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The purpose of this paper is to describe a measurement system to monitor in real time and analyze changes in both
pulsation chamber vacuum level and in liner wall position of the teat cup. A computer-controlled data acquisition unit was
used to record and analyze the signals of pressure and displacement transducers. Six types of liners, with four replicates of
each, and two types of pulsation were evaluated using a split-plot design. Design and material of the liner, and pulsation
type considerably affected the liner's responses, such as rise and fall time, liner ratio, hysteresis ratio, and pressure
differentials across the liner wall at halfway opening and closing. Measurement and analysis of liner wall movement during
pulsation provided a much better indication of teat cup operation than an evaluation of a pulsation chamber vacuum level
record as commonly used in testing milking systems.

INTRODUCTION

The two-chambered teat cup (American
Society of Agricultural Engineers (ASAE)
1984), consisting of a shell and a rubber
liner, is the most commonly used device
for mechanical milk removal. The teat cup
removes milk from the teat, inserted into
the liner, by applying a vacuum level of
35-50 kPa (pressure below atmospheric
pressure) inside the liner. This continu
ously applied pressure differential across
the lower part of the teat causes an outward
deformation of the teat end in particular
and opening of the streak canal resulting in
milk flow.

A pulsator provides pulsation, i.e.
cyclic opening and closing of the teat cup
liner. The pulsator switches the pressure in
the pulsation chamber from atmospheric
pressure to the nominal vacuum level of
the milking system and vice versa. Pulsa
tion rates, defined as the number of pulsa
tion cycles per minute (ASAE 1984),
commonly range from about 45 to 60 c/
min. Pulsation ratios, defined as the time
ratio of increasing and maximum vacuum
phase to all four phases (ASAE 1984),may
vary from about 50% to 70%. Both pulsa
tion rate and ratio are routinely measured
for on-farm testing of milking systems.

The teat cup liner is the only milking
machine component in direct contact with
the cows' teat during milking. Teat cup
operation, in terms of liner opening and
closing, plays a critical role. Research
showed that changes in liner wall position
affected both milk flow rate and udder
health (Reitsma 1981). Duration of liner
closure of one-third of a second or more
reduced the risk of new infections
(Reitsma et al. 1981).

Changes in liner wall position, due to
pulsation, could not be predicted from

pulsation graphs (Townsend 1965).
An improved technique of measure

ment and analysis of teat cup operation
will provide a useful tool for liner research
and development and liner quality control.

The purpose of this paper was to
describe a fast and accurate measurement

and analysis technique of milking machine
teat cup operation. Transducers monitor
both changes in pulsation chamber vac
uum level and in liner wall position of a
milking machine teat cup using a com
puter-controlled data acquisition system.

Specific objectives for the measure
ment and analysis of both signals were as
follows:

(1) To plot both signals in parallel as a
function of time for both simultaneous and

alternate pulsation applied to liners differ
ing in design and material.

(2) To compute rise and fall times of
each signal, delay time between both sig
nals, liner closure time (liner less than half
open), liner open time (liner more than half
open), liner ratio (time ratio of liner more
than half open and less than half open
(ASAE 1984)), and pulsation ratio and
rate.

(3) Toplot liner wall position as a func
tion of the pressure differential across the
liner wall.

(4) To compute the pressure differen
tials across the liner wall halfway during
both liner closing and opening, and the
hysteresis ratio of liner material.

(5) To evaluate six types of liners, with
four replicates of each, and two types of
pulsation using a split-plot design.

REVIEW OF LITERATURE

Measurement and analysis of pulsation
chamber vacuum level changes is a routine
measurement for on-farm testing of teat
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cup operation.
Townsend (1965) demonstrated the

need for measuring vacuum level changes
using equipment with an adequate fre
quency response; also that graphs of
changes in liner wall position, due to
pulsation, differed considerably from
pulsation graphs.

Smith et al. (1978) described a simple
method to determine teat cup operation in
terms of milk/rest ratio (milking time to
rest time in each pulsation cycle) in their
extension publication. However, their
method consists of a static measurement of

the pressure differential (AP) required for
liner collapse followed by recording milk
ing vacuum level and drawing a parallel
line to account for AP that is superimposed
on a pulsation recording to determine
graphically the milk/rest ratio. Thiel and
Akam (1964)developed a portable appara
tus consisting of a meter with a probe
inserted in one liner, giving a direct meter
readout of the proportion of the cycle for
which the liner was more than half open.

The dynamic behavior of teat cup oper
ation in milk removal was investigated by
Ardran et al. (1958) who made cin-
eradiographic observations. They found
liner collapse to occur within 0.08 sec.
Hundtoft (1962) found liner travel time to
be 0.25 sec per pulsation cycle and a max
imum velocity of the liner wall during
closing of less than 0.25 m/sec.

Thiel et al. (1964) demonstrated that
opening and closing of the liner was, under
some conditions, considerably delayed
due to pressure conditions inside the liner.
Easter changes of pressure in the pulsation
chamber resulted in faster liner wall move
ment (Thiel et al. 1966). Opening and clos
ing of the liner from about one-quarter to
three quarters open took place in no more
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than 0.02 sec for rapid pressure changes in
the pulsation chamber.

Resistance and capacity for airflow in
the pulsation system affected the increas
ing and decreasing vacuum phases of a
pulsation chamber vacuum record (Brandt
and Rossing 1975).

Techniques for measuring liner wall
movement involved cinephotography
using a transparent shell or a displacement
transducer (for example: Thiel et al. 1964;
Townsend et al. 1966; Thiel and Mein
1979; O'Callaghan 1974; Reitsma 1981).
Also an infrared light sensor has been used
(Worstorff 1977).

Uhmann and Thalheim (1980) reported
that the curves representing liner opening
size as a function of pressure differential
across the liner wall differed for liner clo

sure and opening. Also they showed an
increase in hysteresis for liners requiring a
larger pressure differential for opposite
sides of the internal liner wall to come into

initial contact. A dial gauge sensed liner
wall position under essentially static mea
surement conditions.

Mein and Williams (1984) also demon
strated the presence of hysteresis in liner
material but applied slower rates of pres
sure changes than occur during pulsation.

Hysteresis loss (as a percentage of the
total strain energy) depended on the
change of shape of rubber rather than the
level of stresses present (Holownia 1979).

EXPERIMENTAL METHODS

Measurement and analysis of milking
machine teat cup operation required some
milking equipment, a measurement tech
nique including two transducers and a data
acquisition system with a desktop com
puter for system control and data analysis.
A statistical analysis was applied to the
laboratory results of the six liner types and
two types of pulsation.

Milking Equipment
The teat cup used was a De Laval 06

shell fitted with six different 01-type liners
(De Laval Agricultural Division, Alfa-
Laval Inc., Kansas City, Mo. 64153).
These six liner types represented three
designs (two single-piece liners and one
two-piece liner) using a blend of organic
rubbers and three manufacturing methods
for the same design (two-piece liner) using
silicone rubber. All three liner designs had
a common geometry for mouthpiece and
barrel. The two single piece liners differed
in unstretched barrel length. A De Laval
Flo-Vu claw with an automatic shutoff

valve was connected by means of a 2.74-
m-long milk tube (14.3 mm i.d.) to a por
table vacuum pump unit (De Laval Model
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No. 71). The long air tube (7.1 mm i.d.)
was 2.76 m long and the short air tubes
(7.1 mm i.d.) were 200 mm long. A De
Laval HP-100 pneumatic pulsator with a
single outlet for simultaneous pulsation
provided cyclic opening and closing of all
four liners. Blocking two of the four nip
ples of the air manifold on the claw simu
lated alternate pulsation. A Conde (Conde
Milking Machine Co., Inc., Sherrill, N. Y.
13461) spring-loaded vacuum controller
maintained a preset vacuum level.

Measurement Technique
The changes in vacuum level in the

pulsation chamber were measured using an
integrated circuit pressure transducer
(Model LX1704GB, National Semicon
ductor Corp., Santa Clara, Calif. 95051)
connected to a T-connector (7.5 mm i.d.)
in the short air tube (see Fig. 1). Calibra
tion was done with a well-type mercury
manometer (Model 1230-90 WM, Dwyer
Instruments, Inc., Michigan City, Ind.
46360). A linear least squares fit of cal
ibration data showed a linearity of ± 0.5%
(largest deviation as percent full-scale
from the least squares fitted line). The nat
ural frequency of the sensor diaphragm
exceeds 50 kHz.

The changes in liner wall position were
measured with a displacement transducer
(Model 242-000, Trans-Tek Inc.,
Ellington, Conn. 06029) mounted perpen
dicularly in a teat cup shell as shown in
Fig. 1. This linear variable differential
transformer (LVDT) type transducer
comes equipped with a core assembly and
a connecting rod. A rounded plastic knob
was fastened to the threaded end of this

rod. A small spring between this knob and
the transducer assured continuous contact

between the liner wall and the core assem

bly. The mass of the core assembly was
3.5 g and the spring rate was approx
imately 0.14 N/cm resulting in a natural
frequency of this mechanical part of the
transducer of about 10 Hz. A step input
was applied to the transducer to determine
the time required for a displacement about
equal to the maximum change in liner wall
position. A string was put across the knob
on the connecting rod with the spring fully
compressed. Data collection started just
before cutting the string and stopped
shortly thereafter. The time required per
10-mm displacement was close to 16msec.
The manufacturer's specified frequency
response of the transducer is a 3 db drop in
output at 115 Hz. The transducer was cali
brated with a micrometer. The linearity
(largest deviation as percent full-scale
from the least squares fitted line) was
±0.3% over a range of 20 mm which is
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Figure 1. Diagram of the teat cup used for
measuring teat cup operation. The
pressure transducer (at far right) is
connected in the short air tube and

the displacement transducer (at far
left) is mounted in the shell. The
liner with artificial teat (top center)
inserted has its plane of closure per
pendicular to the displacement
transducer.

within the specified value of ±0.5%.
The center line of the displacement

transducer was 38 mm from the end of the

teat cup shell near the short milk tube. That
location was the approximate center posi
tion between the end of the shell and a solid

artificial teat. Insertion of this teat (18.5
mm o.d., rounded end, 86 mm length) into
the liner simulated a cow's teat with no

liquid flow.

Data Acquisition and Analysis
The measurement system is shown as a

block diagram in Fig. 2. The HP-85
(Hewlett-Packard, Palo Alto, Calif.
94304) desk top computer, and the
HP-3497A (Hewlett-Packard) data ac
quisition/control unit interact via an
HP-82937A interface bus. A 20-channel

guarded input relay card was plugged into
the back of the HP-3497A unit. This card
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Figure 2. Block diagram of the equipment used for measurement and analysis of teat cup
operation.operation

received analog voltage inputs from the
pressure and displacement transducers on
channels 0 and 1, respectively. The HP-85
also communicates with the plotter
(HP-7225B) via the interface.

Accurate analysis of the changes in
pulsation chamber pressure and in liner
wallposition required that the signals from
the two transducers be read as near to

simultaneously as possible. The system

was set up so that readings could be
obtained at a rate of one channel every 8
msec. Data were stored in packed BCD
format in a dimensioned string variable
called Pl$. The HP-3497A continued to
take and transfer readings until filling Pl$.
A total of 300 readings, at 8-msec inter
vals, was made each time resulting in 150
readings per channel at 16-msec intervals.
This ensured measurement of at least one
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complete cycle of both signals essential for
later analysis.

Once the transfer of readings was com
pleted, the HP-85 used a subroutine to
unpack the values stored in Pl$. The
unpacked numerical values were placed in
an array PI. The elements in PI were alter
nate pressure and displacement voltage
readings. The computer separated these
readings by placing pressure values into an
array called V, and displacement readings
into an array called L.

The computer searched through the
arrays V and L to find the minimum, the
maximum and the 10%, 50% and 90%
levels of each signal. By using linear inter
polations between successive readings and
counting the number of whole and partial
intervals between critical points, the com
puter calculated rise times, fall times, the
times for which the liner was <Vi open and
>Vi open, and the delay time between
pressure and displacement signals at 10%
of the rise.

The voltage values in V were converted
to kPa and the voltage values in L to values
between 0 and 1, with 0 indicating that the
liner was fully closed, and with 1 fully

DATEi 19/5/1983

TESTi A4N4

PRESSURE TIMES, met

RISE TIME - 271
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Figure 3. A sample of data points recorded as pulsation chamber vacuumlevel changes (A) and as liner wall position changes (B), both as a function
of time, the time interval between successive data points ofeach signal is 16 msec.
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DATEi

TESTi

19/5/1983

A4N4

HYSTERESIS RATIO

- 18.5 hPa

- 24. 0 kPa

24.2

AP„o
A%c

LOADING

AP - PRESSURE DIFFERENTIAL,kPa
Figure 4. Loading andunloading curves inresponse tothepressure differential across thelinerwall forclosing andopening oftheliner, respectively,

duringonepulsation cycle.Thehysteresis ratiois theareabetween bothcurves as a percentage ofthe areabelowthe loadingcurve. Note:
the data points in Fig. 3 were used here.

TABLE I. MEAN AND STANDARD ERROR OF THE MEAN OF SEVERAL PULSATION
VARIABLES, USED AS INPUT FOR ALL 24 LINERS, FOR SIMULTANEOUS AND

ALTERNATE PULSATION.

Units

Type of pulsation

Simultaneous Alternate

Pulsation variable Mean SE of mean Mean SE of mean

Pulsation rise time msec 270.5 0.28 141.0 0.28

Pulsation fall time msec 171.4 0.17 103.8 0.19

Pulsation rate c/min 63.4 0.05 64.0 0.05

Pulsation ratio % 72.0 0.00 71.0 0.04

Maximum vacuum phase % 40.7 0.05 54.2 0.04

Minimum vacuum phase % 7.8 0.06 18.1 0.03

Maximum vacuum level kPa 45.3 0.05 45.5 0.06

TABLE II. MEAN AND STANDARD ERROR OF THE MEAN OF SEVERAL LINER

VARIABLES IN RESPONSE TO SIMULTANEOUS AND ALTERNATE PULSATION
APPLIED TO ALL 24 LINERS.

Units

Type of pulsation

Simultaneous Alternate

Liner response variable Mean SE of mean Mean SE of mean

Rise time msec 159.8 1.90 87.3 0.87

Delay time msec 52.9 1.75 43.5 1.33

Fall time msec 93.0 1.52 51.6 0.94

<Vi open msec 277.1 4.13 289.8 2.66

> Vi open msec 669.2 4.25 647.1 2.78

Liner ratio % 70.8 0.43 68.9 0.29

Displacement mm 8.5 0.09 8.6 0.09

Hysteresis ratio % 22.4 0.36 28.4 0.63

APho at half-way opening kPa 20.0 0.34 19.0 0.38

APhc at half-way closing kPa 25.5 0.42 26.4 0.41

APh(i.e.APhc-APho), kPa 5.5 0.12 7.4 0.19

open.

Finally, the data points of pulsation
chamber vacuum level changes and of liner
wall position were plotted as a function of
time as shown in Fig. 3. This plot includes
the calculated values for rise, fall, delay,
<Vi open, and >Vi open times, pulsation
ratio and rate, and liner ratio. Loading and
unloading curves, representing liner clos
ing and opening, respectively, during one
pulsation cycle were plotted next as shown
in Fig. 4. The hysteresis ratio in Fig. 4
refers to the area between the loading and
unloading curves as a percentage of the
area below the loading curve.

Statistical Analysis
The two types of liner rubbers (a blend

of organic rubbers and silicone rubber)
could not be used as a factor in the statis

tical design because the liner types N, O,
and P (all organic) differed mainly in
design and R, S, and T (all silicone and the
same design, similar to P) differed mainly
in manufacturing process.

An analysis of variance, using the Sta
tistical Analysis System (SAS Institute
Inc., SAS Circle, Box 8000, Cary, N.C.
27511), was applied to the measured vari
ables of the six liner types. A split-plot
design was used with replicates (four of
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each liner type) representing the blocks
and pulsation types representing the main
plot treatments. The six liner types repre
sented the subplot treatments. The interac
tion between pulsation type and liner type
was also of interest.

Next, multiple comparisons, using the
Bonferroni T tests, between the six liner
types per pulsation type were made
because those two factors turned out to be

highly significant (P^O.01) for the liner
response variables (see Table III).

RESULTS AND DISCUSSION

The following pulsation variables for
each type of pulsaton were analyzed: rise
and fall times, rate and ratio, maximum
and minimum vacuum phases and max
imum vacuum level (ASAE 1984). The
mean and standard error of the mean of the
above pulsation variables are shown in
Table 1. The purpose of this analysis was to
verify uniformity of applied changes in
vacuum level in the pulsation chamber for
both types of pulsation used for all 24
liners (six liner types with four liners of
each type). The small standard error of the
mean for the pulsation variables confirms
uniformity between measurements. The
results in Table I clearly show the large
effect of the type of pulsation on rise and
fall times, and on maximum and minimum
vacuum phases due to the change in air
volume. The minimum vacuum phase for
simultaneous pulsation is considerably
below the 15% minimum indicated in

International Standard ISO 5707 (1983).
Recordings of pulsation chamber vacuum
showed that the vacuum level did not reach

atmospheric pressure in the setup used (see
Fig. 3). The pulsator used in this study is
therefore unsuitable for simultaneous pul
sation. Also the pulsation rate appears as
somewhat high.

The mean and standard error of the

mean of all liner response variables are
shown in Table II for both types of pulsa
tion applied to all 24 liners.

An analysis of variance showed highly
significant (P^O.01) differences between
simultaneous and alternate pulsation for all
liner response variables except displace
ment for which the significance level was
less than 0.05 (see Table III). Alternate
pulsation resulted in significantly shorter
liner rise time, delay time, fall time, >Vi
open time, longer <Vi open time, lower
liner ratio, larger liner wall displacement,
higher hysteresis ratio, lower APho (pres
sure differential across the liner wall at

halfway opening), higher APhc (pressure
differential across the liner wall at halfway
closing) and higher APh (i.e. APhc -
APho). Therefore faster air changes (alter-

TABLE III. RESULTS OF THE ANALYSIS OF VARIANCE OF THE SPLIT-PLOT
EXPERIMENT ON SIX LINER TYPES WITH FOUR LINERS OF EACH.

SIMULTANEOUS AND ALTERNATE PULSATION ARE APPLIED TO ALL 24 LINERS
RESULTING IN 48 SETS OF MEASUREMENTS!

Liner response variable

Source of

variation

Rise Delay Fall <Vi >Vi Liner Dis- Hysteresis
df time time time open open ratio placement ratio AP^ APhc APh

Main plots
Pulsation 1 S

Replicates
Main plot

3

error 3

Subplots
Liner 5 S

Pulsation

x liner 5 S

Subplot
error 30

S S S S s S S

no significant differences for any of the variables

ts, significant at P^O.05; S significant at P^O.01.

TABLE IV. MEANS OF SEVERAL LINER RESPONSE VARIABLES OBTAINED FROM

FOUR REPLICATES FOR THREE DESIGNS OF ORGANIC RUBBER LINERS (N,0,P)
AND FOR THREE SILICONE RUBBER LINERS (R,S,T) APPLYING SIMULTANEOUS

PULSATION. MEANS WITH THE SAME LETTER (A,B,C, or D) ALONG A ROW
DIFFERED NONSIGNIFICANTLY (P>0.05).

Liner type

Liner response variable Units

Rise time msec

Delay time msec

Fall time msec

< Vi open msec

>!/2 0pen msec

Liner ratio %

Displacement mm

Hysteresis ratio %

APho at half-way opening kPa

APhc at half-way closing kPa

APh (i.e. A/>hc - APho), kPa

Org;anic rubber Silicone rubber

N O P R S T

163.5 142.8 157.0 163.3 163.0 169.5

A A A A

B

C

B B B

60.0 47.8 55.8 61.3 54.0 38.8

A A A A

B B B

C C

88.0 90.8 88.0 89.8 94.0 107.3

A

B B B B B

293.3 246.3 283.5 299.8 281.3 258.5

A A A

B

C

B B

C

649.8 700.0

A

664.8 649.8 661.5 689.5

A

B B B B

69.0 74.0

A

70.3 68.5 70.3 72.5

A

B B B B

8.9 8.6 8.9 8.2 8.2 8.3

A A A A A A

24.5 23.6 23.5 21.1 21.0 20.8

A A A

B B

C C C

18.5 22.5

A

19.3 18.3 19.7 21.5

A

B B B B

24.2 28.9

A

25.0 23.2 24.6 27.0

B

C C C

D D D

5.7 6.4 5.7 4.9 4.9 5.5

A A A

B B B

C C C
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TABLE V. MEANS OF SEVERAL LINER RESPONSE VARIABLES OBTAINED FROM
FOUR REPLICATES FOR THREE DESIGNS OF ORGANIC RUBBER LINERS (N,0,P)

AND FOR THREE SILICONE RUBBER LINERS (R,S,T) APPLYING ALTERNATE
PULSATION. MEANS WITH THE SAME LETTER (A,B,C, OR D) ALONG A ROW

DIFFERED NONSIGNIFICANTLY (P>0.05)

Liner response variable Units

Rise time msec

Delay time msec

Fall time msec

< Vi open msec

> Vi open msec

Liner ratio %

Displacement mm

Hysteresis ratio %

APhoat half-way opening kPa

APhc at half-way closing kPa

A/>h(i.e.APhc- A/>ho), kPa

Liner type

Org;anic rubber Silicone rubber

N O P R S T

91.8 83.3 88.5 83.3 85.5 91.8
A A A

B B B B

48.3 39.8 45.3 50.3 44.0 33.3

A A A A

B B B

C C

47.5 53.5

A

48.0 50.3 51.8 58.8

A

B B B B B

298.5 268.8 294.5 305.3 292.0 280.0

A A A

B

D

B B

C

636.0 668.3

A

643.0 634.5 641.3 659.5

A

B B B B

68.0 71.3

A

68.3 67.5 68.5

B

70.0

A

B

C C C C

8.9 8.6 9.0 8.3 8.3 8.3

A A A A A A

32.3 30.0 30.4 27.4 25.6 24.9

A A A

B B B

C C C

17.5 21.8

A

18.1 17.3 18.9

B

20.6

A

B

C C C C

25.7 29.6

A

26.1 23.7 25.5 27.9

B

C C

D

C

8.2 7.8 8.0 6.5 6.6 7.3

A A A A A

B B B B B

nate pulsation) resulted in faster liner wall
movement. Rise and fall times for the liner

were always much shorter than those for
pulsation chamber vacuum level.

The differences in liner ratio between

both types of pulsation were relatively
small and were even smaller for pulsation
ratio. It appears that the duration of liner
closure (liner less than half open) for both
types of pulsation is too short (Reitsma
1981).

There was a considerable increase in

hysteresis ratio with alternate pulsation.
This may be explained by the lower pres
sure differential required to reach halfway
position during liner opening and the
higher pressure differential required dur
ing liner closing. This was observed for all
six liner types.

The analysis of variance showed highly
significant (P^O.01) differences between

the six liner types for all 11 liner response
variables (Table III). Interaction between
pulsation and liner types was highly sig
nificant (P^O.01) for liner rise time only
and significant (P^0.05) for fall and <Vi
open times. This means that pulsation and
liner types did not act independently ofone
another. This interaction indicated a dif

ference in magnitude of response in these
cases. The interaction of pulsation and
liner types was not significant for all other
liner responses which means the two fac
tors are independent.

The effect of replicates (four liners of
each liner type) were nonsignificant for all
liner response variables (Table III). There
fore, there was a high uniformity among
each set of four liners of each of the six

liner types.
Of particular interest is a comparison

between liner types for all 11 response vari

ables per type of pulsation because of the
highly significant differences for the two
factors of liner type and pulsation type.
The means of the liner response variables
for each liner type are shown in Tables IV
and V for simultaneous and alternate
pulsation, respectively. None of the liner
types have the same ranking for all liner
response variables. Liner type O showed
the shortest rise time for simultaneous
pulsation which is consistent with this
liner exhibiting the highest pressure dif
ferential at halfway position both when
opening and when closing. This highest
pressure differential of liner type O is also
consistent with the longest >Vi open time,
the shortest <Vi open time and the highest
liner ratioof liner type O forboth pulsation
types. Liner type T responded much the
same way. Those types of liner would
therefore be less than suitable for lower

vacuum levels and/or wide pulsation
ratios. Liner type O had the shortest liner
barrel length when unstrained resulting in
higher axial tension and resistance to clo
sure.

Liner wall displacement differed sig
nificantly (P^O.05) for pulsation type.
The mean displacement of liner types P, R,
and S were somewhat larger using alter
nate pulsation. This is likely due to faster
liner opening.

Hysteresis ratio was clearly higher for
alternate pulsation and also for organic
rubber. Therefore it is related to both rate

of change of pressure and rubber com
pound.

The pressure differential at halfway
position during liner opening was larger
for simultaneous pulsation for all liner
types. However, the opposite occurred
during liner closing, i.e. the pressure dif
ferential at halfway position during liner
closing was smaller for simultaneous
pulsation for all liner types. This is in
agreement with the much higher hysteresis
ratio for alternate pulsation for all liner
types. This suggests a strong effect of rate
of loading on hysteresis.

Evaluation of physical response of
liners, as outlined in this paper, resulted in
many significant differences due to pulsa
tion and liner types.

The comparisons between liner types in
Tables IV and V show that liner types O
and R differed the most; in particular for
liner ratio and the pressure differentials at
halfway opening (A/>ho) and at halfway
closing (APhc). These three liner response
variables likely affect milk flow rate the
most. A milking performance experiment
would be needed to determine if the above

differences between liner types O and R
result in significant differences in milk
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flow rate or not.

CONCLUSIONS
Measurement and analysis of teat cup

operation, when applying simultaneous
and alternate pulsation to six liner types,
resulted in the following conclusions:

(1) Design, compound of liner mate
rial, moulding process, and rate of change
of vacuum level in the pulsation chamber
considerably affect the liners' responses,
such as rise, delay, and fall times, dura
tions of less than and more than half-open,
liner ratio, hysteresis ratio, and the pres
sure differentials across the liner wall at
halfway opening and closing.

(2) Rise and fall times of opening and
closing of the liner are considerably
shorter than the rise and fall times of vac
uum level changes in the pulsation cham
ber for both simultaneous and alternate

pulsation.
(3) A slower change of vacuum level in

the pulsation chamber increases signifi
cantly (P^O.01) the pressure differential
across the liner wall at halfway during liner
opening but decreases significantly
(P^O.01) that pressure differential during
closing resulting in significantly less hys
teresis.

(4) A faster change of vacuum level in
the pulsation chamber increases signifi
cantly (P^O.01) the duration of the liner
less than half-open per pulsation cycle and
decreases significantly (P^O.01) the dura
tion of the liner more than half-open result
ing in a significantly lower liner ratio.

(5) Measurement and analysis of liner
wall movement during pulsation provide a
much better indication of teat cup opera
tion, which is important for milk removal
and mastitis control, than a pulsation
chamber vacuum record commonly used
for testing milking systems.
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