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ZUSAMMENFASSUNG 

Automatische Melksysteme (AMS) sind in weiten Teilen Europas bereits sehr verbreitet und 

werden von verschiedenen Herstellern weltweit angeboten. Die Gewährleistung einer hohen 

Milchqualität ist eine der Hauptanforderungen beim Übergang vom konventionellen zum 

automatischen Melken. Ziel dieser Arbeit war es den Einfluss des mechanischen Stresses, der 

durch mehrere AMS-Elemente induziert wird, auf die Milchqualität zu untersuchen. Dafür 

wurden zwei Labor-Melkstände (LMP) mit den melktechnischen Hauptkomponenten zweier 

AMS entwickelt und die Versuche unter standardisierten Laborbedingungen durchgeführt. Für 

die Analyse der Effekte einzelner technischer Komponenten oder Einstellungen wurden 

verschiedene Modifikationen vorgenommen, die zum Teil von den realen Einsatzbedingungen 

in der Praxis abweichen. Zur Bewertung der Milchqualität wurden folgende Merkmale 

herangezogen: freie Fettsäuren (FFA), Fett-, Eiweiß-, Laktose- und Harnstoffgehalt, Zellzahl, 

pH, und Gefrierpunkt. Für einen Teil der Untersuchungen konnte darüber hinaus auch das 

Fettsäureprofil in der Milch analysiert werden. Der Einfluss der folgenden Komponenten wurde 

analysiert: Das Pulsationsverhältnis, LMP, die Melkbecher, die Auslegung der LMP-Technik, 

und die Durchflussrate. Allgemeine Korrelationen zwischen einzelnen technischen Elementen 

und der Milchqualität festgestellt, signifikante Ergebnisse wurden eindeutig beim FFA- und 

Fettgehalt beobachtet. 

Die seit einiger Zeit routinemäßig bestimmbaren Fettsäureprofile bieten einen aussichtsreichen 

Ansatz für Ursache-Wirkung-Analysen in neuer Qualität. Die nachgewiesenen Signifikanzen 

in den Änderungen von Eiweiß- und Laktosegehalt sowie des Gefrierpunktes bedürfen 

tiefergehender Betrachtungen und kausaler Analysen. Insgesamt wurde deutlich, dass 

mechanische Belastungen von Milch bereits auf dem Weg vom Kuheuter zum 

Milchsammeltank zu Veränderungen chemischer und physikalischer Produkteigenschaften 

führen, auch wenn hier unter Laborbedingungen gearbeitet wurde. 

 

Schlagworte: Automatische Melksysteme, freie Fettsäuren, Labor-Melkstände 
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ABSTRACT 

Automatic milking systems (AMS) have been common in large parts of Europe and are offered 

by various manufacturers worldwide. Ensuring high milk quality is one of the primary 

requirements when transition from conventional milking to AMS. 

The aim of the present thesis was to investigate whether the mechanical stress induced by 

multiple AMS elements and settings affect the parameters of cow milk. To this end, two 

laboratory milking parlors (LMP) were developed to imitate an actual AMS. Under 

standardized laboratory conditions, the main milking technical components were installed by 

two different AMS companies for the analysis of the effects of single technical elements or 

settings on milk parameters. The following parameters were used to evaluate milk quality: free 

fatty acids (FFA), fat, protein, lactose, urea, somatic cell count (SCC), pH, and freezing point 

(FP). For some of the investigations, the milk fatty acid profile (MFAP) was also analyzed. The 

influence of following components: pulsation ratio, LMP, teat cup, the layout of the LMP 

technique, and flow rate was analysed. 

General correlations were identified between singular technical elements and milk quality, 

significant results were observed clearly on FFA and fat content. Milk fatty acid profiles 

(MFAP) have been routinely determinable for some time now and can offer an interesting 

approach for cause-and-effect analyses of a new quality. The demonstrated significances in the 

changes of protein and lactose content as well as freezing point require deeper consideration 

and causal analysis. Overall, it became clear that mechanical stresses on milk already lead to 

changes in chemical and physical product properties on the way from the cow's udder to the 

milk collection tank, even if the work was carried out under laboratory conditions. 

 

Keywords: Automatic milkinf system, free fatty acids, laboratory milking parlors 
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1 INTRODUCTION 

1.1 Background 

The global demand for milk is steadily increasing in order to meet the needs of the growing 

world population, which is expected to reach 9.8 billion people by 2050 (García-Yuste, 2020). 

In the last three decades, dairy cow milk accounted for three-quarters of the world’s milk 

production (Górska-Warsewicz et al., 2019), which according to the Food and Agriculture 

Organization (FAO) estimates, corresponded to 827 million tons of milk in 2018 (FAO, 2018).  

Many changes have been implemented in modern milking systems to cope with the increasing 

demand for milk. For that reason, intensive milk production has required fewer dairy farms, 

while herd size has increased. To ensure both the sustainability of milk production and high 

levels of efficiency, the use of automatic milking systems (AMS) was increased. Automatic 

milking systems are found primarily in Central and Northern Europe, and they account for more 

than 80% of the systems used in new stables in Scandinavia (Bernhardt et al., 2019). Milk 

processing industries demand high-quality milk from dairy producers. Improved mechanization 

and technologies are therefore necessary to meet both this need and the need for high levels of 

milk production.   

The technical development of milking systems has made a significant contribution to increasing 

milk production and improving its quality. Milk automation began in the 1970s and underwent  

several developments during the 1980s, leading to the first AMS in the early 1990s (de Koning, 

2004). Automatic milking systems were introduced in several dairy farms to reduce the 

workload on farmers, and they saved approximately 30% of the daily labor time consumed (De 

Koning et al., 2004). Furthermore, AMS is becoming sophisticated and interesting from many 

points of view. For example, cows can choose when to go for milking at fixed time intervals 

(e.g., every six to eight hours). The farmer determines these time intervals and how often the 

cows are milked. No new technology has gained as much attention among dairy farmers as 

AMS in terms of improving the social life of dairy farming families and digital farm 

management. More important is the high milk yield that such systems provide, which is 

ultimately the most important benefit (de Koning & Rodenburg, 2004). 

On the other hand, since the introduction of AMS, automated milking has changed many facets 

of the farm. The system seems to be convenient for the cow, but it would be worthwhile to 

know how the milk quality is affected by the AMS, as well as what is the effect of the AMS 

main components (e.g., teat cups,...) on milk parameters. 



2 

Disadvantages of AMS include the fact that a lower milk quality has been reported, as well as 

an alteration in udder health (Klungel et al., 2000). The process of milk transportation in AMS 

may be the cause of undesired effects such as the deterioration in the natural characteristics 

constituents of milk as a result of physical stress impact on the milk (Franciosi, 2010). 

The effect on udder health has frequently been discussed in previous studies relating to the 

implementation of AMS. Other studies, which compared the transitioning period of udder 

health from conventional milking to AMS, have reported that no significant differences in milk 

somatic cell count (SCC) were observed (Castro et al., 2018). 

It is of great importance that the milk delivered maintains high quality as its composition is the 

basis for the quality and nutritional content of dairy products. Milk of poor quality can lead to 

poor yield in the production of dairy products. Even the quality of dairy products can be 

impaired if the milk, for example, contains high concentrations of free fatty acids (FFAs). In 

this context, the overall aim of this study was to enhance the knowledge of AMS and improve 

AMS techniques, considering their effects on milk quality. 

1.2 Objectives and hypotheses: 

Ensuring high milk quality is one of the primary requirements in AMS. However, AMS subjects 

milk to mechanical stress, which in turn can affect milk properties. The most common effects 

of mechanical stress are damage to fat globules and an increase in FFA. A high level of FFA 

subsequently increases the risk of a rancid flavor in milk and dairy products. In order to gain a 

greater understanding of how different milking systems and treatments of milk affect its 

composition and properties, it is important that further studies provide insights on this topic. 

Therefore, the present research was conducted to study the mechanical stress induced by the 

different AMS elements and settings under different milk flow rates and their impact on milk 

parameters. Two laboratory milking parlors (LMPs) were made in imitation of actual AMS. 

 

The specific objectives of the research are the following: 

• Study of the effect of pulsation ratio combined with two types of teat cups used in 

AMS on milk parameters 

• Evaluation of the effect of mechanical stress based on the type of AMS combined 

with two types of teat cups used on milk parameters 

• Investigation of the effect of the most used teat cups used in Germany and their de-

signs on milk parameters 
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• Investigation of the changes in milk parameters as an effect of mechanical stress 

induced during milking due to the different milking line components (sensors, pipe 

shapes, and fittings). In addition, investigation of the contribution of the milk fatty 

acids profile (MFAP) to the contents of FFA 

Based on the specific objectives, the following hypotheses were formulated for this study:   

1. Changing the pulsation ratio of the AMS combined with a certain teat cup under two 

flow rates, will affect milk parameters. 

2. The mechanical stress under two flow rates varies according to the type of AMS 

structure and teat cups used and has a significant effect on milk parameters. 

3. The shape and design of the milking teat cups correspond to a specific pulsation ratio 

under two flow rates significantly affect the milk parameters. 

4. Lipolysis induced by mechanical stress to milk caused by certain milk line compo-

nents, including online milk sensors and curving in milking tubes under two flow 

rates, significantly affects milk parameters, primarily FFA.   
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2 LITERATURE REVIEW  

2.1 Milk parameters and their influence on milk quality 

The amounts of the various main milk components can differ between cows of different breeds 

and as a result of seasonal differences in lactation. Therefore, the essential components that 

have a fundamental role in determining the quality of milk are reviewed. 

 Fat 

Milk fat can be classified as one of the most complex components of milk. Milk fat is a blend 

of various fatty-acid esters called triglycerides (Fox et al., 2015).  Usually, the fat content ranges 

from 3.0% to 4.7%, with diameter ranges from 0.1 µm to 20 µm. Milk fat consists primarily of 

triglycerides (98%), in addition to smaller amounts of monoglycerides, free unsaturated fatty 

acids, sterols, carotenoids, phospholipids, and more than 400 fatty acids (Bylund, 1994; Wiking 

et al., 2004). The milk fat globule (MFG) constituents are summarized in Figure 1 below.  

  

 
Figure 1: Composition of milk fat Source: Bylund (1994)  

 

Since fat is made up primarily of triglycerides, the effect of triglycerides on milk quality is very 

significant (Smet et al., 2010), and MFG is protected by the milk fat globule membrane 

(MFGM). Approximately 65% of MFGM is made up of phospholipids (McSweeney & 

O’Mahony, 2016). In addition, MFGM contains proteins, glycoproteins, cholesterol, 

lipoprotein, and enzymes (Evers, 2004; Ferneborg, 2016; Wiking et al., 2006). MFGM protects 

the triglycerides from lipolysis and oxidation (Franciosi, 2010). 
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However, 20 fatty acids are the majority of the fatty acids involved in the formation of milk fat. 

Approximately, 70% of fatty acids are saturated fatty acids (SFA). Fatty acids can be divided 

based on the length of the carbon chain (4-20 carbon particles) into short, medium, and long 

chain fatty acids. Table 1 presents the primary contributing fatty acids in milk fat. 
 

Table 1: Contribution of the major fatty acids in bovine milk fat. Adapted from (Bylund, 1995). 
Fatty acid carbon number Fatty acids Average range (% weight) 
Saturated  
4:0 Butyric acid 3.1 – 4.4 
6:0 Caproic acid 1.8 – 2.7 
8:0 Caprylic acid 1.0 – 1.7 
10:0 Capric acid 2.2 – 3.8 
12:0 Lauric acid 2.6 – 4.2 
14:0 Myristic acid 9.1 – 11.9 
16:0 Palmitic acid 23.6 – 31.4 
18:0 Stearic acid 10.4 - 14.6 
Unsaturated (mono+poly)  
18:1 Oleic acid 14.9 – 22.0 
18:2 Linoleic acid 1.2 – 1.7 
18:3 Linolenic acid 0.9 – 1.2 

 

 Protein 

The milk protein is a large particle consisting of essential protein components (amino 

acids). The percentage of protein in milk ranges between 3 - 4%. The term “amino acid” comes 

from the bond of the amino group (-NH2) with the carboxylic group (-COOH) in one 

compound. The presence of both groups in the same compound enables the protein to react in 

both acidic and basic solutions, and this phenomenon is known as the amphoteric property 

(Bylund, 1995). 

Moreover, milk protein includes 20 essential amino acids that are crucial for any human diet.  

Milk protein can be categorized into three groups based on type: 

• Casein, which dominates approximately 78 - 80% of total milk protein 

• Serum proteins, which account for approximately 19% of total milk protein 

• Miscellaneous proteins, which account for approximately 1% of total milk protein 

(including MFGM proteins) 

Casein exists as spherical colloidal structures called micelles, which have important properties 

that affect the physical stability of milk. The ingredients of casein micelles include calcium, 

phosphate, magnesium, and citrate. These micelles ingredients, in addition to casein, play a 
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significant role in keeping casein intact (McSweeney & Fox, 2013). Casein micelles are 

hydrated colloidal particles. If conditions such as temperature or shear forces are changed, they 

may be split or combined. In most cases, the combination leads to gel shape (McSweeney & 

Fox, 2013).   

The mechanical stresses induced by different types of milking handling, such as stirring, 

pumping, and homogenizing, lead to disruption in protein structures. As a result, protein 

micelles tend towards aggregation (Mediwaththe, 2017). 

 Lactose 

Lactose, known also as milk sugar, is a disaccharide consisting of galactose and glucose 

combined together. Lactose is found naturally in milk and constitutes between 1.5% and 8% of 

milk weight. It can be extracted from milk or from the whey that remains after the manufacture 

of cheese (Tamime, 2009). Lactose is one of the main factors that maintains osmotic pressure 

adjustment in milk. The relationship, which is known as the Koestler number (KN): (KN = % 

chloride × 100/ % lactose) used as a diagnostic indicator of mastitis, which means the more 

chloride in milk, the more milk abnormal (Fox et al., 2015). 

Lactose is essential in cheese manufacturing as a source of carbon for lactic acid bacteria. Also, 

for various fermented milk products like yogurt, as an example. However, lactose is shared with 

amino groups in the Maillard reaction resulting in brown-colored compounds. The latter 

reaction occurs in high-temperature conditions. This might be a problem in cheese-subjected to 

high temperature, e.g., mozzarella.  

Whereas, lactose usually leads to lower spreadability and lower water activity (Tamime, 2009), 

lactose can be present in both crystalline and non-crystalline forms. These forms alter lactose 

performance, particularly in the processing of low-water dairy products (McSweeney & Fox, 

2009). 

 Urea 

Urea is a natural constituent of milk, making up a major portion of milk non-protein nitrogen 

and a variable fraction of milk total nitrogen. The urea content scale extends from 15 to more 

than 40 mg of urea nitrogen per liter of milk. In general, high urea content corresponds to protein 

content (Brandt et al., 2010; Henao-Velásquez et al., 2014). High urea content could refer to 

excess protein or energy deficiency in the diet. 

Moreover, urea affects the processing quality of milk, in that high levels of urea can increase 

the coagulation time and reduce curd strength during cheese manufacture. However, urea 

concentrations are often correlated with feed and milk season (Cooper et al., 2007). Brandt et 
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al. (2010) have pointed out that a reduction in milk urea content corresponds with a decrease in 

the ammonia emission rate.  

The concentration of urea can also be used in dairy industries as a quantitative benchmark of 

nitrogen consumption effectiveness (Nousiainen et al., 2007).  

  Somatic cell count 

Somatic cell count is generally used for estimating milk quality. An increased SCC results either 

from an inflammatory process due to an udder infection or from physiological disorders of the 

animal. An increase in SCC is inversely related to milk yield and final product quality (Park, 

2010).  

Dairy companies often impose penalties or rewards on individual milk suppliers based on an 

SCC average over a specified seasonal period of time. Moreover, the level of SCC is crucial for 

cheese manufacturing. SCC standards vary between countries. Table 2 presents the acceptable 

level of SCC by countries (Kelly et al., 2011). 

 

Table 2: International standards of SCC acceptable limits 
Country SCC (103 cells/ml) 
European Union 400 
New Zealand 400 
Switzerland 350 
Australia 400 
Canada 400 
United States of America 750 

 

Cheese made from milk with a high content of somatic cells (more than 500,000 cells  

per ml) have a high impact on the rheological properties of the final product. This is associated 

with higher proteolysis activity, lower fat and casein concentration, and higher whey protein 

content (Skeie, 2010). 

 pH 

The milk pH of a healthy cow is on a scale of 6.5 - 6.7 at 25°C (McSweeney & Fox, 2009; 

Tamime, 2007). Measurements of pH are used as a rapid method of establishing fluid acidity. 

In addition, pH can be an indicator of the hydrolysis process, since the latter is boosted by 

hydrogen ions (Karastogianni et al., 2016; Webster, 2003). Fluctuations in pH occur in many 

cases. However, the increase of lactic acid induced by the fermentation of lactose by bacteria 

leads to an increase in the acidity base, and thus, a lower pH value. By contrast, when the 

mineral balance is disturbed due to physiological stresses on the animal, the alkalinity base 

https://www.arabdict.com/de/english-arabic/rheological
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increases, and thus the pH value increases (Tamime, 2009). Lipolysis can also be a cause of 

reduced pH value due to ester hydrolysis. 

Moreover, heat treatment and protein concentration play a role in affecting pH values (Tamime, 

2009). In addition, pH differences can reflect compositional variations in fresh milk. However, 

buffer ingredients in milk include soluble and colloidal calcium phosphate, citrate, and casein 

(McSweeney & Fox, 2009). 

 Freezing point  

Freezing point (FP) usually is a stable property of milk that is used to check adulteration by 

adding water. Depending on the region of origin, the FP of cow's milk can vary slightly. 

Deviation in milk parameters impacts the FP, mainly lactose content, which in addition to 

chloride and citrate, account for approximately 80% of FP depression (Fox et al., 2015; Jensen, 

1995; McSweeney & Fox, 2009; Novo et al., 2007). Costa et al. (2019) has pointed out that 

higher lactose content is negatively correlated with FP. Moreover, the hydrolyzed lactose 

process significantly lowers the FP value (McSweeney & Fox, 2009). In addition, Bouisfi et al. 

(2019) not only attribute FP depression to the addition of water but point out that FP may also 

undergo small variations due to differences in other milk parameters. Hanuš et al. (2010) have 

identified a link between FP and other milk parameters such as proteins, fat, and urea. Milk 

parameters, such as MFG and protein, have a minor effect on FP depression (McSweeney & 

Fox, 2009). 

The FP of cow milk ranges between -0.512°C to -0.550°C (Fox et al., 2015; McSweeney & 

Fox, 2009). Freezing point can vary based on several factors such as lactation period, quality 

of feed, water intake, and herd type. In addition, milk samples for the FP test should be 

transported under cooling conditions, with preservatives to avoid any bacterial spoilage effect 

(Harding, 1995). Moreover, both milk vacuum treatment and fermentation have a significant 

effect on FP. Severe vacuum, for instance, can lead to water loss, thus lowering the FP (Fox et 

al., 2015). Observations relating to milk FP are, therefore, essential for milk quality indications. 

Different milk treatments also affect FP depression through the transfer of dissolved salts into 

the colloidal phase. The colloidal phase causes changes in lactose, including reacting lactose 

with protein, resulting in the production of formic acids. The latter has different FP values based 

on its pureness in the milk (McSweeney & Fox, 2009). 
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2.2 Influence of fat changes in milk on the quality of milk products  

Ensuring high milk quality is one of the primary requirements in AMS. However, several 

factors can affect the quality of fat and the extent of its use in dairy industries, which, in turn, 

can affect milk properties. One of the most critical factors that affects the quality of fat is the 

mechanical stress induced by the milking process. This results primarily in damage to fat 

globules and an increase in FFA. A high level of FFA subsequently increases the risk of a rancid 

flavor in milk and dairy products. Damage of MFGM usually increases due to mechanical 

stress. However, lipase enzyme, which exists naturally in milk, can break down fats through 

what is known as lipolysis activity (Figure 2), which can split the fatty acids into glycerol and 

FFA (Franciosi, 2010).  

 

 
Figure 2: Schematic of triglyceride splitting by the lipolysis process (Source: 
https://www.cheesescience.org/). 
 

The importance of lipolysis lies in the release of FFA, resulting in off-flavors in cheese and 

other dairy products. Lipase enzyme is most active in short and medium carbon chain fatty acid 

glycerides (Collins et al., 2003). Several steps during milk processing lead to fat lipolysis as a 

result of mechanical stress, such as agitation, milk pumping, vacuum fluctuations, and 

homogenization, which in turn increase milk aeration. Air uptake by milk catalyzes lipolysis 

and releases FFA (Franciosi, 2010). Increased mechanization in milking systems, combined 

with temperature fluctuations, enhances the occurrence of lipolysis. It has been found that FFA 

increase by a factor of three at a milk temperature was 32°C as against 5°C. This is enhanced 

if the milk has been stored for a long time. In addition, the height and length of the tubes used 

to transport the milk play a significant role in increasing FFA content (Escobar & Bradley, 

1990). 

https://www.cheesescience.org/
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As a result, the milk that reaches the dairy plants has experienced fatty degradation and an 

increase in FFA content. Free fatty acids are an essential indicator of milk quality in the dairy 

industry. The abnormal taste of milk is attributed to the presence of FFA, especially when the 

percentage exceeds 1.5 mmol/100g (Deeth, 2006). The severity of mechanical stress and 

storage conditions both play an important role in the mechanism of lipolysis severity. The 

optimal thermal field for lipase enzyme activity is around 30°C. In addition, the quality of the 

fat and the fatty substrate are among the factors that help the lipase work more efficiently by 

penetrating the MFGM. The transition of lipase from the skim milk phase to the fatty phase is 

primarily caused by stirring and pumping. Stirring works to change the physical shape of the 

MFG by disrupting the MFGM. Thus, fatty globules come into contact with the enzyme lipase. 

When conditions are favorable for lipolysis, milk with a higher fat content has the largest share 

of lipolysis, even at low temperatures. The older the milk, the higher the lipolysis activity 

(Deeth & Fitz-Gerald, 1977). 

Lipolysis in milk can be generally classified into two types, namely spontaneous and induced 

lipolysis. Spontaneous lipolysis occurs naturally due to several factors, including the milk 

storage temperature, milking frequency, and the feed ratio provided to cows (Stádník et al., 

2015). Induced lipolysis is initiated by physical damage to the MFGM, which allows the lipase 

access to the fat substrate (Deeth, 2006). 

The transportation of milk is also an important factor. Long pipelines and hoses increase the 

stress on MFG, and the risk of releasing FFA levels therefore becomes higher. Milk 

composition can also be affected by several external factors, such as breeding, feeding, and care 

(Stadtmüller, 2014). The lengthy post run of the milk pumps and the resulting air bubbles that 

mix with the air inlets of teat cups naturally stimulate lipase activity, thus increasing the 

percentage of FFA (De Koning et al., 2004).  

In cheese, FFA released as a product of lipolysis especially short and medium fatty acid chains 

directly contribute to flavor (Collins et al., 2003). 

2.3 Milking Systems 

The dairy sector is growing rapidly in various parts of the world, and milking is an important 

process in dairy farming. The milk production process varies according to the milking-based 

systems. There are several types of milking systems, which – depending on the automation level 

– can be divided into manual and mechanical technologies. Small farms tend to opt for manual 

milking systems, particularly small-scale farmers in developing countries, whereas larger farms 
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use the mechanical process (Marnet, 2013). As the milking process is a crucial one, adequate 

equipment is required to ensure the highest quality of milk production.  

However, cows in modern farm systems milked in the so-called milking parlor. The milking 

parlor is the place where the cow brought to be milked and then returned to a feeding area. The 

two major milking systems are the conventional and automatic milking systems.  

 Conventional milking system  

Conventional milking system parlors can be categorized into flat parlors and lifted parlors 

according to the level of the place where the cows stand (milking area) in relation to the milker 

(operator´s area). In the case of flat parlors, both milking and operator’s areas are located at the 

same height level (Figure 3). The cows entered not individually but in a group. Flat parlors are 

more labor-intensive, and handling the cow in this type of arrangement is slower. Nevertheless, 

the costs are also lower than in the case of lifted parlors (Reinemann et al., 1992).  

Generally,  the following four main parlors layouts are used by dairy farmers:  

 Parallel parlors (side-by-side) 

In this design, the cows stand parallel to each other (side-by-side) on the lifted platform (Figure 

4). The cow's position at a right angle to the milker. Therefore, the narrow limits of this position 

allow the milker only to access the udder via a single point. Milking in this design does not 

begin until all cows are in their stalls, and they are all released after milking at one time (White, 

2006).  

 

 
Figure 3: Flat parlor  (García-Yuste, 2020) 
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 Tandem parlor (side-open) 

In contrast to parallel parlors, in this arrangement, the cows stand in a tandem position (Figure 

5). The milker, in this case, is able to see the udder from the side-on point. One of the advantages 

of this system is that the cows can be released individually, without being delayed by anything 

that might be happening with the other cows (Reinemann & Rasmussen, 2011). Furthermore, 

this design simplifies access to the udder, enhancing the chance of automation to ensure higher 

productivity (García-Yuste, 2020).  

 Herringbone parlors (fishbone) 

This is one of the most commonly used designs (García-Yuste, 2020; Reinemann, 2019; 

Sandrucci et al., 2007; White, 2006). Cows stand in an elevated position, tilted at a half-right 

angle to the edge of the milker’s area (Figure 6). The operator can comfortably access the udder 

and use the milking equipment simultaneously (Reinemann & Rasmussen, 2011). Using this 

design can lead to a capacity of 100 cows per hour per milker being achieved (García-Yuste, 

2020). 

 Rotary parlor (carousel) 

Cows stand on a rotary platform (Figure 7). One of the advantages of this layout is that the 

milker remains in a fixed position, which leads to an increase in milking process performance. 

Moreover, the ergonomic conditions in this layout are much more ergonomic than in other 

layouts, and less time and labor are required (García-Yuste, 2020). Work in these parlors is 

usually carried out by two milkers. The first one takes care of equipping the cows with the 

appropriate milking units, while the second removes the milking units and carries out post-

milking purification. Based on the number of stalls – which can range from 10 to 90 – more 

than 1,000 cows can be milked in this type of layout (Reinemann, 2019). 

 Automatic milking systems  

 Background  

The extra labor costs associated with a drop in milk prices have been the biggest driver to make 

the milking process fully automatic (de Koning, 2011; Pirlo et al., 2005). However, a large part 

of this process was already automated, for example, teat spraying and automatic removing. The 

focus subsequently shifted to the automatic attachment of the milking teat cups, and many 

models were tested for this purpose during the 1980s. However, the model that could actually 

perform this function came first onto the market only in 1992 in the Netherlands. Since then, 
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AMS has spread throughout the world (de Koning, 2011, 2004; Hogenboom et al., 2019; 

Salovuo et al., 2005; Sauer & Zilberman, 2010). 

 

 
Figure 4: Parallel parlors (side-by-side) 
 

 

Figure 5: Tandem parlor (side-open) 
 

 

Figure 6: Herringbone parlors (fishbone) 
 

 
Figure 7: Rotary parlor (carousel) 
 

(source:  https://www.dairydiscoveryzone.com/blog/4-modern-milking-parlor-designs) 
 

The early years of AMS were not crowned with success at the commercial level, despite the 

fact that 250 farms throughout the world had used these systems by the end of 1998 

(Svennersten-Sjaunja & Pettersson, 2008). However, by the end of the 1990s, the use of AMS 

was well established, and the number of farms that used one or more AMS units increased 

dramatically to 2,200, 10,000, and 38,000 in 2003, 2010, and 2017, respectively (de Koning, 

2011, 2004; Hansen, 2015; Hogenboom et al., 2019; Rose-Meierhöfer et al., 2016; Sandgren, 

2015; Sauer & Zilberman, 2010). 

According to FAO estimates,  827 million tons of milk were produced in 2018 (FAO, 2018). 

Automatic milking systems are found primarily in Central and Northern Europe, and they make 

up 80% of the systems used in new stables in Scandinavia. An automatic milking system is 

defined as a milking service robot that relies on lasers, ultrasound, and optical cow-related 

optical sensors. (Bernhardt et al., 2019) 

https://www.dairydiscoveryzone.com/blog/4-modern-milking-parlor-designs
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In general, regions with the highest labor wages reflect the highest levels of AMS. Data 

demonstrate that North and North West European countries account for more than 90% of 

market share in AMS (de Koning & Rodenburg, 2004; Hogenboom et al., 2019; Sauer & 

Zilberman, 2010).  

Sauer and Zilberman (2009) pointed out that AMS were generally fit to family farms, as the 

capacity of these systems ranged between 150 and 500 cows. Under the conditions and 

challenges of daily milk production, AMS was considered a good alternative to human 

presence, with high production capacity (Hansen, 2015). However, successive improvements 

in AMS led to an increase in capacity of up to 4,000 cows. At the same time, vital data relating 

to animals were obtained via the various sensors supplied with AMS (Bernhardt et al., 2019). 

 Automatic milking systems versus conventional milking systems 

Automatic milking systems differ from conventional milking systems (CMS) in a number of 

respects. In terms of cost, AMS require a large budget for establishment (de Koning, 2004; 

Sonck, 1996). De Koning (2004) has claimed that high milk productivity with less skilled labor 

might justify the higher initial costs in the long term. However, the length of milking tubes, as 

well as the curves applied, are critical factors when compared to CMS (Lind et al., 2000). 

Basically, the AMS teat cups attachment works automatically through optical sensors without 

any human intervention (Pirlo et al., 2005). Automatic milking systems do not have a cluster,  

as the milking process is performed on each teat quarter independently (de Koning, 2011). The 

process of attaching the teat cup is regarded as a key success requirement of AMS (Gygax et 

al., 2007).  

There has been significant development in the management of farms that use AMS, which is 

not the case with farms that use CMS. Many economic, social, and welfare aspects are reflected 

positively in AMS farms (Hogenboom et al., 2019). Automatic milking results in a consistent 

attitude in terms of cow handling, unlike in CMS, which relies on the milker (Svennersten-

Sjaunja & Pettersson, 2008). Moreover, the milk monitoring system via on-line sensors 

facilitates the first indications of milk quality. However, the latter is a controversial subject 

among researchers (Castro et al., 2018; Hogenboom et al., 2019; Sauer & Zilberman, 2010). 

 Advantages and disadvantages of automatic milking systems  

Automatic milking is probably the most developed technology in the dairy industry, and it has 

caused great controversy. (Helgren & Reinemann, 2006). 

Automatic milking systems do have many advantages – for example, a significant reduction in 

manual workload, allowing more time for farm management and animal welfare (Sonck, 1996). 
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In addition, AMS have increased daily milk production through the ability to milk cows more 

than twice daily (Hogeveen et al., 2004). According to De Koning et al. (2004), AMS have 

reduced the daily workload by 30% and have progressed from being a milking tool to being a 

farm management system (Svennersten-Sjaunja & Pettersson, 2008). Hogenboom et al. (2019) 

attribute the motivation behind using AMS to the amount of vital data that could be gathered 

about cows. These data serve as an important biomarker that can be measured, thus facilitating 

direct intervention when necessary (Hogenboom et al., 2019). 

Despite the advantages of AMS, like other systems, they do have disadvantages. A comparison 

of milk before and after the installation of AMS has revealed that the quality of the milk 

decreased significantly (Yvonne & de Koning, 2002). In addition, the udders were affected 

(Castro et al., 2018). It must be said that the quality of milk is the keystone here, as against milk 

productivity (Helgren & Reinemann, 2006). Moreover, finding highly qualified technicians to 

sustain AMS performance and reduce failures is one of the greatest challenges of AMS 

(Bernhardt et al., 2019). 

However, the newest generations of AMS have demonstrated continuous development by 

improving and strengthening their weaknesses to reach an optimal model in regard to milk 

quality and productivity (Rose-Meierhöfer et al., 2016). 

 Types of automatic milking systems and working principle 

There are several types of AMS, which can basically be divided into single-box systems, multi-

box systems, and rotary systems (Lind et al., 2000). Sauer and Zilberman (2009) have reported 

that AMS single-stall capacity is up to 60 cows, while the multi-box system can accommodate 

a little less than that number. The classification is made according to the number of milking 

boxes served by one attachment arm (Demba, 2011). However, AMS rotary system design is 

also included in this system (Bernhardt et al., 2019). 

In a single-box or integrated system (Figure 8), the milking unit consists of the robot arm, which 

is linked with the milking control room and the milking area where the cow is milked. The robot 

arm can be classified as the central core element of the AMS. By contrast, in multi-box systems 

(Figure 9). Moreover, Sauer and Zilberman point out that a multi-box can contain up to five 

boxes served by a robotic arm interface (RAI) moving robot arm (de Koning, 2011). The 

milking process includes several stages from the moment the cow enters the milking area until 

the moment it leaves. These various stages are dealt with below.  

• The cows’ entry is monitored via AMS sensors, which constitutes another essential 

element of the AMS. A transmitter tag on each cow’s collar allows the system to 

identify the cow via a unique number. Hence, the management system maintains 
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specific records for each cow, and the AMS uses these records to manage the milking 

and feeding activities of a cow when it enters the milking robot, or the traffic system 

opens another gate for the cow to return to the barn.  

• Once the cow is inside the milking area, concentrated feeding pellets are offered as 

rewards, but also as an incentive to reduce the anxiety of the cow. It is crucial that 

feed pellets should be palatable to cows (Madsen et al., 2010). An incentive has to 

be made to make the cows visit the milking area periodically. These feeding pellets, 

which are usually presented with different mixes, are one of the most motivations to 

let cows enter the AMS milking room. In addition, this increases the milking fre-

quency per day (de Koning & Rodenburg, 2004; Hogenboom et al., 2019; Hogeveen 

et al., 2001; Sauer & Zilberman, 2010). Meanwhile, the robot arm, based on sensor 

information, can determine the coordinates of the teats. This process is carried out 

rapidly and precisely by means of optical, ultrasound, or image sensors. The success 

of the AMS depends on the reliability, accuracy, and speed of teat detection. Further-

more, to ensure optimal hygiene and stimulation, the robot arm adapts the udder for 

milking by means of roller brushes, which entails anatomical description scanning, 

cleaning, disinfection the udder, and stimulating the teats (Hogenboom et al., 2019). 

• The milking teat cups are then positioned appropriately underneath the teats by 

means of laser camera technology. The spatial coordinates of the teats are necessary 

for the exact positioning of the teat cups. Each teat cup also is fitted with a pulse 

tube. Then, after the final tuning, the milking process begins. The milk of the quarters 

is mixed only in an initial milk receiving glass (de Koning, 2011; Lind et al., 2000). 

Furthermore, the milk fluid for each teat quarter is monitored individually. Detailed 

data on the physical milk status can be transmitted by the on-line sensor systems in 

real time. Abnormalities in the milk, such as color deviation or high SCC value, can 

be recognized accordingly (Reinemann, 2008; Salovuo et al., 2005). However, the 

definition of characteristics of abnormal milk is still under discussion (Reinemann, 

2008). For the purpose of improving milk quality, more development has to be done 

with bio-sensors (Rasmussen & Larsen, 2009).  

• If the milk flow from any teat quarter stops, the teat cup is removed individually and 

is brought back into the starting position by the robot arm. There are different types 

of robot arm. Some of them mimic the CMS process through a mechanical gripper 

(DeLaval AMR™). The mechanical gripper picks up the teat cups, attaches them 

beneath the teats, and brings them back to the starting position after milking (de 
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Koning, 2011). Alternatively, as in Lely's design (Figure 8), the teat cups move to-

gether with the robot arm. 

• Finally, the robot arm sprays the teat with disinfectant. Teat cleaning can be con-

ducted by two rollers equipped with short brushes, or the cleaning can be performed 

inside the teat cups by a supply of air and water. When the milking process is com-

plete, the gate opens to let the cow out. Meanwhile, the milking teat cups are thor-

oughly rinsed and sterilized, both inside and outside. 

 

 

Figure 8: Single-box system, brand: Lely Astronaut A4 (source: Lely A4 Operator Manual)  
 

 
Figure 9: Multi-box system, brand GEA MIone (Source: GEA Farm Technologies, Bönen, 
Germany)  

1. E-link 
2. Robot control 
room.  
3. Robot control 
cover  
4. Gravitor. 
5. Robot arm. 
6. Jetter box. 
7. Jetters.  
8. Entry gate. 
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The rotary parlors (Figure 10) increase the milking process efficiency. A double saloon gate 

gets one cow at a time to walk onto the platform, and the platform then rotates to the next stop 

position for teat preparation so that the next cow can enter the platform. This system generally 

possesses five task-specific robots, two for teat preparation, two for milking cup attachment 

(Figure 11), and one for spraying disinfectant after milking. In other words, four robots serve 

four cows at the same time, which can improve the efficiency of the procedure. 

 

  
Figure 10: Automatic rotary parlors (AMR, 

DeLaval, Sweden) 

Figure 11: Robot arms in the rotary 

parlor for preparation and milking 

teats (AMR, DeLaval, Sweden) 

 

2.4 Linkage of automatic milking system functionality with milk quality 

Comparison of the quality of the milk produced by AMS and CMS has often been neglected, 

apart from in a few scattered studies (Hogenboom et al., 2019). The introduction of AMS has 

resulted in a deterioration of the quality of milk (Rasmussen & Larsen, 2009). Milk quality as 

a prerequisite demand in modern dairy industries comprises a crucial challenge in AMS. It is 

imperative that the milk produced by AMS should be both of high quality resource-limited 

(Rose-Meierhöfer et al., 2016), especially in relation to the changes relating to the 

physicochemical parameters of milk. The overall goal of the rules and regulations regarding 

milk quality and safety is to ensure that “abnormal milk” does not enter the raw milk supply 

system (Hogenboom et al., 2019; Reinemann, 2008).  

Milk quality in modern dairy farms still faces many challenges, especially when it comes to the 

high level of quality standards required by the market (de Koning, 2004). Oudshoorn et al. 
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(2008) have pointed out that although milk quality was a big obstacle in AMS, it was not given 

sufficient attention. Moreover, the quality of the milk used in cheese making is a decisive factor 

in its acceptance by manufacturers, especially in cheese-making countries (Pirlo et al., 2005). 

Milk intended for cheese manufacturing must meet high standards, such as the appropriate 

proportion of protein and fat. These attributes are necessary to ensure ideal milk coagulation 

(Hogenboom et al., 2019). 

Much attention has also been focused on the milk composition in AMS in relation to the quality 

of the fat content. Svennersten-Sjaunja and Pettersson (2008) have noted that several projects 

on milk quality produced by AMS have been initiated. However, Castro et al. (2018) observe 

that there was an improvement in milk quality over time as farmers became accustomed to this 

technique. 

Visual monitoring cannot be performed properly by the milker. Automatic milking system 

sensors detect abnormal milk in terms of milk color, temperature, and electric conductivity. 

Hence, the farmer is provided with the necessary up-to-date information on the status of the 

milk (de Koning et al., 2004; Yvonne & de Koning, 2002).  

Automatic milking systems affect milk parameters in several directions. The size of the 

difference varies due to many reasons. For example, the AMS brand used, lactation time, and 

dairy breeds are all potential factors that could influence milk parameters (Besier et al., 2015; 

Jiang et al., 2017).  

 Influence of automatic milking systems on chemical parameters 

The concentration of FFA in milk is one of the most important obstacles faced by AMS 

implementation. It has been observed in several studies that FFA increases after the installation 

of AMS (Abeni et al., 2005; Salovuo et al., 2005). Higher FFA values have been observed in 

milk from AMS than milk from CMS. Free fatty acids are a key indicator of milk lipolysis 

activity (Salovuo et al., 2005). These findings are correlated with increases in milking frequency 

(de Koning, 2004; O’Brien et al., 2005). Free fatty acids, as the most important output of 

lipolysis, lead to off-flavors in addition to reducing the milk specifications intended for cheese 

making (Svennersten-Sjaunja & Pettersson, 2008).  

The size of MFG also has a role in the influence level of different mechanical processes used 

in AMS. The level of the different mechanical processes influences on MFG is positively 

correlated with its size. In a study on several types of milk that differ in fat content, Wiking 

(2005) observed that milk pumping had a significant effect on the milk with high-fat content. 

However, high-fat content is positively linked to the size of MFG (Wiking et al., 2004). 
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Lipolysis activity increases in large MFG diameter, resulting in a high FFA percentage 

(Svennersten-Sjaunja & Pettersson, 2008). There is a negative correlation between the stability 

of the MFGM and lipolysis activity. Mechanical stress has a significant effect on the MFGM, 

and hence there is a greater increase in FFA (Svennersten-Sjaunja & Pettersson, 2008).  

Lipolysis induced by mechanical stress is catalyzed by the functioning of many AMS elements. 

The excessive agitation during milk transportation in AMS contributes to MFGM disruption. 

Thus, if this membrane, which acts as a protection for MFG, is damaged, FFA will be released 

as a result (Slaghuis et al., 2004). The actual amount of lipase transferred to the fat phase 

depends on the age and temperature of the milk and the duration of agitation. Moreover, the 

severity of mechanical stress, pumping, and storage conditions play an important role in the 

mechanism of lipolysis severity (Deeth, 2006; Deeth & Fitz-Gerald, 1977). Lipolysis induced 

by mechanical stress is influenced by the pipeline system installed in the stall, resulting in 

further damage to the MFGM, which results in elevated FFA (Cempírková et al., 2009). 

Moreover, Wiking (2011) reported that air is used in milking systems as a carrier medium for 

the milk. The stability of the MFGM is affected by the contact of the MFG with air bubbles. 

Air intake applied in AMS exceeds 12 liters per minute, which is the permissible threshold, 

causing significant damage to MFGM. The long post run of the milk pumps and the presence 

of air bubbles that combine with the air inlet of teat cups will undoubtedly stimulate the lipase 

activity, thus increasing the FFA value (de Koning et al., 2004). 

Salovuo et al. (2005) reported that the introduction of AMS leads to a decrease in fat and protein 

content. Similarly, de Koning (2005) has indicated that increasing the milking frequency in 

AMS also contributed to fat and protein decline. By contrast, Tse et al. (2018) reported that 

there were no changes in milk fat and protein content after installing AMS. A study conducted 

by Klungel et al. (2000) demonstrated a decrease of 1.35% in the fat content of cows’ milk after 

the introduction of AMS. It turns out that the more irregular the milking in AMS, the lower the 

fat content. The fat content of the AMS farms where the milking frequency was more than three 

times a day was also associated with high levels of FFA (Meijering et al., 2004).  

In a study on the economic impact of AMS on milk assessment, it was found that a reduction 

in milk price was linked with fat and protein content decrease (Meijering et al., 2004). By 

contrast,  milk quality based on the fat, protein, and lactose content of milk from CMS and 

AMS was not significantly different (Innocente & Biasutti, 2013).  

Studies on the lactose and urea content of milk produced from AMS are relatively rare in the 

literature and indicate different tendencies. Toušová et al. (2014) found that AMS did not 

influence lactose and urea content. Weiß (2004) attributed the stability of lactose content in 
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AMS to its osmotic nature. Therefore, the structure and percentage of lactose do not change 

unless water alteration occurs. 

 Influence of automatic milking systems on physical parameters  

Freezing point temperature increased on farms that transformed from CMS to AMS 

(Rasmussen et al., 2002). The freezing point is usually associated with added water in the milk. 

In the milk quality regulation, a limit value of -0.515°C is stipulated. Freezing point value above 

this limit, and therefore closer to 0°C, is not fit for circulation. Lactose and urea content that is 

too low can lead to an FP that is too high. Feeding, especially when characterized by a lack of 

protein, can also lead to the limit value being exceeded. Moreover, when cleaning is undertaken 

more often, more cleaning water will be left in the pipes. As a result, the water content in milk 

will increase (Meijering et al., 2004; Rasmussen et al., 2002). Salovuo et al. (2005) found that 

the FP value increased significantly from –0.531°C to –0.518°C in the initial period after the 

introduction of AMS. It was concluded that the temporary increase in FP was due to the water 

that remained during the cleaning process. Lactose content caused 53% of FP depression. Hanuš 

et al (2010) points out that studying factors other than the addition of water is essential in 

determining the causes of freezing point fluctuation. The difference between the AMS brands 

used could explain 62% of the disparity in FP values (Meijering et al., 2004).  

Somatic cell count can be affected by several factors, including farm management, healthy 

handling, and milking frequency. Studies have demonstrated an increase in SCC values in the 

milk produced in AMS (Fadul-Pacheco et al., 2018; Klungel et al., 2000). High SCC milk 

results in cheese that is of a lower quality (Mikulec et al., 2012). 
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3 MATERIAL AND METHODS 

3.1 Experimental approach 

Two laboratory milking parlors (LMPs) were prepared to investigate the influence of different 

technical elements and settings in AMS on milk parameters. To achieve this objective, two 

AMS (Lely Astronaut A4, and GEA MIone), four types of teat cups (Lely, GEA, DeLaval 

MC70, and Bio-Milker®), two pulsation ratios (70/30, and 60/40), three different techniques 

(Essential, Curved, and Flat), and two levels of flow rate (1 kg/min, and 3 kg /min) were 

investigated in 22 different settings. The settings were distributed into four experiments based 

on tested elements, namely 1, 2, 3, and 4. 

Bulk milk was used for all experiments. Each experiment consisted of eight runs, and duplicate 

samples were taken for each run of experiments before and after the milk passed through the 

LMP. Milk components were analyzed throughout the experiments, with a focus on FFA and 

MFAP.  

Subsequently, statistical analyses were conducted in order to examine the significance of the 

results in light of the hypotheses. 

3.2 Materials 

 Milking laboratory 

The research work was carried out in the milking laboratory of the Leibniz Institute of 

Agricultural Engineering and Bioeconomy (ATB) located on the dairy farm at the Training and 

Research Institute for Animal Breeding and Husbandry in Groß Kreutz Kreutz near Potsdam, 

Brandenburg, Germany (Figure 12). The laboratory is equipped with an experimental milking 

parlor simulator that enables the testing of different milking techniques and their effect on milk 

quality. The disturbing influences caused by animals and milkers are excluded. Thus, 

comparative studies of different milking systems are possible under defined controlled 

conditions. This laboratory is one of the test centers certified by the ICAR (International 

Committee of Animal Recording) for milk recording equipment. 

The milking system was calibrated and adjusted for the different set-ups and experimental 

conditions by using water according to ISO standardization (ISO 6690). The objective of this 

was to provide information about the milking system and its effect on milk quality to design 

milking systems for enhanced milk quality.  
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Figure 12: Milking laboratory overview in Groß Kreutz 

 
The milking simulator used in this research was equipped with the following parts  

(Figure 13):  

• Start bulk milking tank  

• Milking jar, 26 L 

• Milking operation valve 

• Vacuum pump 

• Vacuum control valves 

• Teat cups (variable) 

• Pulsation unit (variable). 

• Milk standard receiving jar, 30 L 

• Control unit. 
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The simulator system (Figure 13) was equipped with additional parts to enable the data 

collection needed for this research project. These parts include milking quality control (MQC 

sensor, Lely Astronaut A4), and short connection tubes (elbows). 

 

 
Figure 13: The Lely LMP in ATB laboratory Groß Kreutz (Technique Essential) 
 

The processing of milk for testing was conducted in accordance with the following 

arrangement: 

• The bulk milking tank was equipped with a thermostat and a mixer; in this way, milk 

is thermally controlled and homogenized.  

• The bulk milk tank is linked to the control unit. The milking process is started by 

pressing the milking button, and all other joints should be turned to a milking posi-

tion.  

• An overview of all the laboratory components can be explained through the milking 

phase; in this stage, all the line joints are turned to the milking phase, as mentioned. 

After reaching 30°C in the milking tank, the milk passes through the pipes to the 

milk standard bottle; this bottle has a maximum capacity of 25 kg. Usually, when 

starting the experiment, this bottle was filled with 24 kg of milk in each run, to test 

flowmeters (1 or 3 kg/min). After the milking phase is ended, a cleaning program is 

activated through the control panel, by switching from milking mode to the cleaning 

in place mode (CIP). 

• The milking operational valve near the bottle has four options: 1 for filling a bottle 

from the tank, 2 for washing mode, 3 for milking mode, 4 for rest. 
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• This is followed by a place to hang the teat cups; the air inlet also connected to the 

milk pipes. 

• The pulsation unit is connected to each teat cup by separate pipes. 

• Four tubes come out of the teat cups, according to the design of the milking system 

to be tested. 

• The milk in the milking phase ends up in the small tank, where samples can be taken. 

• The laboratory is served by two vacuum inlets. The vacuum pump is located in an-

other section. 

• The milk in the receiving tank is drained out after each experimental run.  

 Milking system 

The work was based on the use of two unique designs of technical components used in AMS. 

These technical components were used to assemble the LMP, which test the Lely Astronaut A4 

AMS (Lely Holding, Maassluis, Netherlands) and the GEA MIone AMS (GEA Farm 

Technologies, Bönen, Germany).  It is worth mentioning that these two systems are widely used 

in Europe and were therefore chosen to be studied in order to offer possible improvements in 

the already existing commercial installations in the dairy industry. 

The LMP assists in simulating the real milking systems in terms of the working mechanism and 

the essential components involved in the installation. The design and set-up of the LMP also 

make it possible for the elimination of random and individual effects of cows by using a 

sufficient quantity of bulk milk with known characteristics. The two LMPs were installed in the 

milking laboratory of ATB in Groß Kreutz, Brandenburg, Germany. The laboratory was 

equipped with different components of the chosen AMS. All investigated components were 

installed in the LMP to be tested in different settings and layouts. 

 Lely Astronaut A4 Laboratory Milking Parlor 

As illustrated in (Figure 14), the robot arm, which conducts the milking process from the udder 

teat to the milk jar receiver, is the first process where the milk is subjected to mechanical stress.  

For a more in-depth explanation, the robot arm (Figure 14) includes the teat cups (Figure 15), 

the milking flow meter sensors, the shut off sleeves cartridge (Figure 16), and the MQC (Figure 

17). All these parts with tubes were integrated into the LMP for investigation.  
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Figure 14: Lely Astronaut A4 robot arm description  (source: Lely A4 Operator Manual) 
          

 

Figure 15: Lely teat cup  

 

Figure 16: Shut off sleeves cartridge 
 

 

Figure 17: Milk quality control unit 
 

The milking components through which the milk passes at different critical points were ordered 

for the purpose of assembling the Lely LMP (Figure 18). The list of these critical components 

 

1.  Shut off sleeves cartridge  
2. Brushes (remove dirt and 

manure) 
3. spray nozzle (hot water 

cleaning with chemicals 
will rinse the lines)  

4. Twin tube  
5. Bleed hole  
6. Teat cup  
7. Teat disinfectant nozzle  
8. TDS screen (teat detection 

system) 

1. Teat liner 
2. Teat cup sleeve   
3. Milk collector cup  
4. Bleed hole 
5. Centering cup 
6. Cup cord 
7. Twin-tube 
8. Tube clamp 
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Figure 18: Part of Lely LMP in the test laboratory 

 
includes the teat cups, the shut off sleeves cartridge, various different tubes, the MQC, and the 

pulsation source was the Pulsatronic M (Impulsa, AG, Germany). Teat cups were connected 

with a pulsation device through four tubes. These parts constitute the main points of the milking 

process, and it is here that the milk is subjected to various kinds of mechanical stresses.   

 GEA MIone Laboratory Milking Parlor 

The GEA LMP (Figure 19) included more automated components, which required more 

calibration and new software for adjusting the required pulsations. 
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Figure 19: Part of GEA MIone LMP in the test laboratory 

 

The parts list for the test milking parlor includes the following main components:    

• Teat cups 

• Milk meter 

• Pulsator (built-in) 

• Control and operating unit (Figure 20) 

• Gateway Electronic Control (Figure 21) 

The GEA LMP pretested, and measurements were therefore conducted based on the new 

installation. As in the case of the Lely LMP, the main three elements (teat cup, pulsations ratio, 

and flow rate) were investigated in different settings. 
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Figure 20: DemaTron 70 Deracher (GEA 
Westfalia) 

 

Figure 21: DMS 21 Gateway Electronic  
Control  (GEA Westfalia) 

 

 Teat cups 

Teat cups are an essential part of any mechanical and automatic milking system. They are 

directly linked to animal health and mastitis. 

 Lely teat cups 

The first teat cups used, the Lely teat cups (Figure 22), consist of two chambers connected to 

the pulsator device, with one tube and another outlet for milk with a right angle. The liner is 

made of silicone for optimal milking. The liner with a cylindrical shaft shape includes a head 

ring. The lower teat cup shell is made of plastic. 

 

   
Figure 22: Lely teat cups dimensions 
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 GEA teat cups 

The second teat cup, the GEA classic pro liner (Figure 23), is made of silicon and has a 

stainless steel shell. This teat cup is equipped with two outlets for pulsation and milk. The 

angel of the milk outlet is flat, unlike the Lely teat cup angel. The transparent part at the end 

of the liner allows for the control of milk flow. 

 

 

Figure 23: GEA teat cup classic pro dimensions 
 

 

 Bio-Milker® teat cups 

The third teat cup type used in the experiments was the BioMilker® (Silicoform, Germany). 

BioMilker® was developed in 1965. This system utilizes periodic ventilation of the teat cup 

(Figure 24). The valve is closed during the suction phase. During the relief phase, some air is 

introduced into the sight glasses through special valves in the teat cup. Each of the four 

BioMilker® valves is characterized by the periodic lowering of the vacuum once per second 

during the discharge cycle; this creates a natural vacuum application on the teat. At the same 

time, a lower, physiologically correct massage pressure is applied to the teat during the 

discharge cycle. (Kaskous, 2016). 
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Figure 24: BioMilker® teat cup with periodic air inlet dimensions (Source: Siliconform) 
 

 DeLaval MC70 cluster 

The fourth type used for the investigation wa DeLaval MC70. (Figure 25). The DeLaval milking 

cluster is a robust, heavy-duty cluster that has a stainless steel body and is built to reliably 

handle continuous operation. It incorporates a nippleless liner design to handle extreme milk 

flows with minimal vacuum fluctuations. It is intended to apply excess mechanical pressure to 

milk flow through the use of teat cups with the cluster in the experiments. 

3.3 Methods 

 Methodological approach 

The ATB milking laboratory was equipped with different components of the chosen AMS. All 

investigated components were installed in the milking system simulator in order to test the 

different elements and settings. Analyses consisted of sampling dates, the setup used, vacuum, 

and the following traits. In all the various setups tested, the following quality analyses were 

carried out: fat percentage (%), protein percentage (%), lactose percentage (%), SCC (cell/mL), 

pH, FP (°C), urea (mg/l), saturated FA (SFA, g/100 g milk), unsaturated FA (UFA, g/100 g 

milk), monounsaturated FA (MUFA, g/100 g milk), polyunsaturated FA (PUFA, g/100 g milk), 

FFA (mmol/100 g milk fat) and four single FA (g/100 g milk) known to be the major 

components of the overall FA in milk, namely myristic acid (C14:0), palmitic acid (C16:0), 

stearic acid (C18:0), and oleic acid (C18:1) (Bylund, 1995). 
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Figure 25: DeLaval cluster with dimensions (Source: DeLaval) 
 

 Milk sampling  

Milk sampling started in March 2018 and continued until July 2019. First, the bulk milking tank 

(See Figure 13) was filled with 110 kg of raw milk directly from the milking parlor. The milk 

was stirred constantly throughout the experiment in order to ensure homogenized samples. At 

the same time, the milk was kept in the bulk tank at a temperature of 30°C. Four runs were 

carried out at a flow rate of 3 kg/min and four times at a flow rate of 1 kg/min. The airflow was 

set at 12 L/min. After the milk temperature reached 30°, the milk needs to pass through the milk 

recording glass bottle for each run. Every time the bottle should refill to the same point to 

standardize the measurement method. Since at least ten to twelve kilograms of milk were 

needed per run, each of the first four runs lasted ten minutes.   

The milk flow meter was adjusted to two levels during the experiment – 1 kg of milk/min and 

3 kg of milk/min. The flow meter adjustment was made through the vacuum valve in which one 

can increase or reduce the flow value. Two main vacuum values were applied for each flow 

meter. The different flow rates can be attained through the vacuum tuning valve. To guarantee 

a flow rate of 1 kg/min, the provender vacuum was set to 35 - 36 kPa and  

25 - 26 kPa for a flow rate of 3 kg/min.  

For each run, 12 liters of milk were used, and two milk samples were taken. The first sample 

was taken at the beginning of the run from the start bulk milking tank. The second sample was 

taken at the end of the run from the milk receiving jar. The procedure applied inline of ICAR 
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Guidelines section 11 (Appendix 2). This procedure was applied to avoid any changes that may 

occur in the samples. At least 50 ml–75 ml of milk were sampled in and mixed with 0,02% of 

Bronopol preservative (Thermo Fisher Scientific, Bremen, Germany) immediately after 

collection. The sample must be shaken after each filling to ensure that the milk is effectively 

mixed with the preservative. The sample bottle should be at least two-thirds full here. Samples 

were sent in a polystyrene cooler box with ice packs to keep them refrigerated until analysis. It 

is essential to mention that the bottles contained preservatives and to take into account that this 

is dangerous to health.  

 Milk analyses  

 Fat content 

Milk fat content was determined using the butyrometer fat determination method, according to 

Töpel (2011). This standard method is valid for all types of milk. In principle, the fat is 

separated in a butyrometer and recorded volumetrically. Figure 26 presents a diagram of a 

standard Gerber butyrometer. Before the fat determination can be carried out, the sample must 

be prepared accordingly. First, the milk must be heated to 20°C and thoroughly mixed through 

gentle shaking. This is done to prevent foaming, and so that the fat is distributed homogeneously 

if the fat layer cannot be equally distributed. The milk can then be slowly heated to 35 - 40°C. 

Finally, after setting the temperature, the milk sample is left to stand for three to four minutes, 

which serves to remove air bubbles. For complete separation of the fat, the fat globule 

membrane must be destroyed by adding 10 ml of concentrated sulfuric acid. The sulfuric acid 

initiates the breakdown of the fat globule membrane. Furthermore, the milk protein fractions 

and lactose are oxidized and hydrolyzed by the sulfuric acid. The released fat is separated by 

centrifugation, which is facilitated by the addition of 1 ml of amyl alcohol. The fat content can 

be read off the scale of the butyrometer as a percentage by mass to 0.005%. Duplicate 

determinations of the same milk sample must always be carried out. These may not differ from 

each other by more than 0.10 % (Töpel, 2011). 
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Figure 26: Gerber butyrometer for measuring the percentage of fat in milk (TÖPEL, 2004) 
 

 Free fatty acids   

The Deeth method (Greiling, 2000) was used to determine the FFA. This method is applicable 

to all liquid milk products. It enables the detection of low-molecular, short-chain fatty acids, 

which are the main cause of sensory impairment of milk and its products (Greiling, 2000). For 

FFA content determination, the milk must be heated to 20°C after a cooling period of 24 hours 

and then weighed into a test tube. A Finn pipette set at  

4.75 - 4.8 mL was used for this purpose. Subsequently, a plastic pipette was used to add small 

quantities until the desired weight of about five grams was reached. These values were recorded 

in a table. Next, 10 mL of 2-propanol-petroleum benzine-sulfuric acid mixture, 6 mL of 

petroleum benzine, and 4 mL of distilled water were added to each milk sample. In order to mix 

the components, each sample was shaken for 15 seconds. The samples were then cooled for at 

least 15 minutes to allow the fat to settle. After a sufficiently long cooling period, 5 ml of fat 

were removed from the top layer of each sample by pipette and transferred to a 100 ml 

Erlenmeyer flask. Next, 1 ml of 2-propanol and two to three drops of phenol red were added to 

this fat to discolor the sample. During the titration, the color of the solution changes from yellow 

to light pink. If this pink coloration lasts at least 30 seconds, the titration is successful. 

Furthermore, a blank value must be prepared for control purposes. To this end, 1 ml of 
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petroleum benzine and three drops of red phenol indicator were added to 5 ml of distilled water 

in a 100 ml Erlenmeyer flask. This solution was then titrated with ethanolic potassium 

hydroxide solution. The titration was carried out with the piston burette Titronic universal 

(Schott Instruments GmbH, Mainz, Germany). The FFA content is given as Wffa in mmol/100 

g fat and must be calculated as follows: 

 

Wffa = 
𝐹𝐹 .100 .t ( 𝑉𝑉1−𝑉𝑉2 )

𝐸𝐸 .𝑊𝑊𝐹𝐹 
 

 

where: V1= consumption of the ethanolic potassium hydroxide standard solution in ml for 

the sample,  

V2 = consumption of the ethanolic potassium hydroxide standard solution in ml for the blank 

value, 

E = sample weight in g, 

t = titer of the ethanolic potassium hydroxide standard solution, 
WF = fat content of the sample in percent, and 

F = 2, because only half of the organic phase is used for titration. 

 

The result is calculated to two decimal places and rounded to one decimal place. 

 Multi-parameter analysis with MilkoScan™  

Milk samples for this analytical method were transported under cooled conditions preserved 

with Bronopol, and usually reached the laboratory within 24 hours. Milk parameters (FFA, fat, 

SCC, protein, lactose, pH, FP, urea, and MFAP) were analyzed by the MilkoScan™ 7  RM 

method (Foss Electric, Hillerød, Denmark) (Figure 27).  

The MilkoScan™ 7 RM is an automatic, high-resolution spectrophotometer, based on Fourier 

transforms infrared (FTIR) and used for the rapid determination of milk traits. The milk samples 

were heated in a water bath at 40 - 42°C, then taken automatically, as shown in (Figure 28), 

homogenized, placed into the accumulator, and correspondingly inserted into the cuvette. The 

sample is subsequently analyzed by applying an infrared spectrometer that records the quantity 

of radiation absorbed in the transmittance in the mid-infrared region (925 - 5,000 cm-1). Spectral 

data are converted into approximations of the elements absorptions by standardization models 

based on selected samples from the population. The interferogram is then converted into 

spectrum data and sent into a sequence of measurements, culminating in the final balanced, 
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measured value. The first part of the sample volume intake is used to rinse the whole flow 

mechanism, thereby reducing the rest effect (Orlandini, 2020). 

 

 

Figure 27: MilkoScan™ 7 RM. 
 

 

Figure 28: Scheme for measurement principle MilkoScan 7 RM,source: MilkoScan™ 7 RM 
User manual 
 

 Experimental setting 

Four experiments were designed and conducted in the ATB milking laboratory at the Training 

and Research Institute for Animal Breeding and Husbandry in Groß Kreutz Kreutz, as 

mentioned earlier (detailed description in 3.2.1, page 22). Each of the four experiments was 
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carried out to test the set-ups that were hypothesized to have an effect on milk parameters. For 

that purpose, 20 set-ups were identified, based on type of LMP, pulsation ratio, teat cups used, 

flow rate, and the technique, as summarized in  

Table 3.  

 
Table 3: Complete experimental set-ups testing four experiments, based on type of technique, 
flow rate, teat cups, pulsation ratio, and LMP as fixed effects on milk parameters. 

 

Four experiments were conducted based on the various set-ups, as follows. 

• The first experiment applied the set-ups (1, 2, 3, 4, 5, 6, 7, and 8) to determine the 

impact of mechanical stress on milk parameters due to differences in the teat cup 

design under different pulsation ratios.  

• The second experiment applied the set-ups (1, 2, 5, 6, 9, 10, 11, and 12) and was 

conducted under the most commonly used pulsation ratio of 60/40 to evaluate the 

effect of mechanical stress on milk quality of the type of LMP (detailed description 

on pages 27&28 ) and the type of teat cups used. 

• The third experiment applied the setups (9, 10, 11, 12, 13, 14, 15, and 16) to investi-

gate the effect of mechanical stress based on four types of teat cups. 

• The fourth experiment applies the setups (1, 2, 17, 18, 19, and 20), and the main 

effect was to Investigate the effect on the milk parameters of mechanical stress in-

duced by the presence and shape of the curves, in addition to the presence of the 

online sensors. Under this set-up, three techniques were tested and evaluated. The 

first technique was technique Essential. This layout of the technique consists of the 

basic Lely LMP components (detailed description in 3.2.1, page 24), while in the 

second one, the Flat technique, parts were taken out to reduce the stress (Figure 29). 

Set-up LMP Pulsation ratio Teat cups Flow rate Technique Observations (n) 
1 Lely 60/40 Lely 1 kg/min Essential 74 
2 Lely 60/40 Lely 3 kg/min Essential 74 
3 Lely 70/30 Lely 1 kg/min Essential 52 
4 Lely 70/30 Lely 3 kg/min Essential 52 
5 Lely 60/40 GEA 1 kg/min Essential 64 
6 Lely 60/40 GEA 3 kg/min Essential 64 
7 Lely 70/30 GEA 1 kg/min Essential 16 
8 Lely 70/30 GEA 3 kg/min Essential 16 
9 GEA 60/40 GEA 1 kg/min Essential 48 
10 GEA 60/40 GEA 3 kg/min Essential 48 
11 GEA 60/40 Lely 1 kg/min Essential 48 
12 GEA 60/40 Lely 3 kg/min Essential 48 
13 GEA 60/40 DeLaval 1 kg/min Essential 48 
14 GEA 60/40 DeLaval 3 kg/min Essential 48 
15 GEA 60/40 BioMilker 1 kg/min Essential 48 
16 GEA 60/40 BioMilker 3 kg/min Essential 48 
17 Lely 60/40 Lely 1 kg/min Flat 112 
18 Lely 60/40 Lely 3 kg/min Flat 112 
19 Lely 60/40 Lely 1 kg/min Curve 128 
20 Lely 60/40 Lely 3 kg/min Curve 128 
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These parts included the elbows tubes, which were connected to the inlet of the shut 

off sleeves cartridge unit, in addition to the MQC unit. In addition, tubes were short-

ened in this case (Figure 30). In the third layout, in addition to removing the previous 

parts, more curving was added to apply mechanical pressure to the flowed milk (Fig-

ure 31). For this reason, all equipment was chosen from the same company to avoid 

any possible noise in the results. The equipment was chosen from Lely, A4 astronaut 

(Lely Holding, Maassluis, Netherlands), as this company dominates the international 

market and has a wide geographical distribution, as indicated in the material and 

method section. Furthermore, MFAP was analyzed in order to evaluate which fatty 

acids are represented in the FFA profile. 

 

 

Figure 29: The Lely Laboratory Milking Parlor in the ATB laboratory, Groß Kreutz (Technique 
Flat) 
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Figure 30: Lely Laboratory Milking Parlor, taking out curved elbows and MQC to test the Flat 
layout effect on milk parameters. 
 
 

 
Figure 31: The Lely Laboratory Milking Parlor in the ATB laboratory, Groß Kreutz (Technique 
Curve)   
 

 Statistical analyses  

The statistical data analyses were carried out with the statistical software SAS version 9.4. (SAS 

Institute Inc., Cary, NC, USA). The data were sorted out using the Microsoft Excel spreadsheet 

program, version 2016. Data were analyzed using SAS PROC GLIMMIX and PROC CORR 

The curves elbows that were 
connected after the milking 
cups 

MQC (Milk quality control) 
parts sensors 
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for the correlation between the variables. The model consisted of the experimental set-ups as 

fixed effects. The fixed effects were as follows: 

• LMP 

• Technique 

• Teat cups 

• Pulsation ratio 

• Flow rate 

The model equation was implemented as follows: 
 

Y ijklmn =μ + TECHi + AMSj + CUPk + PULl + Fm + (TECH x F) im+ (CUP x PUL) kl + (AMS x CUP) jk + (AMS x F) 

jm + (CUP x F)km + εijklmn 

 

where: Y ijklmn =  differences of dependent variables [FFA (mmo/100g), SCC (x1,000*ml), fat 

(%), protein (%), lactose (%), pH, FP (oC), urea (mg*l), SFA (%), UFA (%), MUFA (%), PUFA 

(%), Myristic acid (%), Palmitic acid (%), Stearic acid (%), Oleic acid(%)] 

µ = mean value of dependent variable. 

TECHi = fixed effect of technique (i = Essential, Curve, Flat). 

AMSj = fixed effect of AMS ( j = GEA milk-stand, Lely milk stand). 

CUPk = fixed effect of teat cups (K = GEA teat cups, Lely teat cups, DeLaval teat cups, 

Bio-Milker® teat cups). 

PULl = fixed effect of pulsation ratio (l = 1-pulsation ratio 60/40, 2-pulsation ratio 

70/30). 

Fm = fixed effect of flow rate (m =1- 1 kg/l, 2- 3 kg/l). 

TECH x F = fixed interaction effect between TECH and F. 

CUP x PUL = fixed interaction effect between CUP and PUL 

AMS x CUP = fixed interaction effect between AMS and CUP 

AMS x F = fixed interaction effect between AMS and F 

CUP x F = fixed interaction effect between CUP and F 

ε ijklmn = random residuals. 

 

Significance levels p <0.05 were used to evaluate the differences between groups. 

The XLSTAT version 2020.3.1 procedure performed the principal component analysis (PCA) 

a method that allows the investigation of multidimensional datasets with quantitative variables. 

Principal component analysis is an essential tool for understanding relationships in multivariate 

data. The first two factors (F1, F2) explain a significant portion of the variance in the data. 
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Therefore, PCA can be regarded as a “data mining” method, as it makes it possible to extract 

information from large datasets quickly; thus, visualizing observations in a two or three 

dimensional space (factors, e.g., F1, F2) in order to identify uniform or atypical groups of 

observations. The overall data for each experiment were used, output data sets containing 

eigenvalues, eigenvectors, and standardized or unstandardized principal factor scores (F1, F2, 

... F5) applied. The results were presented as graphs. 
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4 RESULTS  

4.1 The effect of the combination of pulsation ratios with most used teat cup types under 
two flow rates on milk parameters (Exp1) 

The first hypothesis of this experiment was that pulsation ratio combined with two types of teat 

cups under two flow rates affects milk parameters. Two pulsation ratios were used, namely 

60/40 and 70/30. The teat cups from Lely (detailed description in 3.2.3.1, page 29) and GEA 

were used mutually under two flow rate conditions, namely 1 kg/min and 3 kg/min. The aim of 

this experiment was to determine the impact of mechanical stress due to differences in the teat 

cups design under two pulsation ratios and flow rates. 

The milk chemical parameters results from (412) observations in eight set-ups (1, 2, 3, 4, 5, 6, 

7, and 8) are presented in (Table 4). 

 

Table 4: Chemical milk parameters (means values) affected by the pulsations ratio and with two 
different teat cups under two flow rates 

Treatment Sampling time 1 FFA 
(mmol/100 g) 

Fat 
 (%) 

Protein 
(%) 

Lactose 
 (%) 

Urea 
 (mg/l) 

Teat cups       
GEA Cups Before 1.446 4.050 3.484 4.801 186.200 
GEA Cups After 1.772 3.898 3.491 4.808 188.488 
Lely Cups Before 1.358 3.646 3.396 4.796 207.563 
Lely Cups After 1.703 3.013 3.399 4.816 208.719 
Pulsation ratio       
60/40 Before 1.289 3.885 3.431 4.799 190.054 
60/40 After 1.659 3.507 3.431 4.815 191.402 
70/30 Before 1.648 3.661 3.440 4.797 215.438 
70/30 After 2.009 3.189 3.449 4.809 218.750 
Flow rate 2       
FR 1 Before 1.366 3.816 3.433 4.798 195.625 
FR 1 After 1.772 3.400 3.431 4.809 195.597 
FR 3 Before 1.425 3.820 3.435 4.798 195.764 
FR 3 After 1.759 3.387 3.433 4.817 199.361 

1 (Before= first sample was taken (at the beginning of the run) from the start bulk milking tank; After = second 
sample (at the end of the run) was taken from the milk receiving jar). 
2 (FR 1 = flow rate 1 kg/min, FR 3 = flow rate 3 kg/min). 
 
Differences in values for the samples taken after the milk passed through the LMP indicated 

that there was no significant effect of teat cups and pulsation ratio on milk FFA (Table 5). 

However, the flow rate had a significant effect on FFA. The FFA content was increased by the 

lower flow rate that is represented in a higher vacuum. This increase was 23.63% vs. 29.36 % 

in the milk flow rates of 3 kg/min and 1 kg/min, respectively. 
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In general, a significant decline in fat content was detected due to the teat cup type used in the 

milking system. The fat content declined more in milk passed through Lely teat cups, the fat 

content was 18.6% vs. 3.9% fat content in the GEA teat cups. 

 

Table 5: Milk chemical parameters (differences values) affected by pulsation ratios and with 
two different teat cups under two flow rates 

Treatment 
 

FFA 
(mmol/100 g) 

Fat 
(%) 

Protein 
(%) 

Lactose 
(%) 

Urea 
(mg/l) 

Control 1 1.39±0.03 3.82±0.04 3.43±0.007 4.798±0.002 195.694±1.662 
Differences2 

     

Teat cups      
GEA Cups 0.33±0.03 -0.15±0.01a 0.007±0.003a 0.008±0.003b 2.6016±2.6495 
Lely Cups 0.35±0.02 -0.71±0.02b 0.021±0.002b 0.023±0.002a 1.9375±1.6519 
Pulsation  
ratio 

     

60/40 0.365±0.02 -0.42±0.01 0.0025±0.0023a 0.019±0.0027b 1.2266±1.1901 
70/30 0.372±0.034 -0.46±0.02 0.0167±0.0027b 0.022±0.0023a 3.3125±2.8865 
Flow rate3 

     

FR 1 0.41±0.03b -0.43±0.01 0.011±0.003b 0.012±0.003 0.3941±2.1129 
FR 3 0.33±0.03a -0.45±0.01 0.003±0.003a 0.019±0.003 4.145±2.1129 
p value4      
C ns * * * ns 
P ns ns * * ns 
FR * ns * ns ns 
C×P ns ns * * ns 
C×FR  ns ns ns ns ns 
P×FR ns ns ns ns ns 
C×P×FR ns ns ns ns ns 

a-b differences within column within measured category with different superscript differ (p <0.05). 
1 Initial milk used. 
2 differences due to the tested effect in comparison with initial milk used. 
3 (FR 1 = flow rate 1 kg/min, FR 3 = flow rate 3 kg/min). 
4 C = teat cup, P = pulsation ration, FR= flow rate and their interactions. 
*= p ≤ 0.05, ns=not significant.  
 

The results also indicated that all studied fixed effects had a significant influence on protein 

content. The vacuum induced by the lower flow rate of 1 kg/min slightly increased the protein 

concentration from an average of 3.43% protein before passing through the milking system to 

an average of 3.44% protein after passing through the LMP – a 0.4% increase in the total protein 

content.  

In addition, the lactose content was significantly increased (p <0.05) due to the effect of teat 

cups, pulsation ratio, and milk flow rate in the milking system. The highest increase in lactose 

content was observed in the Lely teat cup, which reached 0.47%, as against 0.17% in the GEA 

teat cup.  

Nevertheless, the interactions between teat cups and pulsation affect the protein and lactose 

content significantly (p <0.05); the highest increase was 1.19% at a pulsation ratio of 70/30 in 
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the GEA teat cup, while it was 0.23% at the same pulsation ratio in the GEA teat cup. By 

contrast, protein content decreased in both pulsation ratios in the Lely teat cups. The lowest 

decline was recorded in the pulsation ratio of 70/30. In the Lely teat cups, lactose content 

increased by 0.65%, and 0.31% at pulsation ratios of 60/40 and 70/30, respectively. By contrast, 

in the GEA teat cups, lactose content increased by 0.16%, and 0.19% at pulsation ratios of 60/40 

and 70/30, respectively (Figure 32).  

 
Figure 32: Interaction effect of pulsation ratio combined with two teat cups on lactose and 
protein content of milk. 
 

Moreover, changes in urea content (Table 5) due to changes in milking teat cups and pulsation 

ratio were not significant (p >0.05). Few studies on the effect of mechanical pressure on the 

amount of urea in milk have been conducted to date.  

The results relating to the physical parameters of milk from the same observations are presented 

in (Table 4). 

Both the flow rate and the pulsation ratio influenced the FP significantly (Table 7). When a 

pulsation ratio of 60/40 was applied, an increase in the absolute value of FP of 0.22% was 

recorded. By contrast, a smaller increase in the absolute value of FP of 0.17% was recorded 

when a pulsation ratio of 70/30 was applied. Likewise, the flow rate of 3 kg/min had a slightly 

lower effect than the flow rate of 1 kg/min.  
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Table 6: Physical milk parameters (means values) affected by the pulsations ratio and with two 
different teat cups under two flow rates 

Treatment Sampling time 1 SCC 
(103 cells/ml) pH FP 

 (°C) 
Teat cups     
GEA Cups Before 101.700 6.678 -0.525 
GEA Cups After 99.225 6.685 -0.526 
Lely Cups Before 105.141 6.655 -0.527 
Lely Cups After 104.219 6.669 -0.528 
Pulsation ratio     
60/40 Before 87.313 6.685 -0.525 
60/40 After 85.571 6.692 -0.526 
70/30 Before 158.938 6.608 -0.529 
70/30 After 157.000 6.628 -0.529 
Flow rate 2     
FR 1 Before 103.597 6.665 -0.526 
FR 1 After 100.792 6.678 -0.527 
FR 3 Before 102.861 6.670 -0.526 
FR 3 After 102.097 6.677 -0.527 

1 (Before= first sample was taken (at the beginning of the run) from the start bulk milking tank; After = second 
sample (at the end of the run) was taken from the milk receiving jar). 
2 (FR 1 = flow rate 1 kg/min, FR 3 = flow rate 3 kg/min). 
 

 

Table 7: Milk physical parameters (differences values) affected by pulsations ratios and with 
two different teat cups under two flow rates 

Treatment 
 

SCC 
(103 cells/ml) 

pH 
 

FP 
(°C) 

Control 1 103.23±3.953 6.668±0.005 -0.5259±0.0002 
Differences2    
Teat cups    
GEA Cups -2.41±1.96 0.011±0.008 -0.0007±0.0004 
Lely Cups -1.14±1.10 0.018±0.005 -0.0009±0.0001 
Pulsation ratio    
60/40 -1.61±0.88 0.0076±0.0035 -0.0012±0.0002b 
70/30 -1.94±2.07 0.0206±0.0088 -0.0004±0.0003a 
Flow rate3    
FR1 -1.29±1.24 0.016±0.006 -0.0011±0.0002b 
FR 3 -2.25±1.24 0.012±0.006 -0.0005±0.0002a 
P value4    
C ns ns ns 
P ns ns * 
FR ns ns * 
C×P ns ns ns 
C×FR ns ns ns 
P×FR ns ns ns 
C×P×FR ns ns ns 

a-b differences within column within measured category with different superscript differ (p < 0.05). 
1 Initial milk used. 
2 differences due to the tested effect in comparison with initial milk used. 
3 (FR1 = flow rate 1 kg/min, FR3 = flow rate 3 kg/min). 
4 C = teat cup, P = pulsation ratio, FR= flow rate and their interactions. 
*= p ≤ 0.05, ns=not significant.  
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In general, no influence was noticed on the SCC and pH. However, the average decline in SCC 

might be as a result of time and physiological conditions such as milk reheating and handling. 

However, further studies are required to investigate the effect of the technology used in milk 

handling on the SCC (e.g., milk pumping, types of milk transportation, milk pipes).  

The principal component analysis (PCA) outputs can identify groups of samples that are similar 

and work out which variables make one group different from another. In this experiment, the 

PCA for pulsation ratio (Figure 33) concentrated 71.30%  of the total variability in the first two 

factors (axes), with 47.06% in the first factor (F1) and 24.24% in the second factor (F2). Thus, 

it was possible to observe that the pulsation ratio of 70/30 was correlated with high levels of fat 

and protein, and with lactose and FFA, whereas the pulsation ratio 60/40 demonstrated a slight 

correlation with FP. Moreover, lactose and protein content were negatively correlated with FP, 

as indicated in Table 8. 

 
Figure 33. Results of principle component analysis when pulsation ratio is applied with teat 
cups 
 

The PCA graph for teat cups (Figure 34) was distributed across F1 and F2 that describe 71.30% 

of the variability in the data set. The Lely teat cup was correlated with protein and FFA, as 

against lactose and fat, whereas the GEA teat cup demonstrated a slight correlation with FP and 
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a low correlation with lactose. Therefore, both teat cup points were intertwined, primarily in 

their correlation with lactose and FFA. 

The correlation matrix is presented in Table 8. A positive correlation was identified between 

protein content and fat content. By contrast, the FP was negatively correlated with protein and 

lactose content. 

 

Table 8: Results of principal component analysis demonstrating the relationship between the 

influenced milking parameters when two different teat cups combined with two pulsation ratios 

were applied 
Variables Fat 

(mmol/100 g) 
FFA 

(mmol/100 g) 
Protein 

(%) 
Lactose 

(%) 
FFA (mmol/100 g)         -0.037    
Protein (%)    0.342 * 0.192 *   
Lactose (%)  -0.302 * 0.226 *  0.313 *  
FP (°C) 0.066 -0.413 *          -0.633 * -0.501 * 

*= p <0.05  
 

 
Figure 34: Results of principal component analysis for teat cups when applied with two 
pulsation ratio. 
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Major findings: 

• A general increase in FFA values was recorded. The milk flow rate had a significant 

effect on FFA. The highest FFA value was associated with a flow rate of 1 kg/min 

compared to a flow rate of 3 kg/min. 

• A general decrease in fat content was recorded. Teat cups had a significant effect on 

fat content. The lowest fat content was associated with Lely teat cups. 

• Although both protein and lactose content was slightly increased, the effect of the 

teat cups and the pulsation ratio whether it was a single effect or an interaction, had 

a significant effect on their content values. 

• A general increase in the absolute FP values was recorded. Pulsation ratio and milk 

flow rate had a significant effect on FP. The highest absolute FP value was associated 

with a pulsation ratio of 60/40 and a 1 kg/min flow rate: more stress, higher vacuum, 

and higher shock. 

4.2 The influence of laboratory milking parlor with two types of teat cups under two 
flow rates on milk parameters (Exp2) 

The second hypothesis of this research was that mechanical stress under two flow rates varies 

according to the type of AMS structure combined with the type of teat cups and has a significant 

effect on milk parameters. In this experiment, the Lely and GEA LMPs (detailed description on 

pages 27&28) were tested with a combination of two types of teat cups. Lely and GEA teat 

cups were used under two flow rate conditions, namely 1 kg/min and 3 kg/min.  

The results of milk chemical parameters from (468) observations in eight set-ups (1, 2, 5, 6, 9, 

10, 11, and 12) are presented in Table 9. 

Although the results demonstrated that there was no significant effect in the LMP on FFA 

content, a trend towards a decrease in FFA value was also observed; this trend did not reach 

statistical significance only when the interaction between factors were applied. The results also 

demonstrated that LMP affects the fat content significantly (p < 0.05).  

The reduced percentages of fat content were 2.51% vs. 10.54 % in GEA LMP and Lely LMP, 

respectively (Table 10). 
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Table 9: Milk chemical parameters (mean values) affected by the LMP combined with two 

different teat cups under two flow rates 

Treatment Sampling time1 FFA 
(mmol/100 g) 

Fat 
 (%) 

Protein 
(%) 

Lactose 
 (%) 

Urea 
 (mg/l) 

LMP             
GEA Before 1.099 4.119 3.460 4.836 222.750 
GEA After 1.413 4.020 3.465 4.841 228.167 
Lely Before 1.289 3.885 3.431 4.799 190.054 
Lely After 1.659 3.507 3.431 4.815 191.402 
Teat cups             
GEA Cups Before 1.224 4.063 3.473 4.814 198.339 
GEA Cups After 1.561 3.937 3.478 4.820 201.911 
Lely Cups Before 1.195 3.906 3.414 4.814 213.083 
Lely Cups After 1.560 3.516 3.415 4.830 215.906 
Flow rate             
FR 1 Before 1.221 3.982 3.443 4.814 205.452 
FR 1 After 1.584 3.713 3.442 4.824 207.894 
FR 3 Before 1.197 3.984 3.444 4.815 204.837 
FR 3 After 1.537 3.712 3.448 4.828 208.846 

1 (Before= first sample was taken (at the beginning of the run) from the start bulk milking tank; After = second 
sample (at the end of the run) was taken from the milk receiving jar). 
2 (FR 1 = flow rate 1 kg/min, FR 3 = flow rate 3 kg/min). 
 

By contrast, GEA LMP has shorter tubes, the milk that was pumped after the teat cups had just 

passed through the GEA milk meter. Teat cups also had a significant effect on fat content 

(p <0.05). 

The LMP influences lactose content significantly (p <0.05). The highest increase in lactose 

content, 0.39%, was in the Lely LMP, while it was 0.1% in the GEA LMP. A negative 

correlation between lactose content and fat content was observed. Very few studies have been 

done on how mechanical stress could affect the hygroscopic characteristics of lactose behavior, 

besides the effect on lactose content.   

Several effects on FFA, fat, protein, lactose, and FP due to interactions between LMP and teat 

cups were observed. It seems that interactions between LMP and teat cups perform an essential 

role in influencing milk parameters.  

Generally, the interaction between the Lely LMP and both teat cups recorded the higher FFA 

value, albeit a slight difference when compared with the GEA LMP using Lely teat cups. On 

another hand, it was apparent that the fat content declined when the combination of the Lely 

LMP with Lely teat cups was applied (Figure 35). Furthermore, the interaction between LMP 

and flow rates also affect FFA value and the interaction between teat cups and flow rates.  
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Table 10: Milk chemical parameters (differences values) affected by the LMP combined with 

two different teat cups under two flow rates 

Treatment 
 

FFA 
(mmol/100 g) 

Fat 
(%) 

Protein 
(%) 

Lactose 
(%) 

Urea 
(mg/l) 

Control 1 1.21±0.03 3.98±0.03 3.443±0.004 4.814±0.002 205.14±1.86 
Differences2      
LMP 

     

GEA 0.31±0.02 -0.09±0.01a 0.005±0.001 0.005±0.001b 5.46±1.22 
LELY 0.37±0.02 -0.42±0.01b 0.007±0.002 0.019±0.003a 1.39±1.27 
Teat Cups 

     

GEA Cups 0.33±0.01 -0.12±0.01a 0.004±0.002 0.006±0.002b 3.82±1.179 
Lely Cups 0.35±0.03 -0.41±0.01b 0.003±0.001 0.019±0.002a 2.823±1.322 
Flow rate3 

     

FR 1 0.36±0.02 -0.26±0.01 0.0004±0.002 0.0104±0.002 3.04±1.28 
FR 3 0.32±0.02 -0.27±0.01 0.0068±0.002 0.0139±0.002 3.6±1.28 
p value4      
LMP ns * ns * ns 
C ns * ns * ns 
FR ns ns ns ns ns 
LMP×C * * * * ns 
LMP×FR * ns ns ns ns 
C×FR * ns ns ns ns 

a-b Differences within column within measured category with different superscript (p < 0.05). 
1 Initial milk used. 
2 Differences due to the tested effect in comparison with initial milk used. 
3 (FR 1 = flow rate 1 kg/min, FR 3 = flow rate 3 kg/min). 
4 LMP= laboratory milking parlor, C = teat cup, FR= flow rate and their interactions,  
*= p ≤ 0.05, ns=not significant.  
 

 
Figure 35: Interaction effect of LMP combined with two teat cups on FFA and fat content of 
milk. 
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Interaction of tested factors demonstrated significant effects on both lactose and protein content. 

The percentages of increase for both components were similar. However, lactose content was 

higher, and protein content was lower with the combination of Lely LMP and Lely teat cups 

(detailed description in 3.2.3.1, page 29). 

An overview of the effect of the fixed factors on the physical parameters for samples that were 
taken before and after each run of the experiment is presented in Table 11. 
 

Table 11: Physical milk parameters (means value) affected by the LMP combined with two 
different teat cups under two flow rates 

Treatment Sampling time 1 SCC 
(103 cells/ml) 

pH FP 
 (°C) 

LMP         
GEA Before 88.604 6.704 -0.525 
GEA After 88.917 6.712 -0.526 
Lely Before 87.313 6.685 -0.525 
Lely After 85.571 6.692 -0.526 
Teat cups         
GEA Cups Before 78.875 6.688 -0.525 
GEA Cups After 77.179 6.696 -0.525 
Lely Cups Before 98.448 6.699 -0.526 
Lely Cups After 98.708 6.707 -0.527 
Flow rate 2         
FR 1 Before 87.721 6.689 -0.525 
FR 1 After 85.798 6.698 -0.526 
FR 3 Before 88.096 6.697 -0.525 
FR 3 After 88.433 6.705 -0.526 

1 (Before= first sample was taken (at the beginning of the run) from the start bulk milking tank; After = second 
sample (at the end of the run) was taken from the milk receiving jar). 
2 (FR 1 = flow rate 1 kg/min, FR 3 = flow rate 3 kg/min). 
 

Both LMP and teat cups had a significant effect on FP temperature (Table 12). Higher absolute 

FP values were noticed in the Lely LMP than in the GEA LMP 0.18% vs 0.08%, respectively. 

In addition, as far as teat cups were concerned, Lely teat cups had more of an effect on FP. The 

increase in the absolute FP value was 0.19% vs 0.06% in Lely teat cups and GEA teat cups, 

respectively.  

Furthermore, the interaction between teat cups and the flow rate demonstrated a significant 

effect on the FP temperature (p <0.05). The difference in effect on FP temperature was more 

apparent, and the value was also lower in the combination of Lely teat cups under both flow 

rates. However, a lower FP value was recorded when the flow rate of 1 kg/min was applied 

(Figure 37). This may be due to the negative correlation with both proteins (R=-0.297, p <0.05) 

and lactose (R=-0.53, p <0.05). It is, therefore, possible that some of the bound salts may have 

been transformed as a result of applying the shear force to dissolved salts, which resulted in an 

increase in the freezing point temperature. 
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Figure 36: Interaction effect of LMP combined with two teat cups on lactose and protein content 
of milk  
 

Table 12: Milk physical parameters (differences values) affected by the LMP combined with 
two different teat cups under two flow rates 

Treatment SCC 
(103 cells/ml) 

pH FP 
(oC) 

Control 1 87.91±1.43 6.693±0.002 -0.5252±0.0001 
Differences2    
LMP 

   

GEA -0.31±1.41 0.008±0.002 -0.0004±0.0001a 
LELY -1.61±0.5 0.008±0.003 -0.0009±0.0001b 
Teat cups 

   

GEA Cups -0.15±0.64 0.008±0.003 -0.0003±0.0003a 
Lely Cups -0.26±1.35 0.008±0.003 -0.001±0.0001b 
Flow rate3 

   

FR 1 -0.69±0.92 0.008±0.003 -0.0008±0.0002 
FR 3 -0.61±0.92 0.0079±0.003 -0.0005±0.0002 
p value4 

   

LMP ns ns * 
C ns ns * 
FR ns ns ns 
LMP×C ns ns ns 
LMP×FR ns ns ns 
C×FR ns ns * 

a-b Differences within column within measured category with different superscript (p <0.05). 
1 Initial milk used. 
2 Differences due to the tested effect in comparison with initial milk used. 
3 (FR 1 = flow rate 1 kg/min, FR 3 = flow rate 3 kg/min). 
4 LMP= laboratory milking parlor, C = teat cup, , FR= flow rate and their interactions,  
*= p ≤ 0.05, ns=not significant.  
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Figure 37: Interaction effect of LMP combined with two teat cups on the FP temperature of the 
milk. 
 

The results from the principal component analysis (PCA) are presented in Table 13, which 

illustrates the correlation matrix between variables. In addition, (Figure 38) and (Figure 39) 

explain the loading vectors (variables) that hold the information about the contribution of the 

respective original variables to the factors F1 and F2, which together described 67.67% of the 

total variation in the set of variables. 

 

Table 13: Results from principal component analysis demonstrating the relationship between 
the influenced milking parameters when two LMPs were combined with two teat cups 

Variables Fat 
(%) 

FFA 
(mmol/100 g) 

Protein 
(%) 

Lactose 
(%) 

FFA (mmol/100 g) -0.282 *    
Protein (%) 0.319 * -0.097   
Lactose (%) -0.365 * 0.095 0.380 *  
FP (°C) 0.121 * -0.296 * -0.297 * -0.530 * 

*= p <0.05  
 

The PCA (Figure 38) presents plots of scores on F1 and F2 for all observations in the second 

experiment. The data points were colored based on different teat cups used in this experiment. 

There tended to be higher positive values for both lactose and protein with an increasing F1 

line, corresponding to a high correlation with GEA teat cups; by contrast, there was a negative 

FP value with a decreasing F1 score. When the F2 line increased, the FFA was positively 
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illustrated in contrast to fat content. Both FFA and fat content were correlated with LC teat 

cups. 

The principal component analysis presented in (Figure 39) illustrates plots of scores on F1 and 

F2 for all observations in the second experiment. The data points were colored based on the 

different LMPs used in this experiment. Shows that the GEA LMP was correlated with fat and 

protein. The Lely LMP was correlated with FFA, FP, and lactose. There was a negative 

correlation between FFA and both FP and fat. In addition, a high negative correlation between 

lactose and FP and a positive correlation between lactose and protein were observed. 

 

 
Figure 38: Principle component analysis of the influence of teat cups and their distribution on 
milk parameters. 
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Figure 39: Principal component analysis of the influence of LMPs and their distribution on milk 
parameters. 
 
Major findings 

• LMPs and teat cups significantly affected fat content, lactose content, and FP. 

• The interaction between LMPs and teat cups had a significant influence on fat con-

tent, protein content, and lactose content. 

• The interaction between teat cups and flow rate had a significant effect on FP tem-

perature. 

• The interaction between flow rate, LMPs, and teat cups also had a significant effect 

on FFA values. 

4.3 Influence of teat cup design on milk parameters (Exp3) 

Mechanical stress varies according to the shape and design of the teat cups (hypothesis 3). This 

experiment sought to address whether it is possible for milk parameters to be significantly 

affected by the shape of the teat cup used and the contact angle with the milking line outlet. 

Four types of teat cups (Lely, GEA, DeLaval MC70, and Bio Milker®) were tested in this 

experiment. The technical specification for each teat cup is mentioned in the (detailed 
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description given in 3.2.3). All the teat cups were tested under two flow rates conditions, namely 

1 kg/min and 3 kg/min. 

The results of chemical parameters from 384 observations in eight set-ups (9, 10, 11, 12, 13, 

14, 15, and 16) are presented in Table 14, which gives an overview of the effect of the fixed 

factors on the chemical parameters for samples that were taken before and after each run of the 

experiment. 

 

Table 14: Milk chemical parameters (mean values) affected by the shape of the teat cups under 
two flow rates 

Treatments Sampling time 1 FFA 
(mmol/100 

g) 

Fat 
(%) 

Protein 
(%) 

Lactose 
(%) 

Urea 
(mg/l) 

Teat cups             
DC Before 0.783 4.064 3.484 4.797 229.563 
DC After 1.184 3.895 3.501 4.821 233.292 
GC Before 1.052 4.102 3.455 4.827 218.729 
GC After 1.315 4.011 3.458 4.831 224.292 
BM Before 0.864 4.130 3.491 4.805 177.333 
BM After 1.159 4.006 3.497 4.813 179.083 
LC Before 1.147 4.136 3.465 4.845 226.771 
LC After 1.511 4.030 3.472 4.852 232.042 

Flow rate 2             
FR 1 Before 0.980 4.107 3.473 4.818 213.917 
FR 1 After 1.324 3.990 3.480 4.829 218.000 
FR 3 Before 0.942 4.109 3.474 4.819 212.281 
FR 3 After 1.260 3.981 3.484 4.829 216.354 

1 (Before= first sample was taken (at the beginning of the run) from the start bulk milking tank; After = second 
sample (at the end of the run) was taken from the milk receiving jar). 
2 FR 1 = flow rate 1 kg/min, FR 3 = flow rate 3 kg/min. 
 
The differences in the results of the milk chemical parameters are presented in Table 15. The 

results demonstrate that differences in the shape of the teat cups significantly affected FFA 

(p <0.05). The highest increase in FFA content was recorded in the DeLaval MC70 teat cups – 

41.6%, as against the 27.04% recorded in GEA teat cups. Significantly, the DeLaval teat cups 

were the only teat cups equipped with a cluster. The FFA content in the Lely teat cups increased 

by 37.44%. The milk outlet from the teat cups is situated at a sharp angle (Figure 40), which 

may trigger more mechanical stress, which in turn doubles the lipolysis activity. Consequently, 

FFA content was steadily increased. By contrast, it was not surprising to find a significant drop 

in fat percentage. However, the DeLaval MC70 teat cups recorded the highest losses in fat 

content. 
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Table 15: Milk chemical parameters (differences values) affected by the shape of the teat cups 

under two flow rates. 

Treatment FFA 
(mmol/100 g) 

FAT 
(%) 

Protein 
(%) 

Lactose 
(%) 

Urea 
(mg/l) 

Control1 0.96±0.02 4.108±0.004 3.4739±0.0022 4.8185±0.0016 213.1±2.45 
Differences2 

     

Teat cups 
     

DeLaval Cups 0.41±0.02a -0.17±0.02b 0.016±0.002a 0.024±0.002a 3.7292±2.6338 
GEA Cups 0.26±0.02b -0.09±0.01a 0.003±0.002b 0.004±0.002b 5.5625±1.7066 
BioMilker® 0.31±0.03ab -0.12±0.01ab 0.006±0.003ab 0.008±0.002b 1.75±1.7223 
Lely Cups 0.36±0.05ab -0.11±0.01ab 0.007±0.002ab 0.007±0.001b 5.2708±1.3958 
Flow rate3 

     

FR 1 0.34±0.02 -0.12±0.01 0.006±0.002 0.01±0.002 4.0833±1.6556 
FR 3 0.32±0.02 -0.13±0.01 0.01±0.001 0.011±0.001 4.0729±0.9746 
P value4 

     

C * * * * ns 
FR ns ns ns ns ns 
C×FR * ns ns ns ns 

a-b Differences within column within measured category with different superscript (p <0.05). 
1 Initial milk used. 
2 Differences due to the tested effect in comparison with initial milk used. 
3 (FR1 = flow rate 1 kg/min, FR3 = flow rate 3 kg/min). 
4 C = teat cup, , FR= flow rate and their interactions,  
*= p ≤ 0.05, ns=not significant.  
 

 
Figure 40: Milking at a right angle (Lely teat cup). 
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The interaction between teat cups and milk flow rate (Figure 41) significantly affected FFA 

content (p <0.05). In general, the optimal setting in the milking system is associated with the 

stability of the vacuum. The variation in the vacuum when the application of the DeLaval MC70 

cluster led to more fluctuation, and the FFA content increased when the flow rate was 3 kg/min. 

While in the three teat cups where no cluster was added. Still, the highest FFA percentage was 

recorded under a flow rate of 1 kg/min.  

 

 
Figure 41: Interaction effect of teat cups with milk flow rate on FFA content in the milk.  
 

Teat cups also affected protein content significantly. The increased values were 0.46%, 0.08%, 

0.17%, and 0.2% in the DeLaval, GEA, BioMilker®, and Lely teat cups, respectively.  

The differences in the design of the teat cups also significantly affected the lactose content in 

milk (p <0.05). The highest percentage was also recorded in DeLaval MC70 was 0.49%.  

Table 16 presents an overview of the effect of the fixed factors on the physical parameters for 

samples that were taken before and after each run of the experiment.  

 

 

 

1kg/min
BM

3kg/min
BM

1kg/min
DC

3kg/min
DC

1kg/min
GC

3kg/min
GC

1kg/min
LC

3kg/min
LC

Setup

0.2

0.4

0.6

E
st

im
at

ed
 F

FA
 d

iff
er

en
ce



59 

Table 16: Milk physical parameters (mean values) affected by the shape of the teat cups under 
two flow rates. 

Treatments Sampling time 1 SCC 
(103 cells/ml) 

pH FP 
(°C) 

Teat cups         
DC Before 83.063 6.742 -0.528 
DC After 85.292 6.749 -0.530 
GC Before 87.479 6.702 -0.525 
GC After 86.875 6.713 -0.525 
BM Before 82.792 6.715 -0.528 
BM After 82.958 6.722 -0.529 
LC Before 89.729 6.705 -0.526 
LC After 90.958 6.710 -0.527 
Flow rate 2         
FR 1 Before 85.083 6.712 -0.527 
FR 1 After 85.125 6.719 -0.528 
FR 3 Before 86.448 6.721 -0.527 
FR 3 After 87.917 6.729 -0.527 

1 (Before= first sample was taken (at the beginning of the run) from the start bulk milking tank; After = second 
sample (at the end of the run) was taken from the milk receiving jar). 
2 (FR 1 = flow rate 1 kg/min, FR 3 = flow rate 3 kg/min). 
 

It turns out that teat cups affected FP significantly (p <0.05). Neither SCC nor pH were not 

affected in this experiment (Table 17). 

 
Table 17: Milk physical parameters (differences values) affected by the shape of teat cups under 
two flow rates. 

Treatment SCC 
(103 cells/ml) 

pH FP 
(°C) 

Control 85.77±0.72 6.7161±0.0018 -0.5267±0.0001 
Differences 

   

Teat cups 
   

DeLaval Cups -0.22±0.87 0.006±0.004 -0.0021±0.0002b 
GEA Cups -0.16±0.95 0.011±0.001 -0.0001±0.0002a 
BioMilker® -0.17±1.07 0.007±0.01 -0.0007±0.0003a 
Lely Cups -0.18±2.36 0.005±0.003 -0.0008±0.0001a 
Flow rate3 

   

FR1 -0.04±0.92 0.007±0.005 -0.0011±0.0002b 
FR3 -0.054±1.12 0.008±0.001 -0.0007±0.0001a 
P value4 

   

C ns ns * 
FR ns ns ns 
C×FR ns ns ns 

a-b Differences within column within measured category with different superscript (p <0.05). 
1 Initial milk used. 
2 Differences due to the tested effect in comparison with initial milk used. 
3 (FR1 = flow rate 1 kg/min, FR3 = flow rate 3 kg/min). 
4 C = teat cup, , FR= flow rate and their interactions,  
*= p ≤ 0.05, ns=not significant.  
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The PCA (Figure 42) concentrated 60.83% of the total variability in the first two factors (axes), 

with 35.30% in the first factor F1 and 25.53% in the second factor F2. The graph illustrates the 

overlap between Lely teat cups and GEA teat cups from one side, and the DeLaval teat cups 

and BioMilker teat cups from another side. Moreover, FP was negatively correlated with fat 

content, protein content, and lactose content. Moreover, protein and lactose contents were 

positively correlated. Along the main axis (F1), the values of the eigenvectors of FFA and fat 

are more correlated with Lely teat cups. In comparison, protein and lactose are more correlated 

with GEA teat cups. On the other hand, FP was more correlated with DeLaval teat cups. 

 

 
Figure 42: Principal component analysis of the influence of teat cups and their distribution on 
milk parameters 
 

Major findings 

• Teat cups have a significant effect on FFA content, fat content, protein content, lac-

tose content, and FP temperature. 

•  The interaction between teat cups and flow rates has a significant effect on FFA 

content. 
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4.4 Influence of technique in Lely LMP on milk parameters and MFAP (Exp4) 

The fourth hypothesis of this experiment was that lipolysis induced by mechanical stress to 

milk due to milk line components – including online milk sensors and curving in milking tubes 

– significantly affects milk parameters, primarily FFA. In order to test the mechanical stress 

induced by existing online sensors and pipeline curving, this experiment was designed to test 

today's common techniques that have been categorized under three different fixed effects. The 

technique "Essential" (detailed description on page 24) contains elbows and the MQC unit. The 

technique "Curved" (detailed description on page 39) was modified based on the Essential 

layout, by removing the elbows and MQC, but adding some additional piping. In addition, a 

mechanical pressure was added in this technique by adjusting the shape of the tubes from flat 

to curved in some parts. The technique "Flat" (detailed description on page 38) is similar to the 

Curved technique, without curving in the tubes. In addition, the MFAP was analyzed (detailed 

description in 3.3.3.3, page 35). The first discussion of results was focused on the basic milk 

parameters, including fat, FFA, protein, lactose, SCC, FP, and urea. In the second part, the 

results demonstrated the MFAP outputs, in which the contribution of fatty acids in FFA was 

influenced primarily by the different techniques used. 

The results from 628 observations in 6 set-ups (1, 2, 19, 20, 21, and 22) were analyzed. Table 

18 presents an overview of the effect of the fixed factors on the chemical parameters for samples 

that were taken before and after each run of the experiment. 

 

Table 18: Milk chemical parameters (mean values) as affected by technique applied under two 
flow rates.  

Treat-
ments 

Sampling 
time1 

FFA 
(mmol/100 g) 

Fat 
(%) 

Protein 
(%) 

Lactose 
(%) 

Urea 
(mg /l ) 

Technique             
Essential Before 1.23 3.38 3.38 4.79 199.40 
  After 1.59 3.38 3.38 4.82 199.77 
Curved Before 1.05 3.39 3.39 4.78 189.60 
  After 1.60 3.40 3.40 4.79 192.02 
Flat Before 0.89 3.39 3.39 4.76 207.68 
  After 1.17 3.40 3.40 4.78 207.13 
Flow rate2             
FR 1 Before 1.04 3.77 3.38 4.77 198.83 
FR 1 After 1.44 3.41 3.39 4.79 199.35 
FR 3 Before 1.02 3.80 3.40 4.77 197.70 
FR 3 After  1.45 3.45 3.40 4.79 199.03 

1 (Before= first sample was taken (at the beginning of the run) from the start bulk milking tank; After = second 
sample (at the end of the run) was taken from the milk receiving jar). 
2 (FR 1 = flow rate 1 kg/min, FR 3 = flow rate 3 kg/min). 
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In general, FFA increased in milk after the simulation process (P<0.01). Elevated FFA observed 

under the technique “Curved” could be regarded as evidence linking the elevated FFA with 

mechanical stresses, as milk under the Curved set-up is exposed to the highest mechanical stress 

due to the addition of curved tubes. In this technique, the highest increases were 53% and 29% 

in the Curved and Essential technique set-ups, respectively (Table 19). There was a significant 

slight decrease in the content of the fat in all the techniques used (p <0.05). The highest decrease 

was observed in the Essential technique, followed by Flat and Curved techniques. Based on the 

results obtained in our study, we can confirm the relationships between milk parameters and 

FFA content. It was primarily milk fat content that significantly influenced the intensity of 

induced lipolysis. The results of FFA content in raw milk resulting from induced lipolysis can 

be ascribed to the deterioration of fat globules during the AMS milking process, in addition to 

agitation, and milk pumping on the farm. 

 

Table 19: Milk chemical parameters (differences values) as affected by technique applied under 
two flow rates.  

Treatment 
 

FFA 
(mmol/100 g) 

Fat 
(%) 

Protein 
(%) 

Lactose 
(%) 

Urea 
(mg/l) 

Control 1  1.029±0.018 3.786±0.02 3.386±0.003 4.773±0.002 198.264±1.449 
Differences2      
Technique3      
Essential 0.34±0.02b -0.66±0.03b -0.0003±0.0017b 0.029±0.003a 0.375±1.504 
Curved 0.56±0.04a -0.29±0.02a 0.0148±0.0026a 0.014±0.002b 2.414±1.445 
Flat 0.27±0.01c -0.31±0.02a 0.0172±0.0022a 0.022±0.002a 0.026±1.189 
Flow rate 4      
FR1 0.375±0.023 -0.434±0.019 0.014±0.002a 0.024±0.002 -0.233±1.132 
FR3 0.404±0.023 -0.408±0.019 0.008±0.002b 0.02±0.002 2.11±1.132 
P-value 5      
T * * * * ns 
FR ns ns * ns ns 
T×FR ns ns * ns ns 

a-b Differences within the column within a measured category with different superscript (p <0.05). 
1 Initial milk used. 
2 Differences due to the tested effect in comparison with initial milk used. 
3 Technique (Essential= initial setting without changes, Curved= take out elbows, MQC, and adding curving 
to the tubes, Flat = take out elbows and MQC. 
4 (FR1 = flow rate 1 kg/min, FR3 = flow rate 3 kg/min). 
5 T = technique, FR= flow rate and their interactions. 
*= p ≤ 0.05, ns=not significant.  
 

The changes in urea content as a substance dissolved in the liquid phase of the milk were not 

significant. 

The protein content decreased slightly by 0.01% in the Essential technique, while the Curved 

and Flat techniques demonstrated significant increases of 0.44% and by 0.51%, respectively. 
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The interaction between flow rate and technique had a significant effect on protein content 

(Figure 43).  

 
 

 
Figure 43: Effect of interaction of technique and flow rate on the protein content of milk 
 

Moreover, the absolute FP values of bulk milk from all tested factors were increased. The 

observed differences of increase percentages in samples were 0.23%, 0.15%, and 0.29% in the 

Essential, Curved, and Flat techniques, respectively (Table 20).  

In the Curved technique, there was a decline in SCC values of up to -5.3% for the samples taken 

after passing through the LMP. Furthermore, the data indicate that none of these techniques 

have any significant effects on pH.  

The combination effect of technique and flow rate contributed significantly to the FP variation 

(Figure 44). Such an increase vs. decrease effect between technique and AMS milking 

components is due to the combination of fluid and colloidal behavior of milk and its effect on 

minerals and urea that affects the protein structure.  
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Table 20. Milk physical parameters (differences values) as affected by technique applied under 
two flow rates  

Treatment SCC 
(103 cells/ml) pH FP 

(oC) 
Control1 165.778±4.223 6.702±0.002 -0.523±0.0001 
Differences2     
Technique3    
Essential -0.71±0.39a 0.01±0.003 -0.0012±0.0001b 
Curved -5.32±1.53b 0.007±0.004 -0.0008±0.0002a 
Flat -0.031±1.42a 0.008±0.004 -0.0015±0.0002b 
Flow rate4    
FR1 -1.088±1 0.006±0.003 -0.002±0.0001a 
FR3 -1.621±1 0.01±0.003 -0.001±0.0001b 
P-value 5    
T * ns * 
FR ns ns * 
T×FR ns ns * 

a-b Differences within the column within a measured category with different superscript (p <0.05). 
1 Initial milk used. 
2 Differences due to the tested effect in comparison with initial milk used. 
3 Technique (Essential= initial setting without changes, Curved= take out elbows, MQC, and adding curving 
to the tubes, Flat = take out elbows and MQC. 
4 (FR1 = flow rate 1 kg/min, FR3 = flow rate 3 kg/min). 
5 T = technique, FR= flow rate and their interactions. 
*= p ≤ 0.05, ns=not significant.  
 

 

Figure 44: Effect of interaction of technique and flow rate on milk FP temperature 
 



65 

The MFAP was analyzed, as mentioned earlier. Fatty acids exist in two types. The first type is 

as associated fatty acids (FA) on the glycerides, and the second type is as FFA. FFA act as 

fragrant components in many biochemical processes such as oxidation and heat treatments. In 

addition, FFA have an important surface-active component in dairy product texture and 

functionality. They affect milk's technological properties, such as foaming capability and 

surface tension. The surface tension of dairy products is an essential physical aspect that affects 

industrial processes such as fractionation and concentration.  

It was found, as demonstrated (Table 21&Table 22) that the interaction between technique and 

milk flow rate significantly affected saturated fatty acids (SFA) (p <0.05). Myristic acid and 

palmitic acid are amongst the most abundant of FFA, making up ~12% and ~32% of total SFA, 

respectively (Bylund, 1995).  

 

Table 21: Milk fatty acids profile parameters (differences values) as affected by technique type.  

Treatment Control1 

Differences2 

Technique3 P value8 

Essential Curved Flat T FR T×FR 

FFA (mmol/100g) 1.0294±0.0177 0.45±0.03a 0.56±0.04a 0.21±0.01b * ns ns 

FAT (%) 3.7857±0.0196 -0.66±0.03b -0.29±0.02a -0.31±0.02a * ns ns 

SFA (%)4 2.6401±0.0091 -0.18±0.02 -0.19±0.02 -0.2±0.01 ns ns * 

UFA (%)5 1.0299±0.0033 -0.06±0.01 -0.08±0.01 -0.09±0.01 ns ns ns 

MUFA (%)6 0.7981±0.0033 -0.07±0.01 -0.08±0.01 -0.09±0.01 ns ns ns 

PUFA (%)7 0.0918±0.0007 -0.01±0 -0.01±0 -0.01±0 ns ns ns 

Myristic acid (%) 0.4977±0.0013 -0.015±0.003 -0.017±0.002 -0.019±0.002 ns ns * 

Palmitic acid (%) 1.2669±0.0041 -0.038±0.011 -0.045±0.006 -0.049±0.003 ns ns * 

Stearic acid (%) 0.2808±0.0015 -0.024±0.002 -0.028±0.003 -0.029±0.003 ns ns ns 

Oleic acid (%) 0.6335±0.0035 -0.07±0.013 -0.086±0.006 -0.088±0.008 ns ns ns 
a-b Differences within the column within a measured category with different superscript (p <0.05). 
1 Initial milk used. 
2 Differences due to the tested effect in comparison with initial milk used. 
3 Technique (Essential= initial setting without changes, Curved= take out elbows, MQC, and adding curving 
to the tubes, Flat = take out elbows and MQC. 
4 SFA = saturated fatty acids. 
5 UFA = unsaturated fatty acids. 
6 MUFA = monounsaturated fatty acids. 
7 PUFA = polyunsaturated fatty acids. 
8 T = technique, F= flow rate and their interactions. 
*= p ≤ 0.05, ns=not significant.  
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Table 22: Milk fatty acids profile parameters as affected by the flow rates.  

Treatment Control1 
Differences2 

Flow3 P value8 

FR 1 FR 3 T FR T×FR 

FFA (mmol/100g) 1.0294±0.0177 0.39±0.02 0.42±0.02 * ns ns 

FAT (%) 3.7857±0.0196 -0.43±0.02 -0.41±0.02 * ns ns 

SFA (%)1 2.6401±0.0091 -0.18±0.02 -0.2±0.02 ns ns * 

UFA (%)2 1.0299±0.0033 -0.08±0.01 -0.08±0.01 ns ns ns 

MUFA (%)3 0.7981±0.0033 -0.08±0.01 -0.08±0.01 ns ns ns 

PUFA (%)4 0.0918±0.0007 -0.01±0.02 -0.01±0.03 ns ns ns 

Myristic acid (%) 0.4977±0.0013 -0.002±0.0001 -0.001±0.0001 ns ns * 

Palmitic acid (%) 1.2669±0.0041 -0.039±0.006 -0.05±0.006 ns ns * 

Stearic acid (%) 0.2808±0.0015 -0.027±0.002 -0.027±0.002 ns ns ns 

Oleic acid (%) 0.6335±0.0035 -0.08±0.008 -0.083±0.008 ns ns ns 
a-b Differences within the column within a measured category with different superscript (p <0.05). 
1 Initial milk used. 
2 Differences due to the tested effect in comparison with initial milk used. 
3 (FR1 = flow rate 1 kg/min, FR3 = flow rate 3 kg/min). 
4 SFA = saturated fatty acids. 
5 UFA = unsaturated fatty acids. 
6 MUFA = multi unsaturated fatty acids. 
7 PUFA = polyunsaturated fatty acids. 
8 T = technique, FR= flow rate and their interactions. 
*= p ≤ 0.05, ns=not significant.  
 

The PCA of the results demonstrates that the Curved technique was well isolated in three groups 

and affected most of the milk parameters (Figure 45). The Essential technique was more 

correlated with FFA, fat, and protein. It emerges from the results that pipeline systems can 

significantly affect milk parameters.  

The correlation between the Curved technique and fatty acids is apparent from the PCA results 
for MFAP (Figure 46).  
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Figure 45: Principal component analysis of variables when three techniques are applied. 

 
Figure 46: Principal component analysis of variables with milk fatty acids profile 
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Major findings 

• The type of technique used has a significant effect on FFA content, fat content, pro-

tein content, lactose content, and FP temperature. 

• Flow rate and its interaction with the type of technique affect protein significantly. 

• The interaction between flow rate and type of technique significantly affects the SFA, 

myristic acid, and palmitic acid.  
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5 DISCUSSION 

5.1 The effect of the combination of the pulsation ratios with most used teat cup types 
under two flow rates on milk parameters (Hypotheses 1 & 3) 

Hypothesis 1 and 3 held that changing the pulsation ratio of the AMS combined with different 

teat cups under two flow rates can affect the milk parameters. The major findings regarding 

milk parameters from experiments one and three will be compared and discussed with the 

findings from other authors and reports. 

The FFA content was significantly affected (p < 0.05) by the flow rate, type of teat cup, and 

interaction between the teat cup and flow rate. The highest FFA value was associated with a 

flow rate of 1 kg/min compared to a flow rate of 3 kg/min. Similar results were obtained by 

Rose-Meierhöfer et al. (2012), who indicated that the interaction between milk and air tends to 

be favorable at a lower milk flow rate, which may cause damage to the MFGM and a higher 

FFA content. However, the induced mechanical stress, in this case, breaks down the MFGM. 

The lipid outrigger became unprotected, and lipase began to attack the fat structure and release 

FFA. The more mechanical stress was applied, the higher the distraction in the MFGM was. 

Thus, the lipid substrate was directly exposed to the effect of lipase, which, in turn, liberated 

more FFA (Deeth, 2006). The flow rate resulted in changes in the milk fat structure, and as a 

result, during the milking process, the milk fluid passed through different tube L bows, curved 

tubes, and tube and pipe connections, making the milk more susceptible to mechanical impact, 

particularly fat globules. Therefore, more FFA was generated with the lowest milk flow rate. 

This finding confirmed the finding of Needs et al. (1986) that a tendency towards higher FFA 

values because of lipolysis is correlated with a higher vacuum amount, which in turn 

corresponds with a lower flow rate. 

Moreover, the FFA content, which can increase to excessively high levels due to lipolysis 

activity, is dependent upon the interaction of several factors that influence lipase enzyme 

activation. These are interrelated and include the mechanical stress of the milk and milk 

handling  (Needs et al., 1986). Flow rate fluctuations induced by the existence of the cluster led 

to catalyzed lipolysis activity (Ströbel et al., 2011). These findings are in line with the results 

reported by Rose-Meierhöfer et al. (2012), and in addition, de Koning et al. (2004) indicated 

that technical reasons might consist of the inlet of too much air in the teat cups, increasing 

lipolysis activity. 

Fat content was significantly affected (p < 0.05) by the type of teat cup in addition to the 

interaction between teat cup and flow rate. A general decrease in fat content was recorded. Teat 
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cups had a significant effect on fat content. The lowest fat content was associated with Lely teat 

cups. The design of the teat cup and the liner, together with the teat cup angel, play a role in 

how the milk can be affected by excessive agitation and whirls of fluid milk in the pipes and 

junctions of the system. The outcomes of this experiment agree with the findings of Gleeson et 

al. (2004) that liner design can be considered a primary factor affecting the milk parameters in 

the AMS.  

The milking circulation path can significantly reduce the stability of MFG. The MFGM is 

broken when MFG is exposed to many corners (Jukkola & Rojas, 2017). The instability of the 

fat structure due to MFGM changes, which simultaneously increase the FFA content, leads to 

a decline in fat content and an increase in the residual fat content of the skimmed fresh milk 

(Kirst, 1986).  

Both protein content and lactose content were significantly affected (p < 0.05) by the pulsation 

ratio, the type of teat cup, and the interaction between teat cup and flow rate. Furthermore, the 

protein content was also significantly affected (p < 0.05) by the flow rate. 

Although both the protein and the lactose content were slightly increased, the effect of the teat 

cups and the pulsation ratio, whether it was a single or interaction, had a significant effect on 

the content values. A high pulsation ratio is correlated with a higher milk yield and fewer milk 

quality characteristics (Ströbel et al., 2011). Pumping and piping operations in AMS contribute 

to the shearing force applied to milk. A slight increase in the protein content may be due to a 

deformation of the milk casein. Therefore, a change in the colloidal structure as a result of the 

shearing process is likely to have occurred, thereby prolonging the protein volume resulting 

from destabilization and leading to a high readout of protein content (Mediwaththe, 2017). 

Improper design in the milking system, including teat cup shell, liner wall thickness, and rubber 

hardness, leads to vacuum fluctuation (Lazović, 2016). Mein et al. (2013) pointed out that liner 

tension varies depending on the teat cup shell. The mechanical stress was, in turn, increased by 

vacuum fluctuation. However, the shear force induced by mechanical stress changed the 

chemical parameters of milk. Air was admitted and bubbling occurred, contributing to the 

increasing colloidal phase in milk. The chemical characteristics of protein were influenced by 

a change in the teat cups applied. As a result, the protein content was increased by 0.46% when 

a DeLval cluster was applied. 

Studies on lactose content variation in milk due to mechanical effects are scarce. Lactose 

content is usually highly resilient. Abeni et al. (2005) pointed out that AMS does not have an 

effect on lactose content. However, lactose content could be an additional tool for milk quality 

indicators (Tsenkova et al., 1999). Our findings showed that lactose content was negatively 
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correlated with fat content. This result confirmed the findings of P McSweeney and Fox (1997). 

In addition, the lactose content percentage affects milk composition. Henao-Velásquez et al. 

(2014) indicated that changes in the milk content of urea during lactation are positively affected 

by changes in lactation time and in the lactose and fat percentage. 

The FP temperature was significantly affected (p < 0.05) by the pulsation ratio, type of teat cup, 

and flow rate. A general increase in FP values was recorded, and pulsation ratio and milk flow 

rate had a significant effect on FP, with the highest FP value being associated with a pulsation 

ratio of 60/40 and a flow rate of 1 kg/min. Moreover, Nousiainen et al. (2007) specified that 

new production methods, such as AMS, could induce new milk quality problems such as 

atypical FP depression values (Hanuš et al., 2010). The FP temperature was significantly 

affected (p < 0.05) by the type of used teat cup. Depression in milk FP is often significantly 

correlated with the milk total solids content, especially lactose content. Hanuš et al. (2010) 

attributed the higher contribution of FP depression initiated by lactose content (53.8%), 

confirming the negative correlation between lactose content and FP (R = -501, p < 0.05) 

obtained in our research. 

Furthermore, changes in lactose content and solubility and a protein content increase have a 

significant impact on the FP temperature, even though the FP value is a constant concentration 

in milk (Bouisfi et al., 2019). The mechanical pressure induced by curving paths affects the 

osmotic pressure and, consequently, the colloidal milk phase. The distribution of casein 

micelles differs in the colloidal phase of milk (Bouisfi & Chaoui, 2018). Therefore, this 

difference in the protein structure and the increase in its reading content increase the FP 

temperature.  

In general, based on the results achieved in these experiments, there is a correlation between fat 

and protein content on the one hand and FFA content on the other. The elevated FFA was due 

to the damage of mechanical stress to milk components during milking. Stádník et al. (2015) 

found that the FFA differences in milk are highly correlated with the milk components, mainly 

the fat and protein content, which was confirmed in our experiment. In addition, increasing the 

pulsation ratio does not increase teat congestion per se; however, it does affect milk congestion 

(Bade et al., 2009).  
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5.2 The effect of the combination of LMP and teat cups and LMP technique types under 
two flow rates on milk parameters (Hypotheses 2 & 4) 

Hypotheses 2 and 4 proposed that mechanical stress under two flow rates varies according to 

the type of AMS structure, including online milk sensors and curving in milking tubes, and that 

the choice of teat cups has a significant effect on milk parameters, particularly FFA content. 

The major findings regarding milk parameters from experiments two and four will be compared 

and discussed with the findings of other authors. 

The FFA content was significantly affected (p < 0.05) by the type of technique that was used, 

the interaction between the LMP and both flow rate and teat cups, and the interaction between 

teat cup and flow rate. In general, milk tubes are much longer in AMS than those applied in 

CMS, and AMS has more air ducts than CMS. Moreover, AMS is based on an individual teat-

quarter milking process with rather long “short milk tubes” in addition to different kinds of 

flow meters and on-line sensors. The milk must usually be lifted several times before it enters 

the milk receiver (Wiking & Nielsen, 2007). This mechanical activity clearly shows its effect 

on MFG, especially after the disruption of the MFGM, which allows more accessible contact 

between triglycerides and lipase and enhances the release of FFA (Marnet, 2013). Free fatty 

acids result from the breakdown of MFG to glycerol and FFA by lipolysis. Milk cooling and 

mechanical shear force can damage the MFGM (De Marchi et al., 2017). The disruption 

induced by mechanical stress exposes fatty acids to lipase. As a result, the more the damage of 

the MFGM, the more FFA is elevated (Deeth, 2006). This increase was due to the stress that to 

which the milk was exposed during the milking process (de Koning, 2004). 

Such results were also observed by (Båvius, 2006; Bhavadasan et al., 1982; Deeth & Fitz-

Gerald, 1977; Evers, 2004; Franciosi, 2010). Moreover, milk lines should be kept as vertically 

as possible. Milk flow through fewer curves avoids vacuum fluctuations and results in less air 

uptake (Escobar & Bradley, 1990). 

The fat content was significantly affected (p < 0.05) by the type of used technique, LMP, teat 

cups, and interactions of these. In general, milk tubes are generally longer in AMS compared 

with CMS (de Koning, 2011). This is one possible reason that the fat content can differ between 

the Lely LMP and the GEA LMP. The tubes in Lely were longer, with different diameters. In 

addition, more parts, such as a shut off sleeve cartridge and MQC, are also a potential place 

where can fat be trapped during the milking phase. Agitation caused by air leaks produced 

foaming in the pipes that can trigger lipoprotein lipase. Excessive lipolytic activity during milk 

pumping leads to a loss of fat due to destabilized fat adhering to the walls of the containers 

(Evers, 2004). 
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Moreover, our findings showed a negative correlation between FFA content and fat content (R 

= - 0.282, p < 0.05), which was in line with a study conducted by Stádník et al. (2015), who 

reported that the mechanical-induced lipolysis in raw milk due to different milking processes 

catalyzes the splitting of triglycerides into FFA and glycerol. 

The precise determination of fatty acids contributing to FFA plays a crucial role not only in the 

control of the milk quality, but how FFA alter technological behavior in the dairy industry 

(Kilcawley & Mannion, 2017). Saturated fatty acids (SFA), myristic acid, and palmitic acid 

were significantly affected (p < 0.05) by the interaction between flow rate and type of technique 

used.  

However, AMS used in many farms increases the demand for the quantification of FFA and of 

which fatty acids contribute more to FFA, as the concentration of FFA is higher in AMS 

compared with CMS (Abeni et al., 2005). Air intake, in addition to different levels of 

mechanical stress in the AMS, increases the level of FFA significantly due to higher lipolysis 

(Amer et al., 2013).  

In general, fatty acids affect product quality, flavor, and texture. The flavor of many dairy 

products is affected by MFAP. This is mostly a problem for dairy fermented products, as FFA, 

particularly short- and intermediate-chain FFA, are released upon lipolysis and contribute 

directly to cheese flavor (Collins et al., 2003). The “off” flavor in milk occurrs mainly as a 

result of short- and medium-chain fatty acids (C:4–C:16), which have a negative impact on milk 

quality and as a result pose a problem for dairy producers. Additionally, adding SFA in feed 

increases the level of FFA and the rate of lipolysis. The milk of larger MFG is correlated with 

a higher FFA content, which increases milk lipolysis, as is the case for palm oil (Robertsson, 

2013). In our result, myristic acid also contributed to FFA content. However, the technological 

problems in cheddar cheese were found to be due to a high FFA content, including myristic and 

palmitic acids. The MFAP of free C6:0 to C18:3 in cheddar cheese appears to be similar to 

those in milk fat. Lipolysis shows a preference for of medium-chain triacylglycerides 

containing C6:0, C8:0, C10:0, or esterified C12:0 (Collins et al., 2003). 

The protein content was significantly affected (p < 0.05) by the type of used technique, the flow 

rate, and their interactions, in addition to the interaction of LMP and teat cups. Technique 

layouts showed a direct influence on the characteristics of protein in milk. The mechanical 

stress, in turn, produced hydrodynamic shear force on the proteins, resulting in the 

destabilization of native structures, leading to denaturation and aggregation. Therefore, the 

increase in average particle size would be expected as a result of either elongation or molecular 

unfolding, or of both (Mediwaththe, 2017). This could be due to the protein sensitivity to 



74 

mechanical stresses as protein forms the colloidal phase of milk. (Mediwaththe, 2017). Milk 

flow rate treatment causes the transfer of soluble salts to the colloidal state and results in 

changes in lactose, including its interaction with proteins and its conversion into formic acid 

(McSweeney & Fox, 2009a; Rasmussen et al., 2002). 

The lactose content was significantly affected (p < 0.05) by the type of used technique, LMP, 

teat cup, and the interactions of these. During the experiment, according to the ICAR guidelines, 

“all the milk has to be mixed thoroughly and kept at a temperature of 30°C ± 2°C” (International 

Committee for Animal Recording - ICAR, 2014). The temperature of 30°C has a double effect 

of reducing the viscosity and of increasing diffusivity, which supports the scattering of the 

polarized membrane (Atra et al., 2005). Lactose and minerals in raw milk are common 

indicators of udder diseases (Melfsen et al., 2012). 

The FP temperature was significantly affected (p < 0.05) by the type of used technique, the flow 

rate, and the interactions of these, in addition to LMP, teat cup, and the interaction between teat 

cups and flow rate. Previous experiments have shown that the chemical composition of milk 

has a significant influence on FP. Similar results were found by Zagorska and Ciprovica (2013), 

and a negative correlation between lactose content and FP were reported by Costa et al. (2019). 

Most likely, this effect on milk consists of the release of more dissolved salts in the milk, which 

leads to a decrease in the freezing point to far below zero degrees. According to Rothfuss 

(2020), it is possible for dashed fat and protein particles to behave similarly to salt and thus 

lower the FP values. 

Gonçalves et al. (2018) pointed out that the storage temperature and intermediate 

time sampling and milk analysis led to a significant decrease in the baseline of SCC. In 

addition, the noncolloidal structure of urea might have been a reason for stable urea 

measurements. 

A compromise between the average vacuum and milk flow rate leads to more gentle, quick 

milking. In addition, differences in the length and diameter of the milking tubes and other AMS 

configurations have an effect on the vacuum stability during milking (Reinemann et al., 2007).  

5.3 Discussion Summary 

A general overview of the major findings of this thesis is presented in Table 23. Mechanical 

stress, caused by the technical elements and settings, affected the milk parameters significantly. 

The FFA content was significantly affected by the choice of teat cup, flow rate, and technique 

(p < 0.05). The angle of the teat cup appears to be a possible cause for increased FFA values in 

milk. Therefore, the FFA content increased as a result of an increase in the mechanical stress 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/udders
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released due to the sharp outlet angle in the Lely teat cup design. The effect of pipe curving on 

FFA content was also evident, particularly in the technique “Curved”. The interaction between 

flow rate and teat cup also affected the FFA content. 

 

Table 23: Effect of technical elements and settings in LMP on quality parameters of milk 
Milk parameters Treatments 

Pulsation ratio Teat cups Flow rate Technique 

FFA  × × × 

Fat  ×  × 

Protein × × × × 

Lactose × ×  × 

Urea     

SCC    × 

pH     

FP × × × × 
× = parameters were significantly(p < 0.05) affected by the technical element or the setting. 
 

The fat content was significantly affected by the type of teat cup and the technique used  

(p < 0.05). The drop in fat content occurred mainly when the DeLaval cluster was applied. In 

addition, the highest fat loss was recorded in the “essential” technique, in which more curving 

short tubes were applied. These findings are confirmed by Escobar and Bradley (1990). 

Milk susceptibility to severe mechanical stress was very apparent in terms of both FFA and fat 

content simultaneously. Each technical element of the milking system had a cumulative effect 

on increased FFA values. The results showed that the “Curved” technique resulted in the most 

significant increase in FFA. It was also found that an FFA increase was associated with a flow 

rate of 1 kg/min, which is in line with Rose-Meierhöfer et al. (2012). This output means that 

more air admission to the milk ratio in the pipeline occurred. Therefore, MFG was significantly 

affected as a result of the increased lipolysis activity. 

The protein and lactose content were significantly higher (p < 0.05) by all tested factors except 

for the flow rate, which did not affect the lactose content. The increased values for both 

parameters were associated with a pulsation ratio of 70/30 and a flow rate of 1 kg/min. In 

addition, this increase in both parameters was recorded in Lely teat cups.  

The interactions between teat cup and pulsation ratio affected the protein and lactose content, 

while the interaction between technique and flow rate affected only the protein content. 
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Moreover, it is noteworthy that protein was positively correlated with lactose in all the 

experiments.  

The absolute value of the FP temperature was significantly increased (p < 0.05) by all tested 

factors. The increased values were associated with a pulsation ratio of 60/40, the DeLaval 

cluster, and a flow rate of 1 kg/min. In addition, the interaction between the flow rate on one 

side and both the technique and the teat cup on the other side were significantly affected FP 

value. Moreover, FP values were negatively correlated with protein, lactose, and FFA values. 

The discussion outcomes refer to the effect of the flow rate on the milk parameter, whether as 

a result of a direct effect on milk parameters or through a combined effect. The flow rate effect 

is directly linked to the vacuum level applied during the tested experiments.  

Based on the observations, when higher negative pressure was associated with a lower flow 

rate and thus simultaneously more air intake. The vacuum pump in a milking system aims to 

remove air from the vacuum system to provide the negative pressure needed for the milk fluid. 

Adequate negative pressure corresponds with the rate of airflow admitted to the system, and the 

admission of air enhanced foaminess in the milk at several points in the tubes. This finding 

suggests that foaming and physical networking due to the mechanical characteristics of the test 

setup may affect IR reading by the automated measurements, and an increased size and surface 

of protein structure may increase the reading values. Therefore, milking system analyses, 

including the influence of a milk line vacuum and inappropriate use of the milking elements, 

leads to milk whose specifications may not match the market standards of the customers, in 

particular to milk oriented towards cheese manufacturing. 

It is necessary to analyze different milking systems in terms of the various individual and 

combined effects of their components and settings in order to achieve a greater understanding 

of how those systems and treatments of milk affect milk composition and properties. 
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6 CONCLUSION 

In general, several technical elements and settings have effects on different quality parameters 

of cow milk, which is susceptible to any physical stress. 

In order to keep cow milk at a valuable high quality and as nutritious food from milking until 

consumption, it is necessary to pay much more attention to technical details along the value 

chain, starting with the milking machine. Milking machines must meet two independent 

demands: physiological ones of the cow and quality ones of the product. The second demand 

has grown increasingly important due to technological developments such as automation and 

the involvement of sensors and smart technology. 

In the conclusion of all the different experimental setups, some general correlations were 

observed between singular technical parameters and milk quality, but many more of the 

combined effects of technical parameters on milk quality. Therefore, more experiments on 

different milking systems should be carried out with the aim of maintaining the quality of the 

product and guiding farmers as to which technical arrangements on milking systems are most 

advised. 

The observed differences in quality parameters must be analyzed in relation to the importance 

of these changes for further milk processing and product quality if such information is available. 

These can be used as tools for decision making for technical improvements of milking systems.  

Based on this research, further experiments to improve knowledge about the effects of single 

parts within the milking system that experience direct contact with the milk (liners, tubes, 

sensors, sleeves, molded parts, and storages) and processing parameters that have an indirect 

influence on milk quality (flow rate, pulsation ratio, and vacuum level) are recommended. 

The relatively new analytical options that are available (especially regarding the fatty acid 

profile) should be used to learn more about the physical changes in the fatty acid profile as a 

result of the processing quality of milk and to find options for technical improvements in the 

whole processing line of milk. Moreover, some dairy products require a certain level of FFA to 

be manufactured; therefore, milk can be directed to the final destination based on its quality 

assessment. 
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7 SUMMARY 

Automatic milking systems (AMS) have been common in large parts of Europe and are offered 

by various manufacturers worldwide. Ensuring high milk quality is one of the primary 

requirements and aims of AMS. It has long been known that the technical elements and settings 

of a milking system can change the chemical and/or physical properties of cow milk, yet the 

reasons for this have remained largely unexplored. With the transition from conventional to 

automatic milking systems, abnormal changes in milk composition have been reported on 

various occasions.  

In this context, this thesis aimed to investigate whether the mechanical stress induced by 

multiple AMS elements and settings affect the parameters of cow milk. To this end, two 

laboratory milking parlors (LMP) were developed to imitate an actual AMS. Under 

standardized laboratory conditions, the main milking technical components were installed by 

two different AMS companies for the analysis of the effects of single technical elements or 

settings on milk parameters. Various modifications were made, some of which deviated from 

the actual operating conditions in practice. The following parameters were used to evaluate 

milk quality: free fatty acids (FFA), fat, protein, lactose, urea, SCC, pH, and FP. For some of 

the investigations, the milk fatty acid profile (MFAP) was also analyzed.  

The investigations into chemical and physical parameters enabled the effects of technical 

elements on single parameters of milk quality to be determined. The following components or 

operating parameters had partly significant effects: pulsation ratio, LMP, teat cup, the layout of 

the LMP technique, and flow rate. 

In order to ensure that milk quality was as unaffected as possible, the technical components of 

the milking equipment were best tested individually and as a whole. The observed differences 

in milk quality parameters had to be analyzed in relation to the importance of these changes for 

further milk processing and product quality. These findings can be used for the technical 

improvement of AMS.  

In general, mechanical stress on the milk during its journey from teat to dairy factory should be 

avoided as far as possible. Considering all the different experimental setups, some general 

correlations were identified between singular technical elements and milk quality, but many 

more were observed for the combined effects of technical elements. Milk fatty acid profiles 

(MFAP) have been routinely determinable for some time now and can offer an interesting 

approach for cause-and-effect analyses of a new quality. Further experiments to improve 

knowledge about the effects of single parts within the milking system that experience direct 

contact with the milk (liners, tubes, sensors, sleeves, molded parts, and storages) and processing 
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parameters that have an indirect influence on milk quality (flow rate, pulsation ratio, and 

vacuum level) are recommended. 
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8 ZUSAMMENFASSUNG 

Automatische Melksysteme (AMS) sind in weiten Teilen Europas bereits sehr verbreitet und 

werden von verschiedenen Herstellern weltweit angeboten. Es ist seit längerem bekannt, dass 

technische Details einer Melkanlage die chemischen und/oder physikalischen Eigenschaften 

der Milch verändern können, jedoch sind die Ursachen und Zusammenhänge dazu unbekannt. 

Mit dem Übergang von konventionellen zu automatischen Melksystemen ist verschiedentlich 

über unerwünschte Veränderungen der Milchbeschaffenheit berichtet worden.  

In diesem Zusammenhang zielte diese Arbeit darauf ab, zu untersuchen, ob der mechanische 

Stress, der durch mehrere AMS-Elemente und Einstellungen induziert wird, die 

Kuhmilchparameter beeinflusst. Zu diesem Zweck wurden zwei Labor-Melkstände (LMP) 

entwickelt, die ein tatsächliches AMS imitieren. Unter standardisierten Laborbedingungen 

wurden deshalb die melktechnischen Hauptkomponenten von zwei unterschiedliche AMS 

installiert. Für die Analyse der Effekte einzelner technischer Komponenten oder Einstellungen 

wurden verschiedene Modifikationen vorgenommen, die zum Teil von den realen 

Einsatzbedingungen in der Praxis abweichen. Zur Bewertung der Milchqualität wurden 

folgende Parameter herangezogen: freie Fettsäuren (FFA), Fettgehalt, Eiweißgehalt, 

Laktosegehalt, Harnstoffgehalt, Zellzahl (SCC), pH, und Gefrierpunkt (FP).  Für einen Teil der 

Untersuchungen konnte darüber hinaus auch das Fettsäurenprofil (MFAP) in der Milch 

analysiert werden. Im Ergebnis der Untersuchungen konnten Effekte technischer Details auf 

einzelne Parameter der Milchbeschaffenheit festgestellt werden. Folgende Komponenten oder 

Betriebsparameter hatten teils signifikante Effekte: Das Pulsationsverhältnis, die Melkbecher, 

die Auslegung der LMP-Technik, und die Durchflussrate. 

Für die Sicherung einer möglichst unbeeinflussten Milchqualität ist es ratsam, die technischen 

Komponenten der Melkanlage einzeln und in ihrer praxisüblichen Gesamtheit hinsichtlich ihres 

Einflusses auf Milcheigenschaften zu testen. Die beobachteten Unterschiede bei den 

Milchqualitätsparametern sollten weiterführend in Bezug auf die Bedeutung dieser Änderungen 

für die weitere Milchverarbeitung und Produktqualität analysiert werden. Diese Erkenntnisse 

können für technische Verbesserungen von AMS verwendet werden. 

Allgemein sollten mechanische Belastungen der Milch auf dem Weg von der Zitze bis zur 

Molkerei weitgehend vermieden werden. Bei der Untersuchung der verschiedenen 

Versuchsanordnungen wurden einige allgemeine Korrelationen zwischen einzelnen 

technischen Elementen und der Milchqualität festgestellt, die meisten ließen sich jedoch auf 

kombinierte Effekte verschiedener technischer Elemente zurückführen. 
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Die seit einiger Zeit routinemäßig bestimmbaren Fettsäurenprofile bieten einen 

aussichtsreichen Ansatz für Ursache-Wirkung-Analysen in neuer Qualität. Weitere 

Experimente sollten durchgeführt werden, um die Auswirkungen einzelner Teile mit direktem 

Kontakt mit der Milch innerhalb des Melksystems (Gehäuse, Schläuche, Sensoren, Hülsen, 

Formteile und Lager) auf die Milchqualität zu untersuchen. Ebenso sollten die einzelnen 

Verarbeitungsparameter (Durchflussrate, Pulsationsverhältnis, Vakuumniveau) hinsichtlich 

ihres Einflusses auf die Milchqualität untersucht werden. 
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