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Abstract
To implement effective cow milking, it is necessary to take into account the peculiarities of the milk flow process, the milk-

ing machine’s adaptability to perform the given technological functions.
The aim of research is to establish changes in the design and technological parameters and physical and mechanical proper-

ties of teat cup liner of milking machines during its testing and in production conditions. The results obtained will make it possible 
to make a rational choice of rubber, ensure an efficient milking process during its service life.
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It is found that the tensile strength of silicone teat cup liner at the beginning of operation was 1.6 times higher than that of  
a rubber compound, and after 6 months. operation – 1.7 times. With respect to the relative elongation, this difference was 1.4 times, 
and after operating time – 1.3 times.

Studies have proven that rubber during operation changes its physical and mechanical properties: the length of the active part 
increased by 3.1 mm; wall thickness – 0.2 mm. It is found that the most intensively elastic properties of teat cup liner changed during the 
first 10–20 days. After 10 days, the closing vacuum increased by 16.6 % compared to the initial one, and after 20 days by 23.3 %, which 
amounted to 8.57 and 9.06 kPa, respectively. Up to 420 hours of operation, the clamping vacuum reached 11.3 kPa, which is 5.8 % lower 
than the requirements for toughening teat cup liner for rejection. In general, over the period of experiments, the average value of the 
vacuum of closing the opposite walls of teat cup liner increased from 7.35 to 12.43 kPa, which is 3.6 % higher than the norm (12 kPa).

As a result of experimental studies, the regularity of the rubber tension force depending on the operating time in the form of  
a fourth degree polynomial is obtained. It is found that after 150 hours of operation, the tensile force of teat cup liner decreased by 21 %.

Keywords: teat cup liner, rubber parameters, operating time, service life, tensile force.
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1. Introduction
Livestock is one of the largest and leading sectors of agricultural production. In this regard, 

the solution of food problems in many respects takes place with its effective development, namely, 
with the development of dairy cattle breeding.

One of the main technological processes of dairy cattle breeding is the machine milking of 
cows. So machine milking directly affects the amount of milk received and its quality. To do this, 
it is necessary to take into account the peculiarities of the milk flow process of cows, the milking 
machine’s adaptability to perform the specified technological functions, regardless of the method 
of machine milking. If the parameters do not match during the milking of cows, a violation of  
the regime occurs, due to which malnutrition occurs, injuries to the nipples, and diseases of the 
udder appear [1, 2].

The consequences of using teat cup liner that does not meet the zootechnical, sanitary 
and hygienic and international technical and technological requirements (ISO 3918, ISO 5707, 
ISO 6690) is a significant technological effect on the microstructure of milk and the physiological 
state of animals [3].

It has been established [4] that insufficient compression of teat cup liner does not complete-
ly open or close the milk canal of udder milking. Hyperkeratosis, blue nipples, ring formation at 
the base, and other injuries appear. This leads to bacterial diseases, the emergence and progress 
of mastitis. The very signal in violation of the milking regime is that the level of milk yield is no-
ticeably reduced, the animal begins to behave nervously.

The material from which rubber is made has operational limitations. First of all, this refers to 
the intervals of replacing the current one with a new one. There is publicly available data in which it 
is possible to draw a relationship between the number of dairy cows and the number of milking [5].

But, as noted by researchers [6], in production they use teat cup liner without taking into 
account natural wear and tear. This can lead to serious consequences. So, due to rubber break-
throughs, milk or water will enter the pump during washing. If this was a long process, then rust, 
gouges, grooves may begin to form inside the vacuum pump.

The analysis of numerous experiments [7–9] indicates that it is extremely important to ex-
ploit the highest quality and most affordable type of teat cup liner.

Comparative studies of various milking-dairy systems [10, 11] show that the liner of milk-
ing machines with technical and technological parameters that do not correspond to the physiolo-
gical needs of animals can lead to different types of mastitis.

Improving the efficiency of the use of rubber products in milking machines is to achieve 
not only the well-known advantages of modern production. The advantages include: increased pro-
ductivity and intensity of use of milking equipment, reduced labor costs and energy consumption 
of products, but also the technological effect by creating the most favorable conditions for animals.

The works [1, 4, 11] is devoted to the study of the issues of operation and functioning of milk- 
ing and dairy equipment. But there were still unresolved issues related to the study of the design 



Original Research Article:
full paper

(2021), «EUREKA: Physics and Engineering»
Number 6

104

Engineering

and technological parameters of teat cup liners made of various materials. The reason for this is the 
objective difficulties associated with access to dairy complexes, the expenditure side in terms of 
the timing of the relevant studies and tests.

So, in order to maximize the performance of the device and protect the mammary gland 
from the negative influence of vacuum pressure during milking, the condition of teat cup liner must 
comply with physiological, veterinary and technical requirements. Namely, to promote:

– active withdrawal of milk with a minimum latency period;
– stimulation of the milk return reflex and its stimulation;
– withdrawal of milk at a vacuum pressure, which is safe for the mammary gland, while 

maintaining the required productivity.
Thus, the use of milking machines with the best technical characteristics of teat cup liners, 

which are able to maintain the milk flow reflex during milking at a sufficiently high level, is an in-
tegral factor in obtaining premium milk and a reserve for increasing the milk productivity of cows.

Previous studies have established that not all liners meet the physiological needs of the ani-
mal and cause a number of negative effects during milking [12].

Most of the shortcomings can be eliminated by conducting appropriate studies aimed at 
establishing changes in the design and technological parameters and physical and mechanical 
properties of teat cup liners of milking machines, and will increase the efficiency of machine 
milking of cows.

Thus, it is possible to increase the efficiency of the manifestation of the genetic potential 
of milk production in cows by ensuring a full-fledged process of mammary gland secretion and 
milk flow. At the same time, the manufacturability of milking equipment, namely teat cup liner, 
is of decisive importance. In recent years, the market saturation with a large variety of rubber pro-
ducts, both domestic and foreign, makes it difficult to choose for use in teat cups. The information 
available in the literature on the detection of changes in the technical parameters of teat cup liners 
of milking machines during testing and production conditions does not give a comparative assess-
ment and is extremely contradictory.

The constructive and technological characteristics of teat cup liners are factors that have  
a determining character of the work of rubber during the milking process, and, as a consequence, 
its effect on the animal’s body. Therefore, the rubber products of milking machines must be given 
due attention.

Consequently, the need for these studies is to identify changes in the technical parameters 
of teat cup liners made from various materials in production conditions. This is achieved through 
comparative technical tests of rubber products.

This approach will make it possible to expand the understanding of the technical and tech-
nological characteristics of rubber products. Along with this, it will allow to reveal the mechanism 
of changes in the technical parameters of teat cup liners during use, is of practical value.

The aim of research is to establish changes in the design and technological parameters and 
physical and mechanical properties of teat cup liners of milking machines during its testing and in 
production conditions.

To achieve this aim, the following objectives are solved:
– to compare the design and technological parameters of teat cup liners made of various 

materials;
– to establish changes in the technical parameters of teat cup liners depending on its service life.

2. Materials and methods
The objects of research are:
– BouMatic teat cup liner (analogue DD.00.041A) made of food-grade silicone material pro-

duced by BouMatic Robotics, Moncton (Canada);
– teat plate DD 00.041A made of rubber material produced by JSC «Bratslav» town.  

Bratslav, Nemirovsky district, Vinnytsia region (Ukraine).
The choice of these products for research is explained by the fact that they are widely repre-

sented on the milking equipment market and are in demand in Ukraine [12].
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The first stage of experimental research included the determination of the following para-
meters and properties of teat cup liner during its service life:

– physical and mechanical properties (tensile strength, relative and permanent elongation);
– dynamics of changes in the mass of teat cup liner during its constant and periodic con-

tact with liquid media (milk, water, solutions of detergents, washing-disinfectants and disinfec-
tants) and air.

The study of the dynamics of changes in the mass of teat cup liner during its constant and 
periodic contact with liquid media was carried out in water (pH = 7.5 ± 0.5), milk with a fat con-
tent of 3.2 ± 1 % at a temperature of 20 ± 2 °C. Along with this used a solution of an acid detergent 
from Ekolat (Germany) at a temperature of 55 ± 5 °C for 150 days [13]. The detergent was used at 
a concentration of 0.5 % (200 liters of working solution were prepared from 1 kg of concentrate).

According to the methods [12, 13], samples were taken, initial inspection of products, suit-
ability for testing was established, and rubber was rejected.

The elastic properties of teat cup liners were determined once every ten days. Along with 
this, the following indicators of the quality of teat cup liners were taken into account: the length of 
the active part (mm), the diameter of the suction cup (mm), the thickness of the walls of the working 
part (mm), the change in the geometric shape of the product.

Control over the operation of teat cup liners during the study was carried out in accor-
dance with [14].

Determination of the elastic properties of teat cup liners in the sleeve of a teat cup was car-
ried out using a device, the diagram of which is shown in Fig. 1, b. The control of vacuum pressure 
was carried out using the «Milking machine tester» (Ukraine), the general view of which is shown 
in Fig. 1, a. The Milking machine tester is designed to simplify testing of dairy milking equipment 
in dairy farms in accordance with ISO 3918, ISO 5707, ISO 6690. The main functions are to mea-
sure vacuum, its pulsations and air flow in milking installations. Measurements of vacuum pres-
sure: range – 0–100 kPa; absolute error – 0.6 kPa; pressure sensor response time – 2.5 ms. Ripple 
measurements: the range for the ripple frequency is 40–200 pulses/min; absolute error for the rip-
ple frequency – 1 pulses/min; the range for the ripple phases is 0–1,200 ms. Air flow measurement: 
range – 0–3,000 l/min; absolute error – 5 l/min; response time – 2.5 ms [15, 16].

Fig. 1. Device for quality control of teat cup liners:  
a – general view of the «Milking machine tester»; b – diagram of the device for quality  
control of teat cup liner; 1 – vacuum gauge pressure sensor «Milking machine tester»;  

2 – artificial teat; 3 – central narrowed area; 4 – radial hole; 5 – channel; 6, 7 – extreme thickened 
areas; 8 – through channel; 9 – check valve; 10 – button; 11, 12 – cavities; 13 – milk tube;  

14 – teat cup liner; 15 – teat cup

    

To the vacuum 
source 

                                       a                                                 b
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The device consists of a vacuum pressure sensor «Milking machine tester» 1, vacuum 
sources (not shown) and artificial teat 2. Artificial teat 2 consists of a central constricted section 3 
with a radial hole 4, which is connected through channel 5 to a vacuum source, and extreme thick-
ened sections 6 and 7. In the thickened section 7, a through channel 8 is made, which is connected 
to a vacuum gauge pressure sensor 1 to connect the cavity 11 to the atmosphere. In channel 8 there 
is a check valve 9, which has a stem with a button 10, which protrudes outward. Artificial teat 2 
is introduced into the teat cup liner 14 of the teat cup 15. In this case, two cavities are formed: the 
cavity 11 between the artificial teat 2 and the teat cup liner 14 and the cavity 12 between the teat 
cup 15 and the teat cup liner 14, which is connected to the atmosphere. A milk tube 13 is supplied 
to the teat cup 15. The device operates as follows: when the vacuum source is turned on, the check 
valve 9 closes. Under the influence of the pressure difference in the cavities 11 and 12, the liner 14 
closes and closes the radial opening 4, thereby separating the cavity 11 from the vacuum source. 
According to the readings of the vacuum pressure sensor 1, the elasticity of teat cup liner is judged. 
After the end of the determination of the elasticity of teat cup liner, press on the rod protruding  
outward, with the button 10 opening the check valve 9. As a result, the value from the vacuum 
pressure sensor 1 takes its original position (zero) [17].

The tensile force of teat cup liner was determined using a PCE FG 200 dynamometer (er-
ror – 0.01 N) in accordance with GOST 270–75.

Studies to determine the tensile force of teat cup liner from the time of operation were 
carried out according to the observation plan [N, R (r, T)]. According to the plan, tests of N objects 
begin at the same time; objects that have failed during testing are replaced with new ones. Obser-
vations are stopped when the number of objects that failed has reached the value r or when the 
observation time or time T.

The number of objects of observation for experimental research was determined by the 
formula:

 N
t

tk
= ⋅χ 0

,  (1)

where χ – tabular coefficient; t0  – mean time between failures; tk – duration of observations.
The number of objects of observation for experimental studies was 20. The mathematical 

model of the influence of the tension force and the vacuum value of the closing of the opposite walls 
of teat cup liner on the operating time is presented in the form of regression equations – polynomial:

 y a ti
i

i

n

= ⋅
=
∑

0

,  (2)

where ai – regression coefficients; t – operating time, h; h – technical parameter of teat cup liner.

3. Results
3. 1. Results of comparing the design and technological parameters of teat cup liners
The results of changes in the physical and mechanical properties of BouMatic teat cup  

liners (analogous to DD.00.041A) from food grade silicone material and DD 00.041A teat cup liner 
from rubber material produced by JSC Bratslav before and after operation at the dairy complex  
are presented in Table 1.

Table 1
Dynamics of physical and mechanical properties of teat cup liners during operation

Indicators
DD 00.041А teat cup liner BouMatic teat cup liner

before  
operation

after 6 months  
of operation

before  
operation

after 6 months  
of operation

Tensile strength, kgf/cm2 92.1 ± 2.3 109.4 ± 2.4 148.2 ± 2.1 182.7 ± 2.4
Relative extension, % 61.7 ± 0.6 56.9 ± 0.7 84.0 ± 0.7 72.1 ± 0.7

Relative residual elongation, % 20.1 ± 0.4 28.2 ± 0.5 14.3 ± 0.3 17.4 ± 0.5
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It was found that teat cup liner made of food grade silicone slightly prevails in terms of the 
main physical and mechanical characteristics of teat cup liner made of a rubber compound. So the 
tensile strength at the beginning of operation was 1.6 times more about the product with a rubber 
compound, and after 6 months. operation – 1.7 times.

As for the relative permanent elongation, it has a slight difference.
Data on the study of the kinetics of rubber swelling in liquid media are shown in Fig. 2.

Fig. 2. Change in the mass of teat cup liner during continuous presence in milk: 1 – teat cup liner 
DD 00.041A from the material of rubber compound produced by JSC «Bratslav»; 2 – the equation 

εM(t) = 14.1(1–exp(–0.051·t)); 3 – BouMatic teat cup liner (analogue DD.00.041А) made  
of food-grade silicone material «BouMatic Robotics»

In Fig. 2 it can be seen that the mass of a product made of rubber compounds increases over 
60 days when it is kept in milk up to 14.3 % and remains at this level within 175 hours. The data 
obtained can be approximated in the form of an exponential equation (Fig. 2, graph 2), the correla-
tion coefficient is 0.99. In turn, silicone rubber during the experiment practically did not change its 
weight (0–0.8 %). As seen in Fig. 3 silicone rubber in production conditions reduces weight from 
the first day of the study to 0.7 % and does not restore it during the entire observation.

Fig. 3. Change in the mass of teat cup liner during periodic exposure to milk, acid detergent 
from Ekolat and water: 1 – DD 00.041A teat cup liner made of rubber compound material 

produced by Bratslav OJSC; 2 – εM(t) = –3.3+0.8(t–4.8)exp(–0.039·(t–4.8)); 3 – BouMatic teat 
cup liner (analogue of DD.00.041A) made of «BouMatic Robotics» food grade silicone

Teat cup liners made from rubber compounds, under similar conditions, increase their 
weight during the first 25 hours to 4.6 %. Up to 62 hours, its mass reaches the primary level, then 
it sharply decreases and up to 125 hours, the weight loss is 3.4 %. The data obtained can be appro-
ximated in the form of an exponential equation (Fig. 3, graph 2), the correlation coefficient is 0.98.

3. 2. Investigation of changes in technical parameters of teat cup liners during operation
The technical condition of teat cup liners during operation is determined by such parame-

ters as tension force, elongation, clamping vacuum. The high correlation between elongation and 
clamping vacuum (0.95–0.98) allows to take mad as a generalized parameter to characterize the 
technical condition of teat cup liner samples.

An analysis of the change in the magnitude of the closing vacuum of the opposite walls of 
teat cup liners during operation is shown in Fig. 4. As a result of data approximation, let’s obtain 
a polynomial equation:
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 ΔP(t) = –2·10–10t 4+3·10–7t3– 0.0001t2+0.0266t+8.0659, R = 0.97, (3)

where R – correlation coefficient.
It was found that the most intensively elastic properties of teat cup liner changed during 

the first 10–20 days. After 10 days (44 hours of operating time), the closing vacuum increased  
in comparison with the initial one by 16.6 %, after 20 days (93 operating hours) – by 23.3 %, which 
amounted to 8.57 and 9.06 kPa, respectively.

Fig. 4. Dynamics of the closing vacuum value ΔP(t) from the duration of operation

Up to 420 hours of operation, the clamping vacuum reached 11.3 kPa, which is 5.8 % lower 
than the requirements for toughening teat cup liner for rejection.

In general, over the period of experiments, the average value of the vacuum of closing the 
opposite walls of teat cup liner increased from 7.35 to 12.43 kPa, which is 3.6 % higher than the 
norm (12 kPa). Along with the hardening of teat cup liner, changes in such design parameters as  
the length of the active part, the inner diameter of the suction cup, and the wall thickness (mm)  
were taken into account.

The analysis of measurements showed that in the course of the experiment the diameter of 
the suction cup practically did not change (24.8–24.9 mm), and the length of the active part after 
105 days, or 487 hours of operation, increased from 140.1 to 143.2 mm.

The thickness of the walls of the rubber until it was replaced in the experimental group with 
a new one increased by 0.2 mm from the initial one and amounted to 2.0 mm.

As a result of the approximation of the experimental data, a polynomial dependence of the 
change in the tension force of teat cup liner on the duration of operation was obtained (Fig. 5):

 FH(t) = 1·10–7t 4–3·10–5t3+0.0017t2– 0.072t+60.249, R = 0.98. (4)

The established empirical dependence of the change in the tensile strength of the tire Ft(t) on 
the duration of operation allows at any time to determine its actual technical condition. Thus, after 
150 hours of operation, the tensile strength of teat cup liner decreased by 21 %.

After analyzing the operation of teat cup liner from the standpoint of reliability, the main 
indicators of reliability were established: the probability of failure-free operation P(t), failure  
rate λ(t), failure density f(t) and failure time t0. According to the obtained data, graphs of reliability 
indicators for teat rubber were constructed (Fig. 6).

Fig. 5. Dynamics of the tensile strength of teat cup liner Ft(t) from the duration of operation
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Fig. 6. Indicators of reliability of teat rubber:  
a – probability of failure-free operation P(t); b – failure rate λ(t); c – failure density f(t)

Calculations of the correlation coefficient and visual analysis of graphs in Fig. 6 show that 
the most reliable models describing the failure density distribution for the elements of the vacuum 
system is the law of normal distribution (Table 2).

Table 2
Correlation and regression coefficients of teat cup liner reliability indicators

Linear regression  
coefficient A

Linear regression  
coefficient B

Correlation  
coefficient r

Mean time  
to failure a

Standard  
deviation σ

0.919 0.093 0.967 101 46

Studies have confirmed the assumptions about the choice of theoretical distribution laws. 
If to analyze the level of reliability, then from the graphs shown in Fig. 6, it is seen that teat cup 
liner has the highest number of failures within 90–120 hours. The level of failure of teat cup liner 
decreases with increasing operating time.

4. Discussion
The teat cup liner of milking machines is one of the intermediate links between the animal 

and the installation. For this reason, extremely stringent requirements are imposed on it [18–20]. 
So, the initial stage of research was the comparative technical tests of teat cup liners.

It has been established (Table 1) that teat cup liner made of food grade silicone slightly pre-
vails in terms of the main physical and mechanical characteristics of rubber made of a rubber com-
pound. At the same time, the mass of a product made of rubber compounds increases over 60 days 
when it is kept in milk up to 14.3 % and remains at this level within 175 hours (Fig. 2).

It has been found (Fig. 3) that silicone rubber in production conditions reduces the mass 
from the first day of the study to 0.7 % and does not restore it during the entire observation.

At the next stage of the research, the goal was to set the change in the technical parameters 
of teat cup liner depending on its service life. The change in the magnitude of the vacuum of closing 
the opposite walls of teat cup liner during operation (Fig. 4) has been analyzed, and as a result of 
data approximation, let’s obtain the polynomial equation (3). Also, as a result of the approximation 
of the experimental data, a polynomial dependence of the change in the tension force of teat cup 
liner on the duration of operation was obtained (Fig. 5).

After analyzing the operation of teat cup liner from the standpoint of reliability, the main in-
dicators of reliability have been established (Fig. 6), and the performed calculations of the correlation 
coefficient and visual analysis of the graphs show that the most reliable models describing the density 
distribution at failure for elements of a vacuum system is the normal distribution law (Table 2).

The results obtained fully reveal the estimated technical indicators of the milking machine’s 
teat cup liner. Along with this, the mechanism of changing the performance characteristics of rubber 
products is highlighted. Thanks to this, the problem is solved in the rational choice of teat cup liner.

It should be noted that the methodological approach for determining the magnitude of the 
clamping vacuum using the developed device for quality control of teat cup liner and the «Milking 

                             a                                                                     b                                                                c
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machine tester» (Fig. 1) is innovative. This is due to the obtaining of values with a minimum inter-
val of fluctuations, which allows to accurately set the parameter value.

As a result of experimental studies, a regularity of the tension force of teat cup liner has been 
obtained depending on the operating time in the form of a polynomial of the fourth degree. It has been 
found that after 150 hours of operation, the tensile force of teat cup liner decreased by 21 %. Based on 
the results of experimental studies of the operation of teat cup liner in production conditions from the 
standpoint of reliability, the main indicators of its reliability have been established: the probability of 
failure-free operation P(t), the failure rate λ(t), the density of failu res f(t) and the mean-between-fai-
lures T0. So for teat cup liner within 90–120 hours, the largest number of failures occurs.

The comprehensive studies carried out allow to assert that rubber products have a wide 
range of values in terms of the main technical and technological indicators. This confirms the fact 
that attention must be paid to teat cup liner in order to ensure optimal milking of cows.

The research results are consistent with the studies carried out earlier [12, 15, 17, 21], sup-
plement them in the format of obtaining the latest information for the use of innovative technical 
solutions (Fig. 1). A significant difference in the methodological plan of the research carried out 
was that it was possible to set the change in the design and technological parameters and physical 
and mechanical properties of the rubber of milking machines during its testing and in production 
conditions. Along with this, due to the significant variability and variability of the design parame-
ters of teat cup liner, difficulties arise in the general solution of the issue of full compliance of the 
rubber product with the physiological needs of the milking herd. This remains an unresolved issue 
in the technological chain of obtaining high-quality milk.

Studies aimed at establishing the influence of teat cup liner of milking machines on cows 
during milking and on the quality of milk seem to be promising. Namely, on the physiological state 
of the teats of the udder of animals and the general bacterial contamination of the resulting milk.

5. Conclusions
It has been found that the tensile strength of silicone teat cup liner at the beginning of operation 

was 1.6 times higher than that of a rubber compound, and after 6 months of operation – 1.7 times. With 
respect to the relative elongation, this difference was 1.4 times, and after operating time – 1.3 times.

During operation, teat cup liner changes its physical and mechanical properties: the length of 
the active part increased by 3.1 mm; wall thickness – 0.2 mm. It has been found that the most inten-
sively elastic properties of teat cup liner changed during the first 10–20 days. After 10 days, the closing 
vacuum increased by 16.6 % compared to the initial one, and after 20 days by 23.3 %, which amoun-
ted to 8.57 and 9.06 kPa, respectively. Up to 420 hours of operation, the clamping vacuum reached 
11.3 kPa, which is 5.8 % lower than the requirements for toughening teat cup liner for rejection. In 
general, over the period of experiments, the average value of the vacuum of closing the opposite walls 
of teat cup liner increased from 7.35 to 12.43 kPa, which is 3.6 % higher than the norm (12 kPa).

As a result of experimental studies, a regularity of the tension force of teat cup liner has been 
obtained depending on the operating time in the form of a polynomial of the fourth degree. It has been 
found that after 150 hours of operation, the tensile force of teat cup liner decreased by 21 %. Based on 
the results of experimental studies of the operation of teat cup liner in production conditions from the 
standpoint of reliability, the main indicators of its reliability have been established: the probability of 
failure-free operation P(t), the failure rate λ(t), the density of failu res f(t) and the mean-between-fai-
lures T0. So for teat cup liner within 90–120 hours, the largest number of failures occurs.
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