a teat rubber of variable cross-section were obtained.
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TEOPETHYHI JJOCJIIIKEHHS ITPOIIECY MAIIIMHHOI'O JTOTHHS KOPIB ATIAPATOM 3
JIOLJTbHOIO T'YMOIO 3MIHHOI TOBILIMHA

3a ocmanne Oecamunimms yMO8U 6eOeHHs 2ANY3i MOJIOYHO2O CKOMAPCMEA 3A3HANU 3HAYUHI 3MIHU.
Jlonyweno 3nudicenns no2oais's xyoobu i supobnuymeo monounoi npodykyii. Hezeasxcarouu na 3axoou, sKi
NPUIIMAIOMbCs HA 0EPICABHOMY DIHI, No20mie's OiliHo20 cmada 8eauxoi poeamoi Xy0oou 3MeHULYEMbCA.
3uudicennsn 06ca2y GUPOOHUYMBA MOIOKA PI3KO GI0OUBAEMbCA HA PIGHI CHOJNCUBAHHSA MOJOUYHUX NPOOYKMIE
Xapuy8amus.

Ha cyyacnomy emani ekoHomiuno2o po3eumky Kpainu, wob eimyusmsne MOIOUHe MEAPUHHUYNEO
Oy10 penmabenbHUM, KOHKYPEHMO30AMHUM i 3a6e3neyy8ano npooo8oabyy He3ANeHCHICMb, 60HO Mae Oymu
BUCOKONPOOYKMUBHUM. [[lA Yb02O HEOOXIOHO NPUCKOPUMU BNPOBAONCEHHA 6 MONOYHE MEAPUHHUYMEO
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NPOSPECUBHUX MEXHOL02Il BUPOOHUYTNEA MOLOKA HA 0A3i CTNBOPEHHS | BUKOPUCAHHSA KOHKYPEHMO30amHOi
BIMYUSHAHOI MEXHIKU.

He3sesaorcarouu na senuxy Kinbkicmos 6i00MUX MEXHIYHUX PIUUEHb, AKMYANbHUM 3ATUUAEMbCA 3A80AHHS
CMBOPEeHHSI KOHCMPYKYii 00iIbHO20 anapamy, wo HOEOHYE BUCOKY NPOOYKIMUBHICMb | CMUMYTIOBAHHSA
peghnexmopnoi 0ii na meapuny. Koncmpykyii 00inbHo20 001a0HAHHS 3aPaA3 YOOCKOHANIOOMbCSL 8 OCHOGHOMY
8 080X HANPAMAX:

- po3pobOKa 00iNbHUX anapamis, Wo 3a6e3neuyioms pezyio8anHs poOOYUX NAPAMEMPIE 3ANEHCHO 8i0
Pi6HsL MOOKOBIO0AUi;

- PO3POOKA KOHCMPYKYITl MEXAHIZMIE QOLIbHUX anapamis siKi CuMYI0I0msb peiekc MoI0K08i00aui
He HAHOCAYU MBAPUHT He2AMUBHO20 GNIIUBY.

Ilpu pyunomy 00iHHI i CMOKMAHHI KOPOBU MENAM €HEPIHO MACANCyEMbCs OlUKA 8UMEHI, a npu
MAWUHHOMY TAKULL Macadic yacmo 6iocymuiu. J[oiHHs npu GUCOKOMY 8aKyyMi HaACmMO Npu3sooums 00
He2amusHo2o enausy Ha Oiliku kopis. Ilicna ananizy Koncmpykyii icHylo4Ux 00IIbHUX anapamie Mu eubpaiu
Hanpam 00cCniodceHb 3 pO3pOOKO 0 HUX O0iNbHOI eymu nepeminHoz2o nepepizy. Ha eghexmusnicmo
MAUUHHO20 OOIHHS KOPI8 GNIUBAIOMb MEXHIUHI NOKA3HUKU Npoyecy, 2eHemuyHi NOKA3HUKU 6UMEHI i
MOoK0GI0aua ma ocobausocmi opeanizayii npoyecy. B pesyiomami 0ocniodicenb npononyemocs HO8Ull mun
00ibHOI 2ymu 01 HAUOIIbW WUPOKO BUKOPUCMOBYBAHUX anapamis nonapHoi 0ii. Lle 3meHwums 8axyymHe
HABAHMAIICEHHS HA 8UM'SL KOPOBU MA YOApHY 0110 2yMuU Ha OTUKY NpU MAUWUHHOMY OOiHHI KOpIE.

Jlocsienennsi nocmasnenoi memu NOKpawums Oi0MexHiuHUll npoyec MauHHO20 00iHHS KOPI6.

Knrouoei cnosa: mawunne OoinHA Kopis, OoinbHull anapam, O00iNbHA 2yMad, MOJOK08I00ayd,
MOOeN08AHHSI MOJIOKOBUBLOCHHS, NepeUuiHHUll nepepiz 00iNbHOL 2yMu.

@. 19. Puc. 2. Taén. 2. Jlim. 6.
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