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A STATISTICAL ANALYSIS OF THE PERFORMANCE OF MILKING 
SYSTEM VACUUM REGULATORS 
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Linda J. Young!, Gerald R. Bodman2, Eugene C. Boilesen!, Walter W. Stroup! 
Departments of Biometry! and Biological Systems Engineering2 

University of Nebraska, Lincoln, NE 

ABSTRACT 

Milking machine vacuum regulators were tested at dairies across the 
United States over a period of twelve years. The drop in vacuum level 
with increasing air flow for each regulator tested was modeled using 
segmented regression. Three measures of regulator performance were 
considered: the slope of the line in the first phase, the variability 
about the first line, and the join point (after which vacuum pressure 
began to drop rapidly). The distribution of the join point was estimated 
based on an accelerated failure time model with censoring, Weibull errors, 
a model effect, and a linear effect of set point vacuum. For each model, 
the average slope of the first line, the average variability about the 
line of the first regime, and the estimated median cfm (cubic feet of air 
per minute, New Zealand standard) for a join point with set point vacuum 
of 13 in. Hg were standardized. These standardized values were used in a 
cluster analysis to identify four performance groups of regulator models. 

1. INTRODUCTION 

The dairy industry focuses on producing high-quality milk at the 
lowest possible cost. Milking machines are used extensively to extract 
milk from the cows. In preparation for the milking process, the cow's 
teats are "cleaned" with a sanitizing solution and dried, usually with 
single-service paper towels. In most instances, sanitizing of the teats 
and udder is followed by extraction of several squirts of milk (foremilk) 
to allow visual examination for evidence of clinical signs of abnormal 
milk. Handling of the teats and massaging of the udder during this pre­
milking activity stimulates the cow and triggers the pituitary gland to 
release oxytocin. The oxytocin, better known as the "let-down" hormone, 
causes muscle-like tissue surrounding the alveoli where the milk is 
produced within the udder to contract. ·This contraction ejects or 
squeezes milk out of the alveoli into the duct and cistern system of the 
udder through which the milk flows to the teat for subsequent removal by 
the milking machine or by hand. 

The contraction of the alveoli causes the pressure to increase rapidly 
(F igure 1). This increased pressure enhances the milking process by 
causing a greater pressure differential between the udder and milking 
system. As illustrated in Figure 1, the influence of the oxytocin remains 
at a high level for approximately five minutes. Over the next period of 
about five minutes, the oxytocin concentration and associated pressure 
within the udder diminish to pre-milking levels. 

For maximum milk yield and most efficient harvesting of the milk crop, 
the bulk of the milk must be removed from the cow during this most 
productive time. The milking machine vacuum regulator has the 
responsibility of maintaining a constant vacuum pressure so that this can 
be accomplished. The goal is to achieve maximum milk yield in the 
shortest feasible time with minimum insult to the teats and udder. Any 
activity which causes irritation or trauma to the teats or udder increases 
the risk of mastitis. 

Mastitis, by definition, is an inflammation of the teats or udder. 
Mastitis degrades milk quality and because of decreased mammary system 
function causes milk yield or production to be reduced. The cost of 
mastitis is estimated to be $200 per cow per year or $2 billion annually 
to the dairy industry. Failure to keep a constant pressure during the 
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milking process can cause or aggravate mastitis. Although an infection is 
not necessary to cause a cow to suffer from mastitis (inflammation of the 
udder), most (over 95%) cases of mastitis do involve some infectious agent 
(bacteria, yeast, mold, etc.). These foreign pathogenic (disease-causing) 
agents enter the udder through the teat canal -- the same opening through 
which milk is removed from the udder. (An exception to this route of 
entry would be injuries which directly penetrate the udder.) Variations 
in vacuum level within the milking system can cause reverse pressure 
gradients to develop across the teat opening, i.e., the pressure in the 
milking system is greater than the pressure in ~he teat (Galton, et al., 
1988). This reverse pressure gradient is one mechanism by which 
pathogenic organisms can be mechanically forced up into the teat -- and 
subsequently the udder -- thereby increasing the risk of a new infection 
becoming established. 

Erratic vacuum levels in the milking system increase trauma to the 
teats. A vacuum regulator functions as an air inlet valve to cause the 
vacuum pump to operate at the same point along its performance curve. 
Maintaining a constant airflow rate into the milking system results in the 
same vacuum level within the basic milking system. The air inlet opening 
within the vacuum regulator must constantly adjust during milking to 
maintain a constant airflow rate through the milking system as the 
operation of other system components change, e.g., the number of units 
actually attached to cows at a given moment, in order to maintain a 
constant vacuum level. The initial, non-milking vacuum level of the 
milking system is determined by the system's line height (low = 12 - 13", 
mid-height = 12 - 14", high = 13 - 15") and how the installer/dealer or 
producer adjusts the vacuum regulator. The "set point" refers to the 
vacuum level when the airflow meter is closed, i.e., all air is entering 
the milking system via the regulator (less what enters through leaks in 
the system). 

Numerous vacuum regulator models are available to producers. These 
models vary in their ability to maintain a constant vacuum airflow rate. 
In addition, vacuum regulators of the same model vary in their 
performance. A study was undertaken to evaluate the performance of 
milking machine regulators in service at dairies for the purpose of 
identifying models that consistently perform better than others. 

Milking machine vacuum regulators were tested as installed at dairies 
across the United States over a period of twelve years. For each 
regulator, the set point vacuum level, in. Hg, was recorded. Then the air 
flow, measured in cfm (NZ) using a calibrated airflow meter, was increased 
in increments. The vacuum level, as measured by a direct-reading mercury 
manometer, was recorded after each incre~se in air flow. This was 
continued, about half the time, until an accelerated drop in vacuum was 
observed for each increment in cfm. The remainder of the regulators 
maintained fairly constant vacuum during the testing period, and the 
accelerated drop in vacuum with increasing cfm was not observed. The 
number of observations made of any given vacuum regulator ranged from 3 to 
24. Since the model was the choice of the producer and not under the 
control of this study, varying numbers of regulators of each model were 
tested. Thirteen models had enough (see Table 1) regulators evaluated to 
be included in the study: Bou-Matic BouVac; Bou-Matic Weighted Lever; 
Conde; DeLaval Dead Weight, Weighted Sleeve; DeLaval VRS/VRM; Sentinel 
100; Sentinel 350; Sentinel Mark-l; Surge Equalizer I i Surge Equalizer IIi 
Surge Liquid Cushion; Universal Weighted Lever; and Westfalia Vacurex. 
Measures of vacuum regulator models performance and identification of 
performance groups were desired. 

2. MODELING INDIVIDUAL REGULATORS 

Plots depicting the drop in vacuum pressure as the cfm increases 
provide insight into the data. A characteristic pattern is shown in 
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Figure 2. The regulator holds vacuum fairly stable until a critical point 
at which the pressure begins to drop rapidly. Other regulators, such as 
the one in Figure 3, continued to maintain stable vacuum throughout 
testing. While most of the regulators fell neatly into one of these 
groups, a few regulators had erratic responses (see Figure 4). Even 
though the patterns are discernible for individual regulators, these are 
no longer apparent when all data points for a given regulator model are 
considered simultaneously as in Figure 5. Due to this and the manner in 
which the data were collected, initial ef£orts focused on modeling each of 
the regulators. 

Consider again the data from a regulator that was tested until it 
failed (Figure 2). ("Failure" could be the result of the characteristics 
of the individual vacuum regulator or airflow through the flow meter 
exceeding system capacity.) Two-phase (or segmented) regression appears 
to be appropriate. The data in the first phase depict a linear 
relationship between the drop in pressure and the air flow. The second 
phase of the regression is the region beginning at the point where the 
regulator begins to allow a rapid loss in vacuum level. While the 
relationship in drop of pressure and air flow continues to be linear, the 
slope of the line will be significantly more negative than that of the 
first-phase. 

The regression provides three measures of interest on each regulator. 
First, the slope of the line in the first phase should be close to zero 
since this would represent the case in which the regulator allows little 
or no change in vacuum level before it begins to fail. Second, since 
mastitis may result not only from drops in pressure but also from 
fluctuations in the vacuum pressure, the variability about the line in the 
first phase should be as small as possible, preferably zero. Last of all, 
the value of the join point between the two phases should be "large", 
This occurs when the regulator maintains stable vacuum until a high air 
flow rate results in its failure. To recap, for each regulator, emphasis 
will be placed on (1) the estimated slope of the line in the first phase, 
(2) the estimated variability about the first line, and (3) the join point 
between the two phases. 

Therefore, the performance of each regulator was modeled using 

Yl POl + PllXi + €li l 

= POZ + P12 X i + €Zi' 

where Yi is the drop in pressure from the initial vacuum level and Xi is the 
air flow. Hudson's (1966) method (see also Schwarz, 1978) was used to 
estimate the parameters of the model. This method is based on minimizing 
the residual sum of squares for the fit, but certain criteria on the 
location of the join point T must be satisfied. First, the join point is 
required to be in the range of the independent variable, the cfm in this 
case, but far enough from the endpoints so that a unique regression can be 
fit to each regime. Also, the join point must occur on or between the two 
data points which are the interior points of the two regimes. The join 
point is often constrained to satisfy these criteria before a residual sum 
of squares is calculated. Further the lines are constrained to be 
continuous at the join point and thus intersect. The resulting regression 
lines for one of the regulators is depicted in Figure 6. 

Now recall that some regulators maintained stable vacuum throughout 
the testing period. For these, a two-phase regression would not be 
appropriate. Thus, a test of coincidence is of particular interest. A 
likelihood ratio test was performed. The test statistic is formed by the 
ratio of the likelihood that one switch occurred and two lines are needed 
to describe the data over the likelihood that no switch occurred and the 
data can be adequately described with a single line (Quandt, 1958, Hudson, 
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1966). If the Observed Significance Level associated with this test was 
less than 0.1, we concluded that a two-phase regression was needed. 
Otherwise, we used a single line to describe the behavior of the regulator 
(see Figure 7). 

3. EVALUATION OF REGULATOR MODELS 

Once this work was complete the focus turned to evaluation of the 
regulator models. Figure 8 provides a view of the largest, smallest, and 
average estimated slopes associated with the first regime. Note: In the 
cases for which we used a single line to describe the behavior of the 
regulator, the slope of this line is included in the analysis and in the 
computation of variability about the line of the first regime. 

The average variability about the line of the first regime was 
obtained for each regulator model. These averages as well as the ranges 
of estimated variances for the thirteen models are shown in Figure 9. 

Now consider the join point. About half the regulators did not have 
a significant join point. For these, the cfm at which they began to fail 
was assumed to be at a level above the last cfm tested, resulting in 
censored data. The distribution of failure cfm's was modeled using an 
accelerated failure time model (Lawless, 1982). Since these regulators 
were tested on-site, a number of factors, other than model, could possibly 
affect the failure time. The length of time a regulator has been in 
service, the time since the regulator was last cleaned, and the system 
capacity are just some factors that could have an impact. Of these, the 
set point vacuum level was considered most critical and could not be 
ignored. Therefore, we used the following regression model for failure­
time data with right censoring based on the Weibull distribution: 

where c i is either T, the air flow cfm of the estimated join point, or the 
censored value for the cfm level (if no join point was detected), Ii is the 
initial pressure used to test the ith regulator, and ~ is the effect of 
the jth regulator model with the constraint that 

The E'S 
function. 

are assumed to be errors with a standard Weibull 
Using the following parameterization of the Weibull, 

F (x) = 1 - e -a:x T 

survival 

then 0 = 1/y, Further, ex = exp(-IJ/o) where ,U = ~o + Pili + ITL.i depicts the 
relationship of time of failure and set point vacuum as well as regulator 
effect. 

Estimates of the 0.05, 0.1, 0.25, 0.5, 0.75, 0.9, and 0.95 quantiles 
were obtained for each regulator model and set point vacuum levels of 11, 
12, 13, 14, and 15 in. Hg. The air flow, cfm, at which each regulator 
model began to fail increased as the set point vacuum decreased. A 
characteristic pattern is shown for the Sentinel 350 regulators in Figure 
10. 

Large sample normal approximations based on the observed information 
matrix were used to compute standard errors of the parameter estimates. 
These were then used to set 95% confidence limits of the estimated 
quantile values for each regulator model (Lawless, 1982). The estimated 
distribution function and 95% confidence limits for three regulator models 
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are depicted in Figures 11 to 13. 

The average slope of the first regime line, the variability about that 
line, and the 0.5 quantile with initial vacuum of 13 in. Hg were estimated 
for each regulator model (see Table 1). These three measures of regulator 
performance were standardized to a variance of 1. The standardized 
measures were used in a cluster analysis with the Euclidean distance 
between clusters computed using the average-linkage algorithm (Johnson and 
Wichern, 1988). Four clusters gave the following groupings: (1) The 
Sentinel 350 was superior by all three criterion and can easily be 
considered the best regulator tested. (2) The Bou-Matic BouVac, DeLaval 
VRS/VRM, Sentinel 100, Sentinel Mark-I, Surge Equalizer II, and Westfalia 
Vacurex were in the second best performance group. (3) The third 
performance group consisted of Bou-Matic Weighted Lever, Conde, Surge 
Liquid Cushion, Surge Equalizer I, and Universal Weighted Lever. (4) The 
performance of the DeLaval Dead Weight, Weighted Sleeve was substantially 
below that of other regulator models. These groupings may be depicted in 
three dimensions as in Figures 14 and 15. . 

4. SUMMARY 

Thirteen milking machine vacuum regulator models were tested on-site 
at dairies across the United States over a period of twelve years. 
Segmented regression was used to model the drop in vacuum level with 
increasing air flow for each regulator tested. For each regulator, a 
likelihood ratio test of coincidence was conducted. If a single 
regression line adequately described the data, then it was assumed that 
vacuum was maintained at a stable level throughout the testing period and 
that testing ceased prior to regulator failure. When the regulator 
maintained stable vacuum under increasing air flow until a point at which 
vacuum began to drop rapidly with each increment in air flow, segmented 
regression was needed. The join point of the two regression lines was the 
estimated failure point. The distribution of the join points was 
estimated based on an accelerated failure time model with censoring, 
Weibull errors, a model effect, and a linear effect of set point vacuum. 
The last air flow, cfm, tested provided the censored value for the 
regulators that maintained stable vacuum throughout testing. For each 
regulator model, the average slope and the average variability about the 
line describing regulator behavior prior to failure and the estimated 
median failure cfm for a set point vacuum of 13 in. Hg were standardized 
to a variance of one. Clustering on these three standardized variables 
resulted in the identification of four performance groupings. 
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Table 1 

Regulator Number Average Average Estimated 
Model Tested Slope of Variability Median cfm 

1st Line about Line 1 for Failure 

Bou-Matic BouVac 7 -0.00433 0.00078 87.0 

Bou=Matic 5 I -0.02855 0.00137 49.1 
Weighted Lever 

Conde 14 -0.03927 0.00197 131. 5 

DeLaval Dead 
Weight, Weighted 30 -0.02791 0.01836 90.9 
Sleeve 

DeLaval VRS/VRM 53 -0.00329 0.00316 144.1 

Sentinel 100 52 -0.00332 0.00167 I 102.3 

Sentinel 350 45 -0.00075 0.00101 207.8 

Sentinel Mark-1 23 -0.00469 0.00365 118.7 

Surge Equalizer 10 -0.02369 0.00604 81.5 
I 

Surge Equalizer 70 -0.00821 0.00304 145.6 
II 

Surge Liquid 37 -0.01858 0.00378 60.1 
Cushion 

Universal 11 -0.04730 0.00183 67.1 
Weighted Lever 

Westfa1ia 26 -0.00971 0.00269 98.5 
Vacurex 

, Set POlnt vacuum of 13 In. Hg 

. 
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