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DUBLIN CITY UNIVERSITY
ABSTRACT
DESIGN OF A ROBOTIC
MANIPULATOR FOR AUTOMATIC
APPLICATION OF MILKING CUPS

by James White

The application of milking cups to cow teats has been identified as a significant
component of net manual labour on the commercial dairy farm. Several automatic
milking systems (AMS) are available commercially, however such commercial AMS
have low capacity (typically 7.5 cows/unit/ht) and speed of teat detection and
milking cup application is relatively low. Attempts to introduce commercial AMS
into pastute-grazing systems have been unsuccessful as maximising milking
efficiency in pasture-grazed herds involves optimizing throughput of cows during
the milking session. This design project investigated the use of a commercial robot
arm for high-speed milking cup application. Operating requirements and workspace
patameters were determined from field observation of cows in a milking parlour.
An end-effector capable of handling four milking cups simultaneously was
developed and interfaced with a 6-axis robot arm to form a robotic milking cup
application mechanism: The end-effector profile is sufficiently compact to allow
access between the rear legs of the cow while enabling full access to all four teats
for application of milking cups. A control system was designed and implemented
for the applicator and basic testing was petformed to validate operation. Test results
indicate that small changes in teat location (<20mm) may be tracked at a position

update rate of approximately 200 ms.
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Chapter 1

INTRODUCTION AND LITERATURE SURVEY

1.1 Background: Challenges in modern Irish dairy farming

Daity farming is an important section of the Irish agricultural industty, providing
rural employment and contributing significantly to export revenue[l]. In 2005, the
combined output of milk products in Ireland was 5.33 million tonnes, of which
80% was exported. Milk products accounted for 25% of total Irish agricultural
export value in 2004 and represented 4.1% of total European Union milk
production in 2005. For the 2005 petiod, turnover for Irish dairy production was
over €1.8 billion, with 23,800 dairy farmers directly employed in milk production

and many mote employed in related processing and service industries[2][3].

Despite impressive petformance figures, the dairy farming industry faces increasing
challenges. Daity farming is classified as labour intensive[4]; the milking process
may be classified as light to moderately heavy labour, and feeding and cleaning as
moderate to heavy labour[4][5]. The working day on a dairy farm 1s usually long,
typically spanning ten to twelve hours, making farm working conditions less
attractive to workers. In an Irish context, the economic successes of the last decade
have resulted in rising labour costs and a lower availability of labour in rural ateas as
the workforce becomes more mobile and wages and conditions in other industrial
sectors become more attractive. This presents problems for farmers who wish to
increase scale of operation, as labour is more difficult to acquire and the increased
cost of such labour may reduce any profits from increase of scale. Changes in
environmental regulation have increased the cost of farm management, in particular
with regard to waste management. Such costs cannot be offset by increasing milk
prices as milk prices are regulated and under current EU policy prices may fall over
the next decade[6][7]. Added to these problems is the accession of ten new EU
member states, some of whom enjoy lower labour overheads and may eventually
compete directly with Irish dairy producers. The Itish dairy farmer thus faces the
challenge of maintaining competitiveness in an environment where milk prices ate

decreasing and production costs are Increasing.
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1.2 The Milking process and labour

The milking process may be defined as the herding of animals before and after
milking, washing and disinfecting of teats, attachment of milking cups, extraction of
milk and removal of milking cups[4]. A comprehensive labour study on Irish dairy
farms has shown that 33% of net labour on the farm was directly associated with
the milking process[4]. Fig. 1 illustrates the breakdown of net labour over a twelve
month period. Automated extraction and collection of milk is a mature technology,
and milking machines are universally used on dairy farms. The remaining sections
of the milking process consist of three general tasks: cow traffic routing, teat
preparation (cleaning), and milking equipment attachment/removal. Of the net
labour associated with these tasks, 64% is cattied out between teat cup application
and removal[4][8].

With a large proportion of dairy farm labour tied up in the milking process, much
effort has been expended in researching and developing labour-reducing solutions
in this area. Successful labour reduction can increase competitiveness through

increased output per man-hour and the opportunity for increased scale of

operations[9].
Miscellaneous
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process
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Figure 1. Breakdown of total net labout input associated with daitying ovet
the 12 month period (Couttesy of Teagasc)
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1.3 Developments in milking process automation
In the manufacturing industry, reductions in manual labour are often achieved
through automation. Similarly, automation techniques have been developed and

introduced to reduce labour in the milking process.

1.3.1 Milking machines

At the turn of the 20" centuty, milking was almost entirely a manual process.
During the 19™ centuty many methods for extracting milk were investigated, and
several were patented and marketed with varying levels of success. Some systems
attempted simple catheterisation of the udder, forcing the teat orifice open and
allowing milk to flow freely. Others applied a vacuum to the teats to extract milk.
Both systems had disadvantages: catheterisation provided low flow rates and
increased the tisk of udder infection, while constant vacuum systems caused blood
to pool in the teats, damaging udder tissue and causing discomfort to the cow. In
the late 1890s a successful milking machine was developed using an intermittent
vacuum system to extract milk. The intermittent or pulsating vacuum method
interrupted the vacuum at regular intervals to allow the teat surface to return to
atmospheric pressure, overcoming the problem of blood pooling in the teat by
allowing proper blood citculation. Additionally, the intermittent action was similar
to that that of a suckling calf, with the result that the pulsating action assisted in
stimulating milk let down by the cow. The pulsating vacuum system is now

universally used in modern milking machines [10].

'The general design of a teat-cup for use in a pulsating vacuum system is shown is
shown in Fig. 2. The cup consists of a rigid cup, or shell, into which a hollow,
flexible rubber liner is inserted. The liner separates the cup volume into two
chambers: a tapered, flexible-walled cylindrical chamber into which the teat is
inserted and an outer annular chamber between the ngid shell and the liner. Duning
the release phase (A), a constant partial vacuum (typically 30-45kPa) 1s applied to
both chambers. There is no pressure differential between the two chambers, so the
vacuum acts directly on the teat and milk is extracted into the milk tube. During the
‘squeeze’ phase (B), the vacuum level in the outer annular chamber is returned to
atmospheric pressure, resulting in a differential pressure on the liner. The liner

collapses around the tear, cutting off the vacuum from the milk tube and rerurning
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the teat to atmospheric pressure. Duting both phases the teat is gtipped either by

direct vacuum or by the collapsed liner, pteventing detachment of the cup during
milking [11].

LINER MOUTH

TEAT
CUP SHELL~—___, ANNULAR
CHAMBER
RUBBER LINER LINER COLLAPSED
MILK STREAM
Bl ATMOSPHERIC PRESSURE
B VACCUUM
PULSE TUBE
RUBBER MILK TUBE
A.RELEASE PHASE B. SQUEEZE PHASE

Figure 2. Principle of teat-cup action

A group of four milking cups is termed a cluster (Fig. 3.). The milk and vacuum
tubes from each milking cup ate attached to a small reservoir, the claw, that
provides connection to a common milk and vacuum line and a pulsating vacuum
line. Fig. 3 also shows an automatic cluster temoval line, which removes the cups
when milk flow rate has fallen below a preset level and returns the cluster to the
milking machine in preparation for the next cow. Automatic cluster removal
eliminates another labour component of the milking process, and improves hygiene

by keeping the cluster from contact with the patlour floor.

The task of cleaning teats can be automated to some extent by spraying with
disinfectant, although there are some reservations over the efficacy of this method

[12].
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Figure 3. Cluster and claw attached to teats

Eatly milking systems were operated with manual vacuum pumps; howevet the
growing availability of electric power and the internal combustion engine allowed
the introduction of powered vacuum pumps. Milking machine development in the
20" century was slow, but with gradual improvements in reliability and cost, milking

machines were in widespread use by the early 1970s.

1.3.2 Milking parlouts

Automation of milk extracton significantly reduced labout involved in the milking
process, allowing the dairy farmer to increase the scale of operations by installing
more milking machines and increasing herd size. With increased operational scales,
a need arose for investigation of milking parlour design and workflow to optimise
handling of larger herds. A milking parlour is an indoor area in which milking
machines and milk collection equipment are housed and in which cows are
positioned for milking. The simplest milking patlour is a seties of parallel stalls in 2
barn in which the cows are held. The stall prevents the cow from straying, and
allows an operator to access the teats from the rear or side. The stall may be
designed with features such as a feed bin to provide concentrated feedstuffs ot
dietary supplements to the animal and safety features such as an anti-kick rail to
protect the operator. With larger herd sizes and the increased capital cost of a

multiple milking machine installation, better utilisation of space and equipment was



required. Many vatiations of patlour design have been investigated [13][14] focusing
on optimising milking machine utilisation, improving cow traffic flow and reducing
operator labour. The two tain patlour styles with potential for high capacity ate

herringbone and rotary patlours.

1.3.2.1 Herringbone parlours

The herringbone patlout, shown in Fig. 4A, is one of the most common milking
patlour arrarllgernents. In the herringbone parlour, the stalls are divided into two
parallel rows, sepatated by a low-level trench or ‘pit’ which provides a more
etgonomic working height for the operator. The cows enter each side of the
patlour in single file, and are turned to face outwards at an angle to the pit until the
parlour is full The operator works in the pit, moving from animal to animal to
inspect, clean and disinfect teats and attach milking cups. In modern patlouts it is
usual to have one milking machine per stall, however in “swing-over” parlouts a
single milking machine setves two cows on opposite sides of the pit. Swing over
patlours reduce the number of milking machines required, and arte reasonably
efficient as the operator can clean and prepare one cow while the other is milked.
Herringbone capacity is varable depending on user requirements, however typical
sizes range between 12 and 30 stalls. The herringbone parlour is an efficient batch
production method, but suffers from the disadvantage that a single interruption
(such as a slow-milking cow ot dropped cluster) results in a delay for the entire
batch [13]. Several designs aimed at reducing batch delays are in use[13], however
the normal capacity for a one-man operated herringbone patlour is 50-75 cows/h,
with practical limits of 120 cows/h [8][14].
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Figure 4. High capacity milking parlour layouts: Herringbone (A) and
Rotary (B)

1.3.2.2 Rotary parlours

An alternative to hertringbone-style batch milking systems is the rotary milking
parlour [15]. Fig. 4B illustrates the layout of a typical abreast (side-by-side stalls)
rotary patlour. The patlour comprises a rotating carousel, on which the stalls and
milking equipment ate mounted. The carousel rotates slowly and in increments of
one stall, allowing cows to walk onto the carousel. The cow is rotated past an
operator who attaches the milking cluster by reaching between the rear legs of the
cow. Milking is performed as the carousel rotates, and when milking is complete the
cluster is automatically removed and the cow exits the carousel at the exit station.
The number of stalls on the carousel is variable, ranging from 10 to 80 depending
on herd size. On the standard abreast rotary patlour (Fig. 4B), the cow must exit by
reversing off the platform. Cows quickly become accustomed to teversing, however
alternative rotary designs present the cow sideways (tandem rotary) or at an angle
(herringbone totaty) to the operatot, allowing forward exit but with a less efficient
utilisation of space on the carousel [16]. Automated cow traffic control systems ate
widely available for controlling entry and exit traffic in the parlour. A control panel
next to the milking cup application position allows control of automated gates and
the rotary carousel, allowing a single operator to perform and supervise the entire

milking process, including application of milking cups. Typical capacity for a single-
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operator rotaty patlour is 120 cows/h, however this can nse to 300 cows/h in a

well-managed system(8].

Sequential processing methodology used in the rotary parlour provides excellent
utilisation of labour, as a single operator can perform the entire milking process
from a single location. Single animal delays have minimal impact on overall milking
time as single-cow bottlenecks (due to slow-milking cows or dropped clusters) may
be avoided b‘y allowing a cow to remain on the carousel for more than one rotation
[8]. Problems with miechanical reliability were experienced with rotary patlouts in
the 1960s and 1970s[9][13], but these have been resolved through design
improvement and rotary parlours are available from many major milking equipment
manufacturers[9]. The main disadvantage of the rotary patlour is the increased
capital and maintenance costs associated with more complex design and
automation; however these extra costs may be offset through labour-saving and
increased capacity. Rotary parlours provide significant reduction in milking time for
large herds when compared with high-capacity herringbone patlours: a large dairy
enterprise in the UK with a herd of 800 cows reported a reduction in milking time
from 10 hours per day with a herringbone parlour to 2 houts per day with an 80-
stall rotary patlour, with no additional labour input[17].

1.3.3 Robotics application in milking systems

Automation of milking cup application would upgrade semi-automated milking to a
fully automated process. Motivation for developing 2 full automatic milking system
(AMS) comes from two sources: elimination of a repetitive, labotious task with
associated health risks [18], and provision for increasing parlour throughput without
increasing labour input. It would seem that the application of robotics techniques
would be appropriate to this task, but automatic attachment of milking cups 1s a
complex problem, requiring a robust and accurate teat position sensor and a
dextrous manipulator to work beneath the cow. Natural variation between animals
in udder size, shape and colour causes difficulty in consistently sensing teats[19].
This sensing issue, along with the limited application time (less than 20s [8]) for cup
application has been the primary obstacle to automated milking cup application in
high-capacity parlours, with the result that no research has been reported in the
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field. However, robotic techniques have been applied successfully to the milking
process in an alternative milking system: voluntary milking.

1.3.3.1 The Voluntary Milking System

To maintain milk yield duting the lactation period, cows must be milked at
consistent intetvals, usually twice daily and with maximum time spacing between
milkings. In fact, consistency of milking intervals is so important that all activities
must be schelzduled around the milking process on the dairy farm. Such a milking
routine imposes testrictions on time management and personal life of an individual
farmer, as the farmer is committed to milking in the early morning and in the
evening for seven days a week regardless of personal health, family responsibilities
or social schedule. This time restriction is exacetbated for lone farmers and farm
families if extra labour cannot easily or economically be obtained, and 1s a factor in
the decline in small-scale dairy farming. Since the 1970s, much research effort has
been expended in investigating methods to alleviate rime management constraints in
conventional daity farming [21], culminating in the development of the automated

voluntary milking system (VMS).

Voluntary milking allows the cow to decide its own milking time and interval, rather
than being milked as patt of a gtoup at set milking times. VMS requires complete
automation of the milking process, as the cow may elect to be milked at any time
during a 24 hour period [20]. A typical VMS layout is shown in Fig. 5. The milking
unit (examined in more detail in Section 1.6.1) comprises a milking machine, 2 teat
position sensot, a robotic arm for automatic teat-cup application and temoval and a
gate system for controlling cow traffic. The cows are permanently housed in'a barn,

and spend most of their time resting or feeding in the loose-stall area.
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Figure 5. General layout of a VMS bamn

When the cow elects to attend the milking unit, due to conditioned habit or udder
fullness, a cow ID sensor reads an identification tag on the cow and passes the cow
ID to the control system. If the cow has been milked too recently, the automatic
gate system routes the cow past the unit. If the cow may be milked, the cow is
routed into the milking unit, where automatic teat cleaning, milking cup application
and milking takes place. As an incentive to attend the milking unit, concentrated
feedstuffs may be fed to the cow in the milking unit, and the barn may be arranged
such that access to the main feeding area can only be obtained by passing the
milking unit.

The innovative core of the VMS system is the robotic manipulator in the milking
unit. This robotic arm automates the tasks of teat cleaning and milking attachment
and removes the final elements of manual labour from the milking process. Careful
design of the robot arm and associated sensors and controls allows robust
unsupervised petformance, such that the farmer is only required to attend the cows

for condition mnspection and when a cow has not attended for milking.
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Typical capacity for a VMS is 60-70 cows per milking unit. VMS typically achieves
milking frequencies between 2 and 3 times per day [29], so a single milking unit
handling 60 cows and milking each cow 3 times pet day has a capacity of 7.5
cows/h. This low capacity is convenient for lower-cost design of the tobot arm and
associated control system, as a window of several minutes is available for each cow

and high-speed operation 1s not required.

VMS units have been available commercially since the early 1990s, and have proved
telatively successful in implementing the voluntary milking method. In fact VMS is
the only automatic milking system (AMS) available to farmers. The term AMS or
“robotic milking” is universally used to describe the VMS systems by the various
manufacturers and the daity industry press, however it can be seen that VMS 1s a

specialised subset of AMS.

1.3.3.2 Limitations of current Automatic Milking Systems

VMS represents complete automation of the milking process, eliminating manual
labour from the milking process and freeing the farmer from the strict milking
schedule of conventional dairy farming. However the expected benefits in terms of

increased productivity and profitability have not materialised for several reasons:

eCapital investment is high compared to conventional patlours; a double-unit AMS
handling 120 cows per day is similar in cost to a rotary parlour that can handle 120

cows per hour.

eCapacity is low, typically 7.5 cows/AMS unit/h, compared to 120 cows/h for a
standard high capacity parlour.

®Due to low capacity, retutn on capital investment is low and profitability is similar

or lower than conventional milking systems, particularly for larger enterprises [30].

sMore complex technology reduces the ability of the farmer to repair faults,

increasing reliance on maintenance services.

Additionally, not all cows are suitable for automatic milking. The robot arm and/or

sensor mechanism will be unable to apply milking cups to certain cows due to
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abnormal udder shape, with incidence of non-conforming animals reported as 5-
15% of herd size[18]. The farmer must decide whether to continue to milk non-
conforming animals manually ot cull (remove for slaughter) the animal. Some
animals, particulatly older cows, will have difficulty adapting to the VM system. In
such cases the farmer must locate the animal and bring it to the milking unit; 2
decision must be made to cull the animal if it fails to adapt after sufficient training
[18]. Advances in control algorithms and robot arm dexterity have improved
attachment capabilities, and it would be reasonable to expect these improvements

to continue in future AMS.

Finally, VMS is not universally applicable within the dairy mdustry. VMS functions
best in zero-grazing systems, where the cows are permanently housed during the
lactation petiod. On zero-grazing farms, grass is cut during the day and fed to the
cows in the barn along with concentrates, rather than allowing the cows to graze at
pasture. Zero-grazing is common in countries such as the Nethetlands where land 1s
at a premium and all available pasture area is utilised for grass production, with
excellent milk yields obtained by this system. However countries such as Ireland,
the UK, USA and New Zealand typically operate pastute-grazing systems, in which
the cows graze in fields and are brought in groups to the milking patlour for
milking. Conversion to zero-grazing would represent a complete and expensive
systemic change for the farmer, complicated by the fact that the farmer must
maintain normal milk production during the changeover and thus operate two
separate milking systems in parallel for a perod. A study in the Netherlands [28]
indicated that VMS may be used with local pasture grazing up to 400m from the
milking unit, however practical attempts (as observed by Teagasc staff in Ireland
and New Zealand) to adapt VMS to the pasture-grazing system have been
unsuccessful, primarily because grazing is not always available adjacent to the
milking patlour and cows would not voluntarily attend the milking unit from

remote pasture.

1.4 Benefits of Automating High-Capacity Patlours
A high-capacity rotary or herringbone patlour containing automatic milking
machines, cow traffic management devices, cluster removal and teat cleaning, 1s an

efficient, setni-automated milking system. The single remaining manual labour
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element in such a system is the application of milking cups to teats. Successful
automation of milking cup application in a high-capacity patrlour would upgrade the
patlour to an AMS with much higher capacity than current systems, and would
represent an alternative to the voluntary milking model. Automated high-capacity
patlouts would be applicable in pasture-grazing systems, and would provide better
return on investment for larger dairy enterprises due to economies of scale. Such
automation would not interfere with the normal milking routine, so cows would not
have to adjust to a new system and cull rates of older cows would be eliminated.
Cull rate due to non-conforming udder shapes would be limited by capabilities of
the milking cup application mechanism and teat detection system, as with cutrent

VMS.

1.5 Literature survey

A survey of available literature was undertaken to determine the current state of the
art in automatic attachment of milking cups and the varous techniques used by
AMS manufacturers. The literature sutvey focused on manipulator design and
methods of milking cup attachment rather than the design of complete automatic
milking stalls. The sutvey attempts to capture the development of AMS, leading to
the cutrent state of the art in milking cup attachment. Consideration of each
development was divided into a technical description of the design, a brief summary
of the operation method and a discussion of the design features relevant to this

thesis.

1.5.1 Development of Automatic Milking Systems

Interest in automatic milking began in the 1970s, with patent applications filed by
Gabler in 1971 (an East German patent briefly desctibed by Rossing and Hogewerf
[18]) and Notsuki and Ueno in 1977 (Japan)[33]. Both designs used milking
equipment mounted in the floor of the milking stall, however the 1971 patent
describes a single milking bowl to cover the entire udder rather than single milking
cups. Notsuki and Ueno used milking cups with independent Cartesian positioning
mechanisms as shown in Fig. 6. The four positioning mechanisms were mounted

on a horizontal table that was raised through the floor of the stall.
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Figure 6. Cartesian milking-cup positioning mechanism (Notsuki and
Ueno, 1977)

Cup positioning drive was via stepper motors on all axes. Teat positions were
determined from historical data for each cow, rather than through real-time
detection. This system was not produced commercially, and it is unlikely that
sufficient robustness could be obtained from the historical teat position system, as

udder shape and teat position vary with cow age and stage of lactation.

In the 1980s and early 1990s, interest in automatic milking increased. Several
research centres in Burope developed prototype AMS and interest *from
commercial companies led to the development of practical systems. These

developments are detailed in the following sections.

1.5.1.1 Silsoe Research Institute/DeLaval

In the UK, the Silsoe Research Institute developed a pneumatically actuated robot
arm for teat cup attachment [25]. Two types of manipulator were detailed in the
patent application for this device [26], however only the manipulator finally used is
shown in Fig. 7.
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Description
Teat position sensing was cartied out by a laser and photodiode grid mounted on

the robot wrist. The robot arm was essentially biomimetic, teproducing the action
of 2 human shoulder and elbow with revolute joints and having a forearm and wrist
mechanism dtiven through small angles with pneumatic actuators. The forearm was
telescopic, allowing extra reach under the cow if necessary. A space-frame structure
was used to provide a simple and rigid support for the arm. The complete robot
arm had five degtees of freedom, four for the arm (including telescoping forearm)
and one at the wiist (totation only). Pneumatic cylinders with full position feedback
and differential pressure control were used as actuators. Teat cups were picked up
from a magazine using a pneumatically actuated two-fingered gripper, gripping onto

a welded bracket on the side of the cup.

Operation
The approach direction was from the side of the animal and cups were attached

sequentially. Movement of the animal was discouraged by reducing the dimensions

of the stall to closely fit the animal (this type of stall is commonly termed a ‘crush’).

Shoulder joint

o Pneumatic
Elbow joint > & e

Forearm

Wiist

Figure 7. Silsoe Reseatch Institute manipulator (wrist gripper not shown)
(Soutce: esp@cenet database UK patent GBGB2226941 [26])
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Discussion
Use of a frame design for this tobot atm provided a rigid and robust mechanism at

relatively low cost. No special castings or extrusions were required, and the entire
mechanism was fabricated from stainless steel stock. On the other hand, the frame
design increased the footprint of the robot leaving less room for other elements of
the milking unit. The choice of frame and linear actuators restricted the range of
movement qf the mechanism to small angles in front of the frame and limited the
choice of locations for positioning the milking cup magazine. Other than the
telescoping forearm bearing, all of the bearings on the mechanism were sealed

rotational bearings, providing good tesistance to dust and water ingtess.

Modelling of the robot arm would have been straight-forward, as the inverse
kinematics of revolute-jointed robot arms is well known from literature. However,
position control of pneumatic cylinders is made mote complex by the
compressibility of air, often necessitating slower performance to prevent oscillations
about the demand position. Additionally, non-linear friction characteristics of
pneumatic seals combined with air compressibility can result in a jerky (stick-slip)
motion at low velocity. Despite this control disadvantage, use of pneumatics
provides several advantages: the cylinders are simple, light-weight and relatively low-
cost, compressed air is simple to generate and environmentally safe, and the
compressibility of ait lends some compliance to the system in the event of
interference with the animal. No mention is made of the control platform used,
however it is reasonable to assume that a separate external pneumatic position

controller would have been used to drive the actuators as this is a specialised task.

This system operated successfully and was purchased by a Swedish commercial
dairy manufacturer, Alfa Laval, now named Delaval. The Delaval system is
currently in production with several modifications to the orginal Silsoe design:
working volume was increased by dispensing with the support frame; pneumatic
operation was eventually changed to low-pressure hydraulics; and the sensing

method was altered to use a laser-scanning device mounted on the end-effector.
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1.5.1.2 Multinorm /Prolion

Hogewetf (1992) reported on an AMS developed by a Dutch commercial company,
Multinorm [23]. Fig. 8 shows the design of the manipulator used as detailed in the
patent application {35].

Description

The Multinorm system used an ultrasonic sensing system to locate the teats, with a
static sensor‘mounted at the side of the stall for locating the neatest teat and a fine
sensor mounted on the end-effector for locating the other three teats with respect
to the first teat. The manipulator had three degtees of freedom, comprised of a two-
link arm with revolute joints to cover the horzontal plane, mounted on a parallel
linkage to provide vertical motion. The cluster of milking cups was held upright on
a tray at the end of a separate support arm, with the milk tubes passing through
holes in the tray. This arrangement eliminated the need for an articulated wrist on
the manipulator. The suppott arm could move freely and was spring-
counterbalanced so that it would remain at any position to which it was moved. All

axes of the manipulator were pneumau'ca]ly actuated.

Operation

Manipulator approach to the udder was from the side of the cow. Movement.of the
animal was discouraged by shottening the length of the stall to fit the animal and
including a bar to exert light pressure on the opposite rear leg of the cow, forcing a
stable stance. In operation, the robot arm gripped the support arm and manoeuvred
the cluster under the cow. Cups were attached sequentially, each cup being raised
slightly by a small pneumatic cylinder during application. Each cup was released
from the tray as the tray moved downwards after each attachment, but remained
loosely restrained by the milk tube passing through the tray. Following attachment,
the robot arm disconnected from the support arm, leaving the support arm to
support the milk tubes and hold dropped milking cups off the floor when milking
was complete. This feature allowed the manipulator arm to be decoupled from the
cluster tray and travel on 2 rail to setvice adjacent stalls. Prolion built this system to

service one to four stalls.
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Figure 8. Muldnorm/Prolion AMS (Source: esp@cenet database European
patent EP0323875 [35])

Discussion

Use of revolute joints significantly reduced the footptint of this manipulator and
increased the working envelope compared to the Silsoe design. The parallel linkage
avoided the use of linear bearing slides, which are more difficult to seal than
standard bearings. Pneumatic actuators provided the advantages mentioned
previously, but with the associated slower petformance for position control. A key
development in this design was the use of a single manipulator to service several
stalls. This increased the utilisation of the manipulator, at the expense of 2 small

inctrease in design complexity.

The Multinorm system was taken over by another commercial company, Prolion,
and was produced and used in the Netherlands [20]. The system was also
manufactured under the Gascoigne Melotte brand name. Prolion was recently
acquired by the Dutch firm Punch Technix, who continue to market an updated
version of this system (the Titan RMS).
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1.5.1.3. Gascoigne Melotte
An AMS systemn that attached milking cups between the rear legs of the cow was
developed by the commertcial company Gascoigne Melotte (the Netherlands) [27].

Description

This design attached all four milking cups simultaneously. Fig. 9 shows the general
layout of the tobot atm. The arm configuration was Cartesian, with all axes actuated
by poeumatic cylinders. A retracting mechanism allowed the entire arm to be
withdrawn from beneath the cow, and a separate cleaning arm was provided. Two
mobile arms (not shown) wete provided at the rear of the stall to spread the legs of

the cow and maintain separation during application.

End-effector design was more complex than those examined previously, providing
three degtees of freedom for each cup. The design of the cup positioning
mechanisms is shown in Fig. 10 (fot clarty, only two cups are shown). Fach axis
was actuated by a small pneumatic cylinder. Guide rails were provided along which
each cup was driven, and a special linkage was used to allow a vertically positioned

actuator to drive the cup along the lateral (x) axis.

Operation

Teat position was read from historical data, and verified by a local stereovision
system. The cups were moved to the horizontal teat positions on the retracted end-
effector. The end-effector was then moved underneath the cow, and the vettical
axis for each cup was actuated to raise the cups to the teats. A set of arms (not
shown on drawings) were used to spread and keep the legs of the cow apatt during
application. The atm remained under the cow during milking, and retracted the
cups once milking was complete. A sensing plate pressed against the rear of the cow
detected changes in cow position, allowing the robot arm to compensate for small

movements.
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Figure 9. Gascoigne Melotte AMS (Source: esp@cenet database European
patent EP0309036 [37])
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Figure 10. Gascoigne Melotte AMS, cluster detail showing two milking
cups (Source: esp@cenet database US patent US4936256 [38])
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Discussion

This design was different from the previously considered AMS, in that it
approached from the rear of the cow, and applied all four cups simultaneously.
Simultaneous application catries a fourfold speed advantage over sequential
application methods, due to the elimination of multiple locate-and-place operations.
Additionally, the rear-access method is a slightly shotter route to the udder than
access from the side, and avoids the area in front of the rear legs in which the leg is
most likely to move (noted from observation of cows). All twelve actuators were
fitted into the end-effector in a reasonably compact arrangement, however the
lateral guide-rail arrangement occupied a significant amount of space. Complexity of
the end-effector is a disadvantage, as the additional controls, actuators and
mechanisms would increase costs. However use of a Cartesian configuration for all
axes allowed for relatively straight-forward construction and control, perhaps
offsetting some of the end-effector costs. Soiling of the end-effector by the cow
was a serious risk with this design, therefore some means of shielding the end-

effector from excrement would be required.

This design was tested on an experimental farm in the Netherlands, however it was

not put into commercial production [18][20].

1.5.1.4 Lely
Lely, another Dutch milking equipment manufacturer, developed a milking system

that applied milking cups from the side of the cow [34].

Description

Similar to the Prolion system discussed above, the Lely system used a revolute-
jointed arm to cover the horzontal plane, coupled to a parallelogram mechanism on
the vertical axis. The arm design is shown in Fig. 11. The cluster was held in a
manner similar to the Prolion system, each cup being held vertically on the end-
effector until applied to the teat, and then released, with the robot arm remaining

under the cow to hold the milking lines during nulking.
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Pneumatic cylinders operated the arm, although the vertical axis used a hydro-
preumatic cylinder (hydraulic fluid on one side of the cylinder) to provide more
force when lifting the arm. The end-effector incorporated a laser sensing device for

locating the teats and a cleaning brush for cleaning teats ptior to cup application.

End-effector

Teat sensor

Revolute joint

Pneumatic
cylinders

Fixed 90° bend

2

Figure 11. Lely AMS (Source: esp@cenet database German patent
DE4293178 [34])

Operation

Operation was the same as the Prolion system, with cups applied sequentially.
Approach direction was from the side of the cow. A sensing device pressed lightly
against the cow was used to detect motion and allow the robot arm to follow the

movements of the cow during milking.

Discussion
The Lely robot was relatively simple in design, utilising linear actuators to drive all
axes. Use of revolute joints increased the robustness of the design, while

pneumatics provided relatively safe and somewhat compliant actuation. The system
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speed was limited by the sequential application method. The 90-degree bend in the
arm was used to facilitate approach to the udder along the longitudinal axis of the
cow. Approaching the udder in this manner kept the end-effector clear of the area
in front of the rear legs, demonstrating that while access from the side gives more

manoeuvting space, care is still necessaty to avoid interference with the cow.

The Lely design was one of the most successful of all AMS, and 1s still in
production. The design has also been manufactured under licence by Fullwood in
the UK.

1.5.1.5 Insentec/Idento/Galaxy AMS

Insentec, Idento and Galaxy, member companies of a Dutch agricultural equipment
group, developed an AMS that used a standard industrial robot arm to apply
milking cups.

Description

A 5-axis robot arm was mounted on a track system, allowing servicing of several
adjacent stalls, as shown in Fig. 12. Teat position was detected using a laser-based
sensor mounted on the end-effector. The robot arm joints were electrically
actuated, while the two-fingered gripper on the end-effector was operated
pnicumatically. An additional cleaning device (not shown) was mounted underneath

the end-effector and used to clean the teats before application.
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Track

Figure 12. Galaxy AMS (Source: esp@cenet database World patent
W002087316)

Operation

Cups were held in a magazine at the side of the stall and picked up mdividually by
the gripper. Application was sequential, and the udder was accessed from the side
of the cow. Cups were automatically retracted back into the magazine once milking

was complete.

Discussion

Use of a standard robot arm in this system greatly simplified the design task, as in-
house fabrication and control of the robotics was eliminated. A 5-axis arm has
excellent dextetity for acquiting and positioning cups, while electrical actuators
provide faster operation than pneumatics. A disadvantage of electrical actuation
(and the associated electronic sensors) is increased sensitivity to moisture ingress,
necessitating careful waterproofing of joints and connections. Operation speed was
limited by the sequential application of cups from a magazine, however the speed of
the robot arm could compensate for this to some extent. Utilisation of the robot
was increased by the track system, allowing the robot to service more than one stall.
This design was successfully introduced to the market and 1s still in production,
although the Insentec, Idento and Galaxy companies are now owned by a Danish
dairy manufacturer, SAC.
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1.5.1.6 CEMAGREF

The French Institute of Agricultural and Enovironmental Engineering
(CEMAGREF) developed a prototype automatic milking system having four robot
arms, one for each cup [31][40].

Description

Teat positions were determined using a stereovision system and local
laser/photodiode gtids on each end-effector. Small revolute-jointed robot arms
with four degrees of freedom were used to handle the milking cups. Pneumatic
cylinders were used to actuate the robot arms. Two arms were mounted in a space
below the floor of the stall, and two arms were mounted at the sides of the stall,
each with a permanently attached milking cup. Inflatable air bags at the sides of the

stall wete used to hold the cow in position during application.

Operation
Cups wete applied simultancously by all four arms, the arms remaining in position

unti] milking was complete and then removing the cups.

Discussion

Simultaneous application of milking cups meant that application speed was high for
this system. However the complexity of the design is a disadvantage, due to the
requitement for multiple robot arms and major modifications to the floor of the
milking stall. In addition, the robot arms were under-utilised, as the arm remained in
place under the cow duting the entire milking process. The workspace under the
cow would have been crowded with four manipulators present, increasing the risk

of collisions and necessitating careful control.

The CEMEGRETF system operated successfully in prototype form, however it was

not produced commercially, possibly due to the complexity of the system.
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1.5.1.7 Duvelsdotf
In Germany, the commetcial company Duvelsdotf manufactured a prototype

Cartesian robot for application of milking cups[41][42].

Description

Teat position was determined using an ultrasonic sensor. The robot consisted of a
set of linear sliding arms mounted at the side of the stall, as shown in Fig. 13. All
axes were elécﬂica.lly actuated via rack-and-pinion gearing. A two-finger gripper was

provided for holding milking cups, which wete picked up from a magazine.

Operation

Milking cups were collected individually from a stall-mounted magazine and applied
sequentially, aftet which the robot was retracted and could be used to service
adjacent stalls by travelling on an elongated horizontal axis. Approach direction was

from the side of the cow.

CARTESIAN
ROBOT

Figure 13.Duvelsdorf Cartesian Robot (Source: esp@cenet database
EP300115 [42])

Discussion

Cartesian mechanisms are relatively simple to implement and control, however
there is a disadvantage in the space requitements compared to revolute-jointed
robots. Dexterity is limited compared to other designs considered, as the robot only

has three degrees of freedom. Use of electrical actuators and linear slides would
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have provided excellent speed and accuracy, although linear slides are more difficult
to seal than rotating beatings. Servicing of additional stalls by elongating the
hotizontal axis parallel to the stall (mentioned in the patent application [42]) would
have been simple to achieve, resulting in improved utilisation of the robot. As
noted previously for the Lely design, the space directly in front of the rear legs
should be kept free (as the cow may step into this space), so an additional 90° angle

at the end of the manipulator was required for optimum access to teats.

The Duvelsdorf system was acquited by a German dairy manufacturer,
WestfaliaSurge, and some development was carried out, however the research
progtamme was discontinued in 2004 due to concerns over the low profitability of

AMS [43].

1.5.1.8 German Federal Research Institute for Agriculture
The German Federal Reseatrch Institute for Agticulture developed a robot similar to
the Duvelsdorf Cattesian manipulatot, but with an additional revolute joint at the

end-effector [32].

Description

Teat positons wete detected using a combination of stereovision and ultrasonic
sensors. The manipulator had fout degrees of freedom, the first three axes being
Cartesian and the final axis revolute, with all axes electrically actuated using stepper

motors. Cups were picked up and applied using a two-fingered gripper.

Operation
Cup application was sequential and approach direction was from the side of the

stall.

Discussion

The system had similar charactetistics to the Duvelsdotf device, however addition
of an extra axis to the Cartesian robot improved the dexterity of this design with
only a small increase in complexity. Use of electrical actuators would have provided
excellent accuracy and speed. As far as can be ascertained, this design was not

implemented commercially.
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1.5.1.9 AUTARI/University of Udine
In Italy, a consortium (AUTARI) at the University of Udine, developed a Cartesian
robot for automatic application of milking cups[44].

Deseription
The design used a Cartesian arrangement similar to the Duvelsdorf system. Teat

positions were detected using a laser-based sensor device. All four cups were held in

a cluster at the end-effector.

Operation
Access to the udder was from the side of the cow and cups were applied

sequentially.

Discnssion
While this system has the limitations of Cartesian design described for the

Duvelsdorf system, provision for holding all four cups at the end-effector would

improve the speed of operation.

This system was used experimentally, but there is no evidence that it has entered

commercial production.
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1.5.2 Summary and state of the art in automatic milking
Rossing and Hogewertf (1997)[18] summmarised the approach and cup bhandling

methods used by the vatious AM systems:
a) Approach direction from the side of the cow
b) Approach direction from the rear of the cow
c) Approach direction from below the cow
d) Application of cups sequentially with a single robot arm

€) Application of cups sequentially with one robot arm holding all four milking

cups on a rack

f) Four independent robot arms, each having a permanently attached cup

Despite much experimentation in milking robotics design in the last two decades,
only four manufacturers produce automatic milking systems at present, and their
products represent the state of the art in automatic milking devices. All current
manufacturers use the side-approach direction (a) for access to the udder. Of the
application methods, (d) 1s cutrently implemented by the Del.aval VMS [45] and the
SAC Galaxy AMS [46], while (e) 1s used by the Lely Astronaut AMS [47] and Titan
RMS (Punch Technix) [48]. It should be noted that both Lely and Punch Technix
AMS are manufactured under licence by other companies: Fullwood Merlin (Lely)
and Gascoigne Melotte GM3000 (Punch Technix/RMS). Figures 14 and 15
Hlustrate the layout of two current AMS milking units.
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Figure 14. Rear view of curtent DeLaval VMS showing rear of robot atm at
right. Inset: Detail of robot arm and end-effector (Courtesy of
DeLaval International AB)

Figure 15. SAC Galaxy AMS. Left: robot arm applying milking cups. Right:
tetracted robot arm, two cups attached to teats and two cups in
magazine (Courtesy of S.A.Christensen & Co.)

The Gascoigne Melotte design for simultaneous application of milking cups,
although apparently successful in trials [20], was presumably too complex for
production, as the company later produced a version of the Prolion system that

applied cups sequentially. In the context of voluntary milking, high application
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speed is less important, as the application time is a small proportion of overall
milking time for the cow (five to eight minutes). Sequential application with all four
milking cups held at the end of the end-effector improves operation speed by

eliminating the need to collect individual cups from a magazme.

In most systems considered, the legs of the cow are relatively unrestrained,
necessitating sensors to determine if the cow moves significantly during application.
Passive devices, such as a grid in the floor of the stall (visible in Fig. 15) or sloped
plates in the floor were used to encourage leg separation. The exception to this was
the Gascoigne Melotte system, which used two arms inserted between the rear legs
of the cow to spread the legs and prevent interference with the robot during cup
application. Such an approach seems to have been both effective and acceptable to
the cow (Kuipers and Rossing [20] shows an image of the system in operation),
perhaps because of the relatively short time for which the device was in contact
with the animal. The low-capacity nature of VMS allows the cow to be relatively
untestrained, as there is ample time to withdraw and retry application if the cow
moves. However for faster systems, as with the Gascoigne Melotte simultaneous
application system, there is obviously a need to constrain the movement of the cow
btiefly during application. In such a system a small movement of the cow may be

sufficient to cause application failure for all four cups.

A feature of the Lely AMS is the ability to detect and compensate for angled teats.
The angle of the teat is measured and, if the angle is sufficiently large, applies the
cup at this angle (for small angles vertical application is sufficient). Accommodation
of teat angles up to 45° is claimed for this method. Teat angle accommodation may
reduce application failure incidence for some cows, and would therefore reduce the
cull rate due to non-conforming teats. It may be argued however, that this feature
reduces motivation to breed cows for good teat presentation (i.e. vertical teats), thus
presetrving incidence of angled teats in the herd. Therefore teat-angle compensation
is most useful for the transitional period when a herd is being adapted to automatic
milking. Teat angle compensation requires mote complex manipulator control to

accurately follow the angled application path.
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Each manufacturer has chosen to use tevolute joints for the majority of the robot
arm axes. This decision is due to the improved dexterity of revolute-jointed arms
(giving better workspace coverage in a more compact package) and also for the

better sealing charactesistics of rotational bearings over sliding bearings.

Actuation methods used are hydraulic (DeLaval), electrical/pneumatic (SAC
Galaxy) or pneumatic (Lely, Titan RMS). Use of pneumatics in most eatly designs is
understandable, as the simplicity and robustness of the actuators in damp and dirty
conditions is a significant advantage over electrical actuation. However the limited
force available at standard pneumatic pressures (mentioned in Section 1.6.1.1) led
Delaval to change from pneumatic to low-pressure hydraulic actuators [45]. It is
also possible that hydraulic actuation was chosen to overcome the position control
limitations inherent in pneumatics, as this change would have eliminated
comptessibility effects and allow increased operation speeds. The Galaxy system
demonstrated thar electrical actuation (as patt of a standard robot arm) was viable
for use in the milking stall environment, providing excellent precision at reasonable

cost.

Manufacturers are understandably reluctant to provide exact control hardware
details. However it is reasonable to assume that in all cases an industrial PC
platform is used to store the robot arm model, process teat-position data and
provide output signals to drve the arm. In the case of pneumatic and hydraulic
actuators, a separate specialised posidon control unit would be necessary to drive
the actuators, while the Galaxy robot arm controller would accept position data
directly form the control computer. In all cases control software is repdrted as

proptetary, and no operating system is specified.

1.5.3 Robotics application in high-capacity parlours

Without exception, all current AMS are designed for use with the voluntary milking
model. As voluntary milking is an inherently low-capacity method, it may be
anticipated that the associated techniques and mechanisms may be less suitable for
use in high-speed, high capacity patlours. In particular, the large time-window
available for teat position detection and cup application would not be present m a

high-capacity padour, where high cow-throughput is the primary goal Multi-stall
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systems in which a single robot services several stalls attempt to increase the
throughput per robot, however such increases are small compared to conventional
patlours. For example as shown in Figure 16, a 5-stall (box) Titan RMS system,
which has the highest capacity of all available AMS, has a capacity of 220cows/ day
or 27.5cows/h if each cow is milked three times. The vertical axis of Figure 16
shows the possible milk yield, or quotum, in litres for the various stall

configurations.
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Figute 16. Capacity of Titan system with multiple stalls (Courtesy of
Punch Technix N.V.)

Several manufacturers have filed patents for methods to improve robot utilisation
(and thus improve capacity), two of which involved rotating stalls past the robot
arm [49][50], one having a long double-row of stalls with the robot moving on a tail
between stalls [51], and the fourth a mobile unit for attaching milking cups to cows
in the field [52]. While each of these systems would (theoretically) increase AMS
capacity, the limitations of VMS still apply, and none of these have been released

for commercial use to date.
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1.6 Objective of this thesis

Having examined both the available literature and systems available from
manufacturers it was apparent that, to date, no attempts had been made to
automate milking cup application in high capacity patlours. The motivation for such
automation was presented in the introduction to chapter 1, and the objective of this
thesis is therefore to present a design for a robotic manipulator capable of applying
milking cups to cow teats within a high-capacity rotary milking parlour. This thesis

thus represents an initial step in a new direction for milking patlour automation.

As part of the overall objective, the following goals were identified:

e An analysis of the working envitonment and identification of environmental

constraints affecting the operation of automated equipment.
e Identfication of performance requirements for the manipulator.

e Analysis of vatious approach strategies for the milking application task, and

selection of a suitable approach methodology.

e Characterisation of the wotkspace in which the manipulator must operate,

and parameterisation of the workspace to establish design constraints.

e Design of a suitable end-effector (tooling) for the manipulator to handle and
apply milking cups within identified constraints and performance
requitements. Use of computer aided engineering techniques to facilitate this

design process and provide analytical techniques fro design evaluation.

e Selection of an industrial robotic arm to handle the designed end-effector

within identified constraints and performance requirements.

e Development of a control system to integrate and control the manipulator
components, and specificaion of an outline control algorthm for

manipulator operation.
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o Performance testing of the designed end-effector to ensure conformation
with specified requirements. Performance testing of the control interface

between control system and the robot arm.

A teat position sensor is required to fully replace a human operator, however teat
sensing is not considered in this thesis. Constraints imposed by conventional rotary
patlour design will be taken into account with the intention of minimising any

required alterations to standard parlour layout and operation.
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Chapter 2

ENVIRONMENTAL ANALYSIS AND DEVELOPMENT OF
APPROACH METHODOLOGY

2.1 Workspace analysis

Design for robotic automation requites a clear knowledge of the characteristics and
parameters of the area in which the robot will operate. This operating region is
termed the workspace. For this application, the workspace 1s a region on a rotary
carousel containing static objects with invariant dimensions (stall rails, stall floor)
and mobile objects with vatiable dimensions (cow legs, udder). An analysis was
undertaken to characterise the workspace in terms of stall layout, stall dimensions

and biometric data for dairy cows.

2.1.1 The rotary parlour stall

Stalls on a rotary patlour ate designed to house an individual cow durng milking. A
conventional stall limits movement without being uncomfortable for the animal.
The floox is typically concrete, while the sides of the stall are made from galvanised

steel tubing.

Fig. 17 shows the area of the parlour where the operator works during milking. The
control panel at the right of the image allows control over vatious parlour functions,
such as carousel speed and gate operation. Cow identification is performed using an
aerial mounted at the entry point to pick up ear tag radio signals. Individual cow
identifiers ate passed to a control computer, and the operator may be alerted to
special requitements (e.g. to divert milk from a cow that is being treated with

medication) via an audio or visual signal on the control panel.
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Figure 17. View of rotaty parlout showing operator position for milking
cup application

Two rails are visible at the rear of the stall: the upper rail is simply a barrier, while
the lower rail is an anti-kick rail that discoutages the cow from raising its rear legs.
Height of the anti-kick rail is important, as it forms the upper limit of the aperture
for access to the udder. The floor forms the lower limit of this access aperture,
while the legs of the cow form the sides. The operator position is the location at
which a robotic manipulator is expected to operate, reaching into the stall through
the access aperture. Stall characteristics were observed from the operator position,

and measutements were taken to parametetise the stall.

2.1.2 Wotkspace parametets
Figute 18 shows the parameters of interest in the stall (measured from a

Dairymaster Swiftflo Revolver rotary patlour).
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Figure 18. Stall measurements

It was assumed that these parameters were representative of most rotary carousels
on the market, as the stall dimensions are based on animal size rather than
manufacturer preference. Panel width at the side of the stall was included because
this is the approximate area in which milking cups are presented for pick-up and an
end-effector should be capable of opetating into this area. Relevant dimensions on
the stall were measured, as well as the height of the stall floor above the ground.

Workspace parameters are shown in Table 1.

Dimension (mm)
Stall width 740
Rail height 640
Panel width 200
Height of carousel above parlour floor 1200

Table 1. Stall parameters

2.1.3 Biometric data
Biometric data are measurements of physical characteristics of living organisms.
Measurements for two areas of the cow were required for design of the manipulator

end-effector: the aperture between the rear legs and locations of the teats. Figure 19

40



and Figure 20 show a solid model of the workspace (to scale) with dimensions of
interest highlighted.

In Figure 19, the access aperture formed by the legs is cleatly visible as a trapezoid
between the hocks (‘rear knee’) and the hooves. Depending on the animal, the legs
may be badly hocked-in” with hocks very close together, or straight-legged, with
hocks widely spaced at the same width as the hooves. The majority of cows were
obsetved to have slightly hocked-in rear legs, this trait being desirable for animal
breeders to produce [53]. Dimensions of interest are the width at the hocks and

hooves and the height of teats above the floor.

Figure 20 shows a view (to scale) of the udder from below the cow. The uddet is
composed of four quarters, each having a single teat: front left, front right, rear left

and rear right. In rare cases a fifth teat may be present, although these are not

usually functional.
Udder
Narrowest distance
/ (at hocks)
‘_.._——--""—' Hock
Teat heights -
________ Access aperture
Hoof

Widest distance (at hooves)

Figure 19. 3D workspace model showing rear view of udder and access
aperture
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Figure 20. 3D workspace model showing view from below

Important teat dimensions are the distances between teats as shown in Figure 20.
‘Teat positions were assumed to be symmetrical about the centre of the udder; while
this is not always the case, the assumption is reasonably sound for design of the
end-effector. Much variation was obsetved in teat positons, ranging from all teats
touching together to all teats on the outer extremes of the udder. These extremes
are often tolerated but are considered undesirable by dairy breeding associations,
and dairy cow breeders aim to produce animals with evenly spaced teats [53].
Regularly spaced teats may therefore be presumed to be the norm, and extreme teat

configurations may be ignored for the purposes of this design project.

Compliance of teats is an important charactetistic to consider when designing the
end-effector, as elasticity of the teats alows movement to accommodate
inaccuracies in milking-cup positioning. Observed compliance can be greater than

10mm, and a practical range of up to 4mm was assumed.

From enquiries with Teagasc Moorepatk Dairy Reseatch Centte, it was found that
biometric data is not usually collected for animals, as such data has little value for
animal production. Instead, animal producers use a technique known as condition

scoring, whete animal characteristics such as udder size or leg straightness ate given
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a score (e.g from 1 to 10) based on obsetved conformation to accepted standards.
Scores are weighted and combined to give an overall score for the animal. Such a
technique is useful in compensating for vatiations in breed characteristics, but does
not contain physical measurements. While it is likely that dairy manufacturets

possess biomettric data for daity cows, such information is of a propretary nature.

Useful biorngttic data for teat positions were obtained from an agricultural science
publication [54]. The data used were measuted from a herd of 54 Holstein-Friesian
cows in their first lactation. While the sample size is relatively small, such cows are
representative of those found in Itish dairy farms and thus the data are suitable for
defining end-effector parametets. The data obtained are summarised in Table 2.
The maxima and minima of the vatious traits ate important for defining end-
effector specifications, while the mean and standard deviation give an indication of
the normal operating region. Diameter of teats was also included, as this gives an
indication of the positioning accuracy required from the end-effector; for example,
a positioning error of +/- 1mm is only 4.5% of minimum teat diameter, which

could easily be accommodated by teat comphance.

Trait (mm) Mean | sd | Minimum Maximum
Rear teats distance to floor 592 29 520 660
Front teats distance to floor 588 27 530 660
Diameter of front teats 27 2 22 32
Diameter of rear teats 27 2 22 32
Distance between front teats 130 23 80 180
Distance between rear teats 52 15 35 100
t[()ai:;t:nce between front and rear 125 19 75 180

Table 2. Biometric data for teats (extracted from Kuczaj, et. al. (2000)[54])

Biometric data for spacing of hooves and hocks could not be obtained from
literature, so measurements were made in a working parlour (model: Dairymaster
Swiftflo Revolver) in Co. Cork, Ireland. Distance between hocks, hooves and the
distance from lowest rear teat to floor was measured for 35 cows during miking on

a rotary carousel. Due to constraints imposed by the working nature of the parlour,
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it was not possible to take measurements from the entire herd (approximately 200
cows). Instead, worst-case parameters were established by selection of cows with
poot udder presentation, ie. hocks closer together and low teats. These
measurements therefore define the smallest apettute through which the end-
effector must operate. Maximum distance from the anti-kick rail to the rear teats
was also measured to determine the reach tequired under the cow. Table 3 shows

the results of these measurements.

Trait (mm) Mean sd Minimum Maximum
Width at hocks 184 40 115 256
Width at hooves 216 58 115 333
Floor to lowest rear teat tip 426 63 291 552
Distance from rear teat to rail 250

Table 3. Biometric data: Leg sepatation and rear teat height for 34 dairy
cows

Measurement of rear teat height was performed for comparison to the data in Table
2. Difference in mean teat height between the two data sets was 166mm, with the
Irish herd having lower teats. This difference can be attributed to two factors: the
cows in Table 2 were primiparous (first time-calving) so udders would be a little
smaller and higher; and these cows wete selected imports [54] and would thus be
expected to display excellent physical characteristics compared to the Irish herd
sample, in which cows were selected for poor presentation. Combination of the two

sets of data gives a realistic indication of real-world vatiation in cow characteristics.

2.1.4 Workspace modelling

Stall parameters and biometric data were combined to generate 2 three-dimensional
model of the workspace. Figure 21 shows workspace volumes constructed from the
maximum, minimum and average biometric data. The minimum volume (ted)
represents a combination of the lowest teat height and natrowest width observed,
while the maximum volume (blue) shows the highest teat level and widest leg

spacing.
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Figure 21. Solid model of maximum, minimum and average workspace
volumes beneath cow

Average dimensions are indicated by the green volume, and reference to the
standard deviations in Table 3 gives a picture of the typical working region around
the boundaries of this volume. End-effector size is constrained such that it must be
sufficiently compact to fit through the narrowest aperture, while having sufficient

reach to access the widest spaced teats.

A solid model of the region under the udder in which the milking cups must be
positioned was constructed from the biomettic data in Table 2, as shown in Figure
22. The orange region denotes the area in which teats may be located, while the

yellow cross-hair marks the arithmetic averages of the mean teat positions.
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Figure 22. Teat position areas (teat diameter to scale, @27mm)

While teat positions ate rarely symmetrical about a centre point as in the model, it
was assumed that increasing the reach of the end-effector by a small margin would

allow access to moderately skewed teat configurations.

Finally, the solid models of biometric data were combined with a solid model of a
single stall to form a complete model of the workspace, shown in Figure 23. This
solid model contains all parameters of the workspace, allowing visualization and

testing of the end-effector design in software.
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Figure 23. Solid model of complete workspace

2.2 Milking cup types and propetties

The payload for the robotic manipulator is a milking-cup cluster so characteristics
and measurements of milking-cups were required for end-effector design. Many
brands of milking cups are available on the market, leading to some variation in size
and style between manufacturers. Certain aspects of milking cup design are
govetned by international standard for best practice [55], with cup configuration
and mode of operation remaining as described in section 1.3.1. Variations in
manufacturer design affect cup shell diameter, cup height, linet mouthpiece
diameter, liner head diameter and milking line diameter and material (and hence
flexibility). Cup shell matetial is usually stainless steel, due to its toughness and
corrosion resistance. Plastic cups are available, however resistance to impact and
heavy compression (kicking ot stepping by a cow) is lowet than with steel and these

are less preferable.

Figure 24 shows parameters of the milking cup affecting end-effector design.
Overall height of the shell affects access of the end-effector to the teats, with a

shorter height being more desirable. Liner head diameter determines the minimum
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distance between teats that may be accommodated with automatic application (i.e.
one liner head diameter). Cup shell diameter affects parameters of the cup-gripping
device on the end-effectot, with a smallet diameter contributing to more compact

design.

Mouthpiece diameter has an impact on positioning performance of the robotic
manipulator: whete the teat is natrower than the mouthpiece, a larger degree of
positioning etror may be accommodated than if the teat is larger than the
mouthpiece. Application is therefore more likely to succeed for natrower teats.
Unfortunately, choice of mouthpiece diameter is determined by the physical
charactetistics and by milking process requirements and thus is not varable for
application requitements. However it has been observed that due to the negative
ptessure within the cup liner and compliance of the teat, the teat is sucked strongly
into the cup, even when positioning is off by several millimetres. This side-effect of
milking cup design is highly favourable for cup positioning, increasing allowable

positioning error.

— Liner head diameter

Mouthpiece diameter

Cup height

Shell diameter

Figure 24. Milking cup parameters

Observed milking lines using rubber materials (nitrile or silicon) tend to have a
larger diameter and wall thickness to withstand the milking vacuum, resulting in
higher stiffness. Increased stiffness affects the handling characteristics of the cup, as

extra force is required for manoeuvring by the end-effector. Use of thick rubber
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milking lines has largely been for convenience in manufacturing (as the cup liner
and milking line can be fabticated in one piece), however Teagasc Dairy Research
Centre has indicated that milking lines may be replaced by lighter lines allowing
better flexibility, and this will be assumed.

A single brand of milking cup was used for end-effector design and testing. The
milking cup supplied was a Dairymaster acrylic shell with 916S liner. The shell is
normally stainless steel for this design, however the acrylic shell is transpatent and
more useful during testing and expetimentation. Properties of this milking cup are
detailed 1n Table 4.

Property Unit | Value
Cup height _ mm 190
Liner head diameter _ mm 57
Shell diameter ) mm 45
Mouthpiece diameter mm 22
Mass, including two x 150mm lengths rubber tubing g 210

Table 4. Milking cup parameters

2.3 Working with Animals — Ethics and the Duty of Care

Application of automation techniques in animal husbandry must be petformed in
an ethical manner. A duty of care is owed to animals by those who earn profit from
their services, in particular farm animals who are often highly dependent on human
management. Such duty is enshrined in law at national [56] and European level [57],
placing the onus of care on the owner and manager of animals and imposing
penalties for those who fail to comply. The European Communities (Protection of

Animals Kept for Farming Putposes) Regulations, 2000, states the following:

4. (1) The ownet ot keeper of animals shall take all reasonable steps to
ensure the welfare of the animals under their care and to ensure

that such animals are not caused any unnecessary pain, suffering or
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An injury sustained by an animal during milking from a robotic manipulator may
fall into the category of “unnecessary suffering”. Thus, in designing a manipulator
to operate in close proximity to an animal, all care must be taken to ensure safety
fot the animal. “Failure to take teasonable steps to ensure welfare” includes errors
of omission in control algotithms that may lead to unpredicted contact with the
animal, as well as more obvious dangers such as allowing high-speed operation of

the end-effector close to the animal.

To dischatge the duty of care in a responsible manner, it is the design policy of this
project that system design will keep welfare of the cow clearly in mind and

petformance will err on the side of cow safety.

2.3.2 Interaction of cow and machinery

Two interviews with expetienced dairy farmers indicated that cows adapt quickly
and quietly to farm tmachinery. This was verified by observation of cows in two
rotary patlouts, where cows walked onto the rotary carousel with its associated
moving and noisy machinery without coercion. Noise level of milking equipment
did not appear to affect cow comfort, and most cows waited patiently for milking
cup attachment with little rear leg movement. In two cases, cows which were being
milked for the first ime were noticeably uncomfortable, moved agitatedly and
kicked the milking cups off the udder. Investigation revealed that such cows should
have been trained on the rotaty patlour (i.e. passed through a cycle on the carousel
without being milked) to accustom them to the process. According to the farmer
these cows would become comfortable with the milking patlour after one to two

milking sessions. Two conclusions may be drawn from these observations:

Firstly, cows will adapt quickly to new machinery in the parlour and will not
experience undue stress as a consequence of introduction of a robot arm.
Application of milking cups from the rear of the cow would provide a further

advantage in that the manipulator is out of sight of the animal.

Secondly, structured management of new cows in the parlour is vital for automated
milking cup attachment, as the risk of injury to a frightened and untrained cow is

not permissible. A system whereby cows wete introduced to the parlour with
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manual application of milking cups would seem suitable. However, with welfare of
the animal in mind it seems that some active mechanism, such as a leg-restraint,
must be incorporated to prevent the animal from coming into contact with the
manipulator duting application. Such a device was used by Gascoigne Melotte
[27][20] as discussed in Section 1.6.1.3, and passive devices for encouraging leg-
spreading (e.g. gratings in the floor (Galaxy) are currently incorporated in AMS.

2.4 Environmental assumptions

There are many variables to consider when incorporating a robotic manipulator into
a milking parlour and several additional projects would be necessary for complete
integration. As this is a proof of concept design, several assumptions were made

about the working environment:

2.4.1 Animal behaviour and control assumptions

eCows are managed and trained so as to be comfortable and docile on the carousel

eSome form of active leg restraint is employed to prevent cow contact with the
manipulator during milking cup application

oA sensor is provided to detect unusual movement of the cow and provide a signal
to abort application

oTeat positions are detected separately and provided to the manipulator control
system in real-time

®The cow tail is held aside by some device

2.4.2 Parlour assumptions

eThe rotary carousel control system provides a signal to indicate when a stall 1s in
front of the manipulator

eThe rotary carousel may be halted by a signal from the manipulator control system
until application is complete

eSome means of preventing fouling of the manipulator by the cow 1s provided

2.4.3 Milking equipment assumptions
eMilking cluster is provided for pick-up at a known location (the cluster does not

have to be detected and assembled by the manipulator)

51



eMilking tubes are of sufficient length and flexibility to accommodate all
movements of the manipulator
oThe milking equipment incorporates a sensor to determine when the teat 1s in the

cup, and provides a signal to this effect

2.4.4 End-effector assumptions
e As a consequence of the preceding assumption that a signal is provided when the
teat is in the cup, a common z-axis for all teat cups is assumed, i.e. individual cups

will not have independent z-axis movement.

2.4.5 Design philosophy
eModular design with off-the shelf components will be preferred, rather than

custom designed and manufactured parts

2.5 Analysis of approach methods

Approach to the animal for application of milking cups was broken down into three
areas: direction of approach, sequence of application and speed of application cycle.
Approach methods for milking cup application were selected for minimal

interference with the conventional rotary patlour layout.

2.5.1 Application cycle and timing

The application cycle consists of collecting the milking cups, detection of teat
positions, application of cups and exit from under the cow. Operation of the
manipulator in a high-speed parlour requires minimisation of application cycle time.
Speed of application was established using existing manual methods as a
benchmark: a recent study on Irish farms [4] and a previous study [58] showed that
manual application time for a complete cluster is approximately 20 seconds, while
measurements taken in a working rotary patlour showed that application time could

be as low as ten seconds.

While a 20 second application time would be ideal, practical difficulties in sensing
teat position and concern for safety dictated a higher target time. An imitial target
time of 30 seconds was chosen for the cycle time, allowing for slower operation of

the manipulator and more time for teat position venficaton.
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2.5.2 Direction of access and application sequence

Minimising cycle time requites that the shortest approach route and fastest
application sequence be determined. As desctibed by Rossing and Hogewetf [1 8,
milking cups may be attached from the side, rear or undemeath the cow and either

sequentially, two-at-a-time or with all four applied simultaneously.

Approach from directly underneath the cow would require significant modifications
to the floor of the stall, so such a method was ruled out.

Cutrent AMS approach from the side of the cow, avoiding the risk of fouling
present at the rear of the cow, but without providing a significantly larger access
aperture to the udder. From Figure 25 it is clear that to avoid the movement regions
of the legs the end-effector must approach the udder in a longitudinal direction (L),

with practically the same constraints experienced as for application from the rear

@©.

Longitudinal distances

Leg movement

regions \: >
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N

Figure 25. Comparison of apptoach distances from side and rear

Manipulator

2.5.1 Motion analysis

A motion analysis was performed to determine the travel time for application from
the side or rear with various cup application sequences. With reference to Figure 25,
equations 1-3 show times for sequential application from the side with a single cup

at the end-effector, t, all four coups held at the end-effector, t,,, and simultaneous
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application of all four cups, t,.. Small movements underneath the udder (from uddet

centre to each teat) are designated /.

t,= 81‘Ld +8th +3t,' eqn. 1
laa =2t +2t, +3t eqn. 2
L, =2t .t 2t L eqn. 3

From these three equations, it is clear that simultaneous application provides the
fastest application tine, while holding four cups at the end-effector greatly increases
the speed of application for sequential application. For single-cup acquisition, t,
the time taken to acquite each cup from a magazine was neglected. The difference
in application speed between t,, and t,. depends on time for small movements
between teats, t, In turn, t, is limited by the speed with which teat positions can be
sensed after each milking cup application. Observation of current AMS (using
manufacturer demonstration videos) has shown that detection time is high and thus

t, would be significantly longer than t,.

Equations 4-6 show the application time for application from the rear for sequential
application with a single cup in the end-effector, t,, all four cups held at the end-

effectot, t,, and simultaneous application of all four cups, t,.

fa =8 +31, eqn. 4
foy =2t +31, eqn. 5
t, =2 eqn. 6

r

Again, it is clear that simultaneous application is the fastest technique.

Assuming distances 1, and I, to be of similar magnitude, then travel distance for

side application will always be greater by the lateral distance L, Comparison of
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equations 6 and 3 shows that application from the rear provides a time advantage of

zt]d.

Based on this motion analysis simultaneous application of milking cups from the
rear of the cow was selected as the most suitable application technique. Such an
approach has the advantages of reducing cycle time by minimising access distance
to the teats and improving safety by minimising manipulator travel under the cow.
In the event of an emergency in which rapid exit of the end-effector is necessary, a
rear approach provides a shorter and safer exit path from the workspace. Risk of
equipment fouling is present at the rear of the cow, however it has been assumed
that some shield will be in place to minimise this risk and observation in rotary
parlours has shown that fouling during milking cup application is infrequent is

infrequent.

Simultaneous application has the disadvantage that manoeuvring space for the
manipulator is restricted by the presence of the entite cluster, as illustrated in Figure
26. Design of the end-effector and choice of tobot arm should provide maximum

dexterity in this limited workspace.

:

Figure 26. Workspace with single cup (left), two cups (centre) and four
cups (right)

2.5.4 Exit strategy
Post-application exit strategy must be considered to avoid interfering with applied

milking cups. Simultaneous application results in a complete cluster and associated
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milk and vacuum lines occupying the workspace, reducing the exit aperture for the
end-effector. End-effector design must take this into account, providing for an exit

that does not dislodge applied cups or catch the milking lines.

2.5.5 Positioning performance

Real-time teat position detection was presumed for this design, however some
knowledge of the limitations of teat detection speed and coordinate output
frequency Wa‘s requited, as these affect the performance requirements of the end-
effector. A teat-detection system tested at Dublin City University was found capable
of outputting all four teat cootrdinates at 10Hz, but with robust performance
achievable only under highly controlled lighting conditions. Assuming that a
reduction in output frequency to 5Hz would increase robustness, then positioning
response time for milking cups should be less than 200ms to ensure that small

movements of the teats duting application can be accurately tracked.

As the udder of the cow has no internal motive muscles, it was teasoned that
significant movement of teats (neglecting miniscule movements due to breathing,
pulse, etc.) must be caused by skeletal movement and hence movement of the legs.
As patt of an overall safety algorithm, large movements in teat position would
therefore be intetpreted as abnormal motion of the cow and some delay or escape
strategy would be executed to allow teat position to stabilise. Therefore the range of
‘small movements’ of teats that must be tracked during the 200ms interval was
arbitrarily defined as +/-20mm, with a more accurate value to be determined by

later trial and observation.

As mentioned in section 2.1.3, teat compliance coupled with the vacuum inside the
teat cup can compensate for a significant misalignment between the centre of the
cup and the centre of the teat. This was observed as up to 10mm, while a figure of
4mm was assumed to be a reasonable average for misalignment. With this in mind,
positioning accuracy was specified as +/-2mm. Within this region there is a high

likelthood of application success.
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2.6 Summary

Wortkspace patameters were determined and characteristics peculiar to working
with live dairy cows were analysed. A solid model of the workspace was constructed
containing stall and biometdc data to allow software visualisation and concept
testing during the design process. Measurements of milking-cups were made to
determine manipulator payload and provide parameters for design of an end-
effector gripping method. Ethical considerations affecting introduction of
automation to animal husbandry were reviewed leading to a design policy for
ensuring welfare of the animal, while obsetvation of the interaction between animal
and machinery was cattied out to determine the effects of machinery presence and

noise on the cow in a patlour environment.

Application cycle was defined and a target application time was selected based on
automation requirements and safety considerations. Additionally, a motion analysis
was cattied out to determine the most suitable approach direction to the cow and
application sequence for milking cups. It was determined form this analysis that
‘approach from the rear of the cow would minimise manipulator travel undet the
cow, thus reducing cycle time and improving safety. Simultaneous cup application
was shown to be the fastest application method, providing a significant decrease in

application cycle time.
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Chapter 3

END-EFFECTOR CONCEPTUAL DESIGN AND DETAILED
DESIGN

3.1 End-effector product design specification
A product design specification (PDS), shown in Table 5, was generated for the end-
effector based on established constraints and known parameters. The PDS

establishes discrete design goals and is the reference for evaluating the final design.

Table 5. End-effector PDS

Performance

1. Independent positioning of each cup in the horzontal plane shall be
provided within respective positioning region under the teats

2. Positoning response time of each cup for small movements of + /-20mm
shall be less than 200ms

3. Cups shall be positioned with an accuracy of + /-2mm with respect to the
centre of the teat tip

4. Sufficient force shall be available to handle each milking cup mass of 0.21kg,
and associated milking lines

5. A gripping device for each cup must be provided capable of holding the
cup securely and rigidly during manoeuvring

6. The gripping device shall have rapid acquisition and release times

7. As common z-axis motion is assumed, cups shall be released
independently as each teat is acquired

8. Each axis shall have a2 home sensor to provide an accurate positional
reference

9. Whete applicable limit switches shall be used to prevent axis over-travel

Economy

1. As a prototype design end-effector costs may be high, but components,
materials and processes shall not be prohibitively expensive

Quantity

1. One end-effector is required

2. Analysis and recommendations for improvements on subsequent design
shall be made

Manufacturing facilities

1. Dublin City University mechanical engineering workshop
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Table 5 (cont.). End-effector PDS

Custometrs

1. The manipulator will be used by skilled research staff at Dublin City
University and Teagasc Moorepark Research centre

Service life

1. Service life suitable for non-intensive research activities lasting 1-2 years

Environment

Ambient temperature: +5° to 45° C (sheltered indoors)
Pressure: normal atmospheric

Humidity: damp environment, up to 85%RIH

Dust and dirt (including cow excrement) may be present

kBN

Environment may be wet or contain spray due to washing

Size

1. The end-effector with attached payload must be capable of fitting through
an minimum aperture 291mm tall and 1 84mm wide

2. Individual teat cup movement range must be a minimum of 45mm
(longitudinal axis) by 90mm (lateral axis) for front teats

3. Individual teat cup movement range must be a minimum of45mm
(longitudinal axis) by 50mm (lateral axis) for rear teats

4. Reach under the cow must be 250mm

Weight

1. End-effector weight shall be minimised to reduce size and cost of the robot
arm

2. Weight distribution shall be as close as possible to the robot arm
attachment point to reduce moment of inertia and improve positioning
performance

Maintenance

1. Low-maintenance design is preferred, however for prototype design highet
maintenance such as tegular greasing or oiling is acceptable

Materials

1. Materials used must be readily obtainable locally and machineable by DCU
wotkshop or readily available contractors

2.  Whete possible, materials that do not require additional treatment or
coating for corrosion resistance shall be utilised

Finish

1. Aesthetic appearance is not overly important. Finish may be as-
machined/supplied for all components

Testing

1. End-effector dimensions will be checked for compatibility with the access
aperture model

2. End-effector positioning accuracy and precision will be tested
3. Positioning response time will be tested for small movements
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Table 5 (cont.). End-effector PDS

Safety

1. Limit sensors will be incorporated to prevent axis over-travel

2. Sharp cotners shall be removed or padded to reduce severity of contact.
injury with animal

3. Wires and air lines (if used) shall be protected from abrasion or impact
damage
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3.2 Concept generation and solid modelling

Based on the outline PDS and workspace analysis, several conceptual designs were
generated for the end-effector as detailed in the following sections. Cartesian axis
arrangements as illustrated in Figure 27B, were used in the Gascoigne Melotte
design described in the literatute survey[27][38]; however this method was observed
to be much less compact and requited complex mechanisms and component
arrangements to reduce end-effector size. The Gascoigne Melotte end-effector was
not designed for removal after application of milking cups due to its large size, and
remained in position until milking was complete. Various configurations of double-
tevolute axis arms as shown in Figure 27A wete also considered. This configuration
is used on industrial SCARA robots, but the designs required significant mechanical
complexity for incorporating actuators, were less dimensionally compact and thus
unsuitable for the confined workspace of this application. All four concepts detailed
in the following sections utilise 2 compact wrist-forearm mechanism (described in
section 3.2.1). This mechanism combines features of both revolute and Cartesian
mechanisms, exhibiting several advantages in terms of actuator configuration and
dimensional compactness. The wrist-forearm mechanism was thus selected as the

basis for creating further solid-model conceptual designs.

Cups
Cups7\‘ \
Revolute é
Q_ joints
s 4+—— End-effector l«— End-effector
chassis chassis

A. Two arms with double-

e B. Two Cartesian arms
revolute joints

Figure 27. Double-tevolute (A) and Cartesian (B) arm configurations
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3.2.1 Concept 1

Figure 28 shows a conceptual design for an end-effector with four positioning arms
mounted on a chassis. Fach arm comptises a linear axis formed by a linear slide
tunning on support bearings, and a revolute arm attached at the end of the linear
slide that can be rotated through 90°. The arms are stacked in pairs, with the lower
pair used for manipulating the front cups and the upper pair for the rear cups. The
front pair of grippers face to the tear, while the rear grippers face to the front,
allowing all four cups to be picked up as a single group using a clamping action
between front and rear grippers. Gripper design was not specified at this stage, so
grippers were represented by simple v-shapes. Linear actuators are shown for each
axis, with the revolute arm actuated via a short crank mechanism. Attachment to a

robot arm may be provided at mounting flanges A or B.

Grippers

Linear slide bearings Revolute arm

Linear slide

Chassis\ o

s
- ..

Revolute joint
Linear actuators

Mounting flange A
Mounting flange B

Figure 28. Concept 1

Use of a linear axis coupled to a revolute axis in this manner forms a mechanism
that mimics 2 human wrist and forearm, providing coverage of a horizontal area as
shown in Figure 29. A solid green outline indicates the boundary of an area covered
with a linear travel distance and an angular travel (in this case 90°), while the

hatched green area shows the practical rectangular area that can be utilised. The two
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sections outside of this rectangular area may be used, but insufficient reach is

provided in the lateral direction to reach all possible teat configurations.

‘Wrist joint’

‘ , Linear travel
Forearm

Ve’

2D coverage area/

Figure 29. 2D area covered using a wrist-forearm mechanism

Practical coverage area

This wrist-forearm mechanism requites a longer linear axis travel than an equivalent
Cartesian system, but its primary advantage is the narrow frontal profile provided

when the revolute arm is in line with the linear axis as demonstrated in Figure 30.

Wide reach —

Narrow access width —l
=4

A 1

Figure 30. Access width and reach for wrist-forearm mechanism
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When inserted into the wotkspace as shown in the left image in Figure 31, it can be
seen that the narrow access profile allows access through the natrowest access
aperture (the red volume). At the same time, the reach of the revolute arms allows
the cups to move behind the legs if necessary for teat access as shown in the right

image in Figure 31.

i

Figute 31. Concept 1 inserted into workspace (to approximate scale)

Use of stacked pairs of arms in this concept results in a taller end-effector, reducing
fteedom of movement in the workspace, however some improvement may be
obtained by careful positioning of the linear slide bearings to minimise distance

between upper and lower arms.

Weight distribution for this concept is around the centre of the end-effector,
resulting in a larger moment of inertia and increasing the required robot arm
capacity. Some improvement might be obtained through repositioning of the linear
actuators. Use of linear actuators would allow ditect actuation and simple control;
however lineat actuators and linear position sensors tend occupy a larger volume

than equivalent capacity rotational actuators. Use of a linear actuator for the
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revolute axis limits the movement range available to approximately 90° (while 180°

of motion is theoretically obtainable, torque is greatly reduced at extremes of travel).

3.2.2 Concept 2
A second conceptual design using four parallel arms and rotational actuators was
developed as shown in Figure 32. As for Concept 1, grippets ate trepresented by

simple v-shapes.

Revolute arm

Cup
Gripper
Mounting flange

Linear axis
drive motor

Revolute axis
drive motor

Linear axis
Rack gear

Figure 32. Concept 2

By placing the arms in parallel, the height of the end-effector was reduced to
provide better vertical clearance in the workspace. Use of rotational drives for all
axes avoids the dimensional and cost disadvantages of linear actuators, allowing a
more compact and economic design. The linear axes are driven via rack and pinion
gearing, with motors positioned at the reat of the end-effector to bias mass
distribution towards the rear. The revolute axes are driven ditectly by motots,
eliminating the need for mechanical linkages, but adding mote mass at the end of
the end-effector. A mounting flange for the robot arm is provided at the top of the

end-effector chassis, allowing room for the linear axes to protrude from the rear if
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necessary. Lineat axis bearings are not shown, but could be of similar style to those

of concept 1.

Figure 33 shows two views of concept 2 inserted in the workspace model. The left
image shows that while vertical clearance is good, the end-effector is slightly wider
than the narrowest access aperture (the red volume). This width could be reduced
somewhat by careful design; however lateral manoeuvring space would stll be
reduced, particularly duting exit when it may be desirable to rotate the end-effector
to one side to avoid tangling with milking lines. The right image in Figure 33 shows
that the weight distribution is improved over concept 1, with a large proportion of

the mass near the flange mount.

Figure 33. Concept 2 inserted in workspace (to approximate scale)

The advantages of the wrist-forearm mechanism were preserved in this design,
however because the front and rear gripper sets are not aligned, it would be more
difficult to pick up a cluster of four cups using 2 clamping action between front and

rear grippers. Additionally, the unsupported length of the longer linear axes would
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reduce torsion and bending stiffness of the design, requiring larger and heavier arm

sections.

Use of rotational actuators simplifies position sensing, as rotary position encodets
may be attached or built-in to the motor casing. Having electrical motors and
associated sensors mounted at the end of the end-effector catties a tisk of increased
exposure to damage, however such a risk may be managed by careful design and

shielding of components.

3.2.3 Concept 3
A third concept was developed combining rotational actuators for all axes with the
stacked arm feature of concept 1. As shown in Figure 34, the design has a compact

frontal profile, with relatively low height and narrow width.

Gripper
pp o

Revolute arm—__ q _
‘i [ '

Chassis
. . N
Linear slide ‘
Mounting flange _ { |
\ | N |

i

Revolute axis
Linearaxis drive motor and
i : planetary
Linear axis “Rack gear o
drive motor

Figure 34. Concept 3

Totsional and bending stiffness for the longer linear axes is improved in this design
by extending the chassis forward to provide bearing support for the lower arms.
Revolute drive via rack and pinion gearing is used for the linear axes, as with
concept 2. The linear axes are supported by a compact arrangement of linear slides

and grooved roller bearings. Mass of the revolute axis drive motots has been
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reduced by adding gearboxes to improve torque and allow smaller, lighter motots to

be used but at the expense of a small increase in height of the revolute axes.

Figure 35 shows concept 3 inserted into the wotkspace model. The end-effector
chassis fits inside the narrowest access apetture, while maintaining sufficient reach
to access teats. Vertical height is slightly greater than for concept 2, however
sufficient space is available for operation. Mass distribution is biased towards the
rear, with much of the disttibuted near the mounting flange, and mass at the end of

the end-effector reduced by use of smaller revolute axis motots.

Figure 35. Concept 3 inserted into workspace (to approximate scale)
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3.2.4 Concept 4

A modification of concept 3 was considered in which the revolute axis actuators
wete positioned at the rear end of the linear atm, with the dtiving force transmitted
through the centre of the linear arm either by drive shaft or push-rod. A solid

model of this concept is shown in Figure 36 (with only two arms shown).

Revolute axis
actuator

Figure 36. Concept 4

This concept provides excellent mass distribution, having all actuators situated close
to the rear and serving to countet-balance some of the extended mass of the arms.
Mass at the revolute axes is reduced in this design, reducing the moment of inertia
of the end-effector about the mounting point and teducing exposure of the revolute
drive actuators to damage. However transmission of force through the centre of the
arms presents some design problems. In the case of a rotational dtive, the linear
arm cross-sectional area would be limited by the diameter of the drive-shaft, which
must have good torsional stiffness. The linear arm section would thetefore likely be
larger than for concept 3, in which only electrical, signal and air/vacuum lines need
be routed through the arm. A similar limitaion would apply if a push-rod were used
to actuate the revolute axis via a crank mechanism, as the push-rod must be
sufficiently stiff to resist bending. Additionally, a crank mechanism would limit the

range of angular motion available, similar to concept 1. This latter limitation could
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be overcome by using a rack-and pinion mechanism, but such a mechanism is more
complicated than and not as compact as a crank mechanism. Use of thin cables to
drive the tevolute axis would be possible, although difficulties can atise from
thermal expansion and elasticity over long lengths and a larger arm section would be
requited. Overall, concept 4 would provide excellent balance and actuator
protection for a production model; however the lack of movement range for the
revolute axes limits its flexibility as a test platform and the additional complexity of

the revolute actuation linkage would increase complexity and cost.

3.3 Concept weighting

A weighting method was used to select the most suitable design from the design
concepts, shown in Table 6. Weights from 1 to 3 were assigned to design attributes
according to their significance for operation, while the attributes were scored from
1 to 5 with 5 representing the best score. From the weighting process, concepts 2
and 4 were shown to be closely matched. Concept 3 scored higher primatily due to
narrower width, allowing better manoeuvrability within the wotkspace, and better
arm suppott to improve stiffness and allow reduced arm mass. Concept 2 would
have slightly lower overall mass due to a smaller chassis, while concept 4 provides
optimal mass distribution. The majority of other attributes for concepts 2 to 4 had
similar scores, but with concept 4 losing out due to increased design complexity and
associated costs. Concept 1 was scored lower due to higher mass and increased

design complexity associated with use of linear actuators.
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Score (1-5) x Weight
. High score Weight | Concept | Concept | Concept | Concept

Gilalol criterion (1-3) 1 2 3 4
iRseciio large reach area 3 15 15 15 15
teats
Height low height 3 9 12 12 15
Width narrow width 3 12 9 15 15
Arm stiffness | higher stiffness 2 10 8 6 10
Mass low mass 2 4 10 10 10
Mass
distribution toward flange 2 6 8 10 10
Mechanism .
complexity low complexity 2 6 12 12 4
Materials
cost low cost 2 6 8 8 6
Ease of easier > 4 8 8 4
manufacture | manufacture
Actuator cost | lower cost 2 4 8 8 8
Actuator -
complexity lower complexity 1 2 5 5 5

Total score 78 103 109 102

Table 6. End-effector concept weighting matrix

3.4 Final design selection

Due to the closeness between scoring of the final three concepts, careful selection
was made based on the product design specification. Concept 4, while certainly
worthy of consideration for a production version of the end-effector, has limited
flexibility for testing and expetrimentation (i.e. the revolute arm cannot rotate 360
degrees without provision of a complex mechanism at the revolute joint) and would
require larger linear arm sections. The extended chassis of concept 3 could be
incorporated in concept 2 to increase stiffness and allow reduced arm mass.
However, from a performance petspective the more compact frontal profile of
concept 3 allows better manocuvrability within the workspace for access and exit,
decreased likelihood of collision with the animal and thus improved safety.
Increased clearance from the animal would also allow higher operating speed,
resulting in improved petformance. For this reason, concept 3 was selected as the

most suitable design for further development.
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3.5 End-effector cootdinate system and kinematic analysis

‘This section describes the assignment of a coordinate system for the end-effector
and analysis of the forward and inverse kinematics of the wrist-forearm mechanism.
A basic forward kinematic analysis is used to isolate and define control variables,
allowing the type and location of feedback sensors to be specified for the end-
effector design. The inverse kinematics of the wrist-forearm mechanism provides

the mathematical basis for position control of the end-effector cups.

3.5.1 End-effector coordinate system

A coordinate system for the end-effector was chosen based on the international
standard for revolute robot coordinate systems (RCS). Figure 37 illustrates the RCS:
a right-handed coordinate system with the origin located at the base of the robot,
the positive z-axis in the vertical direction and the positive x-axis pointing away
from the origin. Alignment of the end-effector coordinate system with the RCS as
shown in the diagram simplifies control system transformations between coordinate
systems. Thus the end-effector longitudinal axis was defined as the x-axis, the end-
effector lateral axis was defined as the y-axis, and vertical movement of the end-

effector is therefore along the z-axis.

Robot arm
( ) z
No T ) y End-effector
X | :‘ ° coordinate system
\ ‘ X,

\ ﬁR \ Robot arm

R tool flange

i I Robot arm base
/ coordinate system

I e
/ TAR

Figure 37. End-effector coordinate system relative to robot coordinate
system
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3.5.2 End-effector kinematic analysis

A kinematic analysis describes the motion of objects without reference to the fotces
causing motion. The general layout for the wrist forearm mechanism is shown in
Figure 38. The cluster otigin is defined as a central point at which all fout milking
cups are closest together and is located on the end-effector central (x) axis at a
constant offset distance, c,, from the tobot arm flange centre (the centre of the

tool-flange on the robot wrist to which the end-effector is attached, see Figute 58).

Revolute axis

4 Linear axis -
[ RCS origin origin Xgn
X
i xOn
| yOn # XLn P
v _ _ —
Q’ End-effector central axis @
< Co Ll
Robot arm Cluster
flange centre Origin

Figure 38. Wrist-Forearm Diagram

As a common z-coordinate was assumed (see section 2.4.4), the z-axis motion 1s
provided by -3the robot arm, and the z-axis position of each cup 1s equivaleﬂt to the
robot tool flange z-position plus some constant offset. Table 7 details the end-
effector varables and constants for the horizontal plane in Figure 38. The
individual arms are labelled from 1 to 4, with odd-numbeted arms serving the rear
teats and even numbered arms serving the front teats (e.g. x;; = arm holding the
reat left teat-cup). The linear axis otigin is a reference point on the end-effector
chassis from which linear axis extension, x;, is measured, while the revolute axis

origin is the point about which the revolute arm rotates.
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Variable | Definition
(a=1234)
X The linear axis displacement
9, Angle of the revolute axis relative to the tool central axis
Xpq x-component due to angle V¥
Jra y-component due to angle 1
Constant
Beon A constant offset in the x-ditection from the flange centre
Yon A constant offset in the y-direction from the flange centre
b, Length of revolute arm (from revolute axis to cup centre)
‘o Cluster origin offset from robot arm flange centre

Table 7. End-effector variables and constants

The genetal position vector for the cup, §, with tespect to the robot arm flange

centre 1s:
5 =xi+yj+zk eqn. 7

where displacement of the cup in the x-direction w.r.t. the robot arm flange centte,

x,, 1s calculated by:
X, =X, +Xp, +Xp, = Xp, +x,, +h,cos$, eqn. 8

and displacement of the cup in the y-direction, y,, w.r.t. the robot arm flange centre

1s found by
Yo =You+ VYre = Von Th,sin 8, eqn. 9

In the notmally envisaged opetating mode each of the four revolute arms has a
different operating range for § : arm 1 =0 to n/2, arm 2 = 0 to - n/2, arm 3 =n/2
to , atm 4 = - /2 to — 7 (tads). The value of $ determines the sign of X, and yg,,
e.g for the front two arms 5, will be negative as the revolute arms face towards the
cluster origin and for the right two arms y, will be negative as they are on the
negative side of the central axis.
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Provided that the end-effector coordinate system is maintained parallel to the RCS,

the cup position in the RCS 1s determined by stmple addition of coordinates. If the

position vector for the tool flange centre, f, is

f=ai +bj +ck eqn. 10
then the position of the cup in the RCS, P, is obtained by adding eqn.7 and eqn.10:
p=f+5=(@+x)i +(b+y)] +(c+2)k eqn. 11

From the kinematic analysis it was determined that feedback requitements from the
end-effector are linear distance, x;,, and angle of rotation, V¥, for each arm.

Additionally, the constant values must be accurately known and sensors must be
provided to indicate reference (home) positions for each axis. Travel limit sensots
arc desirable for prevention of over-travel of axes, however in the case of the
revolute axes this may not practicable as full rotation may be required for some test
configurations; in such cases it may be adequate to provide software travel limits

based on angular position feedback.

3.5.3 End-effector inverse kinematics

A forward kinematic analysis is useful for isolating geometric parameters of the end-
effector, however for control purposes it is necessaty to petform an inverse
kinematic analysis. The inverse kinematic analysis is used to determine joint and axis
parametets that will achieve a required cup position, and thus forms the basis of the

end-effector control model.

Referring again to the general layout for the wrist forearm mechanism shown in
Figure 38, the cluster origin is the centre point of the cluster, located on the tool
central axis at a constant offset distance, ¢, from the robot arm tool flange centre.
During operation, an average of the horizontal teat coordinates may be calculated to
provide a single reference point under the udder. The robot arm then positions the
end-effector such that the cluster origin coincides with this average teat coordinate
and the cluster is thus centred between the four teats. If necessary a weighted

average of teat coordinates may be used to bias the cluster origin towards the front
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or rear teats. Use of this method allows decoupling of cup motion from horizontal
motion of the robot duting application of milking cups, as once the cluster ongin is
positioned at the average teat coordinate under the udder, hotizontal motion of the
robot is not required, and positioning of cups is achieved by movement of the end-

effector arms only.

The notation used in the following section uses a bold italic case for vectors, e.g. g,
while a leading supersctipt, e.g. T indicates the reference frame for the vector.
Supersctipt R denotes the RCS with otigin at the base of the robot, while
supersctipt F denotes the end-effectot coordinate system with origin at the robot

arm tool flange (as illustrated in Figure 37).

During operation, the tool is moved such that the cluster otigin coincides with the
average of the teat coordinates, R gv» and the tool central axis is parallel to the x-axis

of the RCS:

R

Grv = (Xavs Jav) eqn. 12
The required position of the Robot Arm Flange Centre, g is then determined by:
"¢ =" - "% egn. 13

where “g, = (5, 0, 0), i.e. the cluster origin is located at a constant positive offset

from the tool flange and collinear with the x-axis.

Individual teat coordinates, *q,, (n = 1, 2, 3, 4) relative to the RCS are shifted to the
Robot Arm Flange Centre coordinate frame, Fqn, by

Fqn = an ‘N RqF eqn. 14

76



Ja (defined in Table 7 and Figure 38) is calculated by subtracting the y-offset, jq,,
from y,:

Yrn =(Fyn_yon) eqn. 15

The absolute value of xg,, is calculated from the 4, and y,, parameters:

IanIZVh: —J’JZen

To avoid redundant solutions, the sign of x, may be assigned per-axis based on the
intended geometric configuration, i.e. for the rear teat arms xg, positive, and for the

front teat arms is xg, negative.

19, may be calculated using the inverse sine function:

9 =sin™ {h—] (cad)

Rn

However, the sine function becomes inaccurate around 90°. This problem can be
overcome using the atan2 algorithm. The atan2 algorithm handles indeterminacies
due to sine and cosine functions at zero crossing points (x = 0, y = 0), and avoids
the sine and cosine function inaccuracies (close to 90° and 0° respectively) by

evaluating signs separately and calculating the inverse tangent.

n

4, = ataﬂ(h] (tad) ‘eqn. 16

The linear axis displacement, x; , is calculated by subtracting x,, and x;,, from Fa,
X, =(Fxn —Xp, —xOn) eqn. 17

Equations 12 to 17 allow joint positions on the end-effector and the position of the
robot wiist to be specified to achieve desired cup positions. These equations were

used in formulating the software control model desctibed 1n Section 5.
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3.6 Torque Requirements Analysis

For this application, the positioning petformance parameter of interest each arm is
the time taken to move a cup a specified distance. This performance was defined in
Section 2.5.5 as a movement of 20mm within 200ms. Rotational actuatots wete
tequited for all axes of the selected design, therefore torque specifications were

specified for each actuator to provide the specified positioning performance.

3.6.1 Linear axis drive theory

Figute 39 shows a schematic of a linear axis driven with a rotational actuator via
rack and pinion gearing. The actuator torque, T, produces a force F and is opposed
by a net resistive force, R, comprised primarily of bearing and gear friction,
electrical cable and milking line drag. Windage resistance may be neglected as the
operating speed is low. The linear force produced by a given input torque is

determined by the pitch circle diameter (PCD) of the pinion gear.

Rack Gear

Pinion Gear

Figure 39. Fotce and torque for a rack and pinion drive

Assuming rotational inertia of the actuator to be much less than that of the linear
axis, the net force requited to accelerate the linear axis against the inertia, 74, and

the resistive force is given by
F-R=ma=F=ma+R N) eqn. 18

where 7 is the mass of the complete arm and #1s the acceleration.
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The torque required to produce Fis given by
T=Fd (Nm) eqn. 19

PCD

where d =

Fot DC and steppet motors torque tends to decrease as speed increases, however
for lower speed ranges constant torque may be assumed. Therefore if the load on
the axis does not change during motion, constant acceleration may be assumed for

the linear axis.

The acceleration required to travel a distance, 5, within a time interval, 7, with zero

initial velocity is calculated by
1
S=—at" > a=—- eqn. 20

Assuming a triangular velocity profile, i.e. constant acceleration for t/2 and constant
deceleration for t/2 as shown in Figure 40, the maximum required linear actuator

torque to travel a distance s in time # may be calculated by combining equations 18,

19 and 20 to give
Zm(%j 4
T=d 5 +R =d( rZS+Rj (Nm) eqn. 21
t !

During deceleration the resistive force R will act as a braking force, so the
deceleration torque required would be less (by a factor of 4R) than that required for
acceleration. Because of this effect it could be assumed that R will be cancelled out,
but for the sake of completeness and assumption of worst-case conditions R was
retained in this equation. Assumption of a triangular velocity profile is valid for
short moves, but for longer moves practical limitations of actuator velocity may

result in a trapezoidal velocity profile, illustrated by the dashed line in Figure 40.
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The associated acceleration profiles, A for the triangular profile and B for the
trapezoidal profile, are also illustrated to show the contrast between a short move
within the speed limits of the actuator and a long move at which velocity limit is
reached. Practical design limitations of the chosen actuators will of course result in

some deviation from these idealised profiles, especially as torque tends to reduce at

higher speeds.
Triangular Trapezoidal
+v,  Vvelocity profile velocity profile 2t
pi—
\
g \ S
> A _g
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\
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0 : A »> time
Uz t [} I
Acceleration | l«| Acceleration
profile A — ! ! | profile B
| 1

-a

Figure 40. Velocity and acceleration profiles for positioning

3.6.2 Revolute axis drive theory

Figure 41 illustrates the parametets affecting the torque requitements for the
revolute actuator. The torque, T, supplied by the motor and gearbox is opposed by
the inertia of the revolute arm, gripper and cup, as well as resistance due to the
milking line attached to the cup. Rather than attempt to predict milking line
resistance forces, it was assumed that these were low and could be modelled as extra

mass added to the revolute arm and grippet.

Moment of inertia, I, of the arm components is determined by both the mass of the

component and distance from the revolute axis. As the gripper and cup will be close
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together duting opetation, mass of the gripper and mass of the cup may be

combined, so only two radial measurements, a and c, are required.

Revolute d
axis

Revolute arm Gripper

Figure 41. Revolute arm parameters

Torque, T, is given by
T=Ix (Nm) eqn. 22
where I is the moment of inertia of the atm and ¢ is angular acceleration required.

Treating the milking cup as an upright cylinder of mass m, and radius 7., the

moment of inertia about the centre of the cup, I, is given by

(kg m’) eqn. 23

and the moment of inertia 1, about the centre of the revolute arm (modelled as a
rectangular section bar) is given by

1
1, =§ma(a2 +w2) (kgmz) eqn. 24

These moments of inertia are specified about the .component centres, but for

torque calculation these must be specified with respect to the revolute axis. This can
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be achieved using the parallel axis theorem: if an object of mass 7 has a moment of

inertia about its centroid of I ,then the moment of inertia about some parallel axis,

1, at a distance x from the centroid is given by
= 2
I, =1,+mx

Therefore I, about the revolute axis is given by

1, =%mcrf +m,h’ (kg m®) eqn. 25

and I, about the revolute axis is given by

2

1, =T15m"(az+w2)+mﬂ% (kg m?) eqn. 26

The total inertia of the revolute arm is given by the sum of 7, and /, :
I=1,+1, eqn. 27

Assuming constant torque and hence constant acceleration, the time taken to cover

3 degrees from rest at a constant angular acceleration o is given by

Pl it B0 ) eqn. 28
2 a

But from eqn.22

T=Ia:>a=§

Therefore substituting for o in eqn.28 gives
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f2[
— _]ﬁ:}T:th;g eqn. 29

As for the linear axis, the angular velocity profile was assumed to be approximately

. e :
triangular, so substituting 5 and —;—as before gives

T= =— (Nm) eqn. 30

As required, % may be calculated from the trigonometric relationships:

-1 yn

9 =sin and & = cos™

xrl
: h,
3.6.3 Provisional parameter calculations for end-effector and actuator sizing
Based on the teat position data in Table 2 and the end-effector design concept,
several precision 2D drawings were constructed to evaluate the geomettic layout
and required dimensions of the arm mechanisms. Two of these drawings ate shown
in Figure 42 and Figure 43 which display the 2D working area and arm travel details
respectively. A matgin of 40mm was added to the maximum teat-spacing distances
of Table 2 to allow for asymmetrical teat configurations. From these initial drawings
the arm length and arm travel parameters were accurately calculated, in turn

allowing component masses to be estimatéd and consequential torque estimation

for actuator specification.

Table 8 shows the calculated parameters for revolute arm length and linear arm
travel. These parameters established essential design constraints to be incorporated

during solid modelling.
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Figure 42. End-effector 2D working atea

Parameter Unit | Value
Front revolute arm length | mm 85
Rear revolute arm length mm 60
Front linear arm travel mm 195
Reat linear arm travel mm 170

Table 8. Arm length and travel parametets

From the parameters in Table 8 simple volumettric models of the arms were
constructed and masses estimated for the revolute and linear arms, giving a
preliminary indication of actuator torque requitements. Masses wete estimated from
simple 3D solid models, using the matetial property function available in
Pro/Engineer which allows density values to be assigned to modelled components

and calculates mass based on component volume. Aluminium (at standard density
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of 2700 kg m™. Source: Miko Metals Ireland) was presumed for most components,
with mild steel (density 7.8 kg m”. Source: Miko Metals Ireland) presumed for a

linear slide bearing on the linear arms.

i ————— Revolute axis
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/ C/ ; —— Cup outline
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|
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Rear linear arm effector
chassis

|
i
Y
1

Rear revolute arm

Figure 43. 2D working area travel dimensions

Using the theory outlined in sections 3.6.1 and 3.6.2, the parameters shown in Table
9 were assembled and an estimated torque tequitement was obtained for the linear
and revolute axis actuators. In each case parametets of the longer tevolute and

linear arms were chosen for calculations, as these have the greater mass.

For estimation of the linear axis resistance parametet, R, reference was made to
manufacturers catalogues for friction from linear beatings. As this value was found
to be low (coefficient of <0.01), a lumped estimation of friction and milking line
resistance of 10N was made. This value was expected to provide a suitable

opetating margin for the linear actuator. Similatly, mass for the revolute arm and
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cup gtipper was overestimated (by an approximate factor of 2) to allow margin for
resistance of milking lines.

An approximate required velocity was calculated for each arm as an average of
displacement over time. This parameter was used for determining actuator

suitability through verification that adequate torque was available in the required

speed range.
Front revolute arm parameters Unit Value
Length, ¢ m 0.085
Length ,a m 0.06
Cup radius, r m 0.0225
Arm width, w m 0.015
Cup mass ke 0.21
Grpper mass kg | 02
Revolute arm mass kg | 025
Max. travel angle, 1Y, to cover 20mm on x or y-axis rad | 0.8172
Moments of inertia about revolute axis:
Cup and gripper kg m® | 0.0030
Arm about revolute axis kgm® | 0.0003
Total moment of inertia ke m® | 0.0033
Actuator torque required Nm 0.55
Approximate revolute actuatot speed [(¥*60)/(277*0.2)] pm 39
Long linear arm parameters
Estimated mass of arm + payload ke 2
Estimated resistive force, R N 10
Approximate PCD of pinion gear m 0.015
Approximate linear arm velocity [0.02/0.2] ms™ 0.1
Approximate linear arm actuator angular velocity tpm 128
Actuator torque required Nm 0.135

Table 9. Approximation of actuator torque requirements
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3.7 Actuators and drives investigation and specification

With guideline actuator torque requitements established, an investigation of
available actuator types and configurations was performed. Actuators wete
investigated before detailed design on the rest of the end-effector, as the range and

type of available actuator may constrain the mechanical design.

For small rotating electrical actuators, stepper motors or DC servo motors are the
primary options. AC servo motors, while available, are generally too latge for this
application. Electronically-commutated setvo-motors, while technically AC motors,

are generally considered in the brushless DC servo-motor categoty.

Table 10 shows a compatson of the major attributes of stepper and DC setvo

motots.

3.7.1 Properties of stepper motors

Stepper motors differ from normal servo motors in that rotation occurs in discrete
steps. This discrete ‘stepping’ motion is due to the construction of the stepper
motor: 2 number of magnetic poles are provided on the rotor (by positioning of
permanent magnets) and by switching stator coils on or off in sequence the poles
are forced to rotate. As the rotor poles ate fixed, only a finite number of positions
or ‘steps’ may be adopted by the rotor. This property is utilised for open-loop
control of stepper motors, as sending a certain number of step pulses to the stator
coils of the motor results in a propottional angular displacement of the rotor. A
typical resolution for a stepper motor is 200 steps/rev, giving an angulat
displacement resolution of 1.8°. Addidonally, advances in control and drive systems
have allowed half-stepping and micro-stepping techniques to be used. As the name
suggests, half-stepping allows the rotor to be incremented by half a step by
switching the two stator coils on at the same time and thus causing the rotor pole to
adopt a position in between steps. Micro-stepping is a more recent development in
which precise control of the stator currents is used to smooth out the transition
between steps and allow very small increments to be obtained, but at the expense of
increased complexity and cost for control hardware. Open-loop control lacks
robustness and was not considered for this position control application, however

closed loop control of stepper motors may be achieved simply by attaching a
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feedback encoder to the motor. As shown in Table 10, stepper motots are less
expensive than equivalent DC setvo motorts, due to simplicity of construction and
control circuitty. They also provide maximum torque when stalled, allowing the

rotor to act as a brake, and good torque in the lower speed range.

The main disadvantage of stepper motors is the discrete motion range, a limiting
value for some positioning applications. The stepping motion of the motor can also

cause some vibration and noise when driving geared trapsmissions.

3.7.2 Properties DC of servo motors

DC servo motots give excellent smoothness of operation and positioning
petformance due to an infinitely varable rotor position that is only limited by
feedback tesolution. Unlike stepper motorts, torque is reasonably constant across
the operating range and does not reduce significantly at high speed. The stall torque
capability of a servo motor is zero, i.c. it cannot act as brake, and must wair for a
disturbance before reacting with opposing torque. This limitation is of less
importance, as modern drive systems provided rapid response. Unlike stepper
motors, setvo motors must always operate with feedback, however for this
application this is not a limitadon. The service life of brush-commutated setvo
motors is limited by the life of the carbon brushes. Modern designs have extended
brush life, however brushless electronically commutated servo motors are available
with very long service life and at significantly higher cost. Due to the increased
complexity of control and drive hardware, control using servo motors tends to be

much more expensive than with stepper motots.

Attribute | Stepper Motor DC Setvo Motor
Low speed torque Excellent Excellent

High speed torque | Average Excellent

Stall torque Excellent Poor

Smoothness Poor Excellent

Mass Average Average

Rotor Inertia Medmum Low

Cost Low-Medium Medium-High

Table 10. Compatison of Stepper and DC servo motor attributes
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3.7.3 Linear arm actuator selection

The larger mass of the linear arm made the positive braking action of a stepper
motor more desitable. Additionally, the larger inertial mass would serve to damp
vibration (although not noise) caused by a stepper motor. From evaluation of
steppet and servo motors available from several manufacturers, it was determined
that the stepper motors and associated drive hardware were four to eight times less
expensive than equivalently sized servo motors and drives. Masses for each type
actuator were similar, although stepper motors had slightly lower mass overall, due

to the lack of an integrated feedback encoder.

The limiting factor for use of a stepper motor was whether the step resolution was
sufficient to achieve the target positioning resolution of + /-2mm specified in the
PDS (Table 5). A pinion gear PCD of 15mm was assumed (refer to Table 9), giving
a pitch citcle length (PCL) of 47.1mm. If the number of steps/rev of the stepper

motor is IN, the minimum incremental movement of the linear axis, dl, is given by

dL = % (mm/step) eqn. 31

A common step resolution is 200 steps/rev, thus from eqn. 31 the minimum linear
axis increment would be 0.24mm. With half-stepping this would be reduced to

0.12mm, an acceptable resolution.

Following investigation and quotations from various manufacturers, 2 McLennan
Size 17 hybtid stepper motor was selected. This motor had suitable performance, a
relatively high totque-to-mass ratio and was available at low cost. Full-step
tesolution was 200 steps per revolution, with 400 steps available using half-stepping.
The speed range across which the torque of 0.135Nm was available was excellent
(up to 1500tpm, equivalent to linear arm velocity of 1.1ms™), while the stall torque
(also called holding torque) was quoted as 0.29Nm. The inertia of the rotor is much
less than the inertia of the linear arm and therefore does not appreciably affect
positioning petformance. Matched dtive hardware was available from the same

manufacturer to ensure compatibility and good performance. The motor was
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available with a projecting shaft from the rear on which a feedback encoder could

be mounted. The specification for this motor is included in Appendix A.

3.7.4 Revolute actuator selection

Conceptual design of the end-effector called for use of a compact gearbox with the
revolute motor to reduce mass and size. Of the stepper and servo motors
mvestigated ’from various manufacturers, a much broader range of servo motors
was available with specifically designed gearboxes for low-torque (0.5-1Nm)
applications. The available selection of stepper motors in this torque capacity range
was also limited, while gearboxes tended to be larger and heavier than those
available for small servo motors. From this investigation, it became clear that servo

motors were the most suitable for the revolute actuator drve.

Use of a gearbox limits positioning performance to some extent, as multiple gears
increase the backlash (free-play) in the gearbox and consequentially reduce accuracy
and precision. Also, frictional losses in the gearbox can reduce efficiency by a
significant amount, often up to 60% for small gearboxes. Backlash can be
eliminated by use of a2 harmonic drive gearbox, however upon investigation these

proved to be prohibitively expensive.

Through investigation of various DC setvo drives available on the market, 2 Maxon
Motors A-max 22 6-Watt DC servo motor with built-in rotational feedback encoder
was selected. This motor was available with silver commutating brushes for low
electrical noise, or catbon brushes for improved service life under high-current
loading conditions. Carbon brushes were selected, as positioning requires
intermittent high-cutrent drve. This manufacturer provided a range of planetary
and spur gearboxes for direct attachment to the A-max 22 motor, greatly
simplifying integration of the motor and gearbox. The motor selected had a
continuous torque rating of 0.00743Nm at up to 8000rpm, while the torque
requitement was 0.55Nm at approximately 39rpm. By examination of the available
gearboxes a gear ratio of 128:1 was selected. Efficiency of this planetary gearbox
was quoted as 59%, therefore the available torque from the motor-gearbox

combination was
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(0.00743) * (128) * (0.59) = 0.561 Nm

at 2 maximum output speed of 62.5rpm This value met the preliminary torque and
speed specification and was therefore acceptable. Peak torque rating for the
planetaty gearbox was 1Nm which exceeded the application requirements. The
average backlash for the gearbox was quoted as 0.8°, giving a worst-case uncertainty
of +/-0.59mm on the longer revolute arm and +/-0.42mm for the short revolute
arm. These figures wete within the required +/-2mm specified in the PDS, and the

motor and gearbox wete therefore adequate for inclusion in the preliminary design.

A further advantage of the chosen setvo-motor type was that a complete position
controller and servo-drive unit was available. The footprint of this unit was very
small (50mmx50mm) but possessed powerful and flexible control software, along
with additional programmable I/O potts. As servo motot tuning can be complex,
use of the manufacturers proprietary tuning algorithms offers a time advantage for

set-up and also guarantees compatibility.

3.8 Feedback Sensors investigation and specification

Feedback sensors ate a requitement for closed-loop control. In the case of the
servo motor, a built-in encoder was available from the manufacturer, and this was
preferred as it occupies little extra volume when integrated into the motor housing.
An encoder resolution of 512¢pt (counts per revolution) was available, however the
final resolution output is 2048cpr, as the encoder provides two squate-wave outputs
that are 90° out of phase, tesulting in four edges (two rising two falling) that can be

counted by the control software.

For the stepper motor encoders several products were available, with the final
encoder selected for low-cost and ease of attachment to the stepper motor. A
Hewlett-Packard/Agilent encoder of 500cpr was selected with a bore suitable for
fixing to the rear shaft of the motor. Similar to the setvo encoder, this unit has an
actual resolution of 2000cpr, which provides five counts per half-step of the stepper

motor.
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3.9 Mechanical components investigation and specification

For the conceptual design, the main prefabricated mechanical components were
associated with the linear bearing slide mechanism which supports the linear arms.
A second area in which investigation was necessaty was the gripping mechanism for
holding the cups. These were examined and suitable products selected for

preliminary design.

3.9.1 Linear bearing slide system

Linear bearing slides are alternatives to recycling ball slides, which although popular
and widely used, are difficult to seal in a dirty or moist environment. Figure 44
shows the essential components of a v-gtoove slide system. While the term ‘slide” is
used, in fact the entire system relies on rolling components, a feature that provides
very low friction and wear characteristics. Sealed roller bearings with a precision-
ground v-groove in the outer housing mate closely with precision-ground v-profiles
on a linear slide. The v-surface provides a larget contact area compared to spherical
roller contact, reducing surface pressure and thus wear. The spherical rolling
elements inside the roller bearing are robustly sealed against dirt and moisture
ingress, while the v-groove shape tends to force dirt and motsture off the v-bearing

surface rather than collecting it.

V-grooved
roller bearing

bearing surface

Mounting
surface

Figure 44. V-groove shide system
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Several manufactuters produce v-groove slide systems, and these were investigated
and compated. The Hepco SL2 stainless steel slide system was selected for the end-
effector. This system uses stainless steel for exposed metallic components, adding
dirt and moistute resistance at only a small increase in cost. The size of the slides
and v-bearings were sclected based on the technical data provided by the
manufacturer and the estimated mass and dimensional parameters of the linear
arms. To teduce mass, 2 flat slide without an integral raised mounting surface was

specified, with the mounting surface replaced by an aluminium spacer.

3.9.2 Gripper investigation and specification

The gripping device for holding the milking cup must be sufficiently strong to
retain the cups during acquisition and motion, as well as having low mass and 2
compact profile. Several methods of holding cups were observed from the literature

sutvey. These methods are summarised in Figure 45.

Milking

Gripper Cup loo cup
fingers : p\ﬁ_ ?I/

L - i

/ : ; ring\f

End-effector !
D hook i b 1 f
".
A
End-effector ’
Linear actuator cup
A.Two-fingered gripper B.Hook and loop  C.Cup and stop ring

Figure 45. Gripper styles

The two-fingered gripper style Figure 45(A) is commonly used in commercial
robotics and has been successfully used in two AMS. Fingered grippers have the
advantage of accommodating small variations in cup position during acquisition,
depending on the opened width of the fingers, while providing excellent rigidity for

positional accuracy during application. The disadvantages of this method are the
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side-clearance requited for the width of the fingers and the need for an electrical or
pneumatic actuator which adds complexity and mass to the end-effector. This

method 1s therefore the most bulky of the observed designs.

A simple and successful method used by one AMS manufacturer is the hook and
loop gripper Figure 45(B). This method requires a metal loop incorporated in the
shell of the milking cup, into which a hook on the end-effector fits during cup
acquisition. Simplicity of design with this gripping method resulted in low mass and
a very compact profile. The disadvantages of this design are the modifications
required to the milking cup shell, the limited range of positions in which the cup
can be acquired (the cup must be presented with the loop facing outwards), and the
need to keep the cup vertical during motion. Additionally, positional accuracy is

lowered due to clearance required between the hook and loop.

The final gripping method, used by AMS that hold four cups simultaneously, uses a
cup-shaped holder into which the milking cup fits Figure 45(C). A stop rng
mounted on the milking cup holds the cup at the required height, while a hole
the base of the holder allows milking and vacuum lines to pass through. This
method is relatively simple, compact and requires only a small modification to the
milking cup shell; however it 1s primarily design for situations where the end-
effector remains under the cow duting application. The disadvantages for this
application ate the difficulty in acquiring and releasing milking lines, and the need to

keep the cup vertical during motion.

For this application it was desirable to have the ability to fully invert the end-
effector to increase flexibility in acquiring the cup cluster. Of the three methods
considered above, only the two-fingered gtipper was suitable for this function.
However the increased complexity, mass and operating room required by a fingered
gripper would be difficult to accommodate in the design. A magnetic gripping
device has been proposed by an AMS manufacturer [58], however this device either
presumes use of a magnetic material for the cup shell or requires fitment of a
ferromagnetic sleeve. In either case modification of the cup shell would be required,

as the stainless steel commonly used 1s not necessanly magnetisable. These
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limitations wete addressed by introducing a fourth gripper design: a vacuum
gppet.

Use of a vacuum gripper would allow for simple acquisition and release of the
milking cup with no moving parts required. Digital electronic control of the vacuum
can readily be achieved using inexpensive off-the-shelf vacuum controllers, giving
fast control response without complex interfacing equipment. Figure 46 (A) shows
the otiginal concept for a vacuum gtrippet. The design called for a gripper shell with
a radius shaped to match the milking cup shell and lined with a butyl rubber lining
to form an air-tight seal. A vacuum attachment was provided as shown, and a
vacuum chamber in the face of the gripper provided an area over which the
gripping force was developed. As this design was untested, a test rig was set up and
two test grippers wete constructed. During testing, it was found that vacuum
chamber of area 45mm x 40mm gave a breakaway force of 85N at -50kPa (gauge),
and a narrower chamber of 40mm x 30mm gave a breakaway force of 57N. Both
breakaway forces cotresponded closely to the theoretically calculated forces of 90N
and 60N respectively for this design, obtained by

F=PA eqn. 32

where F is the gripping force, P the applied pressure (negative gauge) and A the

surface area of the vacuum chamber.

It was discovered however that a lack: of compliance mn the design made
compensation for minute misalignment of the cup and gripper mmpossible. This
problem was solved by revising the design to that shown in Figure 46 (B).
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Figure 46. Vacuum gripper original and final designs

The revised design used a commercially available rectangular sucton cup with a
flexible rubber lip, giving 3 to 4 mm of compliance. To retain the positional
accuracy of the original design, hard stops wete added on either side of the suction
cup, against which the cup could be drawn by the suction force. Although this
design was more complex than the otiginal design, involving two extta components,
testing showed it to be capable of accommodating misalignment of several degrees
between cup and gripper. The breakaway force for this suction cup was quoted as
62.8N at -50kPa, and tests confirmed this to be accurate. This is equivalent to
holding a static weight of 6kg and, given that the mass of the payload is only 0.21kg,
provides a large margin for accommodating forces expetienced duting cup
handling. To improve compactness, the vacuum line was routed through the centre
of the revolute arm, exiting via a push-in connection threaded into the top of the

revolute arm.
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3.9.3 Linear arm extruded section selection

The material selected for the linear axis arms was hollow rectangular section
aluminium tube. The hollow section served two purposes, allowing a light but stiff
construction and at the same time facilitating routing of signal cables through the
atm. The internal cross-sectional area was constrained to facilitate at least two
@9mm cables and one ¥4mm vacuum line, as well as allowing access to internal

fixing screws for attaching the linear slide and rack gear.

A 30x20x2mm (height x width x wall thickness) section tube was selected from
available catalogue sizes. This size was sufficiently compact for the end-effector
design while providing sufficient internal cross-sectional area (26x16mm) to
accommodate cable and tubing. A simple beam analysis was then performed to
verfy that the tube possessed sufficient strength and stiffness for the predicted
loading conditions.

The unsupported length of the beam was modelled as a simple cantilever. This
model is reasonably accurate, presuming that the stepper motor can prevent
hotizontal motion. The support point of the cantilever is thus the contact point
with the last v-groove bearng. It was assumed that the linear slide was self-
supporting and stiff, such that if the aluminium tube alone could support the
operating load, then the addition of the linear slide would improve stiffness and
strength of the entire arm. Matenal and geometric properties of the beam are shown
in Table 11. Proof stress at 0.2% elongation was used rather than yield strength as

this is the lower of the two values.

Table 11. Properties of linear axis tube (source: Miko Metals catalogue

2005)
Material Aluminium 6060-T6
Dimensions (h x w x
thickness) mm 30x20x2
Second moment of inertia, [ m”™4 3.61253x10®
Material properties Unit Value
Proof stress 0.2% MPa 160
Shear strength MPa 153
Tenside modulus, E GPa 69
Mass per unit length kg/m 0.5 B
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The second moment of inertia of a beam section is a geometric property affecting
stiffness. The second moment of inertia about the honzontal centroid of a solid

rectangular sectton is calculated by

_bd’

I, =2
12

eqn. 33

where b is the width and d the breadth of the section. To calculate the second
moment of inertia for a hollow rectangular section, the second moment of inertia of

the hollow area is subtracted from that of the entire area.

Figure 47 (top) shows the forces on the longest linear arm at maximum extension,
with dimensions and forces obtained by reference to Figure 43 and Table 9
respectively. Acceleration due to gravity was taken as 10ms™ The distributed load
represents the mass of the aluminium wbe, while the mass of the revolute actuator,
arm, gripper and cup were lumped as a single mass at the maximum extension of

the revolute arm.

From basic beam theoty the sheat fotce and bending moment diagrams for the arm
were constructed, as shown in Figure 47 (centre and bottom). The maximum shear

force was calculated as 8.95N, and the shear stress, SF, is therefore given by

shear force 8.95

- = =0.049MPa
cross - sectional area  (0.03*0.02) —(0.026 *0.016)

shear stress =

This value is well within the shear strength of the material.
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Figure 47. Diagtam of forces on unsupported linear arm (top) and
associated shear force (centre) and bending moment diagrams
(bottom)

Stiffness of the arm assembly was determined by predicting the deflection of the

beam using classical Euler-Bernoulli beam theory.
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Classical beam theory makes several assumptions about beam conditions:

¢ The beam is long and slender

e The beam cross-section is constant along its axis
® The beam is loaded in its plane of symmetry

® Deformations remain small.

¢ The beam material is isotropic

e Plane sections of the beam remain plane

Each of these assumptions may be considered approximately accurate for this
application, so the theory is applicable. Solautions for common beam configurations
are widely available in literature and wete used to obtain deflections for the linear
arm. Using the superposition method for beam deflection, the deflection of the arm
with the point load and deflecion of the arm with the distributed load were

calculated separately and then summed to obtain overall deflection:

The formula for maximum deflection of a cantilever beam with a point load (in this

case the force due to the revolute axis assembly, 7N), v, , s

_FD
3EI

Y, m eqn. 34

where F is the point load, L the distance of the load from the beam support, E the
tensile modulus of the matetial and I the second moment of inertia of the beam

section.

The maximum deflection of a cantilever beam with a uniform distributed load (in

this case the force due to the mass of the linear arm, ), y,, is given by

B wL®
8EI

where w 1s the distributed load in mass per unit length.

V4 m eqn. 35

Using equations 34 and 35, the maximum deflection, y,,,, was calculated as

Youx =V, + ¥4 =1.003x107 +5.8x107 =1.001x10™ m
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This result represents a deflection of 0.1mm under a wotst-case load condition. The
deflection is sufficiently small to be acceptable, as it indicates good stiffness for the
aluminium tube. It can be observed from the above equation that the load at the
end of the arm has a far greater contribution to deflection than the mass of the
aluminium tube. It was assumed that the tigid attachment of the linear slide will add
to this stiffness and thus produce an assembly that will not deform unacceptably
under normal operating conditions. This assumption was verified using the

deflection equation provided by the linear slide manufacturer:

_FLI’BL-k)

Y, + FLER, mm
6E1

R, is a constant relating to the stiffness of the cantilever clamp, however as R is very
small (in the order of 107) clamping stiffness was assumed to be infinite. This
assumption holds true as long as the linear slide roller bearings are adjusted to

provide minimum vertical play. The linear shide deflection, y_, is thus given by

_ FI*(BL—k)

Vs =0.152 mm
6EI

where EI is the product of tensile modulus and second moment of inertia for the
slide obtained from manufacturers tables, L is the length of the slide in mm, k is the
distance of the point load from the beam support and F is the point load in

Newtons.

Compatison of the wortst-case deflection estimates for the aluminium tube and
linear slide under the same loading conditon shows similar deflection for both
components. As these components are connected rigidly in parallel the vertical
stiffness will be maintained for the entire arm assembiy. The increased width of the
arm section caused by bolting the linear slide to the aluminium tube also setves to

improve lateral and torsional stuffness.

These calculations verified that the selected aluminium tube section size was capable

of operating under the anticipated loading conditions without undue deformaton.
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3.9.4 Revolute axis support
The specified revolute actuator geatbox was provided with a ball-bearing supported
shaft capable of supporting a radial load of 70N at 10mm from the beating (approx.
Tkg static load) and an axial load of 100N (approx. 10kg static load). These values
were sufficient to meet the anticipated load; however the shaft diameter was only
4mm, presenting difficulty in robust attachment of the revolute arm and other
components. A larger diameter shaft was thus required. This shaft was provided by
fabrication of a housing that fitted onto the servo-motor and gearbox assembly and
contained two additional bearings supporting a D14mm aluminium shaft, as shown
in the section in Figure 48. The additional beatings relieved non-torsional loads on
the gearbox shaft, transmitting these through the housing to the linear arm and thus

minimising stress on the revolute actuator assembly.

The bearings selected were 6801-2RS (synthetic rubber sealed) ball bearings, with an
internal diameter of 12mm and an external diameter of 21lmm. The quoted static
load capacity (radial and axual) for these bearings was quoted as 1040N, far in excess
of the anticipated loading conditions for the actuator. However, as the bearing was
only 5mm wide a radial load at any distance from the bearing would likely cause
excessive deflection of the shaft. This problem was solved by specifying two
bearings sepatrated by spacer to provide a stiffer assembly, as shown in Figure 48.
The new larger shaft was tigidly coupled to the gearbox shaft via a grubsrew. There
was no need for a flexible coupling, as the sufficient precision was obtainable form

the manufactuting process to ensure accurate alignment of the shafts.
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Figure 48. Section of trevolute axis actuatot, shaft and bearing housing
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3.10 End-effector solid modelling and analysis

Following preliminary specification of actuators and mechanical components, a
software solid model was constructed, as shown in Figure 49. The model displays
the arms at full extension, with the right-hand set of cups close together and the
left-hand set of cups rotated. The design was adjusted through an iterative process
until the PDS specifications were met and the various components were
successfully integrated. Interference analysis was carried out by manipulation of the
solid model to ensure that sufficient clearances were provided between

comp onents.

The attachment plate on the top of the end-effector was extended (following robot-
arm specification as described in Chapter 4) and multiple holes provided to allow

some flexibility in mounting position along the x-axis.

Material types and densities wete identified and assigned to the model components,
allowmg mass properties to be incorporated. Choice of matenal for each
manufactured component was a compromise between several design demands: 1)
minimise mass, 2) maintain structural strength and stiffness, 3) keep fabrication
requirements within the available workshop capabilities. Aluminium was preferred
for chassis components due to relatively low density, good stiffness and excellent

machinability.

104



Figure 49. End-effector solid model

3.10.1 Mass properties computational analysis

Mass properties of the entite end-effector wete determined using the mass
properties analysis function in the solid modelling softwate. Relevant densities were
obtained for each material by reference to supplier datasheets. In cases where
density was not available, for example for the milking cup (composed of three
separate polymer materials) and drive motors (multiple components and materials),
the material volume of the component was extracted from the solid model and an
average density was assigned by dividing the known mass by the volume. The
computed values extracted from the analysis ate shown in Table 12. It is clear from
Table 12 that the preliminary estimate of 2kg for the entire longest arm was
teasonable, as the total computed mass was 1.45kg. Substituting this mass into eqn.
21 gives a required actuator torque of 0.119Nm, so the provisionally calculated
torque value gave a margin of 1.13. This margin was a little low to give confidence
in the actuator selection, as the actual resistance value for the linear axis was
approximated. To increase the margin the PCD of the pinion was reduced to
10.19mm (a standard manufacturer size), giving a tequired torque of 0.079Nm and a

margin of 1.71. This reduction in PCD also setved to dectease the linear increment
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per half-step to 0.08mm and increase operating smoothness, as stepper motor

vibration effects are diminished at higher rotational speeds.

Component Quantity | Calculated mass (kg) | Total mass (kg)
Chassis 1 4.40 4.40
Long Arm 2 1.31 2.62
Short Arm 2 1.14 2.28
Revolute Arm Short 2 0.12 0.23
Revolute Arm Long 2 0.14 0.28
Cup 4 0.21 0.84
Total 10.64

Table 12. Computed end-effector mass propetties
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3.10.2 Moments of Inertia

The material properties analysis tool included in the solid modelling software also
teturned the moments of inertia about any specified coordinate system. Four
coordinate systems of interest wete assigned as illustrated in Figure 50: ACS0, ACS1
and ACS2 (where ACS denotes Auxiliary Coordinate System) on the mounting
plate and RCS1 at the revolute axis otigin. The computed moments of inertia about

these coordinate systems are tabulated in Table 13.

Figure 50. Solid model coordinate systems for moment of inertia
calculations

For practical reasons during the solid modelling process the axes of these
coordinate systems were parallel with but in different directions to the end-effector
coordinate system defined in section 3.5.1 (e.g. for ACSO the vettical axis is the y-
axis instead of the z-axis). Therefore it was necessary to rotate the solid model
coordinates systems to obtain the cottect moment of inertia in the end-effector
coordinate system, and thus in the robot cootdinates system (RCS), as these values
(about ACS0, ACS1 and ACS2) wete necessary for determining the capacity of the

robot arm. In Table 13 the original moment of inettia values are shown in square
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brackets, while the values without brackets are the corrected moments about the
end-effector coordinate system origin. I, I and I, refet to the moment of inertia

about the x-axis, y-axis and z-axis respectively. In the case of RCS1, only the
moment of inertia about the vertical axis, 1,,, was of interest. The greatest distance

of the centre of gravity from the tool flange was also included, as this was

required for robot arm specification.

Moment of inertia in end-effector coordinate system Centre
Cootrdinate [Moment of inertia about coordinate system origin] | of gravity
system A 1
g (kg m”"2) along
L Iy L. X-axis
[L:] [Lad Lyl (mm)
ACSO 0.0794 0.8112 0.7719 189
ACS1 0.0794 1.2076 1.1684 269
ACS2 0.0794 1.5956 1.5564 329
RCS1 - - 0.0019 -

Table 13. Moments of inertia about various coordinate system origins on
end-effector

Using the theory outlined in section 3.6.2, the actual component masses and
moments of inertia for the longer revolute arm were calculated from the computed

inertia value and tabulated in Table 14.

Component Unit | Computed | (Approximated)
Grippet ke 0.0641 (0.21)

Cup ke 0.2100 (0.21)

Arm ko 0.0737 (0.25)
Total mass kg 0.3478 (0.67)
Moments of inertia about revolute axis

Cup and gripper kg m* 0.0018 (0.0030)
Arm about revolute axis kg m” 0.0001 (0.0003)
Total moment of inertia kg m® 0.0019 (0.0033)
Actuator torque required Nm 0.349 (0.55)

Table 14. Computed moment of inertia and torque requirement vs.
originally approximated values for long revolute arm
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From the comparison in Table 14 between the computed and orginally
approximated masses and motments of inertia it is clear that sufficient margin was
allowed when assigning provisional mass values to the revolute arm components.
This resulted in a higher predicted torque value of 0.55Nm compared to the
computed value of 0.349Nm. The revolute actuator thus had a torque margin of

1.58 over the provisionally calculated value in Table 9.

To validate the computational result for the tevolute arm moment of mertia, an

approximate value for I was calculated using a point-mass approximation:
I, =mk’ (kg m*) eqn. 36

where 7 i1s the total mass of the revolute arm and milking cup and £ the
approximate radius of gyration. Approximating the radius of gyration as 80mm, and
assuming the computed mass of 0.348kg to be accurate, then an approximate value
of 0.002kg m” was obtained for the moment of inertia. This was sufficiently close to

the computed value to give confidence in the accuracy of the computation.

3.10.3 Actuaftor testing

The solid modelling and computational analysis process gave confidence in the end-
effector design before physical construction was commenced. For certainty
however, a sample of each actuator was purchased and tested to ensure that they
were capable of producing the required torque. A simple test using a weight
attached via a stting to each actuator shaft was performed, and based on the mass
and the diameter of the shaft the torque outputs were calculated. In both cases the
stall torque was found to be greater than quoted by the manufacturer, so the

actuators were deemed suitable for the application.

3.11 Sensor location and wire routing

The PDS required home position sensors for all axes and travel limit sensors where
possible. For the revolute axes, fitting of travel limit sensots would prevent rotation
through more than one revolution, limiting the flexibility of the end-effector for

testing various manipulation strategies. Software limits can setve the same purpose
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without limiting rotation and are suitable for the revolute axes, as even in the event
of over-travel failute is unlikely to be catastrophic (the worst-case failure mode is
collision with another revolute arm, and actuator torque is sufficiently low to
ptevent majot mechanical datnage). In the case of the linear arms, over-travel would
be much more catastrophic, as the rack may run off the drive pinion and the lnear
arm may leave its bearings. The additional mass of the linear arms and the mability
to recover make this a ctitical failure mode, and should be prevented by hardware

limit sensors.

Following investigation of suitable sensors for the travel limit switches, hinged
roller-lever micro-switches, as shown in Figure 51(B) were selected. The chosen
micro-switch features a cutved section at the end of the hinge arm that can follow
an undulating surface but without additional moving patts, and hence 1s termed a
simulated roller switch. A simple raised tab bonded to the surface of the linear was
used to activate the switch, with the switch lever following the tab to close the

switch as shown in the illustration.

While micro-switches are robust and inexpensive they can exhibit poor switching
point precision as the mechanical response of the lever arm and internal
components varies with input force, which in turn depends on the velocity of the
arm. To ensure good precision for the home position sensors, slotted optical
switches were used, as shown in Figure 51(A). These optical switches incorporate
an optocoupler comptised of an infra-red emitting LED that emits infra-red light
across a slot to a phototransistor. If the infra-red light is interrupted by blocking the
slot, the phototransistor is biased off and intetnal circuitry (an amplifier and Schmitt
trigger) drives the output high. A tab bonded t;) the linear arm was used to interrupt
the beam as illustrated in Figure 51(B). This sensor ensured excellent precision as
the sensor is non-contact light-based and the response is extremely fast (in the order

of 10us).
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111



The atrangement of the sensors is illustrated in Figure 52. Slots were machined in
the upper and lower plates of the chassis to accommodate the sensots, and wire
routing paths were cut into the plates to accommodate the necessaty signal wires.
The lateral spacing of the sensots was designed to prevent interference between the

home position and linear limit tabs.

For the revolute axis home position sensor, a photoreflective sensor was used. This
sensor contains an infra-red diode and a phototransistor positioned in parallel. In
normal operation no infra-red light reaches the phototransistor, but if a surface is
brought close enough to the front of the sensor and reflects suffictent infra-red light
then the phototransistor will bias on. This sensor features a very compact package
(4mm diameter) and was suitable for fitting into a small hole in the side of the
revolute actuator bearing housing facing the revolute axis shaft. The reflective
nature of the aluminium used in the shaft was utilised to keep the phototransistor
biased on, with a small dark strip used to mark the home posinon. When the dark
strip moved past the sensor, the infra-red light was absorbed, and the transistor was
biased off. The comprise with using such a small package was the lack of internal
signal conditioning circuitry (as available for the linear axis position sensor), so
external amplification and thresholding was required to produce a suitable output

signal. The photoreflective sensor and mounting location are shown mn Figure 53.

Control and signal wiring and vacuum tubing for the revolute arms was routed

through the centre of the linear arms to provide protection for the cables.
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Figute 53. Revolute axis home position sensor and mounting location
detail

3.11 Wiring connections

A connection system was necessaty to facilitate attachment and detachment of
signal and power cables to the end-effector. The original end-effector configuration
tequired 114 connections, with some additional capacity desirable for future use.
Thete are many types, configurations and sizes of connector available, however as
this is a prototype design it is possible that the wiring may require alterations or
additions during testing. It was thus decided that the connection system should be
basic and low-cost, allowing for future modifications without incurring significant
expense. D-type connectors are widely available at low cost, provide good
connection density, can carry sufficient current for this application and may be
installed without specialist tools. To ptevent cables becoming detached during
operation the connector plugs and sockets may be screwed together using screw

terminals.

Four 25-pin D-type (IDB25) male connectors and four 9-pin D-type (DB25) male
connectors wete selected for the signal connections. This provided a capacity of 136
connections, allowing for future expansion needs. Support for the connectors was

ptovided by two stainless steel mounting plates mounted on either side of the end-
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effector, as shown in Figure 54. The openings fot the connectors wete precision
laser-cut, along with four holes for cable grommets. The signal cables travelling to
the linear arms pass through these rubber grommets which grip the cable and
prevent fatigue damage to the wiring connections due to moton of the arms. As
shown in Figure 54, the mounting plates were designed to mount onto the threaded

ends of the linear bearings, saving space and providing for convenient assembly.

Mounting holes

Male DB25
connector

Male
DB9connector

Cable grommets <

Mounting plate

Figure 54. Connector mounting details
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3.11 Final design

The complete solid model was assembled as shown in Figure 55. Figure 55(A)
shows the end-effector without cups, while Figute 55(B) shows the cups assembled
in the cluster origin position. This is the intended acquisition position for the
cluster, making use of the clamping action available between the front and rear arm-

sets to reduce the precision required by an extetnal cluster assembly mechanism.

Figure 55. Complete end-effector with cups (A) and without cups (B)

The cup positioning method is demonstrated in Figure 56, in which the wide reach

of the end-effector is contrasted with the narrow profile of the chassis.

Flexibility of the design is illustrated in Figure 57, in which two possible
configurations are shown. In Figure 57(A) the arms are rotated to one side, allowing
cup acquisiion from a suitably profiled magazine. Figure 57(B) shows an
application configuration in which only the front two cups are used to apply cups,
with the rear arms used as cup holders. Several other configurations are possible,

providing an adaptable prototyping platform that allows for approach modification

during testing.
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Figure 57. Possible test configurations: (A) side otientation for aquisition
from a magazine rack and (B) use of only front two arms for cup
application
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3.12 Engineering drawings and construction

The solid modelling and evaluation process provided confidence that the final
design was capable of performing the required operations within identified
constraints. Engineeting drawings were generated from the solid model and the
end-effector was fabricated and assembled by the DCU workshop facility. The end-
effector drawings are included in Appendix B.
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Chapter 4

ROBOT ARM SPECIFICATION, INSTALLATION AND
COMMISSIONING

4.1 Robot arm specification and selection

Industral robot arms ate commonly applied in current manufacturing systems,
replacing human labour for a varety of repetitive, dangerous or unpleasant tasks.
Use of industtial robots can significantly improve speed, accuracy and repeatability
over manual labour, but severe testrictions in control flexibility (compared to a
human worker) require that robot tasks must be well defined with limited deviation
in environmental and task variables. Milking cup application is a suitable task for
robotic automation, given that the task requires speed and accuracy, the
environment is unpleasant for human labour and the workspace and control task

are well-defined.

While many robot manipulator types are available, investigation was focused on
standard 6-axis industrial robot arms as these are produced in sufficient quantities
to allow economies of scale with associated reduction in costs, and the technology 1s

mature and well-understood.

4.1.1 6-axis robot arm description and terminology

A 6-axis robot arm is illustrated in Figure 58. The robot arm design is analogous to
a human arm, having a shoulder joint, upper atm, elbow joint, forearm and wrist, as
shown in the illustration. The use of revolute joints for all axes simplifies the
mechanical design and increases robustness as rotating joints are easier to seal than
sliding joints. Figure 59 shows the robot coordinate system (RCS) and labelling
conventon for the robot axes, starting with axis 1 (or joint 1) at the base of the
robot. In the model shown, the elbow motor is mounted on the shoulder and
actuates the elbow axis via a pushrod, reducing mass at the elbow and thus reducing
the required motor torque. Use of direct drive for axis 1 and 2 and a pushrod for
axis 3 increases accuracy by eliminating backlash experienced with gears. It is
generally infeasible to provide ditect drive at the wrist as the increased mass would

require increase in size of the first three axis motors. Instead, the wrst drve 1s
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provided via drive shafts and gears through the forearm, with the motors mounted
on the opposite side of the elbow joint to counterbalance the mass of the wrist,
forearm and payload. The use of gears reduces positioning accuracy due to
inevitable backlash and also limits the torque capacity of the wtist to a level that can
be accommodated by the gear teeth. Increasing wrist torque capacity thus requires a

corresponding increase in wiist size to accommodate latger geats.

Equipment
mounting points

Wrist
drive
motors

Elbow

Shoulder
drive
motor

Shoulder

Figure 59. Axis locations fot 6-axis robot arm
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4.1.2 Robot arm specification

The solid-model analysis of sections 3.10.1 and 3.10.2 provided the payload and
torque capacity requirements for the robot arm (Table 12 and Table 13 and Fig 50).
These are summarised in Table 15 along with the reach distances necessary for
access to the workspace. The centre of gravity (COG) measurement is required as
in some cases the calculated moment of inertia of the payload may be within the
capacity of the robot arm, but static torque due to the mass at the COG may still

exceed permissible imits for the robot arm design.

Table 15. Robot arm torque and payload requirements

Coerdinate End-effectot moment of inertia (kg m”"2)
system Ixx Iy Izz
origin Axis 4 Axis 5 Axis 6
ACS2 0.0794 1.5956 1.5564
Total payload mass 10.64kg
Minimum required reach (x-axis) 500mm
Minimum required reach (y-axis) 400mm
Minimum tequired reach (z-axis) 1200mm
Max. end-effector COG distance from wrist 329mm

In addition to these physical requirements, the robot controller was required to
accept external commands and position data, and to provide return status signals to

an external control system.

From an environmental point of view, sealed water-spray resistant robots were
found to be 3 to 5 times mote expensive than standard robot arms, and only a
restricted range was available. Therefore it was decided that a standard robot would
be specified (normally dust-proof but not moisture-proof), with some suitable

shielding method applied (such as rubber gaiters) at a later development stage.
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4.1.3Vendor investigation and selection
Based on these requirements, suitable robot arm models were investigated from five

manufacturers. These were compared under the following headings:

ePayload capacity

e Torque capacity

®Reach

eEixternal communications capability

oCost

The static payload of 10.64kg was approximated as 1lkg to allow margin for
additional fittings and cable on the end-effector. While robot arms with capacities in
the 11kg to 16kg range (a common payload range) would appear suitable, these
payloads are specified at the wist tool-flange, with the payload reducing as the
centre of gravity of the tooling moves away from the tool-flange centre (due to the
additional torque load on wrist-axis drive motors and the wrst drve gears).
Knowledge of the centre of gravity of the end-effector (specified in Table 15)
allowed comparison with manufacturers’ wiist axis torque maps to determine
whether the payload could be accommodated at the COG offset from the tool-
flange.

While most of the product ranges examined contained a robot arm suited to the
above requirements, there was significant variation in cost and availability. From the
products examined, a Nachi SC35F-01 robot arm with AX-Controller was
specified. This robot was available at the lowest cost, while satisfying all
requirements for the application. Basic speciﬁ(;ations for the SC35F-01 are included
in Appendix C, while further reference may be found in the Nachi service manual.
The 35kg payload of this arm, while exceeding the requirements for handling the
end-effector by a significant margin, was necessary due to the offset nature of the
end-effector mass. The next smaller sized tobot in the Nachi range is the SC15F-02
(or SR15A-01 long-reach), however to allow this robot to be used the end-effector
payload would have to be reduced by a minimum of 3kg, while the centre of gravity
offset would have to be reduced to within 250mm from the tool-flange (feasible at

attachment points ACS0 and ACS1, Table 13, but not ACS2).
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4.2 Installation and safety

Robot arms are powerful machine tools requiring careful positioning and
installation to ensure stable and safe operation, and provision of appropriate safety
measutes to prevent injury and damage to personnel, fixtures and payload. The
mstallation procedure specified by the manufacturer was studied and implemented,

comprising the following steps:

eldentification of installation site
eReview of installation site for suitability and safety
sProvision of appropriate setvices

eProvision of appropriate safety measures

4.2.1 Installation site

A laboratory installation site was identified for the robot. Accurate architectural
floor plans for the site were obtained, and following consultadon with the school
safety officer and senior technician a plan view of the required working area was
developed. The plan included a suitable working region, sufficient rear clearance to
avoid collision with fixtures or fittings, access to single and 3-phase power,
positioning for the robot controller and other control equipment, and necessary
safety fences. The details of this final layout are included in Appendix D. The
working region comprises an angle of approximately 100° at a radius of 2m (the
maximum reach of the robot arm, 2003mm). It was determined that this angle
includes the expected working area in which the robot will operate. The safety
fences were installed at a distance of 2.5m from the robot centre to ensure that
robot contact was avoided during testing. The robot was prevented from travelling
outside the working angle by adjusting mechanical stops on the base of the robot

chassis.

Also included in Appendix D are the electrical supply specification for the robot
and single-phase electrical supply and compressed air requirements for auxiliary
equipment. These wete extracted form the robot documentation and used to verify

that the existing services were sufficient for the robot installation.
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4.2.2 Safety
The power, speed and dexterity of a robotic manipulator raise important safety
issues for autonomous operation. During automatic motion, it may be difficult for
an operator to predict, anticipate or avoid motion of the robot arm, and thus the

following safety steps are necessary:

ecxclude access to the robot during operation
swarn personnel that the robot is active (even though it may be stationary)
einterrupt an operation if an intrusion occurs

etrain relevant personnel who will work in proximity to the robot arm

Exclusion of petsonnel was achieved by installing safety fencing around the robot
working area with a lockable access door and posting of warning notices on the
enclosure. A watrning lamp was provided to indicate when the robot arm was in
operation, and provision was made for attachment of an interlock switch to the
access door to interrupt operation when the door was opened. Training was
provided via the relevant safety sections in the installation and operations manuals
provided by the manufacturet, and operating procedure and signals were described
to those who would wotk in proximity to the enclosure. In addition to emergency
stop buttons on the robot controller and teach pendant, an external emergency stop
switch was alteady in place in the laboratory to allow 3-phase power to be

interrupted without entering the robot enclosure.

4.2 Robot Arm Installation

The robot arm installation was carried out according to the instructions provided by
the manufacturers. It was verified that the installation sutface (concrete floor) was
of suitable composition, thickness and flatness, the installation location holes were
measured out and marked as per Fig. D1 in Appendix D, and a contractor was
employed to install approptately sized threaded studs in the floor. The arm was
lowered onto the studs and secured with bolts and washers tightened to the

manufacturers’ torque specification.
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4.3 Robot Arm Commissioning

Commissioning of the robot arm involved the following steps:

eFamiliarisation with manufacturers’ safety instructions and commissioning
procedure

eFamiliarisation with manufacturers’ operations manual

e Visual verification that all safety components wete in place and operational

#Visual inspection of the robot wotking area to ensure readiness for operation

eVisual inspection of robot witing and routing

eSystem power up and self-diagnostic

eBasic moves of all axes under manual control to vetify correct operation

The robot operated as expected, with no unexpected behaviour. The robot may be
operated in one of several operating modes: welding, material handling or
palletising. The controller was configured in software for materials handling mode,
which is closest to the intended milking-cup handling application.

4.4Elbow Mounted Equipment

End-effector tooling usually requires some additional control witing, as well as air
or hydraulic piping. These cables must be routed along the robot arm with
appropriate protection from abrasion, pinching and flexure damage, and without
interfering with arm movement. The robot-arm was supplied with an internal cable
loom consisting of 12 shielded twisted-pait signal lines (24 wires in total), 4 power
lines and two air lines. These cables are accessed via connectors at the base of the
robot and exit at a utility plate mounted in the side of the elbow. However the end-
effector required at least 114 signal lines, as well as vacuum connections, so the
robot cable provision was insufficient. Additionally, use of the internal cable loom
would limit the end-effector cabling to one specific robot atm model, as connectors
ate not necessarily interchangeable between robot arm makes and models. It was
therefore decided to attach the end-effector wiring loom externally, allowing the
entire cabling assembly to be lifted off the robot if necessary. This design approach
allows portability between robot arms (if necessary) and also eases disassembly for

future transpott or remodelling.
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As the end-effector revolute arm position controllers were controlled via serial
cable, positioning of these controllers on the elbow would greatly reduce the
tequired cable count (from 40 to 12). Also, provision of power terminals for the
necessary 24V and 5V at the elbow would reduce the cable count from base to
elbow. Therefore, as commonly used on industrial robots, an equipment and
terminal housing box was mounted at the robot elbow, as shown in Figure 60.
Reference to Figure 58 shows the mounting points provided for mounting
equipment on the robot elbow. Mounting in this position takes advantage of the
greater torque available from the shoulder-mounted dtives and proximity to the
third axis minimises moment of inertia about that axis. The SC35F model has a

payload of 294 N or approximately 29kg, providing ample capacity for the current

requirements.
Equipment
housing
Vacuum lines Alr supply
(blue) Armoured
power cable
Signal
cables
Robot arm
elbow
Stepper motor
drive cables Armoured
and shielded
signal cables

Figure 60. Elbow equipment housing detail

Proximity of the housing to the wrist-axis motors cattied a risk of electromagnetic
interference to components and signal cables, so a sheet metal electrical housing
was chosen for the equipment housing, providing both mechanical strength and
excellent shielding when grounded to the electrical supply earth. Figure 60 shows a
detail of the housing mounted on the elbow, with 2 common power cable (24V, 5V

and Ground), air supply line and signal cables from the robot base to the housing,
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and signal, vacuum and power cables from the housing to the end-effector (note:

not all cables are shown in this image, as the picture was taken during assembly).

The equipment housing internal layout is shown in Appendix E, Fig. E1.
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Chapter 5

CONTROL SYSTEM DESIGN

5.1 Control system definition

The entire robotic manipulator for milking cup application incorporates a robot
arm, end-effector tool and control system. The control system 1s the most critical
and consequentially most complex component of these three elements, as it
integrates the robot arm, end-effector and teat location information and implements

a control strategy to perform the application task.

The control system for the manipulator compuises three primary layers:

eControl strategy — a high-level definition of how the application task is performed,

based on known parameters, inputs and desired performance

eSoftware layer — the softwatre system on which control strategy is implemented,
the manipulator model is stored, inputs are processed and control outputs

provided to the hardware layer

eHardware layer — the physical electronic and electrical components that provide a
platform fot the software and a means of processing, conditioning and transferring

signals between various system elements

In general a control system is defined in the above order, with the required strategy
determining the necessary softwate and thé software in turn determining the
hardware layer. In practise howevet, as many of the hardware requirements were
specified during the end-effector design, it was more natural to define the hardware
requirements first and then determine suitable software to meet these requirements.
The control system was specified around a basic high-level definition of the control

strategy, as more in-depth algorithm design will be the subject of future work.
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5.2 High level control system design

The control task and basic strategy were determined and defined in Chapter 2 as
part of the environmental analysis and development of approach method. However
the untested nature of the application will likely result in several modifications to
the initial approach. The need for control flexibility was thus a requirement for the
control system. The basic control algorithm extracted from the approach

methodology of Chapter 2 is summarised in Figure 61.

Exter_nal safety Teat Cup magazine | |Cow and stall
signals coordinates position in position

Calculate cup Calculate Calculate robot | |, v a) safety |
positions teat average destination

and trajectory signals |

Stop/Go " Stop/Go
>| Acquire milking cups l<

Stop/Go — Stop/Go
Move end-effector to teat average position
Stop/Go ~ Stop/Go
im Move cups to horizontal teat positions [<::b

Stop/Go Stop/Go
Apply cups

, e Exit and signal
Verify application success ::> application complete

OUTPUTS ‘ PROCESSING IINPUTS

Figure 61. Basic control algorithm

The algorithm is divided into three distinct sections: mnputs from external devices;
processing of inputs based on stored models and procedures; and generation of
outputs to drive the manipulator and provide necessary output signals to external
devices. The role of both external and internal safety signals is clearly shown to the
left and right of the output motion stages. The assumption was made that extetnal
safety signals are absolute and must always interrupt the process, while internal
safety signals may also be generated based on teat position processing or
manipulator performance monitoring. While necessary for final design, this safety
layer can not be defined in detail undl further external systems have been
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mvestigated and designed (such as cow leg restraints, rotary patlour angular position
control), and various operating strategies have been tried and tested (identifying
possible failure modes). This safety design therefore remains to be performed in
future development work. Similarly, the other input stages requite inputs from
external systems ot devices that are not yet fully developed. Rather than attempting
to pre-empt future design work on these stages, it was necessary to provide the
capacity to receive and process these inputs without explicitly defining type or
number of signals.

The control system arrangement to implement the above basic algorithm is shown
in Figure 62. This high-level map shows the primary controller, the controlled

elements and the necessary data flow for control.

External systems

' Primary control ‘

——>

Signal/Data
flow

AX controller End-effector

(Robot arm) _
» Revolute axis
Position and N control
trajectory control i
o Linear axis
Control, statusand |, . control
position signals |
+—>| Vacuum control

Other /O

F
v

Figure 62. Control system map and data flow
This high-level definition was tesolved into a lower level block-diagram containing

known control elements (such as the servo motor and stepper motor controllers)

and necessary signal conditioning, as shown in Figure 63.
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Figure 63. Control block diagram

It can be seen from Figure 63 that much of the hardware was already defined and
known by the end-effector design and robot-arm interface requirements. The
remaining control hardware element to be defined at this stage was the primary

control platform.
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5.2 Control Hardwate
The control hardware comprises the electronic devices required to host the control

software, accept and output signals and provide power drives to actuators.

Three basic hardware topographies are possible: centralised control, in which all
signals are received and generated at a single unit; distributed control, in which
several controllers control various aspects of the process and communicate on a
peer level; and master-slave control, in which several distributed controllers handle
sub-tasks but are controlled by a master control unit. The design of the manipulator
follows the latter topography, with the robot arm controller, end-effector revolute
axis and end-effector linear axis position controllers comprising the slave controllers
and a central primary controller coordinating all three. This approach has the
advantage of reducing the processing load of the primary controller, as processing-
intensive tasks such as real-time position control are handled externally by the slave
controllers, but at the allows overall system coordination from a central point. The
control system topography is llustrated in Figure 64, showing the master controller,

slave controllers, and controlled elements.
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Figure 64. Control system topography
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To specify the hatdware, an input/output (I/O) definiion was drawn up based on

known requirements, and a suitable ptimary control platform was then specified.

5.2.1 Hatrdware I/O definition

The hardware I/O definition is included in Fig. F1, Appendix F. The definition is
specified with respect to the primary controller, i.e. the Input table represents inputs
to the primary controller and therefote outputs form the slave controllers. I/O were
grouped by group (e.g. end-effector) and sub-group (e.g. servo drive), with each
individual signal defined at high level in terms of the signal name and low-level in
terms of the signal type (e.g. TTL, setial).

5.2.2 Slave control hardware

Distabuted control hardware was already defined for the end-effector revolute axes
as these were purchased as matched position controllers for the setvo-motors.
These EPOS 24/1 (brand name) position controllers featute a proprietary onboard
real-time operating system that can provide closed-loop position and velocity
control. PID control is implemented for angular position control of the motor and
a self-tuning routine is provided to automatically select suitable parameters for the
PID controller. The EPOS controllet also has several digital I/O ports that may be
used to accept additional sensor signals or control other equipment. External
communications 1s via 3-wite RS232 serial connection. Further details of this

controller may be found by reference to the manufacturers’ literature [61].

For control of the stepper motors, a National Instruments PCI-7344 motion
controller was available. This controller is supplied as a PCI card for fitting into a
PC, but contains dual onboard processors (a microprocessor and digital signal
processot) to process feedback signals and generate control signals independently of
the primary control platform. This card can control four stepper motors, as well as
all necessary travel limit and home sensor signals, and was therefore suitable for the
control task. Additionally, the controller provided 32 digital I/O lines that could be
utilised for control or monitoring of additional equipment. These additional I/O
lines, although physically patt of the motion controller, may be set and read directly

by the primary control platform.
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The stepper motion controller only provides step and ditection output signals for
stepper motor control, requiring an intermediate stepper drive to convert these
signals into correctly phased dtive currents for the stepper motors. As mentioned in
section 3.7.3, suitable stepper dtves were available at low cost from the stepper
motor manufacturer. Fout of these MSE-570 stepper drives were required. The
stepper drives feature pre-selectable current control, allowing motor torque to be
adjusted to match the application. Additional control inputs and outputs were
provided on the drives, of which the stepper Overload output was used to monitor
dtive conditon and the Reset and Output disable inputs were used to allow
resetting of the drve after an ovetload condition and disabling of the stepper
output. Disabling of the stepper output is necessary to allow the stepper motor
shaft to rotate freely (e.g. for manual movement of the linear axis); when the
stepper output is enabled and the motor shaft is stationary, current still flows in the
motor phase coils and provides a braking or holding torque equal to the maximum

torque available from the motor (in the case 0.29Nm).

The robot arm AX controller is the third slave controller. The AX controller is
capable of operating as a stand-alone control unit or under external control. In
either mode, the controller handles all aspects of manipulator control and requires
only position and trajectory data, timing and start/stop control signals. Position data
may be sent via the RS232 setial interface from the primary controller, and a
programme wiitten for the AX controller to process this data and move the end-
effector to the target position. In addition, to the serial interface, a 32 input and 32

output signal lines are provided for input of control signals and output of status
tput sign P p gn tp _

signals.

5.2.2 Primary control platform

Having defined the required I/O for the system and identified the slave controllers,
the primary control platform could be specified. The pamary control system is
required to process teat positioning coordinates and provide control signals to slave
controllers in approximate real-time, as well as handling additional processing tasks
such as safety monitoring. Sufficient capacity must be provided for handling all

mput and output signals.
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Use of the National Instruments motion controller for stepper motor control
restricted choice of the control platform to one suitable for PCI cards. Normal PCs
are readily and cheaply available, although they are not designed for robust control
applications. Industrial PC platforms are available, but at considerable cost. As the
application was for development and research however, a normal PC platform was
deemed suitable. For the reasons specified in the next section, a high-speed, high
memoty PC was specified to facilitate fast processing performance for software
applications. As five setial ports were required and only one was available on the
PC, a serial port expander was installed to provide the additional capacity. Using the
additional general I/O capacity on the stepper motor and servo motor controllers,
sufficient signal lines wete available for the entire manipulator. However if
necessaty a further I/O card may be added at a later date to expand the capacity of
the PC.

5.3 Software platform selection

The software platform comprises two parts, the operating system and the control
software. The operating system has a significant impact on real-time performance,
as this controls all event timing on the PC. In the context of computer control ‘real-
time’ refets to a deterministic tesponse, such that the processing time for any task
may always be determined in advance, allowing explicit timing of control operations
(therefore ‘real-time’ does not necessadly imply high processing speed). Real-time
opetating systems ate available from several vendors, however these are expensive
and may require proptietaty software for software development. The Windows XP
operating system was available at relatively low cost and many software packages for
conttol and development are available, however this operating system 1s not
designed for real-time applications. It was assumed that the high-speed of the PC
hardware would be sufficient to allow Windows XP to provide approximate real-
time output even if not strictly deterministic, at least compared to the response
requirements of the overall manipulator (i.e. sub-200ms positioning time). This
assumption was deemed reasonably safe, as all time-critical motion control is
handled by genuine real-ime operating systems embedded in the slave controllers

(the AX controller and servo and stepper controllers).
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The second software element was the control software. While the software could
have been developed using a language such a C, this is a time-consuming task,
especially as many revisions would be necessary throughout the prototyping stage.
For this reason Labview 8.0, an integrated graphical development environment, was
selected for control software development. The software was available at DCU, and
allows rapid software prototyping at high level by providing pre-defined software
modules for programming and access to peripheral hardware. The software
contained all mathematical functions anticipated for the control programme, and
also allows development of code modules in other languages such as C. Finally, this
package provides the option to compile developed graphical code into stand-alone
programs to allow portability and take advantage of additional speed available by

operation independent of the Labview environment.

5.4 Low-level schematic capture and cable specification
Following I/O definidon and hardware and software specification, low-level
schematics were developed for the various electronic circuits and wiring diagrams

required to complete integration of the system elements.
Signal conditioning was necessary in some cases to convert signal types:

In the case of the revolute axis home sensors a comparator was used to threshold,
buffer and amplify the high-impedance output from the optocoupler
phototransitot, providing a 5V digital signal suitable for the EPOS controller input.

The interface between the 24V robot arm AX controller digital I/O and the 5V
TTL digital I/O on the National Instrumients motion controller card was
constructed using opto-couplers. This optical isolation eliminated the need to link

the grounds of the power supplies in each system together and reduced risk of

damage to the control PC by accidental connection of the 24V supply to the PC 5V
supply.

Amplification and signal conditioning was required to drive the vacuum generatots
from the EPOS controllers, converting the EPOS 24V high-impedance signal to a
24V current to operate the vacuum controller solenoids. This was achieved using a

transistor stage to buffer the EPOS signal.
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The cables required to carty signals and power wetre also specified on the
schematics. Shielded cable was used in all cases to avoid electromagnetic
interference from the robot arm drive motors and the end-effector signals. Groups
of small diameter multi-cored cables were preferred to a single large cable, as
smaller cables are easier to route, tend to have better flexibility and are available at
lower cost. For differential signals (used for the position encoders) in which an
inverted and non-inverted signal is provided for each output, shielded twisted pair
(STP) cable was specified to take advantage of the additional interference rejection
of this arrangement. Differential signals are subtracted at the receiving location, so if
the non-inverted signal (A) is OV, then the inverted signal (B) is 5V, and the
resulting value (A-B) 1s -5V. If any noise has been superimposed on this signal, it
should appear at the same voltage and phase on each line, due to the close
proximity (twisted together) of the two signal wires. Thus if a noise spike of 3V
appears on both lines, it will be attenuated by the subtraction (1.e. 3V-3V = (). The
twisted pair method also serves to reduce radiated interference, as any
electromagnetic radiation from the pair will be comprised of opposing phases at
similar amplitudes. The stepper motors require currents of up to 2.3A at frequencies
up to 10kHz, resulting in significant radiated interference from the supply cables.
To minimise this effect, shielded twisted pair cable was also specified for the

stepper drive to stepper motor cables.

These schematics are included in Appendix G, along with the wiring allocation

tables for the end-effector and stepper drives.
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5.5 End-effector low-level control programming

While the robot atm is fully controlled via its control unit, the designed end-effector

requited a set of low-level control functions to operate and coordinate each of its

axes and signals. These functions ate identified in Table 16. Combinations of these

functions were then used to implement control of the end-effector as a single unit,

mncorporating the inverse kinematics developed in Chapter 3.

Function o
po——y Description Inputs Outputs

Initialise the EPOS controller
with necessary parameters

EPOS INTT (assigned using t.n_anufactu.;rer Baudrate, KeyHandle
configuration utility), obtain timeout
EPOS ID (KeyHandle") for all
subsequent communications

EPOS Conv;e;t azgle;nput to ) KeyHandle, | Position

MOVE counts/rad and move revolute e ceached
axis by number of counts

EPOS Find revolute axis HOME KevHandle Home

HOME position y found

o ol Rel EPOS communication KeyHandle | Closed

CLOSE, elease communications Yy
Initialises NI PCI-7344 controller

Linear Axis with necessary parameters i i

INIT (assigned using manufacturer
configuration utility)

Fiadar MOY(-E lmea.r axis to a target . Axis 1D, Move
position (distance measured 1n Target

MOVE 2 complete
encoder counts from home) position

Linear axis Find lin s HOME 6 Axis ID Home

HOME n ear axis position s found

Table 16. End-effector low-level control functions
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5.5.1 Inverse kinematics programming

The inverse kinematic analysis developed in section 3.5.3 was incotporated into
function blocks to control the position of the milking cups. The constant values
identified in Table 7 were measured and tabulated in Table 17. These measutrements

wete taken using a cootdinate measuring probe, accurate to +/- 0.lmm, and

Vernier callipers.
Constant | Definition Measured values (mm)
% 390

Axis 1 | Axis 2 | Axis 3 | Axis 4

A constant offset in the x-

XOn direction from the flange 2194 | 3839 | 2125 382
centre
A constant offset in the y-

Yonm direction from the flange 23.8 25 -284 | -27.2
centre

’ Length of revoluie arm (from

B revolute axis to cup centre)

60.3 81.8 60 83

Table 17. End-effector constants

Figure 65 show the inverse kinematics function developed in Labview, with inputs
at the left and outputs at the right of the diagram. The teat coordinates (q) are input
as a three-element atray (x, y, z), of which the x and y coordinates (elements 0 and 1
respectively) are extracted for use in the function. The average teat coordinate,
gAV-1, 1s provided (calculated by another function block) along with the end-
effector constants, and the inverse kinematic equations for each variable are
calculated using mathematical and logic functions. Figure 65 also illustrates the
Labview graphical programming method, in which function blocks are linked
together to form a program. This program was in turn defined as a function block

for reuse in other programs.

138



L &l

D . -8 b D i] Blin

2 A B> sl

Bl

=T

@ '_?I‘”

123p

B

o B &
Dp.\ﬁ

Figure 65. Labview inverse kinematics function

5.6 Robot conttol programming

A control programme was necessaty to provide external control of the robot arm.
Low-level control (start, stop, motors on, motors off) of the robot is achieved by
setting specific AX controller inputs to the cotrect levels and in the cotrect
sequence. For position control it was also necessary to write an internal programme

for the AX controller to accept inputs and position data from the control PC.

5.6.1 External AX controller control programming

Under external control the AX controller cannot self-start, but must wait for an
external start signal. The AX controller then executes a specific program from
memoty. Up to 1000 programs may be stored in the controller, and the programs
may be selected by the external controller using binary code ovet a specific input
range. Due to I/O limitations at the control PC, five input lines were assigned for
program selection, allowing selection of 32 programs (2°). The sequence and timing
of program selection and start signals is impottant and these ate explicitly defined in

the robot arm operating manual.

A seties of control functions were developed to allow external operation of the AX

controller via the control PC digital I/O. These are summarised in Table 18.
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Function name Description

Halt all robot arm activity and apply brakes to all

FUSREI OIS axes. This signal overrides all other input signals

EXTERNAL MOTORS | Start robot motors and rtemove brakes from all axes

ON (does not move robot arm)

g)F(gERNAL HOTOLS Apply brakes and shut off all robot motors

PROGRAM SELECT lSelects a robot programme via the external selection
inputs

EXTERNAL PLAY Starts the selected program, robot motion is possible

START after this signal

GENERIC SET 7344 Allows the control PC to SET an output signal to

PORT the AX controller high or low

GENERIC READ 7344 | Allows the control PC to READ a signal from the

PORT AX controller

Table 18. Labview AX control functions

5.6.2 Internal AX controller programming

The AX controller is programmed in SLIM (Standard Language for Industrial
Manipulators), a language sitilar to BASIC. The following code segment illustrates
a typical AX program:

REM "program waits for shift signal from control pc
REM "when shift input is received, SREQ is issued and
move performed'"

WAIT I26,0,999

SREQ R1,1

SET O3

WAITR R1,3,10000

GETSFT V1!,R1

LETPOSE 1,V1!

MOVEX M1X,L,P1,S= 100.0,MS

RSCLR 1

END

In the above code, the AX controller is set to WAIT indefinitely (O=infinite time)
until an external input, 126, is set high by the external control PC. The AX
controller then sends a shift request, SREQ, to the control PC via the serial pott to
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request position coordinates, and output O3 is SET to alert the control PC that a
request has been sent. The AX controller then waits (WAITR) until a response 1s
recetved at the senial port and placed into internal register R1. The teceived position
coordinates are then transferred from R1 into treal number variables using the
GETSFT command, starting at V1 (Le. V1 = x, V2 =y, etc). These real number
variables are then converted to a Pose variable, P1, using the LETPOSE command.
A Pose vaniable describes a complete robot arm toolplate position using 6 vatiables,
X, Y, Z, I, P, y, where the first three terms desctibe position in Cartesian space and
the last three terms describe the angles of the wrist axes. Finally a MOVEX
command causes the robot arm to move to position P1, at speed, S, of 100mm/s.
At the end of this operation, the serial port register R1 is cleared (RSCLR) and

awaits another position input.

5.7 Supervisory Control programming

A supervisory control layer is required to coordinate all low-level control, monitor
safety signals and implement suitable responses based on developed algonithms.
The control layer should also incorporate the teat-position processing functions and
control algorithms for implementing desired manipulator performance. This
programming task is the subject of future work. For the present system, a basic
control layer was assembled to test operation and allow basic coordination of the
manipulator. The Labview control panel for this programme is shown in Figure 66.
The control panel provided the ability to manipulate the various end-effector
constants (top right), button controls to initialise the end-effector axes and robot
arm (right and bottom right), and cycle control buttons to start a programmed cycle
(dght). At the top left of the panel a series of input boxes allowed artificial teat
coordinates to be inserted, and below this the average teat cootdinates (qAV) and
calculated teat cup positions were displayed (Q1-Q4). The qAV-1 value represents
the average teat position from the previous iteration, used to determine if the teat
locations have moved beyond the reach of the end-effector axes. At the lower right
of the panel emergency stop buttons wete provided to interrupt operations in the
event of malfunction. The emergency stop button simply stops operation, while the
emergency escape button signals the robot to return to a known safe position at low

speed. While it was desirable for the entre control panel to function as a single unit,
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at present only some parts are fully functional, and more work is required to fully
integrate all aspects.
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Figure 66. Labview test control panel

5.8 Control algorithm

A basic high-level control algorithm for the manipulator was outlined in section 5.2
and illustrated in Figure 61. There are numerous variations on this algorithm to be
investigated and refined before a suitable operating method may be specified for the
manipulator, and these form the basis for future work. As a starting point, a single
cycle control loop algorithm was developed, as shown in Figure 67. Following
initiation of the cycle, the steps within the dashed outline are performed subject to

the status of the safety status signals, both internal and external.

Fach step of this algorithm contains further sub-algorithms, for example the
‘calculate end-effector axis positions’ is an algorithm implemented in the Labview

function shown in Figure 65.
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5.9 Petformance Testing
End-effector performance was tested to evaluate whether design goals stated in the

end-effector PDS (Table 5) were met. The two test requirements were:

1. End-effector positioning accuracy and precision shall be tested

2. Positioning response time shall be tested for small movements

Tests were set up and performed to evaluate these requirements as described in the

following sections.

5.9.1 End-effector accuracy

For position testing, a coordinate measuting probe (Microscribe) was set up with
axes parallel to those of the end-effector and calibrated to provide measurements
relative to the end-effector origin (the attachment point to the robot arm tool
flange). The stated accuracy of the measutement probe was +/-0.1mm, and this
was verified by taking manual linear measurements with a Vernier callipers and
comparing to measurements taken with the probe. A milking cup was then sent to a
position and the actual position was measured using the measuring probe. These
measurements wete taken for a single short axis (Q1) and a single long axis (Q2). 23

position measurements were taken for Q1 and 26 measurements were taken for Q2.

Position plots for the short and long arms are show in Figure 68 and Figure 69
respectively. These plots show the test path; describing a figure X’ in the horizontal
plane and extending to the limits of displacement for each axis. For each plot, it can
be seen that the actual measured positon tracks the demand position with
reasonable accuracy. The error between demand and measured positions appears
constant, suggesting small geometric misalignments in the end-effector construction

or small errors in measurement of end-effector constant parametets.
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The position tests wete examined more closely by plotting the x and y position
errors, as shown in Figure 70 and Figure 71. For both arms it can be seen that the
position error about the mean is inside the requited +/-2mm position accuracy,
with wotst-case error ranges of 1.3mm (x) for Q1 and 1.5mm (y) for Q2 (rounded
to one decimal place, as the resolution of the measuring probe was +/-0.1mm). The

constant offset of the mean value from zero is due to two effects:

1. Small geometric inaccuracies in the end-effector and small ertors in

measurement of end-effector constants
2. The sprng-effect of the vacuum tubing connected to the revolute axis arm

The first effect is expected and may be compensated for in software by subtracting

the mean from calculated x and y coordinates.

The anticipated backlash for the revolute axis backlash should produce a small
randomly disttibuted etror about the mean, but the spring effect due to the vacuum
tubing tends to hold the revolute arm against one side of the backlash, depending
on which way the revolute arm is turning. This is observed in the plots of Figure 70
and Figure 71 as a bias above the mean for half of the tests and below the mean for
the other half of the tests. Compensation for this second effect in software is
impossible, as the effect may not be constant; however it usefully forced the
measurements to the extremes of backlash in either direction, ensuring that the

error range was well-identified.
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5.9.2 End-effector axis precision

Precision for the long and shott arms was tested by sending the arm to a target
position 10 times and measuting the position error for each test. Three trials of 10
tests were conducted for each arm, with a different target position for each tral. In
each test both arm axes wete sent to the home position before being sent to the
target position. The standard deviation was then calculated for each trial, as a

measute of precision about the mean. The results of these tests are shown in Table

19.

‘Table 19. Precision tests

Arm Trial Standard deviation (mm)
(10 tests per trial) X y

1 0.3 0.6

oL 2 0.1 04
5 0.9 0.1
1 0.1 0.1

Q2 2 0.1 0.5
3 0.5 0.1

From Table 19 it can be seen that precision vatied significantly between trals, with
a worst case result of 0.9mm. The obsetved precision for both arms was well within
positioning requirements (+ /-2mm), however the test was too small to provide a

complete characterisation of end-effector precision. A more extensive test is

therefore recommended for future work.
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5.9.3 End-effector positioning time

The target positioning time specified in the end-effector PDS was 200ms for moves
within a range of +/-20mm. This performance was tested by measuring the time
taken for each axis to achieve a required target position. For practical reasons, the
linear and revolute axis travel times were measured separately: each axis position
controller provided internal move timing measurement functions which wete
utilised to simplify the measutement opetation, as the short time intervals would be
difficult to measure using external equipment. Depending on axis angle, the
revolute axis contributes to both x- and y- displacement, so measurement of time to
cover an angle provides sufficient information to calculate both x- and y-

displacement due to the revolute arm.

Tests were performed on a single long arm (Q2), as the longer arm has the longest
travel and thus limits positioning time performance for the whole end-effector. For
the linear axis, positioning trials were performed at eight points across the operating
range of the linear axis. Fach trial comprtised 10 tests, with each test requiring travel

to the target position from rest at the home position.

For the revolute axis positioning trials were performed at eight points across the
operating range of the revolute axis (90°). Again, each trial comprised 10 tests, with
each test requiring travel to the target position from rest at the home posttion.

Revolute angles were converted to linear distances at an arm length of 83mm. )
The results of these trials ate graphed in Figure 72.

Comparison of the two cutves in Figure 72 shows that the linear positioning
velocity of the linear axis is far higher than that of the revolute axis. As linear and
revolute axis travel can occur simultaneously, the revolute axis positioning time 1s
the limiting factor for positioning performance. The linear axis can cover the entire
travel range of 170mm in an average of 290ms, while the revolute axis can cover a
linear distance of 83mm in an average of 454ms. For the +/-20mm region, average
positioning time for the revolute axis was approximately 160ms and approximately

100ms for the linear axis. This is comfortably below the target time of 200ms.
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Figure 72. Positioning time performance for end-effector x and y axes

The cluster of trial points at 50ms for the linear axis cutrve are due to sampling
limitations on the linear axis motion controllet, as sample times below 50ms could
not be achieved. It is also notable that the linear axis velocity cutrve becomes steeper
and straighter as distance increases due to the linear axis achieving maximum
velocity. At lower distances, maximum velocity is not teached, and thus positioning
time is lower than theoretically possible. Small-displacement positioning time could
be improved by increasing acceleration (acceleration was limited to 5000 step s7),

but at the expense of higher gear wear and more vibration.

The performance limit of the revolute axis was due to the velocity limit of 628.3
rad s* (6000 rpm) assigned to the motor, giving a peak output angular velodity of
4.9 rad s" (47 tpm). This is the operating limit recommended by the manufacturer
for the gearbox at 100% duty cycle; however as the duty cycle for the revolute axis
1s much lower than 100% it is possible that the motor speed limit could be raised to
837.3 tad s” (8000rpm, the operating limit for the motor at 100% duty cycle).
According to the manufacturers’ datasheet this increase would not reduce available
torque and would thus provide a 33% increase in angular velocity, bringing the

tevolute axis linear positioning time close to that of the linear axis.
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5.10 Vacuum gripper testing

The vacuum grippers were designed to hold the cup securely and rigidly during
application, providing accurate positioning of the cup on the end-effector and thus
allowing accurate positioning under the teat. In additon, some compliance was
required during the acquisition operation to allow some misalignment between the
cup vertical axis and the gripper. Adding compliance to the gripper would seem to
reduce positioning accuracy by allowing some flexibility in the gripper, but this
ptoblem was solved by allowing a compliant-lipped vacuum cup to pull the milking
cup back against a hard-stop. It was necessary to test that this method operated

successfully.

‘The break-away force of the gripper vacuum cup was tested and verified for
suitability during the design phase as noted in secton 3.9.2. Acquisition
performance was tested by arranging two milking cups in an approximately vertical
position (+/- 3°, and programming two end-effector axes to grip the cups in a
pinching motion between front and rear grippets as illustrated in Figure 73. A small
spacet was necessary to keep the lower section of the cups separated, due to the
larger diameter of the cup lips. This test was tepeated five times, and in each test the
cups were acquired successfully. The gripping method was thus verified for correct

operation and ability to accommodate milking cup misalignment below 3°.

‘Pinching’ action
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Figure 73. Gripper test - Cup acquisition between front and reat grippers
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5.11 Robot arm interface testing

The robot arm 1s supplied in complete operational state, with test certification to
verify that the robot arm functions within the manufacturers’ specification. Thus
performance testing of the robot arm was limited to vernfying that all necessary
functions could be controlled from the control PC and that position data could be

sent to the AX controller and positton movements executed.

The requited control inputs and status signals are contained in the hatdware I/O
definition in Appendix F. The AX controller allows display of all I/O status, thus it
was verified that each of these signals could be written to or read from the AX

controller as necessary by the control PC.

A timing issue was discovered for the starting input signal for the AX controller.
According to the manufacturers’ specification, the start signal should have a
duration of at least 200ms, however 1n practice it was found that a duration of at
least 500ms was necessary to ensure consistent starting. This 1s likely due to the fact
that the start signal is a relay contact on a power relay (unlike all other signals which
are optically isolated digital inputs), and thus the physical switching time of the relay
is a limiting factor. As the start signal only occurs once during an operating cycle,

this timing limitation should not significantly affect performance.

A Labview programme was written to test position control of the robot arm using
setial communications from the control PC. The front panel for this programme is
shown in Figure 74. The programme allowed control over the AX controller via
STOP, MOTORS ON/OFF and PLAY START/STOP switches. An internal
programme was written for the AX controller ;co accept serial data from the control

PC and perform a move (described 1 section 5.6.2).

The destination position was entered into the test programme as a text string
(‘SHIFT’, top left of panel) in the format x, y, z, 1, p, y, where x, y, z are the
Cartesian coordinates for the centre of the tool flange, and , p, y, are the roll, pitch
and yaw angles of the robot wiist which determine the orientation of the tool-flange
surface. Wist roll, pitch and yaw correspond to the rotations of axes 4, 5 and 6 in

Figure 59. By setting the tool-flange default position as horizontal, and keeping the
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t, p, and y variables constant, the robot arm controller keeps the tool flange
horizontal and the tool parallel to the x-axis for all moves. The -180 value for yaw
shown in Figure 74 was necessary as the default wrist pose was taught with the z-

axis rotated in the opposite direction.

L1 R SN,
AXSREQ  Compare True/False | oiey 300 72,1400,0,0,-180

® O

Shift String
3 I
g
External PLAY START
" STOP Return Count PROGRAM STOP
i\ p
m"mt Robot Motors OFF  External STOP

[ g I S
Figure 74. Labview control panel for AX position control testing

This test was successful in allowing coordinates to be sent to the AX controller, the
coordinates were converted into a pose variable, and the robot arm moved the end-
effector to the required position, with the end-effector x-axis maintained paralle] to
the RCS x-axis and in a horizontal orientation. In the test panel shown, the actual
position was 1300mm in front of the RCS origin (x), 72mm to the left of the RCS
origin (y) and 1400mm above the RCS origin (2, the floor in this case).
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Chapter 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

The objective of this thesis was to design and build a robotic manipulator capable
of applying milking cups to cow teats. This objective was fulfilled by accomplishing
the fo]lowing tasks:

e Analysis of the operating environment and parameterisation of the robot
workspace

e Development of an approach methodology for operating in the workspace

e Conceptual and detailled design of a robotic end-effector capable of
stimultaneously handling four milking cups and suitable for operating within the
identified workspace constraints

e Specification and selection of a suitable industrial robot arm and to carry the
designed end-effector and capable of working in the identified workspace

e Definition of control system hardwate and software requirements
® Specification and construction of control hardware

® Development of low-level control functions for end-effector and robot arm
control

e Development of a basic control algorithm for control of the entire manipulator
as a basis for future development

e Testing of end-effector performance and idéntification of areas for improvement

The thorough investigation, analysis and parametersation of the working
environment and workspace have established a well-defined basis for the current

design and future development work.

Analysis of possible approach methods allowed a simultaneous cup application
strategy to be adopted that should provide optimum application speed. However
investigation of other approach strategies, such as two-at-a time application revealed

that some testing of these would be warranted, and the end-effector has been
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designed to facilitate testing of such methods. This approach fits well with the
developmental nature of the manipulator, allowing several methods and strategies

to be considered in future work.

Extensive application of computer-aided engineering (CAE) techniques in the
design of the end-effector saved both time and material, with all of the iterative
development work being carried out in software on a 3D solid model. This
approach alslo accelerated robot arm specification by allowing mass and inertia
properties to be determined before construction. The resulting end-effector design
1s capable of the slimultaneous handling of four milking cups, having a profile that is
sufficiently compact to allow access between the rear legs of the cow while enablmg
full access to all four teats. Measurement of the positioning response of the end-
effector showed that performance is satisfactory for accommodating small changes
in teat position during milking cup application. Positioning accuracy and precision
were well within design specificadon, as demonstrated by system tesung. The
vacuum-based cup-gripper system proved capable of acquiring, retaining and
releasing cups, and provided sufficlent compliance to accommodate small

misalignments between gripper and cup during acquisition.

Compared to the initial design goals outlined in the product design specification, the
end-effector meets or exceeds all requirements with the exception of
spray/dampness resistance for electronic components. The components specified
during the design are sufficient for laboratory and limited field-testing, and may be
modified or enclosed after the initial testing phase when the final requirements

become clearer.

The component modules of the robotic manipulator were demonstrated to meet
the requitements of a platform suitable for developing and testing application
algorithms for high-capacity AMS. Although control functions were developed
allowing complete control of all aspects of the manipulator, within the time
constraints of the project testing was limited to modular level testing of the
individual robotc manipulator and end-effector. Therefore complete integrated

system testing remains for future work as outlined in the following section.

155



6.2 Recommendations for future work

The work performed as part of this thesis represents a starting pomt for
development of high-capacity automatic milking. There are several additional
mnvestigative and design tasks to be petformed, and numerous operating modes and
strategies to be investigated before a final system is presented for autonomous
operation in a rotary milking parlour. Several recommendations arising from work

performed in these areas to date are provided in the following sections.

6.2.1 Future design work
Of future design tasks, the following are necessary:

1. Design of a mechanism to encourage spreading of the rear legs and prevent interference

with the end-effector during application

Successful leg-spreading devices were encountered during the literature survey, and

review of these devices is recommended as a basis for design work.

2. Design of a mechanism to collect and assemble milking cups into a cluster suitable for

acquisition by the end-effector

It was assumed that milking cups could be presented in a known odentation and
position for acquisition by the end-effector. Such component arrangement tasks are
relatively common in industral automation systems, and it may be expected that
this can be achieved in a relatively simple manner. Two instances were noted in the
literature survey of devices for retrieval and magazine presentation of milking cups,

and these may be of value in developing a suitable design.

3. Design of a control system to coordinate rotary parlour motion, the above two mechanisms,

the milking parlonr, and the robotic manipulator.

Full automation of the milking process can only be obtained through coordmation
of the separate system elements: milking machine, rotary carousel, milking cup
application robot, leg control device and other sensors. A governing control system,

perhaps PLC or PC based, will eventually be requited to provide interface between
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system elements, manage system timing and, most importantly, monitor safety

signals and provide appropriate response.

6.2.2 Future control tasks

Control strategy and implementation algorithms will require much analysis and
development work. The basic algorithm defined in section 5.8 may setve as an
initial foundation, however significant modification is expected and encouraged.

Two aspects affecting control strategy are described below:
1. Handling of milking lines

The current end-effector design ensures straight-forward acquisition of cups and
associated trailing milk lines, however following application of milking cups the
trailing milking lines must be avoided. The revolute arms and grippers present a risk
of entanglement and milking cup detachment during withdrawal of the end-
effector, and careful consideration must be given to avoiding this failure mode. A
relatively simply strategy is to ensute that all milking lines trail to one side of the
end-effector, and that during withdrawal the end-effector is rotated about the
central axis and away from the milking lines. Such a motion would use the side or
bottom of the end-effector to push the milking lines to one side, away from the
revolute axes and thus minimising risk of entanglement. Further risk reduction may
be achieved by rotating the revolute axes in a direction that prevents entanglement
with the lines. A second strategy involves using a separately actuated guide rod to
hold milking lines to one side, clear of the end-effector during withdrawal, although
this would add complexity and cost to the design.

In any event, it is required that milking line diameter be reduced to improve
flexibility, and the external surface finish of the milking lines be rendered
sufficiently smooth to promote sliding over guide surfaces (the nitrile rubber lines
currently used are bulky and do not slide well). Such milking lines are already

available at low cost and are expected to be available for future testing.
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2. Viision system interface and error handling

During testing simulated teat position coordinates were entered manually, however
it is intended that a teat detection system using computer stereo vision be interfaced
with the robot manipulator. For future development, it is recommended the

following be incorporated:

eCoordinates provided in Cartesian form (x, v, 2)
eCoordinates referenced to the robot coordinate system (RCS)

oThe coordinate stream is smoothed and error-checked

The first two requirements simply reduce the processing load on the control PC,
and may be better implemented on the vision system platform whete
transformation software functions will be more readily available and in optimised
form. The third requirement reduces processing load, but is also an important part
of the safety layer, as inevitable interruptions or transient vatiations (e.g. discovery
of a ‘phantom teat)) in the stream of coordinates may result in unpredicted motion
of the manipulator. In the event of a single coordinate being Tlost’ (e.g. due to
transient noise), smoothing of the coordinate stream based on previous values is
necessary to prevent sudden movements of the end-effector. Provided that this
smoothing takes place, the manipulator control system can monitor the coordinate
stream history for changes with safety implications; for example large changes in
average teat position may be due to either position sensor failure or drastic

movement by the animal and require immediate atrest of operations.
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APPENDIX A - Actuator specifications

Al. Stepper motor datasheet
(teproduced courtesy of McLennan Setvo Supplies Ltd.)

Size 17 high performance hybrid stepper motor

The high performance size 17 hybrid stepper motor provides 200 steps /rev
when used with full step drives or 400 steps per revolution in the preferred half
step drive mede. The motor utilises advanced high energy magnet technology
to provide increased torque while the low inductance windings provide
excellent high speed performance. Consequently the unit is ideally suited to
applications that regquire high dynamic performance where space is at a
premium.

Where increased torque and resolution is required at reduced speed the motor
may be fitted to the I1P43 gearhead. The 17HS-240E mofor is designed
specifically for use with Bi-polar drive circuits such as the MSES70. Despite the
high quality of the 17HS-240E, the units remain competitively priced and will
therefore appeal to both small & medium volume OEM users.

Dimensions mm

1

17THS-240E

3 17HS —240E
Rear shaft K 2 studs 031
M3 x 5.5 long
Specification: 17HS —240E 1.8 degree hybrid stepper motor
motor type length | holding rotor resistance | current inductance | number mass
torque inertia per phase per phase per phase of leads
mm Nem Kgem? ohms amps mH Kg
17HS-240E 46 29 0.036 0.72 23 0.83 4 0.3
Connections Performance using MSE570 drive
36 Volt rail: 2.3 Amps per phase

White Red 17HS-240E motor performance
Y
g 15 r\\\
=z
>
g 5 AN
o
'_

0
0 5000 10000 15000 20000
Yellow Blue half steps per sec. ( 0.9 degrees )




A2. Stepper motor position encoder datasheet — Part no. 110516
(reproduced courtesy of maxon motors UK Ltd.)

maxon tacho

Encoder HEDL 5540, 500 CPT, 3 Channels, with Line Driver RS 422

2183
__{[ Channel A
—
il | S——
b Charinzl B
Ui
1k
Mo -
= d10 p—
= Uy,
g i s
sl
L] l:.l L[] | L] Ih.--w‘-
I Stock program
[Istandard program

:Spedal program (on request)

" 5
Cousnits pd turn
Humber of charnsis 3 a 3
Moo cparating fraquancy (kHz) 100 100 =]
Shitht damblor (mn) b 3 4 5

I overall bargth | | ouerall length

Combination 0

+ Motor Page  +Gearhead Page  + Brake Page Overall length [nm} / @ see: + Gearhead
RE 25, 10W 7 75.3

RE25.10W " GP26,0.5-20Nm 224 .

HE 25, 10W GP32,04-20Nm 226 .

HE25,10W 14 GP32,075-60 Nm 2277520 b

RE 25, 20W ] 753

RE 25, 20W 73 GP26,05-20Nm  2M -

RE 25,20 W 78 GP32,04-20Hm 220 .

HRE25.20W 78 GP32,0.75-50Nm 227/228 .

RAE 25,20 W 78 AB #0 289 105.7

HE25.20W 78 GP26,05-20Nm = 224  ABW0 =m .

AE 25,20 W 78 GP32,04-20Nm 226 AB4O 289 -

AE 25, 206W 78 GP 32 075 -50Nm 227020 AB 40 258 o

RE 26, 18 W 79 T2

RE26, 18 W 79 GP 26, 05-20N8m 224 »

RE 26, 1BW 79 GP3204-20Nm 26 -

RE 26, 18 W 79 GP 32075 -00Nm 227/229 .

RE 35, 90 W a1 91.9
RE35.90W 8l GP32,075-00Nm 220223 »
RE 35,80 W a1 GPA42.30-15MNm 232 -
RAE 35,90W a1 AB 20 bl 1241 .
RE 35,90 W a1 P32, 075- 6.0 Nm 226229 AD 40 260 -

AE 35, 9aW 81 GP4230-15Nm 232 AB &0 209 .

RE 36, 70 W a2
HE 36, 70W 82 GPA204-20Nm 225

4922

-
RE 38, 7T0W 82 GP32,075-60Nm 228229 ol
RE36, TOW az GPAZ50- 19Nm 232 .
AE40,150W 83 a7
RE4D.150W B3 GP42,30<15Nm 2322 o
RE 40,150 W B3 GPS52,40-30Nm 235 .
AE 40, 150 W 83 AB 40 289 1242
AE40,150W &3 GP42,30-15Nm 22 AB4D 200 .
RE 40, 150 W 8 GP42 40-30Nm 235 AB 40 ] -
Technical Data in Allocation | Connection example
Supply wilage BV e1D% -
Output signal EIA Standard RS 422 2 Ufg
difvors used: D526L631 3 GND
Phissa ehift & (naminal) e ; gh(;" o
Lagie sfato width 5 min 45" n:
Signml et 5 Grami 8
(rypacal o O w 25 pF K = 2.7 k@ 25°C) 180 ns 0 Channal B
Signal fall time 4 Channel T{index)
ftypical at C, = 25 pF. R, = 27 kQ, 25°C) 40ns 10 Channel | (Index)
(ndex puise width (rominal) e Pin type Berg 246770
Operating lemperiure @nge 0. +70°C Hal band cable AWG 28
Moment ef inerla of code wheoel = 0.8 gar®
Max. angular acceleration 250 000 rad 52
Quiput cumrent per channel  min.-20 mA. max. 20 mA
Option 1000 counts par tum, 2 channels

Terminal resislance R = typical 100 @

252 maxen tacho Aped W08 mI0IN § BLpT A



A3. Servomotor datasheet — Part no. 110160
(teproduced courtesy of maxon motors UK Ltd.)

A-max 22 @22 mm, Graphite Brushes, 6 Watt

.

maxon DC motor

o2 R

o 2 f
i L Gt e oD
A
My (Lee2) 239 b 216 15 ¢
Termicad 28 04 FhofE]  fa L] 164
{® Terrringt)
M1:1
I Stock program
[_Jstandard progmm
+Spedial progrm (on requant)
Motor Data |
Values at nominal vottage
| Nominnl volnge V60 900 (20 120 1200 150 VE0N 2407 2400 /360 480 Ad0
2 Mo lpad speed pen 0250 5710 8530 10200 49200 10100 G800 10500 8500 G650 9130 80
3 N load cument ol a2 5700 ART 489 405 3800 12900 Z37ITHOM 342 100 4Hs
4 Nominod spood mm 5550 BITD 5240 G490 LUG0 GHB0 6530 7400 5340 EB500 S350 5020
5 Nominol lorquo (ax confindeus topque) . miNm 502 052 B8 G677 6A2 687 &84 697 707 700 &l 702
& Nominal curmin {max. coninuots tument) A L0 0816 0741 0864 0602 0528 D433 0350 0287 0214 0.160 0.108
7 Stall tague. 161 204" 187 22B 204 227 (2232430785219 (204 185
B Startng curmnt A 27) 238 182 200 168 184 130 T4 0745 06831 D41 0340
B Wi el % 45 70 o T ks = 72 e 1 2 7 70
Characieristics iy
10 Terminal sesisirce 0 220" 378 483 574 742 025 1N8 72100 322 5T 0T a#
11 Tormiaal inductance mi{ D103 0222 0.288 0362 0445 0584 0850 1.37 290 368 7.20 BIOG
12 Touqu constimt mNmiA 5800 855 973 109 121 3% ¥ 2120 202 344 489 543
13 Spood constant mm/Y 1820 1120 981 &F5 700 629 558 450 384 204 185 176
14 Speod £ formiis geacient mo fmbm B0 494 473 461 465 455 451 A48 44V 48D 466 a5a
15 Mochanical tvng conatant ms 25F 218 212 206 203 198 194 101 190 189 189 188
16 Ritue orfa emt 308 422 428 420 437 AAT AN 400 407400 3aE8 302

Specifications Oporating Range C:o.'nen":

Thermal data
17 Thermmal resistance housing-ambient 20K/ W n[rpmi
18 Thermal resislance winding-housing 6OKIW
19 Thermal time constant winding 10.1s
20 Thennal lime constan! motor 540 s
21 Ambient lemperaiure <30 .. +85°C
22 Max. pormissible winding tomperature +125°C
Mechanical data (sleeve bearings)
23 Max, permissible speed 9800 rpm
24 Adal play 0,05 -0.15 mm
25 Radial play 0.012 mm
26 Max. axial load (dynamic) 1N
27 Max, force for press fits (stadc) 80N
(staic, shaft supy } 440N
28 Max. radial lpading, 5 mm from fange 28N
maxon Modular System
Mechanical data (baif bearing) " i
23 Max_ penmissible spead 9800 rpm gléem” Gearhand
24 Asial play 0.05-0.45mm 67 0EHm
25 Radial ptalyb 0.025 mm Paga 2471218
26 Max. axial load (dynamic) 33N et tbas
27 Max force for press fits {static) 45N z{:am Gostond
(stalic, shaft supported) 490N 52T 0N
28 Max, radial Joading, 5 mm frem Range 123N Pago 219
Other specifications Flanping eactioad
29 Number of pole pars 1 05-2.0Mm
30 Number ot commulator segments 9 Page 220
31 Weigh ol mator 54g _w,mmm
Values listed in the table are nominal, o1 ‘;:;“
Explanation of the figures cn paga 49. Page 223

Option
Ball bearings in place of skeave bearings
Piglails in place cf lerminals

112 maxon 0C motor

B continuous oporatian A

“in cbsanvaton’ of above listod Ihomn{rqsi_smo
(fioes V¥ and 18] 1o masminn porniEsiis winding
tompomtute wil be reachod | during continuous
epaetion ot 25°C amblent.
= Thavmal imit

Short lerm operation
mmmn?wumﬁmmumm

Al 2006 edition ! sbiect i changs
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Appendix B - Engineering Drawings



Bill of Materials for ENDEFFECTOR: Cutting List
Material Unit Size Total (rounded) |Total (rounded)
for parts for material
Qty |Type Name Cast Tooling Plate
1|Part BOTTOMPLATE Aluminium, MIC6 196x85x10 196x85x11 X
1|Part LEFTSIDE Aluminium, MIC6 343x124x10 343x124x10 X
1|Part RIGHTSIDE Aluminium, MIC6 343x124x10 343x124x10 X Depends on
1|Part TOPPLATE Aluminium, MIC6 143x85x10 143x85x11 X stock sizes
1|Part CENTREPLATE Aluminium, MIC8 146x85x10 146x85x11 X for MIC6
2|Part SERVOHOUSINGBRACKETUPPERLEFT Aluminium, MIC8& 74.5x40.5x8 149x40.5x8 X
4|Part SERVOHOUSINGBRACKETLOWER Aluminium, MIC6 74.5x40.5x8 298x40.5x8 X
2|Part SERVOHOUSINGBRACKETUPPERRIGHT |Aluminium, MIC8 74.5x40.5x8 149x40.5x8 X
Round Bar
4|Part BEARINGHOUSING Aluminium F22 or similar 230x36 230x144
4|Part BEARINGCLAMPPLATE Aluminium F22 or similar @30x5 230x20 230x164
4|Part BEARINGSPACER Aluminium F22 or similar B16x3 16x12
2|Part SPACER Aluminium F22 or similar 216x3.54 316x8 216x20
2|Part L ONGSHAFT Aluminium F22 or similar 214x110 @14x220
2|Part SHORTSHAFT Aluminium F22 or similar 214x63 D14x126 214x346
2|Part RACKSPACER Aluminium F22 or similar 212x10.7 @12x22 D12x22
Flat Bar
2|Part LONGSPACER Aluminium F22 or similar 410x15x6 820x15x6
2|Part SHORTSPACER Aluminium F22 or similar 336x15x6 B672x15x6 746x15x6
Tube: Rectangular/Round
1|Part SHORTARMRIGHT Aluminium Tube Rect. F22 365x35x20x2.5 |365x35%x20%2.5
1|Part SHORTARMLEFT Aluminium Tube Rect. F22 365x35x20x2.5 |365x35x20%2.5
1|Part LONGARMRIGHT Aluminium Tube Rect. F22 560x35x20x2.5 |560x35x20x2.5
1|Part LONGARMLEFT Aluminium Tube Rect. F22 560x35x20x2.5 |560x35x20x2.5 |1850x35x20x2.5
4|Part SERVOHOUSING Aluminium Tube Round F22 @25x1.5x71 325x1.5x284 J25x1.5x284
(two materials to be tested) SS Tube Round AlS| 304 @25x1.5x71 225x1.5x284 @25x1.5x284
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(continued) Bill of Materials for ENDEFFECTOR:

Qty |Type Name Source Material
22|Part 4AMMDOWEL DCU SUPPLY Pref. Stainless Steel, w/air relief for blind holes
8|Part M4X30SOCKETSCREW DCU SUPPLY
18|Part MBX14SOCKETSCREW DCU SUPPLY
44|Part BMMWASHER DCU SUPPLY
10|Part MBX20SOCKETSCREW DCU SUPPLY All Stainless Steel. 304 or similar
8|Part M6X10SOCKETSCREW DCU SUPPLY
8|Part MEX14HEXSCREW DCU SUPPLY
24 |Part M5X20HEXSOCKETSCREW DCU SUPPLY
2|Part SHORTRACK HPC IRELAND SUPPLY
2|Part LONGRACK HPC IRELAND SUPPLY
4|Part PINION2MMCPX15T HPC IRELAND SUPPLY
2|Part LONGSLIDE HEPCO SUPPLY
2|Part SHORTSLIDE HEPCO SUPPLY
2|Part SSLJ13C HEPCO SUPPLY
14|Part SSLJ25C HEPCO SUPPLY
8|Part BEARING21X12X5(6801DDU/2RS) TEAGASC SUPPLY
4|Part MAXONGEARHEAD22MM TEAGASC SUPPLY
4|Part MAXONSERVOMOTOR TEAGASC SUPPLY
4|Part MAXONMRENCODER TEAGASC SUPPLY
4|Part STEPPERMOTOR TEAGASC SUPPLY
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Sub-Assembly Components

Sub-Assembly LONGARMRIGHT contains:

1|Part LONGARMRIGHT

1|Part LONGSPACER

1|Part LONGSLIDE

1|Part LONGRACK

1|Part SERVOHOUSINGBRACKETUPPERRIGHT

1|Part SERVOHOUSINGBRACKETLOWER

1|Sub-Assembly [LONGROTARYLINK

1|Part RACKSPACER

5|Sub-Assembly |M6X14ANDWASHER

3|Sub-Assembly |MEX20ANDWASHER

3|Part 4AMMDOWEL

2|Part M4X30HEXSOCKETSCREW

2[Sub-Assembly [MBX10ANDWASHER

2|Sub-Assembly [MB6X10HEXSCREWANDWASHER
Sub-Assembly SHORTARMLEFT contains:

1|Part SHORTARMLEFT

1|Part SHORTSPACER

1|Part SHORTSLIDE

1|Part SERVOHOUSINGBRACKETLOWER

1|Part SHORTRACK

1|Part SERVOHOUSINGBRACKETUPPERLEFT

1|Sub-Assembly [SHORTROTARYLINK

4|Sub-Assembly [MBX14ANDWASHER

2[Sub-Assembly |MEX20ANDWASHER

2|Sub-Assembly |M6X10ANDWASHER

2|Sub-Assembly |MEX10HEXSCREWANDWASHER

2|Part M4X30HEXSOCKETSCREW

2|Part 4AMMDOWEL
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Sub-Assembly SHORTARMRIGHT contains:

1|Part SHORTARMRIGHT

1|Part SHORTSPACER

1|Part SHORTSLIDE

1|Part SERVOHOUSINGBRACKETUPPERRIGHT
1|Part SERVOHOUSINGBRACKETLOWER
1|Sub-Assembly |[SHORTROTARYLINK

1|Part SHORTRACK

2|Sub-Assembly |[MB6X20ANDWASHER
4|Sub-Assembly |M6X14ANDWASHER

2|Part M4X30HEXSOCKETSCREW

2|Part AMMDOWEL

2|Sub-Assembly |MBX10ANDWASHER
2|Sub-Assembly |[MEX10HEXSCREWANDWASHER

Sub-Assembly SHORTROTARYLINK contains:

1

Sub-Assembly

BEARINGHOUSINGANDSHORTSHAFT

1

Part

SERVOHOUSING

1

Sub-Assembly

SERVOMOTOR

Sub-Assembly BEARINGHOUSINGANDSHORTSHAFT contains:

1|Part BEARINGHOUSING
2|Part BEARING21X12X5 (6801)
1[Part BEARINGSPACER
1|Part SHORTSHAFT

1|Part BEARINGCLAMPPLATE

Sub-Assembly LONGROTARYLINK contains:

Sub-Assembly

BEARINGHOUSINGANDSHAFT

Part

SERVOHOUSING

A
1
1
1

Sub-Assembly

SERVOMOTOR

Sub-Assembly BEARINGHOUSINGANDLONGSHAFT contains:

A

1[Part BEARINGHOUSING
2|Part BEARING21X12X5
1|Part BEARINGSPACER
1|Part LONGSHAFT

1|Part BEARINGCLAMPPLATE
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General Assembly

LongRolarylink Assembly

LongArmRight Assembly

StepperMotor

ShertReterylink Assembly

—ShortArmlelt Assembly
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Short Arm Assembly Sections
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Appendix C — Robot arm specifications

C1. SC35F-01 robot arm specifications
(teproduced courtesy of Nachi (UK) Ltd.)

Robot type : [SC35F-01] [SC50F-01]

[Table 1.2-3] Basic Specifications

Item Specification
Robot model SC35F-01 SC50F-01
Construction Articulated
Number of axis 6
Drive system AC servo system
J1 Swivel +279rad =1
Arm | J2 | Forward and backward +2.62 10 -1.40 rad
Max.
. J3 | Upward and downward 4+2.30 10 -2.44 rad
operating
Ja Rotation 2 +4.71rad
range
Wrist | J5 Bend +2.18 rad
J6 Rotation 1 +7.85 rad
J1 Swivel 2.79 rad/s
Arm | J2 | Forward and backward 2.79 rad/s
Max. J3 | Upward and downward 2.79 radfs
speed Ja Rotation 2 3.93 rad/s 3.14 radfs
Wrist | J5 Bend 3.93 rad/s 3.14 radfs
JB Rotation 1 5.58 rad/fs 447 rad/s
Wrist 343N 490 N
Pay load
Fore arm 294 N 147N
J4 Rotation 2 147 N'm 196 N-m
Allowable static
load torque J5 Bend 147 N'm 196 N-m
J6 Rotation 1 78 N-m 98 N-m
J4 Rotation 2 6.43 Kg-m? 8 Kg-m?
Allowable -
moment J5 Bend 6.43Kg'm’ 8 Kg-m
of Inertia =2 U6 Rotation 1 183 Kg.m2 2 Kg-m2 -
Posili T £0.1 mm 10.3 mm
osition repeatablity (Applied by JIS B 8432) (Applied by JIS B 8432)
] Ambient lemperature 0 to 45 °C
Installation
Ambient humidity 20 to 85 %RH (No dew formation)
parameter

Vibration value

under 0.5 G

Robot type

Floor mount, Upside-down mount and Wall mount

Robot mass

400 kg

1lrad] = 180/=[ ], 1[N-m] = 1/9.8[kgf-m]

=1 SC35F-01+0.61 rad in case of wall mount.

SC50F-01:+0.52 rad in case of wall mount.

=2 The wrist permission inertia moment depends on the wrist load condition.

MSCE-144-001

1-5




C2. SC35F-01 robot arm dimensions and working envelope
(reproduced coutrtesy of Nachi (UK) Ltd.)

Robot Model : [SC35F-01] [SC50F-01]

&
QY
35
; ~ @
w0
fu—-c
\
@]
@
0 2
(@)
o
. 13232 _lg78.8
o 2003 1215.5
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Appendix D - Robot arm installation drawings and specifications
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Fig. D1. Robot installation drawing
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Requirements for robot installation

Soutce: Nachi Robotics AX Controller and SC35 series Installation Manuals

Electrical Supply

Robot load: max. 30A per phase, 380V

Required:

3ph + PE

32A 5-pin socket

(neutral not required, but robot controller is wited with 5-pin plug)

Conttol Hardware load: Power supplies, control PC, single phase 230V, <1kW
Required:
At least one double wall socket local to robot installation. Preferably 4 sockets,

individually switched.

Air Supply

Current air demand is estimated at 180L/min at 6 bar (with duty cycle of approx
30%) to drive vacuum generatots.

Required:
Atleast 451./min @ 6 bar (can be supplied from stand-alone compressor)

Installation Atea

eRobot work area is a hemisphere of approximately 2.4m radius. Not all of this area
is utilised.

o The final wotk area will be 2.5m wide by 3.4m long, however for testing the width
will be approximately 4m.

eMinimum vertical height (floor to ceiling) required 1s 2m.

oThe battiets shown in Fig. D1 are compulsory machine guards and ‘will be
installed regardless of the final work atea configuration.

Installation Sutface

Basic requirements
Robot requires a solid concrete base, at least 150mm thick.

Surface finish

If robot is installed ditectly on floor, floor finish should be smooth within + /-
0.5mm over the installation area (0.6m x 0.6m). This tolerance is geometric; floor
does not need to be level.



Appendix E - Elbow equipment housing layout
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Appendix F — Hardware I/O definition
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Appendix G — Electronics schematics

Contents:
Pages 2-5: Signal conditioning and control wiring schematics

Pages 6-9: Cable wiring allocation and pinout table

Note: some detail may be lost in these schematics due to image compression and
sizing limitations. Reference should be made to the original schematics for

maintenance or rework.
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Layout and labelling of End-Effector Signals:

View from rear:

All components take the quadrant number, L.e. Servo 1 = Quadrant 1 servo motor

Left Right
Quadrant 1 Quadrant 3
Quadrant 2 Quadrant 4

End-Effector Connector Layouts:

View from Rear: Left (Quadrants 1&2) Right (Quadrants 3&4)
CNET1 CNE2 CNES CNE®6
CNE3 CNE4 CNE7 CNE8
Upper cable |Upper cable Upper cable|Upper cable
entry enfry entry entry
Lower cable |Lower cable Lower cable|Lower cable
entry entry entry entry
Servo Motor 1
Cable type 4 pair 0.2sq shielded
No. Cables 2
Cablet Cable 2
Position Upper CNE2 Lower CNE2
Colour Code Function DB25 Pin Function DB25 Pin
Pair 1 Red Dig +5V 1|Red Vee 9
Black Dig GND 2|Black GND 10
Pair 2 White Motor + 3|White A 11
Black Motor - 4|Black /A 12
Pair 3 Green Home (-) 5|Green B 13
Black-(Yellow) |Spare 6|Black /B 25
Pair 4 Blue Limit (+) 7|Blue | 24
Black-(Orange) |Spare 8|Black /l 23
Servo Motor 2
Cable type 4 pair 0.2sq shielded
No. Cables 2
Cable1 Cable 2
Position Upper CNEA1 Lower CNE1
Colour Code Function DB25 Pin Function DB25 Pin
Pair 1 Red Dig +5V 1|{Red Vce 9
Black Dig GND 2|Black GND 10
Pair 2 White Motor + 3|White A 11
Black Motor - 4|Black A ; 12
Pair 3 Green Home (-) 5|Green B 13
Black-(Yellow) |Spare 6|Black /B 25
Pair 4 Blue Limit (+) 7|Blue | 24
Black-(Orange) |Spare 8|Black /l 23
Servo Motor 3
Cable type 4 pair 0.2sq shielded
No. Cables 2
Cable1 Cable 2
Position Upper CNES Lower CNE5S
Colour Code Function DB25 Pin Function DB25 Pin
Pair 1 Red Dig +5V 1|Red Vee g
Black Dig GND 2|Black GND 10
Pair 2 White Motor + 3|White A 11
Black Motor - 4|Black A 12
Pair 3 Green Home (-) 5|Green B 13
Black-(Yellow) |Spare 6|Black /B 25
Pair 4 Blue Limit (+) 7|Blue | 24
Black-(Crange) |Spare 8|Black fl 23




Servo Motor 4

Cable type 4 pair 0.2sq shielded
No. Cables 2
Cable1 Cable 2
Position Upper Lower
Colour Code Function DB25 Pin Function DB25 Pin
Pair 1 Red Dig +5V 1|Red Vce 9
Black Dig GND 2|Black GND 10
Pair 2 White Motor + 3|White A 11
Black Motor - 4|Black /A 12
Pair 3 Green Home (-) 5|Green B 13
Black-(Yellow) |Spare 6|Black /B 25
Pair 4 Blue Limit (+) 7|Blue | 24
Bfack-(Orange) |Spare 8|Black /l 23
Stepper Motor 1
Cable type 2 pair 0.65sq shielded
No. Cables 1
Cable1
Position Upper CNE4
Colour Code Function DB9 Pin
Pair 1 White A 1
Yellow /A 2
Pair 2 Red B 3
Blue /B 4
Stepper Motor 2
Cable type 2 pair 0.65sg shielded
No. Cables 1
Cable1
Position Lower CNE4
Function DB9 Pin
Pair 1 White A 5]
Yellow /A 7
Pair 2 Red B 8
Biue /B 9
Stepper Motor 3
Cable type 2 pair 0.65sq shielded
No. Cables 1
Cable1
Position Upper CNE7
Colour Code Function DBS Pin
Pair 1 White A 1
Yellow /A 2
Pair 2 Red B 3
Blue /B 4
Stepper Motor 4
Cable type 2 pair 0.65sq shielded
No. Cables 1
Cable1
Position Upper CNE7
Colour Code Function DB9 Pin
Pair 1 White A 6
Yellow /A 7
Pair 2 Red B 8
Blue /B 9




Linear Encoder 1

Cable type 4 pair 0.2sq shielded
No. Cables 1
Cablet
Position CNE2
Colour Code Function DB25 Pin
Pair 1 Red 2 Vce 22
Black 3 GND 21
Pair 2 White 5/A 20
Black 6 A 19
Pair 3 Green 7/8 18
Black 8B 17
Pair 4 Blue NC
Black NC
Linear Encoder 2
Cable type 4 pair 0.2sq shielded
No. Cables 1
Cable1
Position CNE1
Colour Code Function DB25 Pin
Pair 1 Grey 2Vee 22
Grey 3 GND 21
Pair 2 Grey 5/A 20
Grey 6A 19
Pair 3 Grey 7/B 18
Grey 8B 17
Pair 4 Grey NC
Grey NC
Linear Encoder 3
Cable type 4 pair 0.2sq shielded
No. Cables 1
Cable1
Position CNES
Colour Code Function DB25 Pin
Pair 1 Grey 2Vce 22
Grey 3 GND 21
Pair 2 Grey 51A 20
Grey 6 A 19
Pair 3 Grey 7/B 18
Grey 8B 17
Pair 4 Grey NC
Grey NC
Linear Encoder 4
Cable type 4 pair 0.2sq shielded
No. Cables 1
Cable1
Position CNES
Colour Code Function DB25 Pin
Pair 1 Grey 2 Vce 22
Grey 3 GND 21
Pair 2 Grey 5 /A 20
Grey 6 A 19
Pair 3 Grey 7/B 18
Grey 8B 17
Pair 4 Grey NC
Grey NC




Linear Limits Q1, Q3

Cable type 8 core 0.2sq shielded
No. Cables 1
Cable1
Position CNE3 End-effector Colours
Colour Code Function Pin No. ; Cable 1 Cable 2
Pair 1 White Q1 Home 1
Black Q1 +Limit 2
Pair 2 Orange Q1 -Limit 3
Red Q3 -Limit 4
Pair 3 Green Q3 +Limit 5
Brown Q3 Home 6
Pair 4 Blue 7
Yellow 8
Linear Limits Q2, Q4
Cable type 8 core 0.2sq shielded
No. Cables 1
Cable1
Position CNES8 End-effector Colours
Colour Code Function Pin No. . Cable 1 Cable 2
Pair 1 White Q2 Home 1
Black Q2 +Limit 2
Pair 2 Red Q2 -Limit 3
Black Q4 -Limit 4
Pair 3 Green Q4 +Limit 5
Black Q4 Home 6
Pair 4 Blue 7
Black 8
Stepper Drive 14
Cable type 4 pair 0.2sq shielded
No. Cables 1
Cable1
Position
Colour Code Function Drive Pin No.|Control Pin No.
Pair 1 Red STEP 14¢
Black NC
Pair 2 White DIR 14a
Black GND
Pair 3 Green QO/P DISABLE |18a
Black GND
Pair 4 Blue RESET 16¢C
Black GND




