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ABSTRACT

Hand-milking methods to assess the completeness of milking in dairy cows need to be reliable as well as
quick to apply in order to avoid delays in group milking parlours. A previous study comparing different
methods demonstrated that a defined milking handgrip with a strip frequency of 1 Hz was most suitable
to assess the completeness of milk-out in dairy cows. In a first step, the present study aimed to investi-
gate how much milk can be hand-milked by the defined handgrip, strip frequency and within a time limit
of 15 s per quarter. In a second step, the question was how many udder quarters of a cow needed to be
hand-milked for a reliable prediction of the amount of rest milk in the udder. The experiment comprised
28 German-Holstein cows of one herd. The cows were hand-milked after cluster detachment by an expe-
rienced milker using the defined milking handgrip. All four quarters per cow were hand-milked during
nine consecutive milking sessions. The strip yield per quarter per 15 s hand-milking (SY15) was collected
in four different containers and weighed with a digital scale. Afterwards, the remaining milk of all four
quarters was collected and weighed in a fifth container with a maximum volume equivalent to a net
weight of 540 g milk. The analysis showed that neither the position of the quarter nor the chronological
order, in which hand-milking was carried out, had an influence on SY15. The amount of rest milk in the
udder could be estimated best by hand-milking all four quarters.

© 2022 The Authors. Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Implications

Consultants and dairy farmers collect postmilking strip yields to
assess completeness of milk-out of dairy cows, to detect failures of
milking settings, and to optimise the milking process. The amount
of strip yield harvested within a certain time period however can
be influenced by routines, such as the applied hand-milking
method, the grip frequency, the number of quarters milked and
the duration of postmilking. The study aims to improve the compa-
rability and interpretation of hand-milked strip yields.

Introduction

Postmilking by hand or machine is a common method to esti-
mate the amount of rest milk in the cow’s udder after cluster
detachment and to assess the completeness of milking. Several
previous studies used this indicator to modify or monitor the auto-
matic cluster remover (ACR) settings (e.g. Clarke et al.,, 2004;
Edwards et al., 2013). In addition to the ACR settings, the amount
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of rest milk in the udder can be influenced by the milking process
itself, for example by the milking cluster position (Jones, 1999), the
operating vacuum (Thiel and Mein, 1979; Mein 1992) or poor con-
dition of the liner (Mein and Reinemann 2007). Hence, the amount
of rest milk in the udder could support the assessment of milking
settings, being one of several useful indicators.

The rest milk in the cow’s udder is understood as the milk that
remains in the udder cistern and large milk ducts after milking
ends, caused by the temporary closure of the milk passageway
between udder and teat cistern (Mein et al., 1973). This milk is
not to be confused with the residual milk, i.e. the milk fraction that
remains in alveolar cells after milking (Bruckmaier and Blum,
1998).

In studies using machine milking methods often a detailed
description of the technique and on the weight used to weigh
down the milking cluster is given. And while the milking speed
in machine milking methods is set by the vacuum level and the
pulsator rate and ratio, a detailed information about the applied
hand-milking procedure, the grip frequency and yield per grip in
hand-milking methods is often missing. It is reasonable to assume
that, depending on the applied hand-milking method and duration
of the hand-milking, the relationship between the amount of col-
lected strip yield and the actual rest milk in the udder varies,
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and that the interpretation of whether a record is classified as high
depends largely on the method and target. Thus, previously
assumed thresholds of 40-100 mL per quarter (Davis and
Reinemann, 2001) need to be verified or adapted to the target
and the used method of hand-milking. In order to achieve a com-
parability between investigations that use hand-milking methods
to record and assess the strip yield, we introduced a defined full
hand-milking method with a given grip frequency of 1 Hz
(Meyer et al., 2020). The current study builds on the full hand-
milking method defined in the previous study and aims to answer
two fundamental questions concerning the practical application
and informative value of this method. In the first step, the aim
was to investigate how much milk can be collected per quarter
in 15 s of hand-milking with the defined milking handgrip and in
cows with different udder fillings. In order to fulfil this aim,
hand-milking was done mainly after machine milking, but also
before machine milking in some cows. The latter were referred
to as “calibration records” in this study, because they were
expected to result in the maximum yields. In a second step, the
aim was to clarify whether the strip yield per quarter per 15 s holds
sufficient information to allow a reliable prediction of the amount
of milk which remains in the udder after hand-milking either one,
two or four quarters. Finally, it was evaluated whether the strip
yield in 15 s was affected by the experimental day, time of the
milking session or the cow itself.

Material and methods

The experiment was conducted in one dairy herd in Northern
Germany in August 2017. Herd size was 303 German-Holstein
cows which were kept in an indoor cubicle housing.

Experimental cows, milking systems and technical settings

Thirty cows entered the experiment, randomly selected based
on (1) being German-Holstein breed, (2) in first to sixth lactation,
(3) more than 50 DIM to a maximum of 200 DIM, and (4) four
intact udder quarters. Two of the cows were excluded from the
data analysis due to a clearly recognisable sudden increase of cis-
ternal milk by milk ejection during at least one postmilking. The
final dataset thus included 28 cows. The experimental cows were
on average 142 DIM, and mean daily milk yield was 38.6 + 10.7
L/d. With regard to parity, 30% of the cows were in their first lacta-
tion, 53% in their second or third lactation, and 17% in their fourth
or higher.

The cows were milked in a herringbone milking parlour (2x8,
low-level milkline, Boumatic, Wisconsin, U.S.). The settings for
operating vacuum, pulsator ratio and pulsator rate were 43 kPa,
60:40 and 58 cycles/min. The parlour was equipped with an ACR
with a switch point setting of 750 mL/min and a delay time of
20 s. Milking sessions were performed three times daily at 5:00
am, 13:00 pm and 20:30 pm.

Defined handgrip and handgrip interval

The procedure of hand-milking used to collect the strip yields
involved the following steps (Meyer et al., 2020): (1) four fingers
behind the teat, the thumb in front; (2) the four fingers encircle
the teat; (3) the thumb is used to compress the teat on the upper
end to prevent the milk in the teat canal and teat cistern from flow-
ing up into the milk cistern of the udder (4) the remaining four fin-
gers apply downward directed pressure to the teat by forming a
fist, beginning with the index finger and end with the little finger.
This milking handgrip was applied once every second (1 Hz). The
evaluator used a stopwatch to ensure a consistent rhythm for the
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hand-milking. If no milk was milked for at least 5 s, hand-
milking was stopped. In cases of a considerable re-filling of the
udder cistern during postmilking, clearly recognisable by a sudden
re-fill of the teat cistern and increase in milk flow rate, the cows
were excluded from further data analysis. This was done to ensure
that the collected strip yield represented the cisternal milk mainly,
leftover by the milking system itself, rather than residual milk
related to milk ejection.

Experimental design

Collection of postmilking strip yield was carried out by one
evaluator during nine consecutive milking sessions, i.e. during
three milking sessions per day and on three consecutive days.
The evaluator was experienced in milking in different types of
milking parlours, practised milking at regular intervals, and milked
the cows of this herd before. The previously defined handgrip and
handgrip interval was used to collect the postmilking strip yield of
the experimental cows. Each quarter of the cows was hand-milked
for 15 s. The milk of the four quarters was collected in four differ-
ent containers, and will be referred to as strip yield per quarter per
15 s (SY15) in this study. The chronological order in which the
evaluator started to hand-milk the four quarters of the cows chan-
ged counter clockwise: starting at the first cow with the right front
(RF), left front (LF), left rear (LR) and right rear quarter (RR). Imme-
diately after, all four quarters of the same cow were completely
milked-out using the same hand-milking method but without time
restriction. This part of the strip yield was collected in a fifth con-
tainer with a maximum volume equivalent to a net weight of 540 g
milk, and will be referred to in this study as remaining strip yield
(RSY). Afterwards, the hand-milking of the second cow continued
in the following order: LF, LR, RR, RF and at the following cow with
LR, RR, RF, LF and at the following cow with RR, RF, LF, LR.

The five partial strip yields per cow, i.e. SY15 per quarter and
RSY, were weighed separately with a digital scale with a measure-
ment resolution of 1 g (measuring accuracy: +1 g, KA7-DE, Amir,
Shenzhen, China), and finally were summed up to a total strip yield
per cow (TOTAL).

Calibration record

During each milking session, the evaluator additionally selected
randomly two cows before machine milking to develop a so-called
calibration record. This record represents the amount of milk that
the evaluator was able to milk from a fully stimulated quarter
when applying the previously defined hand-milking procedure.
The used cows were not included in the further experimental milk-
ings. The hand-milking was carried out after stimulation of milk
ejection and before the milking cluster was attached (about
120 s after the start of teat stimulation, including approximately
11 s of tactile stimuli per cow). The first cow was milked at the
beginning (after the 10th experimental cow), and the second one
close to the end of the milking session (after the 20th experimental
cow). One randomly selected quarter of these cows was milked
with the defined hand grip and grip frequency for 15 s. The calibra-
tion record was used to investigate the maximal amount of milk
that can be collected by the defined hand-milking in 15 s from
cows that were prepared but not yet milked. The maximum cali-
bration record per milking session was set to 100%, and a propor-
tion was calculated for each record of SY15 in relation to the
calibration record of that milking session.

Statistical analyses

Data handling, statistical analyses and graphics were performed
in R version 3.5.1 (R Core Team, 2018) using the packages xlsx
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(Dragulescu and Arendt, 2020), Ime4 (Bates et al., 2015) and piece-
wiseSEM (Lefcheck, 2018).

In order to analyse whether the location of the quarter (RR, LR,
RF, LF) or the chronological order in which the quarters were hand-
milked (1st, 2nd, 3rd, 4th) had an influence on SY15, a linear model
was fitted, with quarter location or chronological order as indepen-
dent variable and SY15 as dependent variable. Significance level
was P < 0.05.

To analyse whether TOTAL can be reliably estimated by 15 s of
hand-milking per quarter, three linear mixed-effect models, with
the cow as random effect, were fitted. The residuals were assumed
to be approximately normally distributed and to be heteroscedas-
tic. These assumptions were based on a graphical residual analysis.
The first model included one randomly chosen quarter per cow as
independent variable. The dependent variable in this model was
TOTAL minus SY15 of the randomly chosen quarter. The second
model contained two diagonal randomly chosen quarters, one
front and one rear quarter, as independent variable. The dependent
variable was TOTAL minus the sum of SY15 of the two diagonal
randomly chosen quarters. The third model had the sum of four
SY15 of a cow as independent variable and RSY as dependent vari-
able. Thus, in each of the three models, SY15 of the quarters, which
were used for prediction of the rest milk, was subtracted from
TOTAL. In order to compare the marginal and conditional R? of
the individual models, a Pseudo R?> was calculated (Nakagawa
and Schielzeth, 2013). To analyse whether the amounts of calibra-
tion record, SY15, RSY and TOTAL differed among days or milking
sessions, and whether the calibration records differed between
the first and second hand-milked cow of one milking session, Krus-
kal Wallis tests were conducted.
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Results

The main dataset included the results of a total of 28 dairy cows,
each of them with records from nine consecutive milking sessions.
On average, 14 g of milk was collected during a standardised strip-
ping of 15 s per quarter (range: 0-67 g), and in half of the milkings,
less than 12 g was gained (Fig. 1). The overall mean of RSY, i.e. the
strip yield collected after 15 s of hand-milking per quarter, was
70 g (min 0 g; max 540 g). The overall mean of TOTAL was 126 g
(min 2 g; max 706 g). In four samples, the sample size limit of
540 g for RSY was reached. The range of TOTAL strip yields of these
four milkings, capped by the sample size limit for RSY, was 612-
706 g. The four samples were gained from two cows in two differ-
ent milking sessions each. The highest values for SY15, RSY and
TOTAL were measured on average in the second milking session
of experimental day 3, followed by the second milking session of
experimental day 2. Neither the milking session nor the experi-
mental day had a significant influence on the mean records of
SY15, RSY or TOTAL.

Likewise, neither the individual quarter’s position, nor the
chronological order in which the hand-milking was carried out,
had an influence on the hand-milked quantity of SY15. The distri-
bution of SY15 was approximately the same in the four quarters
(Fig. 1).

The second dataset of the experiment included the values of the
calibration records of 18 different cows before machine milking
(two cows per milking session, three milkings per day, three days).
The calibration records during the nine milking sessions were in a
range between 56 g and 75 g with an overall mean of 65 g. The
amount of milk collected from the first cow and the second cow
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Fig. 1. Boxplot and statistical outliers of the hand-milked strip yield per quarter per 15 s (SY15) depending on quarter position (n = 28 German-Holstein dairy cows, 3 milking

sessions per day, 3 days).
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Fig. 2. Boxplots and statistical outliers of the proportion of the hand-milked strip yields per quarter per 15 s (SY15) in relation to the maximum premilking calibration record
of that milking session (28 German-Holstein dairy cows, three milking sessions (MS1, MS2, MS3) per day within three experimental days (D1, D2, D3)).

later on in the milking session did not differ, nor did the calibration
records among the different experimental days or milking sessions.
Fig. 2 illustrates the proportion of SY15 in relation to the maximum
calibration record of the corresponding milking session and day.
Overall, SY15 exceeded the maximum amount of calibration record
in two milking sessions, once in the second milking of day 2 and
once in the second milking of day 3 (proportion above 100%;
Fig. 2). The interquartile ranges revealed that half of the SY15 val-
ues were in general between 10 and 30-40% of the maximum cal-
ibration record. The median of SY15 was below 20% of the
maximum calibration record in nearly all milking sessions, except
for the second milking of day 3 (Fig. 2).

One objective of the study was to investigate whether the
records of SY15 of one, two or four quarters per cow allow a reli-
able prediction of the rest milk in the udder. The target was to pre-
dict the part or parts of the strip yields that would be unknown to
the evaluator (dependent variable; Table 1). The best prediction
was achieved by hand-milking all four quarters of a cow
(R? = 0.71; Table 1). Including the cow as random effect increased
the coefficient of determination of the three different models to a
range between 0.83 and 0.93. Thus, in the first two models, in
which only one or two random quarters were chosen as indepen-
dent variable, up to 59% of the variation of the data was explained
by the cow itself while in the third model, in which all four quar-
ters per cow were included as independent variable, only 22% of
the variation of the data was explained by the cow.

Table 1

Discussion

The present study aimed to provide information on the outcome
of 15 s of hand-milking with a predefined milking hand grip and
grip frequency before and after machine milking. In addition, it
was evaluated whether the strip yield per 15 s of one, two or four
quarters of a cow can be used to estimate the unknown or remain-
ing parts of the strip yield which would be unknown to the
evaluator.

Postmilking strip yields in relation to premilking calibration records

The outcome of the premilking calibration records confirmed
that the maximum amounts of milk that can be hand-milked with
the applied method range between 56 and 76 g. SY15 was in gen-
eral below 80% of the maximum calibration records, except for six
quarter strip yields which were higher. Of these, the maximum
SY15 record was 67 g, while 97% of all SY15 records were below
40 g. The differences between the quantity of SY15 and the corre-
sponding calibration record are likely caused by changes in the
intramammary pressure before and after machine milking,
although this might not be the sole cause and is not yet proved
as such. After teat preparation, the udder and teat cistern of cows
are filled up with milk and it is assumed that the teat cistern will
be refilled with milk from the udder cistern much faster than after
machine milking, when the fill level in the udder cistern is lower.

Accuracy of the prediction of unknown parts of the cow’s strip yield (n = 28 German-Holstein dairy cows, three milking sessions, 3 days).

Model Independent variable Dependent variable P-value of R? model without R? model with
Number model random effect’ random effect’
1 SY15 of one random quarter TOTAL minus randomly chosen SY15 0.001 0.25 0.84
2 Sum of SY15 of two random TOTAL minus sum of SY15 of the two randomly 0.001 0.26 0.83

diagonal quarters chosen diagonal quarters
3 Sum of SY15 of four quarters ofa  RSY 0.0001 0.71 0.93

cow

SY15: strip yield per quarter per 15 s of hand-milking; RSY: remaining strip yield, hand-milked per cow after hand-milking each quarter 15 s (RSY is limited to a maximum of

540 g); TOTAL: total strip yield per cow, i.e. the sum of four times SY15 and RSY.
! Random effect: cow.
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Therefore, the amount of milk expected to be hand-milked with
one handgrip will be much higher before than after machine milk-
ing. The observed difference between SY15 and the calibration
record supports this assumption. Last, an effect of teat congestions
and oedema on the amount of milk that can be hand-milked with
one handgrip is conceivable due to their influence on teat cistern
volume and teat canal diameter. This aspect was not included here,
but would be worth to be investigated in future studies.

Number of quarters for hand-milking

Based on the findings of this study, the highest accuracy to pre-
dict the rest milk in the udder was reached when all four quarters
were hand-milked for 15 s each. In this case, the sum of the four
SY15 of the experimental cow’s quarters explained 71% of the sta-
tistical variation in the data of the unknown strip yield, the RSY.
The random choice of two diagonal quarters, one front, one rear
quarter, allowed to explain far less of the variation of the unknown
parts of TOTAL, only 26%. A large part of the variety in the depen-
dent variable, up to 60% by choice of only one random quarter as
independent variable, was explained by the cow itself. This may
reflect the fact, that the four quarters of a cow have individual milk
flow characteristics (Tancin et al., 2003; Weiss et al., 2004) and
milk flow rates (Tancin et al., 2006). The amount of milk that can
be hand-milked in 15 s from an individual quarter thus only allows
to draw a conclusion about the rest milk in that quarter. Within
this limitation, however, it can be used to compare the complete-
ness of milk-out of the four quarters of a cow or within a herd.

Postmilking strip yields are influenced by the hand-milking method

Compared to previous studies, the achieved postmilking strip
yields were considerably lower. The low amounts of postmilking
strip yields in the present study derive likely from the applied
hand-milking method (full hand) with a grip frequency of 1 Hz.
In the investigation of Davis and Reinemann (2001), 71% of the
hand-milking strip yields per quarter per 15 s were between 0
and 40 ml, and 21% were higher than 100 ml. However, Davis
and Reinemann (2001) applied a stripping method with no defined
grip frequency. Moreover, different herd populations and machine
settings might affect the outcome of hand-milked strip yields.

In order to address the problem that the thresholds of postmilk-
ing strip yields need to be adjusted to the applied hand-milking
method and herd, the proportion between SY15 postmilking and
a premilking calibration record could be one approach instead of
using fixed thresholds. Further research is needed to focus on this
option. In addition to this, it is conceivable that the procedure of a
calibration record could possibly enhance the comparability
between evaluators. Even if the applied hand-milking method is
described, varieties among operators are common (Davis et al.,
2000; Meyer et al., 2020). The collected maximum amount of milk
by this procedure could be used to compare and to harmonise a
group of evaluators in their force of hand-milking. To determine
whether this procedure leads to the intended result and how many
cows should be hand-milked during a milking session to achieve
comparability between two or more evaluators, further research
is needed.

Conclusions

In general, it can be concluded that the prediction of the rest
milk on udder level requires that all four quarters are hand-
milked, each for 15 s. The method of hand-milking, with a defined
hand grip and grip frequency, resulted in consistent mean strip
yields, independent of the quarter position, milking session or
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day. Thus, it is reasonable to further consider the method on a
quarter and herd basis as an indicator, e.g. for detecting failures
of milking settings. Further research will have to evaluate the sen-
sitivity of this indicator and also the possibility to improve it by
calibration records. In this context, calibration likely improves
the comparability and the interpretation of values, and thus allows
a wider range of methods and applications.
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